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ABSTRACT 

The CERN School of Physics is meant to give young experimental phy
sicists an introduction to the theoretical aspects of recent advances in 
elementary particle physics. This report contains four sets of lectures 
dealing with: quarks and partons; recent and future experiments with neu
trino beams; the newly discovered J/ty particles; and an elementary intro
duction to Yang-Mills theories and their applications to weak and electro
magnetic interactions. 
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PREFACE 

These notes have been written by the lecturers at the 1976 CERN School of Physics and repre
sent the content of the courses they taught on this occasion. Some of the material has been 
revised and updated in order to be as accurate and complete as possible at the time of pub
lishing. 

The CERN School of Physics is meant to give young experimental physicists an introduction 
to the theoretical aspects of recent advances in elementary particle physics. The subjects 
we thought most topical in 1976 for this type of audience were those related to the newly 
discovered J/IJJ particles and to the recent and future experiments with neutrino beams. 

The lecturers assumed from their students a standard training in particle physics and from 
there onwards tried to pave as smooth a road as possible to contemporary developments. From 
the reactions and the discussions at the time of the school I believe this goal has been 
largely achieved and it is the hope of the organizers that, through these notes, many more 
students will be enabled to learn, if not without toil at least without tears. 

On behalf of them I express appreciation and gratefulness to the lecturers, for their effort 
to be clear, inspiring and informative. 

The school was made possible by a joint financial and organizational effort of CERN and the 
Belgian National Science Foundation. I think all participants will wish to thank both 
organizations and their responsible officials Dr. W.O. Lock and Mr. P. Levaux, for this 
opportunity. 

For many of the younger participants it was their first occasion to meet their colleagues 
from other nations and also as an experiment in international understanding at the basic 
level, the school was a success. 

I would like to thank the authors for providing their typed notes and the CERN Scientific 
Information Service for their excellent work in reproducing these notes by photo-offset. 
A final word of appreciation to Miss D.A. Caton (CERN) who acted as an efficient and thought
ful secretary to the School and who was instrumental in putting the texts of many authors 
(with many other duties...) finally together. 

F. Cerulus 
Chairman of the Organizing Committee 
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QUARKS AMD PARTONS 

F.E. CLOSE 
Rutherford Laboratory 

3. Introduction 

PART I: QUARKS AMP SPECTROSCOPY (Sections 1 and. 2) 

This material exists in "How high are higher 
symmetries ...." Rutherford Laboratory report 
RL-75-O9I and is not reproduced here. 

PART II: QUARKS IM DEEP INELASTIC PROCESSES 

CONTENTS 

3. Introduction 

k. Ine las t i c Electron Scattering 

5. "Derivation" of scaling in the parton model 

5.1 Electron scat ter ing in Coulomb f i e ld 

5.2 Electron-Muon sca t ter ing 

5.3 Electron-Parton sca t ter ing 

6. Partons = Quarks? 

6.1 Electromagnetic Structure Functions 

6.2 Comparison of electromagnetic and 

Neutrino Interact ions 

6.3 Gluon Momentum 

6.k Sum Rules 

6.5 Neutrino Interact ions 

7. Charm Production in vN and eN in te rac t ions 

8. Electron-positron annihi la t ion 

9. Inclusive production of hadrons in the quark-
part on model 

10. Angular distributions of hadron in e e -»-h 
+ anything 

The studies of inelastic electron scattering at 
SLAC and of neutrino scattering at CERN have been 
widely interpreted as giving support to the idea that 
the nucléon is built from elementary constituents, 
called partons, and that these partons have the same 
quantum numbers as the quarks that are familiar in 
spectroscopy. In particular, a very simple 
regularity in the data, known as scale invariance or 
just "scaling" was seen at least at moderate energies 
(2 S E S 20 GeV, Q 2 S 1 GeV) which is natural in 
the parton model. 

The data on e e annihilation also appear to be 
consistent with scaling when E s 3 GeV. Then 

c m 
after an energy region (3 - E - 5 GeV) where the 
new particles and a new production threshold are 
manifested, one again sees apparently a rescaling 
when E S 5 GeV. 

These lectures will be concerned with the 
scaling phenomena. Professor Wiik has discussed the 
new particles and related effects in e e annihila
tion. One may also expect the new hadronic degree 
of freedom (charm Î) to generate scaling violations 
in inelastic electron and neutrino scattering. These 
are mentioned briefly in these lectures and, in 
neutrino scattering, by Prof. Steinberger. 

k. Inelastic Electron Scattering 

The inelastic scattering of electrons on 
nucléons 

eN -»• e + anything C*.l) 

may be represented by fig. 1 in the one-photon 
exchange approximation. Here k,k' are the initial 
and final four momenta of the leptons (energy E,E' 
in the lab.) and W is the mass of the produced 
hadronic system. 

In the lab. the photon energy v = E-E1 and we 
can also vary its mass squared 

where 0 is the lab. scattering angle of the lepton. 



The lepton-photon ver tex being known from 

QED, then the essen t ia l dynamics i s in the v i r t u a l 

photo-absorption vertex f i g . 2, which i s a function 

of two variables v, q 2 . 

We see tha t 

VMV?ny=tta+2p.v»-<^ 

(where Q 2 = -q. 2 > 0 ) . 

tta+2M? -61'* 
CA-SJ 

We will also meet the dimensionless variable 

Cx5=. - 2M-P 
<SC 

C4-V 

The region of v,Q 2 accessible in the 

electron scattering is shown in fig. 3. Lines of 

fixed 01 radiate from the origin ranging from u = 1 

(elastic scattering) to co = ». Fixed W is also 

exhibited. 

For Q 2 = 0 the photon has helicity ±1 only 

("transverse"). For Q 2 ?0 both transverse and 

longitudinal (helicity zero) degree of freedom are 

present. Hence the scattering cross-seation 

involves two structure functions W (\J, Q 2) 
1>2 

d# 

which are related to the two virtual photo-

absorption cross sections by 

< 
W,(QVJ ^ ^ ( > V J > 

w, 
*W<* Q\-cf-

fc-ÉO 
with K = v- Q2/2M the virtual photon flux. 

For fixed W (e.g. û(l236) ) 

Q ^5oo 
-* O 

due to the resonance form factors killing the cross-

section at large Q 2. However, for fixed 

ai = 2Mv/Q2 we find the remarkable phenomenon that 

(for Q 2 > 1 GeV 2) 

vbtJfyQ?) >Ffe) &•>*> 

independent of Q 2 ("Scaling"). The Q 2 independence 

of vW for ep -> e + anything is seen at u = It in 

fig. 4. This phenomenon, together with the fact 

that (fig. 5) 

£ „ 6JF Z - F, 

en. 2P ~ o (*'!> 

suggests a simple spin \ parton substructure in the 

target. 

For the basic scattering of the electron being 

on a parton carrying fraction x of the target four 

momentum (fig. 6), then if the parton mass and 

transverse momenta are negligible one has 

O ^ C O - Ô £(wj-?rf d * e**S-(vX*-l>) 

where the sum is over the various species of parton 

(u,d,s,c . . . ) , f-(x) is the probability that the 

parton has momentum in interval x -»• x + dx. The 

important structure here is the xf(x) structure from 

which many relations will be seen to flow. We shall 

derive this result in a moment. First let us see 

physically why ay /a™ yields information on the 

parton spin. 

If one sits in a frame where photon and parton 

momenta are collinear then a spin 0 parton could 

not absorb a photon with helicity ±1. Hence for 

spin zero partons oT -»• ». This is not at all like 

CTT 
the data so very little, if any, charge of the proton 

is carried by spin zero objects (at least for the 

range of x * 0.1 so far studied). Spin J partons 

give ay/a™ X 0, on the other hand. This agrees well 

with the data. We shall derive these results in 

the next paragraphs. 

2 -



5. "Derivation" of Sealing in the Farton Model 

5.1 Electron scattering in a Coulomb field 

We shall begin by studying some QED processes. 

Consider first the simple case of high energy 

electron scattering in a Coulomb field fig. 7. 

Then 

* "ê I 2_ J 0>; 

where t = -Q 2, 9 is the lab. scattering angle, 

stu are the Mandelstam variables. One can qualita

tively understand this result: 

D da Since the the dimensions of — are E 
da 

photon propagator provides t 2 in -rr then no 

further dimensional quantities occur. 

ii) the high energy electron-photon vertex 

conserves helicity. Hence 180 scattering is 

forbidden and in turn this is the origin of the 

angular dependence in eq. 

Actually we should make explicit the energy-

momentum conservation. Let us do this by writing 

(recall s + t + u = Em 2 and so at high energy, 

neglecting the masses we have u = -(s + tV. 

How 

so s + t + u = 2m(E-E')-Q2 = 2Mv - Q 2 

It will also be useful, later, to notice 

that 

(S'fJ 

5.2 Electron-muon scattering 

Now we shall progress to e~y -»• e y , fig. 8 

where s = ( f ^ ^ M É ; U.= ( ^ - p ^ , - 2 M e i 

S 2. 

Here 

5.3 Electron-parton sca t t e r ing 

In the parton model, the i n e l a s t i c e lect ron-

ta rge t sca t te r ing i s hypothesised to be due to the 

e l a s t i c sca t t e r ing of electrons on the partons in 

the t a r g e t . I f the partons have spin \ and couple 

t o the photon j u s t as does the y of the previous 

example ("pointl ike coupling") then we can easi ly 

obtain an expression for the cross-sect ion. 

i ) the factor \ a r i ses due t o the averaging 

over the two spin s t a tes of the " target" muon 

(contrast the previous example) 

i i ) when e -y have net J = ±1 the l80 

scat ter ing i s forbidden as before - hence the 

U 2 / S 2 . When J = 0 the l80 sca t t e r ing can occur 

(contrast the previous example) - hence the presence 

of an isotropic term. 

Let us neglect any parton momentum transverse 

t o the ta rge t so t ha t 

p w W ' tourna 
(5-2j> 

Then from the previous example we can write the 

cross section for elastic scattering on a muon 

(parton) with momentum Xp as (noting that 

s •*• Xs, u ->• Xs but t remains untouched since this 

can be defined involving the electron vertex alone) 

- 3 -



If the target is built from partons of types 

(flavours) labelled i, and the probability for a 

parton i to have momentum fraction x to x + dx is 

f.(x) then the inelastic e-target cross-section 

will be, after summing over all the elastic parton 

contributions 

Hence 

eW^eX 

We already see the appearance of the structure in 

eq. (U.12). To obtain that expression explicitly 

we must compare the equation (5.10) with the 

expression for eN -v eX which involves W_ 

(eq. U.5). 
1 2 

Noting that 

e_ s 
(b-,0 

we can manipulate eq. (2.5) into the form 

where F = MW , F B VW 
1 1 2 2 

3xF(s+u5* 

-2usF 
2. 

(êU) 

Since s and u can be independently varied we 

compare coefficients and immediately see that 

which is the master formula of the spin I parton 

model. 

F 3 ^*) = * (uPo<;>-f û p 0 o ) - ^ ( d f o + d POo) 

-^(stio+s^co) 
(S 9 

Ç V ) - 4(v>»C*) ̂ N ^ J ̂  , J 
Now use isospin reflection to note 

P N 
u = d (call it simply u) 

d P = u N (call it d) 

s = s (call it s) 

(6.3) 

(6.U) 

(6.5) 

with analogous constraints for the antiquarks. 

Consequently 

-ÏN 
Fz = £{*+*) + i ( ^ > e C * * ) 

(MJ 

and so 

2, 

(é>§) 

These bounds are consistent with the data (fig.10). 

We can go further by imposing ideas rooted in 

duality. Separate the quarks (partons) into three 

"valence" quarks and a sea of quarks and antiquarks 

along the following lines 

3 valence quarks + Sea of q .q 

Î 1 
Resonances + Background 

6. Partons = Quarks? 

6.1 Electromagnetic structure functions 

We have from eq. (3.13) that 

(ni 

Non Diffractive + Diffractive 

Then (following e.g. Kuti-Weisskopf or Landshoff-

Polkinghorne) write 

V s v 



The or ig ina l guess was 

V * > ^ ; = Â/^r%p0 so C6,0 

to like small x. So we can view the target as three 
valence quarks carrying most of the momentum hound 
by gluons which will also carry momentum and 
radiating and absorbing soft gluons which dress the 
valence quarks with a soft cloud of q q pairs. 

6.2 Comparison of electromagnetic and neutrino 
interactions 

This gives 

if ̂  V**+*0 ^ (,.; 
so that if K(x) dominates 

2 
whereas for dominance of the valence quarks (and if 
u ^ 2d ) v v 

Hence we begin to have the first hints that 
maybe the valence quarks are dominantly at 
large X while the sea is near X I 0. This will be 
reinforced in our subsequent data analyses, but 
first let us give an intuitive picture of why this 
picture is not unreasonable. 

In QED the bare electron becomes dressed 
by diagrams such as fig. 11. The analogue for 
the partons will be that vector (?) gluons 
(something has to hold the target together) will 
play the role of the photons in QED. Then a three 
valence quark system will be dressed in fig. 12, 
where the wiggly lines denote gluons and the solid 
lines are quark-partons. The bremmstrahlung 
probability for momentum k in the gluon behaves 
as — and hence like — . This means that the gluon 
emission, and hence the q q structure or sea, tends 

The charged weak interaction couples to the 
isospin of the partons and in the limit of zero 
Cabibbo angle the reaction is triggered by 

d' f ;] (6')7) 

we have 

•vl 

where in (6.19) we have used d = u = u etc. 
The factor of 2 arises from the presence of axial 
as well as vector currents coupling and in the parton 
model the weak current is taken to be V - A as for 
leptons, hence the axial coupling magnitude is the 
same as that of the vector. 

Comparing (6.18, 6.19) with (6.6, 6.7) yields 

12 2 

C €*5> 
5/ (the r a the r mysterious 18 i s of course j u s t the 

average squared charge of the u , d quarks). 

In f i g . 13 we see the data from CERN-Gargamelle 
_ vN+vP , * . , , l v l 8 „ eP+eN . 

where F (x) i s compared with •=— P from 
2 5 2 

SLAG.. The agreement supports the quark quantum 

numbers and the sa tura t ion of the inequali ty a t 

large x suggest t h a t s , s (x > 0.2) - 0 (which i s in 

l i n e with our p ic ture tha t strange quarks are in 

the q q sea which in turn i s confined to small x 

va lues) . 

- 5 -



6.3 Gluon momentum 

Since F (x) " xf (x) - q(x) then q(x) is 

proportional to the fractional momentum distribution 

of the quarks. Momentum conservation then yields 

J dx(u-tû-tà-t-à + s-ts)0O- l-€ 

where e will be the fraction of momentum carried by 

target constituents other than the quarks, e.g. the 

gluons. 

Prom equations (6.6), (6.7) and (6.18, 6.19) 

we see that (6.21) can be rewritten as 

£ * ( Î F ^ _ | F / " > K 

Inserting the data on the left hand side we find 

E - I, i.e. about half the momentum is carried by 

the gluons. 

6.k Sum rules 

Since a nucléon has no strangeness then 

o=J èp(sC*.)-âCx)_) 
(£'*£> 

The charges of proton and neutron give 

0= J * (lW-S)-i(u-o)> 

and so 

2 - J ^ Ç o W _s C*>) (W) 

l-j£C<K*>-3bo) (cas) 

These state the net number of s, d, u quarks in 

the proton are 0, 1, 2 respectively. 

These sum rules for the quark distributions can 

now be combined with the structure functions 

relations (6,6, 6.7, 6.18, 6.19) to yield sum rules 

for the targets. 

vN, vEV First, since F w (x) - F w(x) = 2{ u - u 
2 2 

d + d} (x) we find the "Adler Sum Rule" 

&> J£(ifW~F;v)=z 
$ • • > & 

Another interesting quantity is 

If we impose duality (i.e. u = u + u etc.) then 

the sum rules (k.2k) and (U.25) become 

and so eq. (U.27) yields 

(b>3c>) 

which gives 

The data are consistent with this and yield 

0.28 ± ?. The ? is the contribution from large 

(small x). If we believe that F e P - F e W - X 2 as 

X 10 (Regge like) then the data are consistent 

with the predicted value of zr. 

6.5 Neutrino interactions 

Defining x = Q2/2Mv and y = v/E then it is a 

straightforward exercise to rewrite eq. (U.2M in 

the form 

^ 2 ) 

- 6 -



For the process v(v)p * u± X one has a similar 

formula 

J fc*5> 
in which, for spin g partons, inserting 

xF (x) = F (x) yields 
1 2 

Ŵ 
£.3# 

In comparison with the electromagnetic case, 

eg.. (6.32), we see the absence of t 2 due to the 

assumed pointlike (no photon exchanged) nature of 

the neutrino interaction. Also there is the new 

structure function F which is due to the violation 
3 

of parity in the weak interactions. Its role will 

he transparent after we discuss the quark parton 

model for this process. 

In the quark parton model the basic 

interaction is a weak coupling of lepton with the 

weak quark current. If the quark weak current 

is V - A ((like v •+ u ) then the y dependence of 

neutrino - quark cross-sections are as follows 

çC-vnj~o-if £*» 

ckr 
d ^ [ ^ n ] ~\ Gsê -o &® 

Qualitatively this can be understood as 

follows. For an interaction at a point one is in 

S wave; all the angular momentum information of 

the vq interaction will therefore be contained in 

the spin structure. A neutrino-quark interaction 

will have J = 0 in the cm. system since both 
z 

are carrying helicity minus one. The pointlike 

interaction will therefore carry no memory of 

direction and hence an isotropic distribution can 

ensue. For neutrino interacting with an antiquark, 

whose helicity will be plus one, the total J = -1. 

The emerging q and y are right handed and left 

handed respectively and so J j = -1 along the z 1 

axis (oriented at 6 with respect to the initial z 

axis). The 180 scattering is clearly supressed 

and so one can appreciate the (l-y) 2 as against 

isotropic behaviour in the vq case. 

For the case of an isoscalar target, writing 

q(x) and q(x) for the probabilities to find quarks 

or antiquarks at given x, then 

where we have used (6.35 and (6.36). Comparing 

with (6.3k) then we have 

and so the x distribution of quarks and antiquarks 

can be compared (more correctly, the distribution 

of V ± A elementary currents). The eq. (6.39) also 

helps us to appreciate why the extra structure 

function F appears in the weak interaction as 
3 

compared to the electromagnetic case. The parity 

violation causes the left and right handed couplings 

to be independent (hence F ) in the weak interaction, 
3 

and hence the difference in q and q couplings. 

The data on F and xF from Gargamelle 
2 3 

(Q 2 > 1 GeV 2, W 2 > h GeV 2) are shown in fig. l6. 

We see that for x > 0.1* F (x) 
2 

from eq. (k.39) we have 

xF (x) and so 
3 

X^O.f (Wo) 

whereas for x -»• 0 xF (x) -* 0 and hence 
3 

X-^o ^ C * ) - * ^ (Uo 

This fits in with our previous guess from the 

electromagnetic case, namely that the (valence) 

quarks dominate as x * O.U while antiquarks are all 

in the sea with x •+ 0. 

- 7 -



We can look at this in more detail by 
studying the y distributions for various regions of 
x. The data for Ev * 30 GeV from Gargamelle and 
Fermilab are all consistent with (l-y) 2 

distributions for v induced reactions and isotropy 
for v interactions at large X. 

A best fit to the Gargamelle data on y 
distributions yields 

ft = <*?i> ^o-so 0<*9 
*o 

and so in eq. (It.1*5) 

This is slightly larger than without the Q ,W 
cut and while insignificant for our present 
discussion may be worth bearing in mind in 

v * v connection with the possible increase of a /a 

at higher energies in Fermilab. (See Steinberger's 
lectures). 

7. Charm Production in vM and eN 

and hence 

= o - i o ± o -o3 <£•*$> 

So far we have just assumed that the v(v) 
data scale analogously to their electromagnetic 
cousin. This we should really cheek. If we 
integrate (6.31*) over dx and dy then, assuming 
scaling (i.e. F (x,Q2) •*• F (x) ) we have for the 

2 2 
total cross section 

C«*t) 
and hence would have a linear rise with energy 
(S = 2 ME). This is indeed consistent with the 
Gargamelle data as shown in Steinberger's lectures. 

Furthermore, from (6.1+1*) and (6.39) we have 

1 ~ K4> 
($+£) 

and hence is bounded to lie between rr and 3. The 
Gargamelle data (all Q 2, W) have this ratio 
^.ST which again fits with the dominance of quarks 
over antiquarks (or, rather, of left handed 
parton currents). 

If one makes the cut Q 2 > 1 GeV 2, 
W 2 > h GeV 2 then from fitting the x,y distributions 
one had (eq. U.l*3) 

^ % + 0 = o-\o^oo3 

In view of the possibility that a new heavy 
hadronic degree of freedom exists associated with 
a charmed quark (see Prof. Wiik and Maiani's 
Lectures) and that this charmed quark is believed 
to have weak interaction 

-y G 

then it is interesting to see what effect it will 
have on the parton model predictions. 

Below threshold and for X > 0.1 we have 

yti 
/v> constant 

J 

due to the absence of antiquarks. This is realised 
in the data, whereas at X - 0.1 the data is 
consistent with isotropy for both v and v. 

A new threshold appears at some fixed 
hadronic mass W and since 

Vv1- f f+3»-Q r 

then 

W*-Ma~<2M£g 0- * ) CJV 
Hence a threshold at W.. first appears in the x and 
y distributions at small x and large y. Since at 
large y the vN cross section was small below 
threshold |(l-y)2 distribution! then the threshold 
contributions will be more immediately apprent 
in vN than vN. However, since we do not precisely 

- 8 -



know how the antiquark distributions behave it may 

be hard to separate the threshold behaviour from 

possible antiquark contributions filling in the 

large y cross-section. 

The data from HPWF do appear to show some 

hints that something anomalous is happening in the 

y distributions. 

Above the threshold for exciting charmed 

particle final states the new contributions to the 

cross sections arising from the GIM charm-

changing current are (cos 0 - 0) 

vNl 
A<r „ s&> +â&O0-$y 

JM 
£cr ~ 509 +<iO<oO~S) 

frO 

and so the contributions arise entirely from quarks 

in the sea. The actual magnitude of Ao/a below 

threshold will of course depend upon the 

distribution of the u,d,s,c quarks in the sea and 

of the relative importance of sea and valence 

quarks. Particular assumptions (SU symmetric 

sea, SU 3 symmetric sea etc.) lead to particular 

predictions. There is quite an industry in this 

direction at present. 

Another interesting idea is that there may 

exist right handed currents involving the quarks. 

In particular one idea was that there might exist 

(in cos 0 = 0 approximation) 

- r G-s) 

This would have an isotropic distribution and be 

t in fi 

domain of a*" (x,y). 

very significant in filling in the large y 

The possibility that vd c is unlikely 

since it involves the valence quark d and so we 
vN / 

would naively expect a doubling of a /E on 

crossing charm threshold. Any such behaviour is 

not apparent in the data. 

In deep inelastic electroproduction (or 

muon production) the charm production threshold 

should be seen at small x where 

$«? 

*(«*;*ow> ^ d c ^ + d ^ W a y 

In the case of an SU symmetric sea one therefore 

A<T = 1 

(where all mass scales 

would expect that » = ^ . While this may be 

true as Q 2 + » (where all mass scales are 

probably irrelevant) presumably at finite Q 2 the 

charm quark will be less important (being associated 

typically with heavier mass scales). Hence 

| ate") §-*J 

A guess for the relative importance of charm to 

uncharmed quarks as a function of Q 2 might be 

something like 

which is about 5% at Q 2 = 0 (like estimates from 

VMD) rising through 50? by Q 2 = 10 GeV2. 

The violation of scaling reported by the 

Chen-Hand inelastic muon scattering experiment at 

Fermilab. is consistent with being above charm 

threshold and e having a Q 2 dependence similar to 

eq.7.8. An explicit calculation is given in 

ref.CSSand comparison between it and the data shown 

in fig. 17. 

The best place for seeing the immediate 

effects of a new heavy, charm, threshold is in 

e e annihilation, to which we now turn. 

8. Electron-Positron Annihilation 

Production of muon pairs via a single photon 

in electron-positron annihilation has cross section 

(where m = m ) 
t3tt? •rf«**wsi-'&o-&ro +^ ̂  

&t»«\ (S*) 
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This simple expression is a nice illustration of the 

pointlike nature of the interaction, the dimensions 

are carried entirely by the large Q 2 photon mass 

and no scale of length associated with the muon 

appears. Compare this with e e -»• pp which is 

again production of a pair of spin \ particles we 

have (where M = proton mass) 

where the finite size of the proton is always 

present in the form factor dependence. 

The two form factors G_ ,, ("electric and 
E,M 

magnetic") could be thought of as the longitudinal 

and transverse form factors since G„ couples only 

to the longitudinal (J„ = 0) photon while G.. 

couples only to the transverse (J = il). Hence 

for pair production of spin \ particles 

($•9 

In the parton model we expect that e e -*• 

hadrons takes place by e e •+• parton - antiparton 

and the partons then fragment into the observed 

hadrons by some unknown mechanism. Then at large 

Q 2 

fi>ED 

and hence 

p=0~(çV^k^™û)^_ -y 

(J(^~>f^f) 
(*V 

<seo 

so we expect to find this quantity constant in Q 2 

and its magnitude measures directly the sum of the 

the squared charges of the fundamental fermion 

fields. Hence below charm theshold, the u.ds 

degrees of freedom are operative and as they come 

in three colours (e.g. spectroscopy) we have 

k-3fl-H;- tt-i») 

At higher Q 2 we will cross the threshold for 

production of charmed mesons. The first feature in 

the data will be the appearance of narrow vector 

mesons in the e e channel (identified with the \\i 

at 3.1 GeV and 3.7 GeV) followed by charm production 

threshold where R will rise and show complicated 

structure (around h GeV?). At higher Q 2 one 

anticipates that R will again show scaling (become 

constant) with value 

R = 2 + e 
charm 

If e = 2/3 then R 31/3 c 

(8.11) 

(8.12) 

The data do indeed show scaling behaviour (fig.l8). 

Frascati data at i^2 < 3 GeV is unclear but not 

inconsistent with constant ~2 to 3 in magnitude. 

Better data from SPEAR below 3.5 GeV suggest 

R " 2.5 to 3 with no obvious structures. After the 

h GeV structures R appears to have settled down 

again to a value around 5i. One unit of this is 

believed to be due to pair production of a new heavy 

lepton. Is the remaining hi consistent with uds 

and c or are more quarks needed? 

In non-abelian gauge theories with asymptotic 

freedom one expects the asymptotic value of R to be 

approached slowly from above. Hence I would regard 

the e e annihilation data as being a remarkable 

manifestation of the scaling idea and maybe even of 

the simple quark-parton model. 

If the partons have spin \ we expect 

a_ » a, at large Q 2 and the partons to be produced 

with a 1 + cos20 angular distribution (relative to 

the e e axis). The hadron fragments from the 

partons will, at high energies, be produced in a 

cone along the direction of motion of the parent 

parton. Hence we expect to see jets of hadrons with 

a 1 + cos20 distribution. This remarkably appears 

to be manifested by the high energy data. We will 

show this in section 10 but first will prepare the 

scene by discussing the general features of quark 

fragmentation into hadrons and with particular 

reference to the inclusive hadron production in 

ep -* eh ..., yp ->• yh ... e e -»- h etc. 

- 10 -



9. Inclusive production of hadrons and 
the quark-parton model. 

Interesting tests of the quark-parton 
model arise from inclusive hadron production 
experiments like e + e ~ •*• h + anything, and 
e(v)N -»• e(y )h + anything. In particular 
the production of detected hadrons h in the 
current fragmentation region of the e(v) 
scattering experiments is intimately rela
ted with the production in e + e ~ annihila
tion, and there is some support that this 
correlation is in fact realised in the data. 

1) m l'h. .a e, P; V) 

This process is illustrated in figure 
lfl. The hadron and nucléon momenta are 
p,, p respectively and X = Q /2Mv as 
usual. There is great similarity with the 
JIN inclusive process discussed earlier, but 
now we have an extra kinematical degree of 
freedom associated with p, , the momentum of 
the hadron h detected. We will work in the 
centre of mass system of the current (y or 
W) and nucléon, and will define the positive 
Z axis to be the y^irection. Then we 
choose variables to characterise the 
problem: 

Q 2, X(= Q2/2Mv), p,h 

'T' Z( = 
h, h 

pz/pz(max) ) (9.D 

We will concentrate on the current 
fragmentation region (Z > 0). The parton 
model analysis of this process is illustra
ted in the Breit frame of the current and 
the parton with which it interacts (fig. 
19). The nucléon carries a large longitu
dinal momentum P and is treated as a 
collection of independent pointlike con
stituents (partons). The current, with 
momentum 

q = (0; 0 0 -2 x P) (9.2) 

interacts incoherently with a parton whose 
momentum vector is 

(xP; 0 0 xP) (9.3) 

fTechnical AsT5ë~ "N 

z S oT
h eï§ loth^r inl&i rq^"^ r8^ 2f ewnîïi' 

PN'?h i s f i n i t e f o r Z < 0 but grows as 
0(Q/Y for Z > 0. The former is intuitively 
the target fragmentation region and, for the 
reader familiar with parton model diagrams, 
can be represented by 

^ ^ ^ 
I 

^J^% 

^^^po^. 
which is intimately related to the diagram 
met in the total cross-section at large Q 

<V-V^v 

PN^T-6 
Therefore one expects scaling in this 
region (technically, one can argue that the 
light-cone dominates here). 

The natural picture for Z > 0 is 

s^O 
with p emerging along the direction of q 
and P n - q % 0 ( Q 2 ) . i n the light -cone 
formalism one can say very little about 
this region since it is not light cone 
dominated (the fragmentation takes place 
between the two currents in the figure). 
Hence the parton model has extra power here 
if we define functions D?(Z,Q2,p ) to 
represent the fragmentation probabilities 
for (quark)-parton of flavour i to produce 
hadron h. See text. 

and so its momentum is reversed. This is 
analogous to the total cross-section des
cription of section 3 (fig. 6 ) , and this 
part of the process is described by the 
quark-parton distribution functions u(x) dx 
etc. (the average number of u quarks in an 
interval dx of x) that we met in section 3-
5. 

In fig. ISa we exhibit the fragmenta
tion of the quark-parton into hadrons, one 
of which, h, is observed. 

Defined later 

E h + PÏ One often meets rapidity n 5 H n —r c 
E - p° 

where E is the hadron's energy. 
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The struck parton is separated by a large 
momentum from the nucléon fragments and so 
we shall assume that the fragmentation is 
independent of the earlier current inter
action. Hence we shall assume it to be 
independent of and only dependent upon 
i, the fraction of the parton's momentum 
that is carried off by the observed hadron 
(fig. l«t) 

and so we introduce a set of "parton 
fragmentation functions" Df(Z)d„ which 
represent the probability that parton type 
i produces hadron f in an interval dz 
about z. 

2. The quark fragmentation functions 

In terms of the known quark distribu
tion functions U(X)... and the unknown 
D?(z) fragmentation functions, we can dis
cuss hadron inclusive production in a 
variety of current induced processes e.g. 
e +e~ •*• h.. , ep(n) •* eh..., vp(n) -»• y~h. . . 
etc. We can obtain relations among these 
various processes due to the Eq(x)D*(z) 
structure and constrain the 1 ^ 
relative production rates of various 
hadron s by |\Wliting the number of indepen
dent D?(z) using isospin and charge-
conjugation invariance. This yields, for 
IT production, 

(where f.(x) are the quark-parton distribu
tion functions of section 

e-0 

(31) 
(where for simplicity we have ignored any 
contributions from new heavy quarks. 
These will in general be necessary when 
discussing very high energy data, but for 
our present introduction we will restrict 
our attention to data that is believed to 
be below threshold for production of heavy 
hadronic degrees of freedom such as charm). 

The way these fragmentation functions 
enter in comparison with data depends upon 
the process under study. We list these 
below; their derivation is obvious. 

i) 
+ 

e e -, ^ — f w w -, <=%*** 

%«A - 4 ^ o* 
(note here that the* photon produces a 
parton-antiparton pair, either of which 
could have produced the observed hadron, 
hence the D. and DT appear, in distinc
tion to the next examples). 

ii) ep_ 

iii) 
I 

*> * v~h-

$• %(*n-H .**&>>+1*0*<* é«> 
(where we have approximated 0 
ignored charm). 

0 and 

Note that thejquark turns into a u quark 
before fragmenting. The 1/3 is due to the 
left handed current coupling to antiquarks 
(integration over dy having been performed 
as in sectionfc)_ 

A. vp ->- p h... 

From the nature of these expressions 
we see that the neutrino data are a direct 
measurement of the fragmentation functions 
for pions since from eq. 9.5, 9.6 

3 > r - 3 f ($-nj 

and so the d(x) + U(x) cancels in numerator 
and denominator of eq. 9.10 yielding 

if(r^-> ^ * IV 

AL 
Tor w ° ^ . ) ^ 

, Data from Gargamelle on the ratio of 
IT /ir~ production with v/beams (and 
equivalently TT—/TT+ with v) are shewn in 
fig. *i&. These directly yield 

and we see this is of order 3 for 
0.3 < z £ 0.7 rising as z > 0.7. That this 
ratio is greater than 1 is intuitively 
reasonable since ir+ is ud in the simplest 
configuration. It has been widely argued 
that, as z + 1, n(z) •*•<*> due to the pre
sence of u valence quark in ir+ whereas U 
in TT~ is in the sea. Whether or not these 
data support, this is unclear since at any 
finite energy, n^z •*• 1) •*• °° due to the 
fact that vp -»• \i~ + (charge 2) in the quasi 
exclusive limit. What is of immediate 
interest is that 

•w..»*«..» ~ i f e i 6-*> 
is consistent with the inelastic electro-
production data (discussed in a moment) 
and also that the data support the implica
tion of eq. 9.12 viz 
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The data with 0.3 < z < 0.7 are shown as a 
function of x in fig.21 and are indeed 
consistent with this prediction. 

Very recent data from the 15' Hydrogen 
bubble chamber at Fermilab yield informa
tion on the production of positives and 
negatives separately. (fig.J£ ) . The 
ratio of +/- production is qualitatively 
in agreement with the lower energy 
Gargamelle data, namely +/- > 1 and rising 
as z increases, though the difference 
between positive and negative production 
appears to be rather larger at Fermilab 
than the Gargamelle data at a comparable z. 
one reason may be due to the Fermi lab 
experiment being all positive (negative) 
charges whereas Gargamelle is explicitly 
ir*, also there may be some contamination 
from quasi exclusive channels that have a 
Q 2 (E ) dependence that has to be taken into 
account before a proper comparison can be 
made. 

If the hadrons are dominantly ir and K 
t h e n , ) C ^ , i _ r ^ . 

dfrO •» j5QO 

dtO -+ -^ôOy 

The contribution from antiquarks is 
believed to be very small (section 
so let's neglect them for simplicity so 
that we have 

Or*) 

"> 
&*> {C tf* tf 

U 0 

B. ep(n) eh. , 

The analysis of inelastic electron 
scattering is slightly more involved than 
for neutrinos due to the contributions from 
all the charged quarks : 

0" àh 
ToT 

1 
For ease of notation I shall normalise to 
the total cross section (W,) and write 

(this quantity is L.(x2) in Feynmans book 
ref.O) 

In their original analysis of the data 
of Bebek et al (Q2 = 2 GeV2, u) = 4) 
Cleymans and Rodenberg (<<?) ignored the 
contribution from all but the valence 
quarks which is reasonable for œ = 4. 
Hence in ep •*• eir*... they have (writing 
u(x) = fu(x) etc.) 

r ' h-& 

where in the final step we utilised the 
relations eq. 9.5-9.7 and, as before, 
defined 

The Bebek data are consistent with 
scaling in the range 0.2 z z e 0.7 and so 
the analysis was limited to this region for 
which <n +>/<n _> = 2 independent of z. 
For w = 4 apprSximately u(x) = 2d(x) and so 

2 - ^7 C *°~^ 
fr-t- 7c*) 

(?*t> 

which yields n(z) = 2.5 0.2 t, z S 0.7. 
This is in perfect agreement with the 
Gargamelle data on ir* production by 
neutrino beams (eq. 9.15) and so we have 
strong support here for the quark-parton 
picture of the semi-inclusive hadron 
production. 

Dakin and Feldman v t^' refined and 
extended the above analysis by incorporat
ing later data in the range 0.5 < Q < 2.5 
GeV 2 and 3 < a> < 60 and allowing for the 
contribution of valence and sea quarks. 
They parametrised the longitudinal momentum 
distributions of the quarks as follows 

where u v ( x ) , d v(x) represent the distribu
tion functions for valence quarks and the 
sea was hypothesised to be SU(3) symmetric 
(this is not a very crucial assumption for 
their analysis it turns out). 

These functions u(x), K(x) etc. were 
taken from the McElheney and Tuan fits to 
the total cross-section data (this is 
essentially the Kuti Weisskopf model 
modified to take account of the fact that 
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vW 2
e n/vW 2

e p < 2/3 as x * 1). 
Then one has, in place of eq. 9.23 

The Cleymans-Rodenberg formula, eq. 9.23, 
is obtained when K(x) -»• 0 (and hence 
u = u etc.). The effect is to raise 
nYz) slightly as compared to K(x) = 0: 

*)(>; *-3- tO'fe 0*t> 
(compare n(z) - 2.5 when K(x) = 0 as in 
Cleymans-Rodenberg). Qualitatively it is 
obvious that this should be so since the 
sea populates ir+ and ir~ equally, hence 
tends to dilute the ratio. To have the 
same ratio as in the data then n(z) must 
be larger than in the analysis where the 
sea was ignored. 

Having determined n(z) and knowing 
the f.(x) from the McElhaney-Tuan 
parametrisation of the total cross-section 
data then one can predict the x(w) depen
dence of the TT+/IT~ production ratio using 
eq. 9.26. This quantity is compared with 
the data in fig. 23. 

Due to the dominance of u(x) as x ->• 1, 
more positive charge is predicted to be 
forward produced. 

The production from neutron targets is 
immediately obtained by interchanging U 
and d in eq. 9.26 while K(x) is the same 
as before (the sea has I = 0) 

Q-»;> 
Hence 

LN V } J 4 * J b O +"»|(*) W • + (fr)(*)f7)K0<) 
So that with n(z) - 3 we immediately 
predict the curve of fig. 23 which is 
compared with the data 

Note the general feature that as 
« -»• 00 (x -»• 0) the iT+/irZ ratio tends to 
unity (sea dominance). Coming to smaller a> 
the ratio rises and then tfî> u •* | falls 
below 1 due to dominance of the U„ quark. 
In general with U quark dominance 

•+ I v. 

0V3O 

Further oritentation on the signifi
cance of these production ratios is obtain
ed by noting that in the photon fragmenta
tion region at Q^ = 0 ir+/ir- =0.8 
This is quite different from the values 1.2 
to 1.3 predicted at moderate to in the 
present model for Q^O. 
Sum Rules in eN •+ eh. .. 

eN Normalising to F, (x), the number of 
hadrons i in the current fragmentation 
region, with momentum z in an experiment 
done at fixed x reads 

plus further possible contributions from 
charmed quarks etc. We can simplify this 
messy expression by studying, for example, 
the excess of TT+ over ir~ (<t-?-%\ 

7T IT 
where we used relations like D = D etc. 
(eq. 9.7). (This exression is true in 
general since further quarks with 1 = 0 
will not contribute to the TT+TT~ difference). 

Since we know from the proton a neutron 
charge sum rules (eq. 4.24-4.26) 

Similarly on neutron targets one 
derives (interchanging u, d in eq. 9.32) 

and so 

Footnote A cautionary note is provided by 
Hanson at the Stanford Symposium. Plotting 
the Tr+/ir~ ratios against x and also W for 
various Q^ (N the mass of hadronic system) 
one cannot yet tell if i) TT+/TT"" is a 
function only of w i.e. scales in u(x) or 
ii) function only of W. The variation of 
TT+/TT~ with W or x over the measured range 
of parameters is too small to see a signi
ficant difference between the two. 

Consequently, independent of z or P . 

T« 
Jd*(NnK>0-N*fc<j) «P 

a. 

1 (vnj 

Experimentally it is more useful to inte
grate over all z and since 
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(w 

then 

7 (1-39; 

where <n.> is the average multiplicity of 
particle i as a function of x. This sum 
rule was derived by Gronau et al. 
but is not yet well tested by data. 

C. e e -»• h. . . 

In equation 9.8 we have 

2 ? • Qi-^ •f«) 

or, since 

ti"-^3lr l W T O T / J*JI» 

If for small z D(z) ̂  1/z (e.g. by 
analogy with the f (x) <\< 1/x for the 
probability of finding given quarks in the 
hadron) then a logarithmic rise in 
multiplicity is predicted since on inte
grating over z • 

vy 
& • • * ) 

and the lower limit on the z integral» 
generates the logarithmic growth in Q . 
We have already seen (fig. 2Z) some 
evidence that D(z) % 1/z as z + 0 and so 
it is interesting to find that there may 
be a logarithmic growth of the multipli
city in e+e~ •+• h... (fig. 24). 

Since a 
eq. 9.41 to read 

di 

4irg 
3s then we can rewrite 

a -v 

Footnote : The factor 3 is for three 
colours of quarks. 

The distributions in S-TT- are shown in fig. 
2ÇF and do show the possibility of scaling 
for z > O.5. We dont expect scaling for 
all s here because R is rising as one 
passes through this complicated region. 
It does, however, appear that the data 
scale for all s when z S 0.5. This, and 
the z, s dependence of the scaling viola
tion are nicely seen in fig. 2 which 
plots sda/dz versus E for various z 
intervals. Scaling wSûîd imply that 

s-=— should be independent of E for 
any fixed z. 

If the entire rise in R is due to 
pair production of new particles 
e+e~ •* U+U~ which decay immediately into 
the observed hadrons then the final decay 
products at threshold should be limited to 
z < 0.5 since each new U is carrying half 
the energy. If each of these then decays, 
clearly half the momentum of any single 
decay product cannot exceed I; of the total 
energy and hence z < 0.5. For U production 
slightly above threshold a few decay 
products can have z > 0.5 but their effect 
will be negligible so the argument 
holds true. 

Bearing this is mind, look again at 
the figure3b . For z > 0.5 we see scaling 
(independence of ŝ 2.) for the full range of 
3 « E * 8 GeV. For z < 0.5 the data 
have réscaled above 4 GeV except at the 
smallest values of z. Here the finite 
energy means that we are still seeing 
threshold effects and so we dont expect 
scaling to set in until PEP/PETRA energies. 
Kence, semi-quantitatively we can under
stand the observed behaviour as a combina
tion of threshold and scaling phenomena. 

Consequently we may suppose that the 
s"p distribution is a superposition of 
"old" and "new". 

If this is indeed true, then the data 
at 3 GeV is due entirely to "old" physics 
and moreover is exhibiting (for z 5 0.2) 
the scaling behaviour of the uds quark 
degrees of freedom. Hence we might analyse 
this data in terms of the relation 

=udS 

and compare with the analogous data on 
inclusive hadron production in lepto-
induced reactions as discussed previously. 

As orientation and to simplify matters 
let us just make the approximation that 
only the u quark is important (it is 
the most probable quark in the proton and 
also has the biggest squared charge by a 
factor of four). Then for ep -*• eh... 

fotili) 
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and hence 

+ -For e e annihilation at /& £ 3.5 
GeV (where by hypothesis only the uds 
degrees of freedom contributes), taking uu 
as the largest contributor to R then 

2 c r

T L 
A+ ^v^. 

M. \y «*- »* U / — » i* u> 

and so finally one has the immediate 
comparison 

T ft-*U 
This comparison is shown in fig. TJ and 
agreement is excellent at large z where 
different choices for the comparison 
variable are less important.* 

Ultimately it will be nice to see if 
IT, K, p production separately satisfy this 
relation since at present h* means all 
hadrons of the relevant charge. Also one 
will attempt to separate each quark's 
individual contribution using v> and e 
data; one might already think of doing 
this using the data in figs, 
ignoring any q̂  dependence and assuming 
that only uds quarks are important. Then 
as one crosses charm (?) threshold and 
rescaling is seen (?) the role of the c 
quark fragmentation can be examined. This 
is in principle a straightforward exten
sion of the present discussion which 
should provide enough material for the 
interested reader to perform the exercise 
for her or himself. 

state where their spins are parallel 
(antiparallel) to the guide magnetic 
field, this state having lower energy than 
the opposite spin orientation. Consequent
ly the storage ring beams are polarised in 
the y direction. If the polarisation is 
100% then the photon created by the e+e~ 
annihilation has zero helicity along the y 
direction. 

(lo-L> 

we will calculate the angular distribution 
of a hadron h produced by such a polarised 
photon in 

e V " - ^ ft—*> \\ "t- <M^H\JONX 
If the hadron emerges at angle 0 relative 
to the z axis (the e + direction) and <J> 
relative to the xz plane of the ring then 
the direction of its momentum vector is 

t = foflQ CCS<|> S w $ SiJÂ ) OcS&j (jo-2) 

k 
illustrated in the figure 2S", so that the 
angle (3 between the hadron momentum vector 
and the y axis is given by 

Cos/? = £Ù/\$ Z+y\<f> Q°'%) 

The expression for the angle B 
enables us to immediately calculate 

â:c«v^h.o 
If X = helicity of the photon along h 
(i.e. spin projection along p\) 

then since 

= angle between p\ and y 

and 

10. Angular distributions of hadrons in 
e Te h anything 

The stored e~ beams circulate in a 
magnetic field whose direction (y) is 
perpendicular to the plane (xz) of the 
storage ring. After a period of time the 
positrons (electrons) tend to populate the 

Footnote ; Gilman_ here used X_ _ for 2 p + _ cm. 
and x = — for e e -»• h.. As ep •* eh. 

Q 2 * "' X' Xc.m. ^ At present energies 
the choice of variables can make a signi
ficant difference at small z but dif
ferences are less important at large z 
since all particles are relativistic 
there. 

photon spin projection = 0 along y 

we have 

V fc=±l,o 
(d* , because J = 1 for e e annihila
tion through a single photon). Parity 
forces 

«-; 

IM« K 
and so 

( & > / * ! | 2 ^ + JAJW/J 
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We define the transverse and longitu
dinal cross-sections proportional to 
|A,I2 and |A0|2 respectively, and these 
are functions of Q 2 (the photon squared 
mass) and p. (the momentum of the produced 
hadron)*. These functional dependences 
are implicit in all the following equations. 
We can therefore write 

The subscript "pol." is to remind us that 
this is the cross-section arising from a 
completely polarised photon (e+e~ beams). 
If instead we had unpolarised beams then 

o 
since <sin <|>> = \. Consequently in 
general, for a degree of polarisation P 

(£H-^D 
VM\poK m M 

and so 

(M) * d ï + « M + f s ^ ^i 
with 

O ( Î S 5 Cto-o 

Equation 10«lois the general angular 
distribution for the inclusive hadron 
production in electron positron annihila
tion through one photon. From the 
observed angular distributions of h one 
can determine a./a„(Z,Q2) which contains 
the interesting dynamical information (in 
the model where the hadrons are the 
fragmentation products of spin % partons 
then oh/aT % 1/Q2). 

In principle one can determine aT/a_, 
or equivalently a, from the 0 distribu
tion alone and so the polarisation P gives 
no additional information. In practice 
since the SPEAR detector has rather 
limited acceptance in 0, |cos0| i 0.6, 
(due to the open ends of the cylindrical 
detector which allow the beams to enter 
and depart) while there is complete 
acceptance in <j>, then it is easier to 
separate a^/o- from the (j> dependence, i.e. 
exploiting the polarised beams. This is 
illustrated clearly in the data (Schwitters, 
Stanford Conference 1975). Integrating 
over ij) one has 

J^itV^X^^e) 
(too) 

* 2 
Footnote: More usually chosen as Q and 
z = 2P/VQ2, see section 9. 

and the 0 distributions very poorly 
determine a (fig. 2<\) . 

The inclusive azimuthal distributions 
for particles with z > 0.3 and |cos0| i 
0.6 are exhibited in figs. 27 for two 
energies 7.4 GeV and 6.2 GeV in the cm. 
There is a very clear cos2(J> dependence in 
the data sample taken at E =7.4 GeV. 
At 6.2 GeV there happens tS'Sè a depolar
ising resonance in the SPEAR ring (a 
matching of the machine parameters and 
the g-2 such that the spins of e± 

process by an exact integer number of 
turns per orbit). Hence at 6.2 GeV the 
beams are "accidentally" unpolarised and 
an isotropic <t> distribution emerges. 

Using the E =7.4 GeV data with 
its clear cos2<|> dependence we can deter
mine a by making a best fit to the form 
of da/àQ (eq.lo-jo) once we have obtained 
the magnitude of p 2. This quantity is 
found by fitting the distributions for 
e +e~ -*• y+y~ data which are collected at 
the same time as the hadronic production 
data and as (aT/am) + - =0 then 

li i y V 

v. kh^Y ( j 0 . ) a > 

Hence P is determined and found to be 
0.46 ± 0.05 at this energy. One now 
uses this information in fitting the 
hadronic sample and ex (or a./a„) is 
obtained for e+e~ -*• h. .. 

The results for aT/cr_ (and a) as 
functions of z at E =7.4 GeV are 
shown in fig. 3©- *t l° w z where the 
hadron h is recoiling against a high mass 
system near to threshold (it is produced 
nearly at rest) a. and a„ are almost equi-
probable. At z * 0.2, where Bjorken 
scaling was observed (section 9), a_ 
dominates, characteristic of production 
of pairs of spin \ particles (c.f. y +y~). 

Hence the data are consistent with 
the model where the observed hadrons are 
emitted by spin h partons. 

Further support for the idea that 
the hadrons are parton fragments comes 
from a study of the multiprong hadronic 
events, where it is found that these 
have a "jet" structure (limited momentum 
transverse to some axis). This phenomenon 
is familiar in hadron physics and is a 
natural consequence of the parton model. 
The picture is that at high E the 
spin h partons are produced witn*angular 
distribution typical of o = 1 and that 
the final state observed hadrons will 
limit momenta transverse to the direction 
0 in which the partons were produced. 
Hence two jets of particles will be 
expected, the jet axis being the memory 
of the original parton direction. 

In those events with > 3 hadrons a 
search was made for an axis which 
minimised the sum of the squares of the 
momenta perpendicular to it. For any 
event, having found this axis, then a 
quantity S called the "sphericity" is 
defined. 
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AN ELEMENTARY INTRODUCTION TO YANG-MILLS THEORIES AND TO THEIR APPLICATIONS TO THE WEAK AND ELECTROMAGNETIC 
INTERACTIONS 

(*) L. Maianl 
Laboratori di Fisica, Istituto Superiore di Sanita, Roma, Italy. 
and 
Istituto Nazionale di Fisica Nucleare, Roma, Italy 

Introduction 

Gauge theories have been first considered by 
Yang and Mills more than twenty years ago. Their aim 
was to construct a theory where the global isospin 
symmetry of strong interactions could be extended in
to a local symmetry, so that one could be allowed to 
perform independent isospin transformations In diffe
rent space-time regions. 

Invariance under space time dependent symmetry 
transformations Is, in fact, so intimately related 
to the very notion of a local field theory, that it 
was apparent from the outset that, if a local field 
theory had to be relevant at all in describing the 
fundamental interactions, the Yang-Mills concept had 
to play a fundamental role. 

This explains why gauge theories have appeared, 
from time to time, in different parts of particle 
physics. 

In strong interactions, the original Yang-
Mills theory led to the concept of universal vector 
meson couplings, p dominance etc., and played an 
important role in the discovery of the SU(3) symme
try. Consideration of unified gauge theories for 
weak and e.m. interactions was started by Schwinger 
as early as in 1957. 

Progress has been slow, however, and difficult, 
for various reasons. Invariance under local gauge 
transformations leads to massless gauge fields. One 
had to reconcile this fact with the remarkable ab
sence of massless vector mesons both in strong and 
in weak interactions. Furthermore, to get a consist
ent perturbative treatment of gauge theories proved 
to be a formidable problem, which took a long while 
to be solved. 

In the middle sixties, the introduction into 
Yang-Mills theories of the notion of spontaneous 
symmetry breaking provided an appealing way of giv
ing gauge fields a mass (the Higgs mechanism). This 
opened the way to the construction of concrete uni
fied theories for the weak and e.m. interactions of 
the known leptons, accomplished by Weinberg and 

Salam. Consideration of hadronic weak interactions 
had to wait a little longer, however, until in 1970 it 
was realized by Glashow,Iliopoulos and Maiani that 
a new hadronic quantum number (charm) was needed. 

On the more formal side, investigations on the 
quantization and the perturbative expansion of gauge 
theories, associated, among others, to the names of 
De Witt, Feynman, Faddeev and Popov, Veltman, culmi
nated In 1971 in the work of 't Hooft, whereby the 
complete renormalization program for a spontaneously 
broken gauge theory was accomplished. 

This and the subsequent works in this field, 
put the Yang-Mills theories of weak and e.m. inter
actions at the same theoretical level as quantum 
electrodynamics. The experimental discovery of weak 
neutral currents and the most recent evidence for 
charmed particles gave them the concrete support of 
real facts. 

The success of the quark model, and the idea 
of an unbroken color symmetry for strong interactions 
has led to further developments. Asymptotically free 
gauge theories have been proposed, where the observed 
strong Interactions arise from a more fundamental, 
Yang-Mills, interaction of quarks with the colored 
gluons. Prompted by the observed scaling in deep In
elastic processes, the elaboration of such theories 
has been made possible by the spectacular progress 
achieved in field theory in recent years (K. Wilson 
works on renormalization group, the Callan-Szymanzik 
equation, etc.). 

It is conceivable, though by no means proved, 
that all the fundamental interactions (except gravi
ty) are Indeed Yang-Mills interactions. In this con
nection, it is Interesting to point out a change 
which has taken place, in going from the original 
Yang-Mills theory to the most recent ones. 

In the former, strong interactions were asso
ciated to the observed isospin symmetry. In the co
lor gauge theories, strong interactions are associ
ated to the hidden color symmetry, while isospin, 
SU(3) and all other flavor related broken symme
tries are to be associated to the gauge group of the 
weak and e.m. interactions. 

(*) Address after Nov. 1, 1976. Istituto di Fisica 
dell'Universita, Roma, Italy. 
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In these lecture notes, we shall deal exclu

sively with a gauge theory of weak and e.m. proces

ses. The aim is to give an elementary introduction 

to the subject by discussing the general underlying 

ideas, and the way these ideas can be put to work in 

a concrete theory, based on the gauge group 

SU(2) ® U(l) . 

All our arguments will be carried on at a 

classical level, or, equivalently, at a level where 

only tree Feynman diagrams (no internal loops) are 

considered. This limitation has excluded from the 

outset any reference to strong interaction gauge 

theories, where e.g. renormallzation effects are es

sential. Finally, while I tried to indicate as clear

ly as possible where theory makes contact to experi

ments, no detailed comparison is carried out of the 

theoretical predictions with the presently available 

experimental results. For many topics, this Is done 

In the other courses. 

The plan of these lectures is as follows. In 

Section 1 we review the notion of a global symmetry 

and introduce the associated conserved currents. In 

Sections 2 and 3 we discuss the general idea of lo

cal gauge symmetry, the construction of the Yang-

Mills lagrangian, and work out the elementary pro

perties of the resulting interaction. The connection 

to observed weak interactions is considered in Sec

tion 4, where a mass is given to the gauge fields 

by adding an ad hoc term to the lagrangian. Sponta

neous symmetry breaking is discussed in Section 5, 

and the Higgs mechanism in Section 6, using as a 

working example the bosonic sector of the Weinberg-

Salam model. The weak interactions of leptons are 

considered in Section 7, where contact is first made 

to experimentally testable predictions. In Section 8 

we discuss the e.m. interaction of the charged inter

mediate bosons. The way one can give a mass to ele

mentary fermions is discussed in Section 9, with re

ference to the leptons. The general formalism is 

worked out in detail, and the possible arising of 

electron and muon number violation is discussed. 

Hadronic weak Interactions are discussed in Section 

10, with reference to the four quark model, and the 

possibility of still more quark types Is considered 

in Section 11. Finally, Section 12 contains a few 

conclusive remarks, and some comments on the open 

problems. 

Given the pedagogical character of these lec

tures, very few references are made to original pa

pers. Reference to the original contributions can be 

found in the general references listed at the end. 

1. Global Symmetries 

We shall work in the framework of lagrangian 

field theory. The dynamics is therefore specified by 

the lagrangian «C > which is a function of the 

various fields (collectively denoted by "V7" ) and of 

their 4-space derivatives ( ,^.T r" ). The action, S, 

is the Integral over 4-space of the lagrangian and 

the equations of motion are obtained by equating to 

zero the variation of S , resulting from infinite

simal, arbitrary variations of the fields. In formu

lae : 

s = jv* z 
( l . i ) 

(1.2) 

-3-a.T 

Partially integrating the term with the derivative 

in eq. (1.3), discarding integrals of 4-divergences, 

and setting to zero the coefficient of &V~, we get 

from (1.3) the equation of motion : 

1*: - V s O (1.4) 

If we have many fields Vj , we get an equation 

like (1.4) for each field component. 

We have a global symmetry whenever It is pos

sible to perform an infinitesimal transformation : 

-y-* y sr -f * Jy (1.5) 

such that : 1) it leaves of invariant : e£ t^)= fW) 

il) it is the same at all space-time points. 

Furthermore, we speak of an internal symmetry when 

the transformation (1.5) does not mix fields with 

different space-time properties. Stated differently, 

internal symmetries correspond to transformations 

which commute with the space-time transformations 

(Lorentz transformations and 4-dimensional transla

tions). We will restrict, in the following, to inter

nal symmetries, choosing as a working example the 

isospin symmetry. 

Suppose we have a doublet of fields, which can 

have either spin 1/2 (e.g. proton and neutron, or 

u and d quarks) or spin zero (e.g. K and K ). 

We collect these two fields in a single isospinor : 

r - C ) « (*:) 
Consider now the infinitesimal transformations : 

r'-. V ' t i ^ 
4 

if e it X* Y00 (1.6) 

«.s-t. î. 3 
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where 7̂ _ are the 2yQ. Pauli matrices and £ are 

three infinitesimal parameters. Here and in the fol

lowing we understand to sum over repeated indices. 

The T a matrices obey the commutation rules : 

[ ? • i"]= l' £*K J* a.7) 
( Ç > is the totally antisymmetric tensor, £ s. 

s * ). 

We say that «£ is isospin-invariant if : 

Jt(V'). JLV) i.e. 

£/ = O 
An important consequence of this is the existence of 

a triplet of conserved currents (Noether's theorem): 

o c « = 2 * <f<& + 3£ -*.(&%) = 

+(* 

Since the first term in the last formula vanishes 

by (1.4), we see that the currents : 

are conserved 

f^hi v 2- <*fi 

J = o (1.9) 

A well known consequence of (1.9) is the existence 

of conserved "charges". We set : 

.1 /• 3 __ *• 
r = jv* ye fj.o (1.10) 

then : 

«rf-fc 

V. J " =r O 
(1.11) 

If we quantize the theory by canonical quantization, 

I become operators whose equal time commutation 

relations can be easily computed to be : 

[I'W.l^O] s,-f#fce lC(h) ( 1 1 2 ) 

The operators I give a realization (or represen

tation) of the commutation rules (1.7) which, in 

turn, correspond to the algebra of the infinitesimal 

rotations in a 3-dimensional abstract space, the iso-

spin-space. Furthermore eq. (1.11) becomes : 

i*= i [u, i*] =o (1.13) 

The operators I commute with the hamiltonian H ; 

therefore they connect states with the same energy. 

All states will thus appear in isospin-multiplets. 

For example, ty ^ bound states will form families 

of isospin multiplets (with I = 1 or 0) mass being 

equal for members of the same multiplet. 

We usually split J£ into a free and an inter

action part : 

where 

•tfltt* t> ('V -*W ( f o r s p i n 1 / 2 f i e l d s ) 

^IU, » fr ? + # » * W ( f o r s p i n ° c o m p l e x f i e l d s ) 

(We set y «̂  e -%. t^V , Tr<"being the Dirac matri

ces). If "C * v does not contain derivative couplings 

(as is frequently, but not always, the case), the ex-
- r - **• 

plicit form of T. can be directly computed from 

o £ £ r e e , since * V * V i - ^ " V ^ ^ * 

We obtain 
« 777 

^ = *? t~ \* t (spin 1/2 case) 

îT- -«'[^?^-^V^3= ». 14) 
5 _,' if* To. "d *? (spin 0 case) 

An internal symmetry transformation for Fermi fields 

could involve, besides matrices acting on "internal" 

indices (like the Pauli matrices), also the Dirac Yg-

matrix ( £ * ^KKK^ • *s*- *r , ^ ~ * * )-
This is because K. transforms as a- pseudoscalar 

under Lorentz transformations.Thus we may enlarge the 

set of transformations (1.6), adding the so-called 

"chiral isospin" transformations : 

<i t 

(1.15) *,*- '"I X* Ç V A j> 4.1. 3 

*[ being again three infinitesimal parameters. 

Eqs. (1.6) and (1.15) form a new group of infinitesi

mal transformations, whose generators obey the commu

tation rules 

[I* , t*fc] = ; **hc "& rr Ci.") 

The chiral algebra commutators can be set into a sim

pler form, if we express the infinitesimal generators 

in terms of the so-called left and righthanded gene

rators : 

2- * 

R * = -*.+-!*• Ta, 
2- Î 

We get : 

If,**'} * -• *»«.* R t 

[ L* « b7 = O 

For mass-less Fermi fields (see Appendix I) 

(1.17) 

(1.18) 
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Y s 2 * (helicity), so that L acts only on 
helicity = - 1/2 states, while R acts on helici
ty = + 1/2 states. Eq. (1.18) show that chiral trans
formations are nothing but independent (hence commu
ting) isospin rotations performed over the two heli
city states of the fermion field. (Recall that for 
massless particles the helicity is a Lorentz inva
riant quantity). The group structure of eqs. (1.16) 
or (1.18) is usually referred to as chiral 

Chiral transformations can be a symmetry of JC 

only in the case of massless fermions. We can in 
fact compute the variation of «C f under chiral 
transformations. Recalling that Yf anticommutes 
with YV , one finds : r 

so that I ^tnSP o nly when m = 0 . 

2. Gauge Transformations 

The existence of a symmetry expresses the fact 
that certain choices are purely conventional and have 
no effect on the dynamics. Isospin symmetry, for ex
ample, implies that we can choose as we please the 
orientation of the axes in isospin space. Consequent
ly, the definition of the fields to be associated to 
the proton (isospin "up") and to the neutron (iso
spin "down") is entirely conventional. 

A global symmetry implies however that once we 
have fixed what we define to be isospin "up" at a 
given point in space-time, we must maintain the same 
definition at all other points. This seems to be 
rather unnatural and not in line with the general 
ideas underlying the concept of a local field theory, 
where it is meaningful to compare different quanti
ties only at the same point, and not at distant 
points. It seems therefore desirable and legitimate 
to investigate theories where the invariance under 
the global transformations (1.6) is extended to in
clude transformations which can be different at dif
ferent space-time points, e.g. transformations of the 
form : 

Sif = i I £*> Tfi. <f£*) (2.1) 

I OO being now infinitesimal, arbitrary functions 
of the four coordinates, x . In such theories the 
orientation of the isospin axes, besides being con
ventional as before, can be choosen at will at any 
spacetime point x , irrespectively of the orienta
tion we have choosen at any other space time point 

x' i x . 

Requiring invariance under spacetime dependent 
transformations is by no means a trivial constraint. 
On the contrary, such a "geometrical" principle will 
force us to restrict to a particular class of field 
theories, gauge theories, where a set of vector 
fields (gauge fields), interact with the other 
fields in a perfectly prescribed manner. A similar 
situation is encountered in general relativity, 
where a "geometrical" invariance principle (namely 
invariance under general coordinate transformations) 
leads to a prescribed form of the interaction of 
matter with the gravitational field. 

To understand the problems which arise in en
larging a global symmetry into the symmetry under 
space-time dependent transformations, let us consi
der the case of a free, spin 1/2, isodoublet, whose 
lagrangian is : 

While «C„ is invariant under (1.6), it is not free 
invariant under (2.1), the reason being that \j¥ 

transforms quite differently from V' itself, so 
that the term fi"'? ^ s n o t invariant. In fact : 

(2.2) 

A similar situation Is found in classical electrody
namics. There, we describe a charged particle by a 
complex field y- , charge conservation being related, 
by the Noether's theorem, to the invariance under 
global phase transformations : 

(6L is an infinitesimal constant). As is well known, 
however, the electrodynamics lagrangian is also in
variant under space-time dependent transformations. 
This is because when we subject V" to space-time 
dependent phase transformations , °( = <* (•*•") , the 
terms analogous to the dangerous terms in (2.2), 
namely the terms proportional to ~^°( arising from 
the variation of "9.V , are exactly compensated if 
we subject, at the same time, the e.m. field A 
to a gauge transformation : /*• 

SA 7T ^ ^ 
(e = electric charge). This compensation, in turn, 
can be traced back to the fact that the e.m. field 
A .„ is introduced in the lagrangian either through 
the "minimal prescription" : ̂ « f -» (p) +«'e >̂ ,)«f' 
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or through the gauge invariant quantity 

£ V = ^ K ?r^-

Similarly to electrodynamics, to enforce the 

symmetry under (2.1), we are therefore led to intro

duce a set of vector fields A. (one for each group 

generator), which will be assumed to transform in 

such a way that the field combination : 

transforms precisely like i/*"" : 

(2.3) 

(2.4) 

In eq. (2.3), g Is a coupling constant (analogous 

to the electric charge e ) which describes the in

teraction of A 3- with the field V " . The re

quirement that (2.3) transforms according to (2.4) 

can then be easily shown (See Appendix II) to lead 

uniquely to : 

i t * = - £ - t c *
kC*>A^- | ̂  «V> (2.5) 

In the following we will refer to A and %» */* 

with the words "gauge fields" and "covariant deriva

tive", respectively. Also, in analogy to electrody

namics, we will call the transformations (2.1) and 

(2.5) "gauge transformations". 

The usefulness of the covariant derivative 

lies In the fact that, due to (2.4), any function of 

tf' and VM ty which is invariant under the global 

transformations (1.6) is also invariant under(2.1). 

This is clear from the fact that neither (2.1) nor(2.4) 

depend upon '~b/«. £ C O > and therefore any 

function of vp" and V if* will behave precisely 

in the same way for constant or space-time dependent 

trans format ions. 

This observation gives us the due to the con

struction of lagrangians invariant under space-time 

dependent trans format ions. 

Consider a lagrangian ot (_ ̂  'fy*-^') describ

ing all the interactions of V'* » except for the 

Interaction with the gauge fields A , and assu

me of to be invariant under (1.6). Then, by the above 

observation, the new lagrangian obtained by the 

"minimal prescription" 

namely, the lagrangian 

^ 

/ (*, ^ f ) 

is Invariant If we subject ^f to the transforma

tions (2.1) and A^ to (2.5). Note that (2.6) con

tains in a perfectly prescribed way the interaction 

of with A„ 

The lagrangian (2.6) cannot still be the total 

lagrangian. In fact, since 

at most quadratic in 9^f , Jt (¥, £. f ) will 

A! be at most linear in the first derivatives of 

while we need terms quadratic In A , / ^ 
s*-
in 

order to obtain meaningful (i.e. 2nd order) equa

tions of motion for the fields A „ . 

s^ 

To accomplish this, we have to construct a 

gauge invariant lagrangian for the fields A „ 

alone. Following again electrodynamics, one defines 

the gauge covariant curl: 

«I 1 . «-Ay ' \ ^ - 3^bc A~A* (2.7) 

A straightforward, if not simple, algebra (see 

transforms linear-Appendix II) shows that 

ly, if we subject 
£. 

n t o ( 2 . 5 ) ; namely 

Sç. * = - £ f t f c t £%> r ' 

Hence 

^YM = 'I F":(F' J 

(2.8) 

( 2 . 9 ) 

is gauge invariant and it is the required lagrangian 

for the Yang-Mills gauge fields alone. 

We close this section with a number of obser

vations on the properties of the covariant deriva

tives and on the extension of the Yang-Mills idea 

to symmetry groups other than the isospin group, 

First note that, by eqs. (1.6) and (2.3), the 

covariant derivative of Y'" can also be expressed 

%r = -3-r + g C & 
<4 £ 

(2.10) 

(2.6) 

where the variation of V^" under the global 

transformation (1.6). Eq. (2.10) allows us to write 

down the covariant derivative-of any field or funct

ion of fields, provided we know how do they trans

form under (1.6). Examples : 

i) consider an Invariant field or function of 

fields, JÊQÙ . 

h e n c e v ^ o o ^ ^ ^ 
ii) consider a field £ with isospin grea

ter than 1/2 (e.q. I = 2). Then 
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T being the appropriate matrices describing infi
nitesimal rotations over the space of the given iso-
spin. T obey precisely the same commutation rules 
as "TV / a Then 

iii) Suppose /)£x) = V ^ * ) ^fc), V ~ 
and ^ transforming in a given way under (1.6). 
Then : 

hence 

As this example shows, the covariant derivative 
shares many properties of the usual derivative. How
ever covariant derivatives do not commute : 

T being the matrices appropriate to £ (i.e. 
T*s T»A i f S? h a s i s o s P l n !/2). 

lv) By (2.10), we see that the covariant deri
vative of any field is determined by the behavior of 
the field under global transformations. One could 
therefore try to define a "covariant derivative" of 
the gauge fields themselves (which transform as 
1 = 1 fields under global transformations) and try 
to set : 

2 

It turns out that this is wrong. The right hand side 
of this equation is not equal to (2.7), and does not 
transform linearly under (2.1). The "covariant deri
vative" of Ap. has no meaning. We can, of course, 
define covariant derivatives of F, ̂  : 

The extension of the Yang-Mills formalism to 
other groups is entirely trivial. For simple groups, 
I.e. such that we cannot divide the generators into 
two or more sets of mutually commuting generators, 
we simply substitute, in the previous formulae, T*/* 
with matrices (call them > fa) which obey the commu
tation rules appropriate to the group : 

and further replace 2» be. hy •f-jLpy , the 
structure constants of the group. Again only one 
coupling constant appears. If the group is semi-
simple (i.e. the generators can be divided in mutual
ly commuting sets, as is the case, for example of 
chiral SUll") & SOt3-}) , or it contains abe-
llan factors, the same holds true, but we can have 
different couplings for each simple factor and for 
each abelian factor (this Is why the Weinberg-Salam 
model, which is based on the group J"lV2)e> 0(4} f 

has two independent couplings). 

3. Properties of the Yang-Mills Interactions 

We have seen in the last section that It is 
possible to obtain a well defined gauge invariant 
interaction of the fields >ff (which we will call 
"matter fields") with the gauge fields flj? , by 
the so-called "minimal prescription". The rule was : 
i) to consider the lagrangian £ (Y^ \ ^ r ) of the 
matter fields without ^f"- A interaction; 
il) to make the substitution " ^ V* ~> %. ¥ ; 

liDtoadd the Yang-Mills lagrangian (2.9). In this 
way, one arrives to the total lagrangian : 

A,* = "4 F'" °r*)'* * X(% V^ (31) 

In the case where y has no other interac
tion but the Yang-Mills one, <£. (ty, 3 ~ f ) Is 
the free lagrangian, which is totally determined 
once we know the kinematic properties of iff (spin, 
lsospin, mass). In this case, aCt„t is comple
tely determined by kinematics and by the requirement 
of gauge symmetry. This uniqueness property is a spe
cial featureof Yang-Mills theories, and it makes them 
very attractive for describing the fundamental inter
actions. 

In fact, many think the e.m., weak and strong 
interactions are to be described by Yang-Mills inter
actions. If this were the case, knowing which are the 
fundamental fields (e.g. lepton and quarks) and what 
is the gauge group, one would determine, from the 
gauge principle, the form of all interactions, except 
gravity. At present, this program Is far from being 
completed. To restrict to weak and e.m. interactions, 
we will see later that one has to Introduce new, yet 
unseen, scalar particles whose couplings to leptons 
and quarks are largely undetermined. Even in this 
circumstance, however, the interaction of gauge 
fields with the matter fields l£ determined by the 
gauge symmetry, and it has many peculiar features 
which we will now illustrate, restricting to a very 
simple case. 
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Let us therefore consider the case of a splnor, 

Isodoublet matter field (e.g. electron and neutrino, 

degenerate In mass) Interacting only with the Yang-

Mills (lsotriplet) gauge fields. 

In this very simple case : 

*- C) (3.2) 

V^ty Is given by (2.3). 

Written explicitly, the lagranglan (3.2) gives 

rise to terms with different degrees of homogeneity 

in the fields (e.g. terms bilinear, trllinear etc. 

in the fields) : 

/» -± \ K (** ***"- ^ A~") * *(>?'*w 
. +. A t> -fi/* 

- 1 £ a t c S ^ ^ ^ A, A ^ A s 

4 

= A1 
* * « M _ a « — + r r + 3 / » v f 

" . 4 » . it 4. « 

(3 .3) 

Note that when <K -» O , jÇ, reduces to the quadratic 

terms, which are therefore indicated as the free 

part, ot- free, of <£. . According the usual me

thods in field theory : 

1) the bilinear terms, *AZ " and "<p</>", 

describe the free propagation of the particles asso

ciated to the A and «f" fields; we shall discuss 

the A terms in detail, the <f"h terms lead

ing to the familiar fermion propagator, as e.g. in 

standard quantum electrodynamics (QED); 

ii) Higher than bilinear terms describe inter-

actions of the fields; we shall discuss the Ayf 

term and, later on, the A term; 

ill) Unlike QED, the lagrangian (3.2) contains a 

self interaction of the gauge fields with themselves, 

represented by the A and fl terms. 

These terms are uniquely determined by the structure 

of r^-v 3 i-e. by the principle of gauge covarlan-

ce. Their presence is a necessary consequence of the 

fact that the gauge fields are coupled to all fields 

carrying a non vanishing lsospin, and therefore also 

to themselves (eq. (2.5) indicates 1 = 1 for ^ - ) . 

The self-coupling of gauge fields is a very 

crucial feature of Y-M theories. It is the main 

reason why such theories are not a mere transcrip

tion of QED, and it is responsible for all the dif

ficulties encountered in getting a consistent treat

ment to all orders in perturbation theory. In fact, 

Y-M theories are more similar, in this respect, to 

quantum gravity than they are to electrodynamics 

(the graviton is similarly coupled to all forms of 

energy, including its own). Similarly to gravity, a 

Y-M theory is not a free theory even in the absence 

of matter fields. 

" A * , 

We restrict now to the fl terms, to derive 

the equations of motion in the free limit, g = 0 . 
fi * i " 

Applying eq. (1.4) to «C f _ ~ fi , and observ
ing that 

O l^lSi* - n . '***«!*__ = **., A*-\ A? 
*7iK 

we get ( D S "d ^«. ) 

1%>A? 
r - v >•* 

Wu - ^ * A ) A > 5 *»° (3 .4) 

Taking the Fourier transform of (3.4) ( *-"§~~* *V* ), 

we get 

As is well known, the inverse of the matrix t* 

is the propagator for the A-field, i.e. the Fourier 

transform of the amplitude for finding a gauge par

ticle of given type at the space-time point x , if 

it has been created at x = 0 . However, the matrix 
4» has no inverse ! In fact, Lorentz co-

variance restricts J G J to be of the form : 

'/»> = A k^%> * 8 kA fe; 

.2. 

A , B being functions of R . But : 

- A (-s;* * , * * ) 

which cannot be equal to cU for any function A 

and B . This is a well-known difficulty, first 

found in quantizing the photon field. It has to do 

with the fact that, by gauge invariance, the four 

components of /v, are not independent dynamical 

degrees of freedom. For example, by a suitable gauge 

transformation we may require 

V - o (3.6) 

everywhere. One possible way out Is to substitute 

(3.6) into (3.4). We thus get 
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D A* to = o 
or, in Fourier space : 

*'X k" Ay Ck^ = O 

and we find the so-called Feynman propagator 

D.„ NO - û^y^) = *=." (3.7) 

(To reproduce the correct space-time behavior of 

propagators, here and in the following one should add 

a positive imaginary part, +i£ , to the denominators; 

furthermore, the correct propagator has an additio

nal (-i) factor).Alternatively, we can take into 

account (3.6) by the method of Lagrange multipliers. 

We add to •//_„ i a term : 

which vanishes when (3.6) holds, and then take the 

variation of the lagrangian, with fixed Ot . We get, 

in place of (3.4), the equation : 

[•V*a + I*- 30VV] A > ) = O 

which leads to the propagator (again up to a (4) fac

tor) : 

^ = fJV-«-">!£] (3.8) 

(3.8) gives back (3.7) for el-=. 1 , while d s O 

leads to the so-called Landau gauge propagator. Phy

sical results will be, of course, independent from 

d . 

Propagators in momentum space have poles at 
!_2 2 

values of R equal to the (mass) of the propagate 

ing particle. The previous equations then show that 

the gauge fields are to be associated to massless 

particles. 

We turn now to the interaction terms, restrict-

ing to the A - Y interaction. The AV^ term in 

(3.3) can be written as : 

(3.9) 

where Ĵ , is the Noether current, associated to the 

global I-spin symmetry of the lagrangian before the 

introduction of the gauge fields (see eq. (1.14)). 

Eq. (3.9) would remain valid also in presence 

of further matter fields, J ^ being in that case 

the total Noether current associated to I-spin con

servation, in absence of the gauge fields. Eq. (3.9) 

expresses the universality of the coupling of gauge 

fields to I-spin carrying matter fields. 

It is important to observe that X» is not conser

ved, in the presence of gauge fields. Indeed, apply

ing Noether's theorem to (3.2), one derives that the 

total, conserved I-spin current is now : 

. «- . l e ' - * 
£ - .-f.fcc r.A (3.10) 

The additional term reflects again the fact that the 

gauge fields themselves carry a non-vanishing I-spin. 

Matrix elements of < ^ ^ give the amplitude 

for emission and absorption of a gauge particle by 

an electron or neutrino. 

We can apply the previous considerations to 

study the scattering of two fermions by the exchange 

of a gauge field. This is Illustrated in Fig. 1, 

which gives a picture of the process in space-time. 

"•£ out 

r, 

Y, 
I 

out 

(x.t) x' = (x',f) 

v. 

Fig. 1 

in \ in 

The amplitude for such a process is the product of 

three terms : 

(production amplitude at x ) 

(amplitude for propagating from x to x') 

(absorption amplitude at x 1) 

to be integrated over all x and 

space, this is simply the product 

A = ** T 
/ * * • 

a. 

D*7O J ; ' 

In momentum 

(3.11) 

where 7 \_ ̂ V ) is the Fourier transform of 

the matrix element of T M ( T C* i) between in-

going and outgoing fermions and R^ is the 4-mo-

mentum transferred by the vector particle. In this 

particular case, it is easy to see that the currents 

7 £*) and 3T* C* J are conserved, so 

that 
a. 

^ T ; =O 
(3.12) 

This is so because we assume the external particles 

to be real (on the mass-shell) particles. A real, 

free particle cannot irradiate gauge mesons, so that 

there will be no loss of isospin from e.g. the ŷ -

line, except for that which flows into the exchanged 

gauge field. More formally, the matrix element of the 

conserved current (3.10) coincides, to the order here 

considered, with the matrix element of jT^ alone. 

Hence the latter is conserved. Eq. (3.12) makes it 
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irrelevant the choice between the two propagators 

(3.7) or (3.8). In either cases we get (we omit from 

now on the lsospln Index, which Is Irrelevant) 

Let us denote by £_ the space part of Je,̂  and by 

U Its 4th component, f hX~ u'1'— Q-J , and 

choose SL i n t n e direction of the z-axls. We can 

use again (3.12) to eliminate JL and T , 

?7 *> & J-

'3 • 

T' - & T' 

We find 

A=-i^y0t+fJu:+iX)}{3 14) 

The two terms in (3.14) have a very simple interpre

tation. The first one represents an instantaneous, 

coulombic interaction among the fermions. Indeed, if 

we Fourier transform back to x space : 

r.r. £-*'l 
which is just the Coulomb Interaction; also 70 and 

"J0 give the "charge" densities of the two exter

nal particles. The appearance of Coulomb forces 

confirms that we are exchanging massless particles. 

The second term in (3.14)has a pole when 4^=» od2,. 

At the pole, the amplitude describes the propagation 

of free waves between x and x' . The bracket In 

(3.14)indicates that we have only two types of waves, 

those generated by JJ (and absorbed by 7, ) and 

those generated by T . We can transform the square 

bracket in (3.14) according to : 

* ^ ) ( % * ) 

Under a Space rotation of an angle 6? around the 

z-axis : 

Such a behavior is typical of the eigenstates of an

gular momentum In the z-direction. An eigenstate with 

angular momentum along z equal to 7g picks up, 

under such a rotation, a factor exp(t^Tj) . Hence 

we see that the two waves have 3ï s ± -i. . 

In conclusion, we have learned that gauge 

fields describe particles which are : 

I) massless ; 

II) exist in only two polarization states 

(namely J* s= ± -i , If they propagate along the 

z-axis); 

III) couple to matter fields universally, 

through the current "J which is associated by 

the Noether's theorem to the global symmetry of mat

ter fields. 

4. Unbroken Yang-Mills theories and weak interactions 

In this section we want to have a first look 

to the possible applications of the Yang-Mills theo

ry to real weak Interactions. Can we describe ^ — € 

scattering or u. -decay or the neutron fi -decay by 

a process similar to that illustrated In Fig. 1? The 

inspection of the relevant amplitude, (3.13), reveals 

two features, one very good and one very bad. 

The amplitude contains the product of two cur

rents (one for each fermion line), the currents them

selves being those currents associated to a global 

symmetry of the theory without gauge interactions. 

It is precisely so in weak interactions. The ampli

tude e.g. for the neutron fi -decay is indeed pro

portional to the product of two currents, (one chang

ing 'M -* p , the other creating the lepton pair) 

which are indeed the currents associated to some glo

bal symmetry. Discovering the relations between weak 

currents and particle symmetries (the so-called CVC 

hypothesis of Feynman and Ge11-Mann, the Cablbbo 

theory, the relation with chlral symmety etc.) has 

been in fact one of the main lines of progress in 

weak interactions. An underlying gauge theory would 

give a solid foundation to this fact. This Is the 

good thing. 

The bad feature of (3.13) is the factor •^/fex, 

related to the masslessness of the gauge particles. 

There is no trace of massless bosons in weak inter

actions. If weak interactions are to be mediated by 

vector bosons, they must be on the contrary very 

heavy. How can we overcome this trouble ? One possi

bility is to add by brute force a mass term 

( + 1 H1 A * A A y ~ ) to the lagrangian 

(3.1). Such a term is not gauge invariant, so we are 

contradicting the philosophical bases of Y-M theory. 

Let us see, nonetheless, what happens. 

If we add a mass term to the free lagrangian in 
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(3.3), we get the new equation of motion 

(* 
/3> - a ^ \ M * * ' * ) A 7 0 ) = O 

i.e., in momentum space : 

A , has now an inverse The operator acting on 
(we have broken the gauge invariance) and we get the 
propagator : 

If we compute again the amplitude for Fig. 1, we get 
now : 

fl. <3*-±- T 7'^ (4.2) 
(since the currents are still conserved, the IZ «?„ 
term in (4.1) has no effect). Finally, in the case 
where H >} fe , we get : 

M1- ^ 
(4.3) 

This is precisely the form of the observed weak am
plitudes (Fermi interaction) if we identify ^ /ft 

with the Fermi constant. Putting a mass term, we 
have retained the good feature, and have eliminated 
the bad one ! 

The agreement with physics has however been 
achieved at a very high price. To see this, let us 
compare the new propagator (4.1), with the old ones, 
(3.7) or (3.8). For very large k , we see that : 

(4.1) ~ 1 
(3.7)or(3.8) ~ -f- -» ° 

The massive theory is much less convergent in the 
ultraviolet region. This has the very serious conse
quence that the higher order corrections will be 
much more divergent now than they were before. Indeed, 
the structure of divergences of a massive Y-M theory 
is so bad that the theory cannot be cast in a sensi
ble (technically : renormalizable) form. To elaborate 
a little more on this, let us consider in detail eq. 
(4.2). Putting again R = (%., tj") and using the 
conservation equation for T , we have 

A - - W Jo7° + JL (j£ XT! + (4.4) 

Comparing (4.4) with (3.14) we see that : 

1) the instantaneous interaction (i.e. the 

first term) is no more coulombic. Fourier transform
ing to x-space : M|X-.*'l 

«p*Mu r.T. {x-*1 
and we get a Yukawa type interaction. This had to be 
expected, since we have given a mass to the exchanged 
particle. 

ii) The second term, at ft =r M , represents 
the propagation of massive waves, but there are now 
three types of waves! The new wave is generated by 
Jl . This is invariant under rotations around the 
z-axis and so it has O . Putting a mass term 
has given to the theory a new degree of freedom, re
presented by the longitudinally polarized waves. Be
fore, this degree of freedom was eliminated by gauge 
invariance. 

It is precisely the longitudinal wave which is 
responsible for the incurable ultraviolet pathologies 
of the massive Yang-Mills theory. 

In conclusion, we are faced with a serious 
dilemma. Either : 

i) we stay with the unbroken (massless) theory: 
this is a consistent theory, which however can have 
no application in physics; 
or : 

ii) we introduce a mass term : this gives a 
theory which is very appealing on phenomenological 
grounds, but is theoretically impracticable. 

We will see a way out to this dilemma in Section 6. 

5. Spontaneously broken global symmetries. 

Leaving aside Yang-Mills theories for a while, 
we consider now the problem of symmetry breaking. 

Most of the symmetries observed In Nature are 
not exact. Isospin symmetry is broken, as indicated 
by the proton-neutron mass difference; SU(3) symme
try is broken, to a larger extent, as indicated by 
the large proton- J\. mass difference, and so on. 

A simple way to describe symmetry breaking 
would be to add explicit non-invariant terms to the 
lagrangian. We want to discuss here an alternative 
way in which a symmetry can be broken, usually refer
red to as "spontaneous symmetry breaking". The idea 
Is. to have a theory where the lagrangian is still 
exactly symmetric under the group transformations, 
but it gives rise, for dynamical reasons, to a ground 
state which is not invariant. The ground state of a 
field theory represents, in the quantized theory, the 
vacuum state, i.e. the state with no particles. In 
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turn, the non Invariance of the vacuum state leads 
to a well definite pattern of symmetry breaking ef
fects. The application of this idea to particle phy
sics, pioneered by the work of Nambu and Jona-Laslnio, 
has been forbidden for many years by the discovery 
that, under quite general conditions,the spontaneous 
breaking of a continuous symmetry leads to the ap
pearance of massless scalar bosons (Goldstone theo
rem), about the existence of which we have no evi
dence whatsoever. We will see in the following, how 
massless Goldstone bosons appear in a particular 
example. 

It Is very remarkable that gauge theories do 
not satisfy the general conditions I have alluded to 
above, and indeed if we extend the global symmetry 
into a gauge symmetry, the unwanted massless Gold
stone bosons disappear. At the same time a corre
sponding number of previously massless gauge mesons 
acquire a mass. This remarkable phenomenon (called 
the Higgs phenomenon) cures at the same time the bad 
features of the spontaneously broken symmetry and of 
the Yang-Mills theory (all related to the presence 
of massless particles), and opens the way to the 
construction of realistic models of weak interact
ions. We will discuss the Higgs phenomenon in the 
next section. 

Let us consider a theory of a self-interacting 
scalar field ^ . The Interaction will be Isospin 
invariant, Cp being an isodoublet. We will choose 
the very simple lagrangian: 

= K<p+)ftV) - V^«P» ( 5 1 ) 

where lf,+.'«ft 
<f (5.2) 

\Ci being real fields, and 

= i X < 
Our aim is to study the mass spectrum of the parti
cles associated to the field f 

The standard procedure, which we followed in 
Section 3 for the gauge fields is to separate, in the 
lagrangian, the terms bilinear in <p , from the 
higher order terms 

and to study the equations of motion of if 

In this case, one finds, applying eq. (1.4) the e-
quation of motion : 

CD +/** ^ W*î = ° 
which describes the propagation of a spin zero, com
plex isodoublet, with an I-spin invariant mass : 

/W =• \fpl (5.4) 
Eq. (5.4) evidently requires f*L > O . 

In this analysis, however, one is tacitly as
suming that the lowest energy state (i.e. the state 
with no particles, the vacuum) corresponds to the 
field configuration <p s O . Only in this case, in 
fact, it is meaningful to expand <*L in powers of 

(JÇ , associating the propagation of particles to 
the small oscillations around If st O 

For scalar fields, on the contrary, it may 
happen that the lowest energy configuration (the va
cuum) corresponds to : 

s cou.jP « ifB ^ro (5.5) 

(5.3) 

(the constancy of *P in the ground state is requir
ed for the vacuum to be translation invariant). 

In that case, particles should be associated 
to the oscillations of (f around <f0 , rather 
than around a vanishing value, and the expansion 
(5.3) would not make sense. Rather, one has to put : 

< P W * % * X'* 5 (5.6) 

and expand oC In powers of JC^K) : 

Jt 9 V * " X 3 " - "*'" (5.7) 

The true particle spectrum is then determined by the 
tr % tt equation of motion obtained from the "X. term. 

What determines the ground state field confi
guration ? The answer is that such a configuration 
must correspond to an absolute minimum of the energy 
(or hamiltonian) density. The hamiltonian density is 
given by : 

"*<f+ "** (5.8) 

( if « 3Jr , "h (f is the space gradient of 

«f ).°* 
To have a sensible theory, "H, must be bound

ed from below, for any field configuration. Since 
the first two terms in (5.8) are positive definite, 
this requires the function to be bounded 
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from below, and this, In turn, is obeyed provided 

?t > O . Observe that we have not obtained any con-
x. 

straint on the sign of f». . Indeed we will see that 

ul<0 is also possible, and leads precisely to 

the interesting case of spontaneous symmetry break

ing. 

The form of the hamiltonian, eq. (5.8) is such 

that an absolute minimum is obtained for a field 

(f(X') such that : 

1) (fOQ = const = (f0 (so that the deriva

tive terms in % vanish); 

ii) V(**o<Po) = minimum 

Fig 2 shows the shape of V as a function of y 

£ <j l r If <f ) , for the two cases : yn.l >. o 

(a) and yu. £, O (b). We see that either : 

¥„ = ° (case ( a ) ) ( 5 . 9 ) 

<% = yl = -JÙ ( 
2 X 

case (b) ) ( 5 .10 ) 

The sign of M , therefore, determines whether the 

ground state corresponds to a vanishing field or not. 

The first case, (a), corresponds to the case we have 

previously discussed, and leads to an I-spln symme

tric mass spectrum. Let us consider now the more in

teresting case (b). 

To this aim, we choose our isospln frame, so 

that the constant isospinor CP is a "down" iso-

spinor : 

whence 

v z* 

(5.11) 

(5.12) 

by (5.10). The ground state situation is illustrated 

in Fig. 3 (a). Here the 4-dimenslonal Minkowski space 

is represented as a two dimensional space. To any 

point there is associated a constant spi-

nor <f0 , represented by an arrow of constant 

length and orientation (to be able to draw a picture, 

I have squeezed also the 3-dimensional isospin space 

Into two dimensions). Fig. 3 (b) illustrates the si

tuation for a perturbation of the ground state. At 

any point x , the spinor <f(X) may differ from <f0 

both in orientation and in length (i.e. 

To parametrize conveniently the deviations of 

<PfO from f0 , we observe that any spinor f(X"i 

can be considered as a "down" spinor with respect to 

suitable isospin axes. Let us denote by : 

(5.13) 

the (2x2) isospin rotation needed to bring the 

"tilted isospin frame" at the point x (i.e. the 

frame where <f{x) is "down") into the frame where 

U> is "down" We also denote by : 

the components of ^f/Q in the tilted frame. Then 

the components of <p(K~) In the frame where <jp0 

is "down" are given by : 

(5.14) 

Following eq. (5.6), we can therefore set 

which, for small perturbations, i.e. for small 

and 0~C*) > reduces to 

#00 ~ [ 1 (5.17) 

(5.15) 

(5.16) 

vs. ' 
9 

The equations above show that we can parametrize the 

deviations' from the vacuum configuration by 4 real 

functions (fields) 0*"(*^> (a = 1,2,3) and 0-*0 . 

Our next task will be to express the lagranglan in 

eq. (5.1) in terms of these fields, and to examine 

the structure of the quadratic terms (corresponding 
• x * 

to the term % in eq. (5.7)). We find : 

+ higher order terms 

_ A ̂ 4 A *] ) C + higher order terms 
2. 

so that 

r= /2-v o* ( 5 - 1 8 ) 

Eq. (5.18) describes 4 types of particles, similarly 

to the f* > O case, but with a different mass spec

trum. We have : 

i) one massive scalar boson, with mass 

'**• = y£-2i|x associated to the field 0~ ; 
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h V(y) 

a) v2 > 0 b) u 2 < 0 

Fl'g. 2 Shape of the po ten t i a l V(y), y 2 » <f+f 

t , 

/ / / ' 

t ,, 

/ / 
«P(x',0 

a) Field configuration in the ground state. The heavy b) Field configuration in a perturbed state. The 
arrows represent the value of fo» in an isospin heavy arrows represent the value of f at various 
frame superimposed to the (x,t) space. The dotted space-time points. At the point (x,t), the stand-
axes are the axes of the isospin frame where fo is ard isospin axes, where <f0 is "down", and the iso-
a "down" spinor. spin axes defined by <f(x,t) are shown (dotted and 

undotted axes, respectively). 

Fig. 3 
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il) three massless (Goldstone) bosons, associ

ated to the fields & *(*) • 

We may summarize what we have found as follows. 

i) we started from an I-spin symmetric lagran-

gian; 

li) a dynamical condition (i.e. M to ) forces 

the ground state to correspond to a non va

nishing, constant field configuration, 

ill) as a consequence, the mass spectrum Is no 

more I-spin symmetric; 

iv) a number of scalar fields (those associa

ted to & or, which is the same, & ) 

correspond to massless (Goldstone)particles. 

The fact that the condition *f £o removes the mass 

degeneracy we had in the case <fB s: O , is easy to 

understand, (p •£ O means that at every point in 

space-time there is a preferred direction in isospin 

space (i.e. the one determined by (f0 ) which af

fects differently the propagation of the isospin wa-

ves associated to transverse , & , or longitu

dinal t <y , isospin oscillations. 

There is a simple reason why we found precise

ly three Goldstone bosons. To understand this, we ha

ve to go back to the lagrangian (5.1). The invariance 

group of (5.1) is in fact larger than SU(2), In that 

it includes also transformations of the form : 

1 2. 
(5.19) 

( i. • infinitesimal parameter, the factor of jy is 

purely conventional). The infinitesimal generator 

of the transformation (5.19) is the 2x2 matrix : 

:£<&= 1 ( ^ °\ 
2. 2 v o -1 > 

which obviously commutes with the generators of 

SU(2) (i.e. To. ) The full invariance group of 
•z. 

(5.1) is therefore the product of SU(2) times an abe-

lian, 1-parameter group generated by (5.19). This is 

denoted by SU(2)9 U(l) . What is the symmetry of 

<p0 ? That is, what are the transformations of 

SU(2) © U(l) which leave (fg invariant ? This is 

equivalent to find those generators of SU(2)& U(l) 

which give zero when applied to (fQ .In fact if T 

is such a generator : 

T% = o 
(5.20) 

then 

= * o 

for any value of °t . It i s easy to see that 

T., , T j and -<^J"s do not satisfy (5.20), 
2. 

while •i-rTl does : 
Z 

(i^rj )cfo = o 

In conclusion, out of four generators, only 

one obeys (5.20) (i.e. annihilates the vacuum), the 

other three do not, and the symmetry generated by 

them is broken. Thus there are as many broken gene

rators as many Goldstone particles we found. This is 

precisely the rule we looked for, and it is absolu

tely general. If we have a continuous symmetry group, 

which is spontaneously broken by the non vanishing 

value, <f0 ) that a scalar field takes in the ground 

state, there will be one Goldstone boson for each 

group generator T such that 

The residual symmetry associated to those generators 

which obey eq. (5.20) remains unbroken. 

6. The Higgs phenomenon 

We transform now the lagrangian (5.1) into a 

gauge invariant lagrangian, using the minimal pre

scription given in Sects 2 and 3. The new lagrangian 

is therefore : 

Js (V^)+(V» _ Vfa+tp)-
(6.1) 

4 V* 

We have taken into account that the full symmetry of 

(5.1) is SU(2)®U(1) , as discussed in the previous 

section, and, correspondingly, we have introduced 4 

gauge fields : an isotriplet A ^ (4=-f, 2, î ) and 

a singlet 8^. . The corresponding gauge curls are 

given by (2.7) for W v , while : 

V " 
-3 B„ - X $L (6.2) 

since B,̂ . is associated to the abelian group U(l). 

The covariant derivative of <f is the generalization 

of (2.3) to SU(2)® U(l) and therefore it contains 

two coupling constants (see the final comments in 

Section 2) : 

\<? = te f '" 3 K |* + L *' 9- |*)P .̂3) 
"i. denotes the 2x2 unit matrix. 

Vacuum state. Again we look for the classical solu

tion of (6.1) which represents the ground (vacuum) 

state. As before, it is obtained for constant fields 

. However, we must keep into 
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account the fact that the ground state must be 

Lorentz invariant. This means that at any space-time 

point x there must not be any preferred direction 

in Minkowski space. Non vanishing values for /J^ 

or 8^. would give just that, so we conclude : 

(C\ = <S»\ =° (6.4) 
The hamiltonian density obtained from (6.1), 

with the conditions (6.4) obviously coincides with 

(5.8), so we are back to our previous problem, and 

we find again the two possible solutions (5.9) and 

(5.10). 

Particle spectrum. We put ourselves in the broken 

symmetry case (5.10). Consider a field configuration 

fC^ which differs a little bit from the constant 

distribution, (f0 . As before, the isospinor <pt>0 

is a "down" spinor in an isospin frame which differs, 

with respect to the isospin frame defined by (p0 , 

by the rotation "L/Y x) , given by (5.13). The situ

ation is however different from the one we had before, 

in that the lagrangian (6.1) is now invariant under 

space-time dependent (gauge) isospin transformations. 

As we discussed in Section 2, this means that we can 

choose at any space time point x any orientation of 

the isospin axes we please, independently from what 

we do at any other space-time point x' . In particu

lar, we can choose at x our Isospin axes to coin

cide with those in which ^(x~) is exactly a down spi

nor, and at the same time choose the axes at x 1 as 

those in which (f>(x)is also a down spinor. If we do 

so, then by definition: 

More formally we can get eq. (6.5) by parametrizing 

<f(X) as we did in eq. (5.15), and then absorbing 

the matrix U(X) into the redefinition of the iso

spin axes. (A side remark. The possibility of doing 

so depends upon two facts : gauge invariance and the 

fact that (5.15) gives an allowed parametrization of 

^f(X) . It is possible to show that the second con

dition is fulfilled in the broken theory, while it is 

not in the case of the exact symmetry ( f*l>Ot *)=<>). 

In the unbroken theory the parametrization (6.5) is 

illegal and the subsequent analysis does not hold). 

Eq. (6.5) may seem absurd at first sight.A complex 

isospin field is described by four real fields (see 

eqs. (5.2) or (5.17))while (6.5) contains only one 

real field} C . We seem to have lost the transverse 

degrees of freedom, i.e. those previously associated 

to the fields & . We will see shortly the solu

tion to this seemingly paradoxical fact. To determine 

the mass spectrum, we have again to substitute (6.5) 

into (6.1) and collect all terms which are of 2 

order in the fields O", / ^ and S ^ . The 

covarlant derivative term reduces according to : 

+ i(&)L<**+ * ^>(6.6) 

+ U.'fl-k**- ciA^ t*ws 

while gives the G~ mass term as be

fore : 

+ V(f*<f)a «**** + ^(-*/*x) r"1"* ^•£,-t(6.7) 

Finally, the 2 order terms in the gauge field la

grangian give : 

4 /-' 
- d AZv A ' - i «„„ C (6.8) 

A <K a . 

where we have set "„v — /* v~ v^*-- Adding up 

(6.6), (6.7) and (6.8) we get the total free lagran

gian. Actually, eq. (6.6) contains mixed products of 

4 and Bf., and we have to diagonalize it. To this 
A AÎ 

end, we define two orthogonal combinations of f\ „ 

and Byn : 
(6.9) 

A = s,'u9 A* + <**e S^ 

and ask Q to be such as to make the free lagran

gian diagonal in £ and /L, . Evidently, eq. 

(6.6) implies that : 

(6.10) 

whence 

J ft*. = h (% Oft'V) - * (- v-0 T\ 
7. '" " 2. 

_ 1 A A 1 
2 (*£•>**->- -*' 

, 1 « J - X . V 

"4 *"*+%(*?)£ **** ( 6 - U ) 

4 -" * tïZïs) " 

- ± A..„ 4 M* 

A*v 

Eq. (6.11) shows that in the presence of gauge fields, 
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a spontaneously broken situation does not lead to 
massless scalar particles. There is only one, massi
ve scalar field (with *W= V^T**" a s before). On 
the other hand, three vector fields have acquired a 
non vanishing mass. More precisely we have a common 
mass : 

2 . 

for and A , and a different mass 

h-

(6.12) 

(6.13) 

for c^ . Recall, from Section 3, that a massive 
vector field has one more degree of freedom, with 
respect to the massless case, namely that associated 
to longitudinal waves. There are, therefore, three 
more degrees of freedom for vector fields in the 
broken theory, with respect to the unbroken situa
tion. This exactly compensates for three degrees of 
freedom we seemed to have lost in discussing eq. 
(6.5). These degrees of freedom have been simply 
transferred from the scalar fields to the longitudi
nal modes of vector fields. As Sidney Coleman puts 
it, the gauge fields have eaten the Goldstone bosons 
and grown heavy. 

There is still one massless vector field in 
(6.Hi namely rv*. . This is so because the full 
symmetry of (6.1) has not been completely broken by 

Cfc . As we have seen in Section 5, there is still 
one conserved generator, namely : 

•2. 
(6.14) 

Indeed, if we go back to (6.3) and express the terms 
containing A^ and &*. as functions of /\ 

and ? , we get : 

(6.15) 

cote 

Q being the matrix (6.14). We see that 2 ^ is 
coupled to a broken generator (similarly to A^ 

and Ayu. which are coupled to T /i and "E^/j ) 
while A^ is coupled precisely to the conserved 
generator, Q . 

What we have seen above is an illustration of 
the Higgs phenomenon (actually discovered also by 
Brout and Englert, and by Guralnik, Hagen and 
Kibble ). It enables us to associate massive parti
cles to some of the gauge fields (those correspond
ing to broken generators) without having to intro

duce explicitly a mass term in the lagrangian. 

The relevance of the Higgs phenomenon is great
ly enhanced by the following result (essentially 
proven by 't Hooft, and which I cannot possibly ex
plain in any detail in these lectures) : a gauge 
theory spontaneously broken by the Higgs mechanism 
is renormalizable. In such a theory, similarly to 
QED and unlikely the massive Y-M theory we sketch
ed in Section 3 , we can compute physical amplitudes 
to any given order in the coupling constants, in 
terms of only a finite number of parameters, namely 
those contained in the lagrangian we started with. 

Stated differently, the Higgs phenomenon allows 
us to have a physically sensible theory (and no unob
served massless particles) which is also theoretical
ly tractable In high orders of perturbation theory. 

The example discussed above is the basis of the 
models of weak and e.m. interactions we shall discuss 
in the following sections. 

Replacing A and fl-, by the complex fields /* 

K^j^^V'K^c*:-'^ 16) 

we will Identify 1 ^ and IV^ with the fields 
associated to the charged intermediate boson (the 
one mediating e.g. the neutron A -decay) and ^AA 
with the neutral intermediate boson, responsible for 
neutral current processes (e.g. V- S. scattering). 
The leftover massless field, A ^ , will of course 
be identified with the electromagnetic field. The 
mixing angle " , defined in eqs. (6.9) and (6.10), 
is the so-called Weinberg-Salam angle, and, accord
ing to eq. (6.15) we will set : 

% 
siAA.9 •=. e (6.17) 

e - electric charge : 
The mixing angle v has been, actually, first intro
duced by Glashow , who was also the first to consi
der a unified model based on the gauge group 
SU(2) ® U(l) . 

7. Weak Interactions of electron-like and muon-like 
leptons in the Weinberg-Salam model 

We are now ready to construct a concrete model 
for the weak and e.m. interactions of the known lep
tons ( ̂  *• and v , ^ A . ) based on the gauge group 
SU(2) ® U(l) . In doing so, we must keep into ac
count that leptons are coupled in conventional weak 
interactions (that is in those processes mediated 
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by W-exchange) through pure V-A currents. To repro
duce this feature, we shall associate the action of 
the charged generators of SU(2)®U(1) on the lep
ton fields, with the chlral lsospln generators we 
have Introduced In Section 1. 

Let us, therefore, arrange the four leptons in
to two Independent doublets : 

We will then define the action of an infinitesimal 
SU(2) transformation according to : 

and similarly for fiM . As we noticed in Section 1, 
the transformation (7.1) corresponds, for zero mass 
particles, to an lsospin rotation of the lefthanded 
states (i.e. states with negative helicity), the 
rlghthanded states remaining unaffected. To make this 
fact more explicit, we define a lefthanded doublet : 

(7.2) 

and (7.5) will be : 

^ ^ ( l ) - = ( e v ; ) 
and similarly a muonic doublet, IL . Eq. (7.1) can 
then be interpreted as saying that the lefthanded 
fields behave as (weak) isodoublets : 

IEL Li r» E, 
2. u 

(7.3) 

(and similarly for M, ) while righthanded fields 
behave like (weak) isosinglets : 

le. = i (*V'«) = o (7.4) 

and similarly for V , v ^ , /*g . To go fur
ther, we must specify the action of the U(l) trans
formations. 

This Is in fact determined by the requirement 
that the photon field, defined by (6.9) couples pre
cisely to the electric charge. To see this, let us 
put all the lepton fields into a single column vec-
tor £ : 

/ 

I*'' 
eL 

and assume 

h = 
\ *« 

i Y * 
Y being an 8x8 matrix. The coupling of 

(7.5) 

and 
B ^ to the leptons resulting from (7.3), (7.4) 

CoS& 

We have therefore to s a t i s f y the cond i t ion 

(7 .7 ) 

which determines Y , once Q and L, are known. 
The above condition leads to the weak hypercharge 
assignment shown in Table 1. Note that, since both 

and L. are diagonal, so It is Y , and the Q 
U(l) transformations act, in this case, as phase 
transformations. Note also that Z » is coupled to 
a linear combination of the currents associated to 
the electric charge and to the 3rd component of weak 
laospln. 
Table 1. Quantum numbers of electron-like leptons. 

The corresponding table for muon-like lep
tons, is obtained by replacing e-»f<, V-* v' 

L *u ^ e« 
L 3 + ±-

z 
4 

z 
0 0 

r -1 - 1 0 -z 
We can now write down the covariant derivatives of 
the lepton fields : 

^e« = (PL - ^ ' ^ e * 
7 v„ -

and similarly for muon-like fields. To fully deter
mine the lepton lagrangian, one could make the hypo
thesis that the leptons have no 'other Interaction 
than with the gauge fields. In this case one would 
simply apply the minimal prescription, ̂ u ~* ^L , 
to the free lepton lagrangian. However, to be able to 
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do so, the free lagranglan itself must be Invariant 

under the global transformations, eqs. (7.3) to 

(7.5). Since these transformations involve chiral 

transformations, an invariant free lagrangian can 

only be achieved in the limit where all leptons have 

a vanishing mass, as discussed in Section 1. 

To obtain a non vanishing mass for electrons 

and muons, we have to postulate that leptons possess 

other interactions but the weak and electromagnetic 

ones. We will see in the next section that a suita

ble interaction of the leptons with the scalar Iso-

doublet, f , can indeed give rise to the observed 

lepton masses. 

For the time being, however, we will neglect 

these additional interactions and, restricting to 

the limit of zero mass for all leptons, we will con

struct the lepton lagranglan from the free, massless 

lagrangian. In this limit, the lepton lagrangian is 

simply : 

4&J = l (*<- ^ t + M 1 > M l _ ) ^ -
^ • (7.8) 

while the total lagrangian is the sum of (7.8) and 

(6.1). 

The lagranglan (7.8) describes the weak and 

e.m. Interactions of leptons, which we will now 

briefly review. 

To this aim, we extract from (7.8) the interac

tion terms, which turn out to be : 

«ta- - % C K **\a et.+1'( £ £ 5.+ (7.9) 

It is of course more convenient to express *S' M+ 

in terms of the physical vector fields l ^ , 2,^. 

and A ^ . Using eqs. (6.9), (6.10), (6.16) and 

(6.17), one gets finally : 

(7.10) 

& A 5y Ae + 

h."') 

The fl„ terms describe the well known e.m. interac

tion of photons with electrons and muons, which we 

shall not discuss. The other terms describe the 

emission and absorption of the heavy intermediate 

bosons, V and £, . In second order of perturba

tion theory (as discussed in Sections 3 and 4) they 

give rise to lepton-lepton scattering, or to cross

ing related processes, through |A/ and/or Z-

exchange. 

W-mediated processes (charged currents), yv -exchange 

gives rise e.g. to the process : 

y + c 
/ * • 

(7.11) 

or to the crossing related juu decay. Applying eq. 

(4.2), and using the weak charged currents given in 

(7.10), we find the low energy amplitude (valid in 

the limit of very small momentum transfer with re

spect to the w mass) : 

A» £x [£*;fi-»r) v ,][vrV*)e] (7.i2) 

The amplitude (7.12) coincides with the V-A cur

rent X current amplitude. The coefficient multi

plying the four fermion amplitude Is conventionally 

written as G/^2 , so that one finds the relation: 

11 (7.13) 

w 
.-fo-'Mj H, (G = Fermi constant — 10 H „ ; n p = proton mass). 

We may combine eq. (7.13) with eq. (6.17), to 

obtain a lower bound for the W mass: 

3* 

(7.14) 

vv^a 5"**» & 

At high energy, the amplitude for the process (7.11) 

Is modified, with respect to (7.12), by the effect 

of the W-propagator (see eq. (4.2)). Eq. (7.14)indi

cates that appreciable modifications will appear on-
,/ 

ly for V energies above the present FNAL range. 

Indeed, the experimental lower limit on the W mass 

that present neutrino experiments have been able to 

set, is around 10 GeV. 

Information coming from semi-leptonic neutral 

current processes indicates that S /Vu & +~ O- 3 

(with large errors). Correspondingly, one gets 

H ~ é 8 G c V 

Leptonic width of the W. Eq. (7.10) gives directly 

the amplitude for the decay : 

VJ ft* V 

which occurs in lowest order. The corresponding 

width can be computed by standard methods. It is use-
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fui to cast the result in a more general form, con
sidering a coupling of the type : 

One finds in this case : 
,1 «2 

(7.15) 

From eq. ( 7 . 1 0 ) , we read : <3 f t =. O , ^ - 9 / ^ , 

whence 

- °L 3?. 5" q±V „ 2 3 HteV 

To get the total width, one must add to P(k/-*ev) 
i an equal contribution from the f** V mode, the ha-

dronic width and possible contributions from heavy 
leptons. In total, this may give about a factor of 
10, leading to a value for H i(w) in the GeV 
region. 

Z-mediated processes (neutral currents). The proto
type neutral current process is : 

V + £ v + e (7.16) 

whose low energy amplitude, derived as before , i s : 

1t> cot & n j 

$ - 4 - 4.cot & 
v 

1 A " * 
(7 .18 ) 

We may observe that : 

i) The electron neutral current is not pure 
V-A . 

ii) Using eq. (6.13) we may eliminate the t? 

dependence of the effective coupling in 
(7.17) according to : 

(7.19) 

so that the scale of the amplitude (7.17) is deter
mined by the Fermi constants only. 

Z exchange contributes also to the process : 

in addition to W-exchange, see Fig. 4. The low ener
gy amplitude is still a four fermion amplitude, of 
the form : 

A^-^fv^'-M^^Wfli. 21) 
but now 

<§' _ - (-t + 4 - £ . V e ) 

V 
e " e 
Fig. 4. Feynman diagrams for V 6. scattering 

Summing up, we have seen that the amplitudes of pro
cesses (7.16) and (7.20), and of the crossing relat
ed processes, are completely determined, in terms of 
one single parameter, V . It is obviously of the 
utmost importance to have experimental checks of 
these predictions, especially since, in these proces
ses, there are no uncontroled strong interaction ef
fects. 

At present, a few events of (7.16) have been 
observed in Gargamelle and, quite recently, process 

2) (7.20) has been unambiguously observed . Within the 
very limited accuracy presently available, data are 
in both cases consistent with the Weinber-Salam mo
del, with £U?& ~ &. 3 

Combining eqs. (7.14) and (6.13), we may again 
obtain a lower bound on the Z mass. We find : 

Using again iiu & -w O. 3 , we estimate 
Hz ~ 8Z CeV • 

Leptonic width of the Z 
the couplings of Z to 

From eq. ( 7 .10 ) we get 

e + c ~ 

s; = s* 
4tosxe 

(<t- z s . W ) ' 

« . x « 

V+ £ (7.20) 
and using ( 7 . 1 5 ) , we get : 
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n / - + N r*/ ^4-4Siu.&+esïu.& 

P[ Z - eV) =r T^w -ev). 

In the same way, one can find the V V width : 

An 24utlP ~ (s^-i,?)* 

The total Z rate, as In the case of the W , can 

be about one order of magnitude larger than the pre

vious rates. 

Other Z-related processes. Z-exchange gives rise to 

observable effects also In processes not Involving 

neutrinos. An Important example Is the production of 

ÀÀ,"* A*T pairs In colliding rings : 

eV / * * / * - " (7.23) 

which can take place through one photon and one Z 

exchange. At low energy the effect of Z-exchange Is 

negligibly small, but It Increases linearly with the 

center of mass energy. Already In the Fetra energy 

range the interference of Z with y exchange may 

give rise to detectable effects (e.g. the backward-

forward asymmetry of JUL ). When 2. B^ * M j , the 

weak amplitude dominates, as one is producing real 

i's. 

At still larger energies, y and 2 exchan

ge remain comparable, and gradually weak and e.m. 

interactions merge together. 

Another important effect, is related to Z ex

change between electrons and nucléons in atoms. This 

gives rise to a parity violating potential and there

fore to P-violating mixing of the atomic levels. 

There are, at present, various experimental groups 

attempting to detect P-violation in heavy atoms. No 

firm evidence of such effects has been yet achieved. 

8. The anomalous magnetic moment of the W 

As a side exercise, we consider the coupling of 

the photon to the W-meson. 

This coupling arises from the trilinear self 

coupling of gauge fields, which we have previously 

ft 3 '' »/>5 '' 

called f\ . Since the structure of the n 

terms is precisely determined by gauge invariance, 

we will get a well defined Y~ W interaction, which, 

as we shall see, has a very peculiar structure. 
In the SOfe)* U(*) model, only the isotri-

_ ft. 

plet fields ft have a trilinear interaction, of 

the form already given In eq. (3.3). There are no 

trillnear terms involving B>yu. , since Qu. is 

associated to an abelian group (see eq. (6.2)) which 
commutes with SU(2). If we write down explicitly 

#» » it 

the g A term in (3.3), we get : 

II 4 1/ 

1* => JO*. A* 
be Ms~ y 

- * ( * ; 
lïy".»' + A„ A„ A + 

(8.1) 

W ^ , W -

- ^ A ; A*<") = 

In eq. (8.1) we have used the shorthand notation 

^ A>V ~ ^ A* ~ ~*v A/~ » a n d > i n t h e l a s t 

line, we have used eq. (6.16), to express the inter

action in terms of the fields associated to the 

charged particles W . To get the photon coupling, 

we have to express « ^ in terms of the physical 

fields ft. and 2\ , and keep the terms with A ^ . 

To this aim, we use eqs. (6.9) and (6.17), to get 

finally : 

4„,«.•«[•*"'«.•»:•*>,>* „.„ 

( 5 . v s ^ ^ -**y A ^ = the e.m. field 

strength tensor). The remarkable feature of eq. (8.2) 

is the presence of the first term, where the W 

field is directly coupled to the electric and magne

tic fields, contained in FL„, 

To see why this is remarkable, let us suppose 

that, unlike the case we are considering, weak inter

actions were a completely independent phenomenon from 

electromagnetic interactions. We could still describe 

weak interactions as resulting from W-exchange, 

with a lagrangian of the form : 

J, = £ 'Wtok 

~* fmu. — 2. ^ v 

-É.V.+ (W- &.?*., W-<\«*AMI) 

< * • " 2 * M-

To describe the e.m. interactions of W , we would 

then perform in JÇf the "minimal substitution" 

appropriate to electromagnetism, namely we would 
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make the replacement 

O W -
/*• V C^-'-e-'V) 1^ 

ft being the photon field. If we do so, It is ea-

sy to compute what one would call the "minimal" 

•Jf"- VJ lagrangian, which turns out to be 

minimal 
(8.3) 

V 
Eq. (8.3) differs from eq. (8.2) precisely because 

it does not contain the "non minimal" F"*V ^ ^y 

term. The way we derived eq. (8.2) should make it 

clear that the non minimal term is precisely associ

ated to the fact that both weak and e.m. interac

tions are described by a unified Yang-Mills theory. 

For this reason, when the mesons will be experi

mentally detected, a precise study of the JT- W 

vertex will be a very Important thing to do, and 

could give the first experimental indication that 

Yang-Mills theories are indeed at work In Nature. 

The "Jf- W vertex could be determined by a study 

of the neutrino production of W (Fig.5) or of W 

pair production in colliding rings 

( Ê +e~ -» Y-* IA/
 + h/ ~ ) 

nucleus 

Fig. 5. Neutrino production of W off a target 
nucleus. 

It is possible to see that the non minimal 

term gives rise to a pointlike anomalous magnetic 

moment of the W . The "minimal term" (8.3) gives 

rise to a normal magnetic moment : 

JU normal — 

S being the W spin, while the non minimal term 

adds to /x. an anomalous term : /*• = S^/iieiwJt 

so that eq. (8.2) Implies : /**• ±eV = 2./̂ A*JO~UA*JL 

9. The lepton masses 

Non vanishing masses for the leptons can be ge

nerated by suitably coupling lepto'ns to the scalar 

isodoublet, <P , The general idea goes as follows. 

We introduce a Yukawa type interaction (the on

ly one allowed, if we want to keep the theory renor-

mallzable) which we write symbolically as : 

/ if-^t = 1c <f W (9.1) 

(we will see later on the the precise lagrangian is 

actually a sum of terms like (9;1), "^~ running 

over the various lepton fields; each term has an in

dependent coupling constant). Reexpressing (9.1) In 

terms of the shifted scalar field O" , eq. (6.5), 

one obtains : 

(9.2) 

The first term, which is bilinear in y , can be 

added to the free lepton lagrangian, and it corre

sponds to a lepton mass term. The second term des

cribes a residual, Yukawa type interaction of 9" 

with the leptons, to be added to the weak interac

tions we described in Section 7. The new interaction 

is characterized by the coupling constant %s ; 

its strenght can be easily compared to the strength 

of the weak interactions arising from W -exchange. 

Notice that, from eq. (9.2) : 

% 1 TH.. (9.3) 

/v*t. being a lepton mass (say •We or '*V*M, ) 

while, from eq. (6.12)we have : 

% "\ ~ M W (9.4) 

g being the coupling constant of the gauge fields. 

One therefore finds : 

* * ' Œ ) « » (9.5) 

HV ht. i M* r K 

Furthermore, the lepton-lepton amplitude arising 

from 0" exchange at low energy is of order 

2 
\ ><• " V i t 

(9.6) 

'to <r 

As a consequence of (9.6), as far as the neutral 

Higgs boson <T~ Is much heavier than leptons, the 

addition of the coupling (9.1) does not change ap

preciably the picture of weak interactions we have 

outlined previously, and the main effect of the new 

interaction (9.1) is that of generating lepton mas

ses. 

The same line will be followed in the case of 

quark (hence hadronic) masses, and the above consi

derations can be repeated for the interaction of 

quarks with the Higgs fields, replacing -"tft with 

the <J~ -quark coupling constant and l/W. with •*Mo 
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(quark mass). It is usually assumed that CT-field is 
also much heavier than normal hadrons, including 
charmed particles. We will accept this hypothesis 
and, in what follows, we will completely neglect o~ 
exchange amplitudes. In this approximation, the only 
role of the Interaction of <f to normal matter 
is to provide non vanishing leptonic and hadronic 
mass scales. 

We go now to more precise considerations, and 
determine the most general form of the coupling (9.1). 

To this aim, we have to construct all the pos
sible terms of the form (9.1), which are invariant 
under 5 C/' 2) ® U (±~) , and involve the iso-
doublet CP , the isodoublets Sg_ and Mj. a n <* 
the isosinglets €? a , Vft ./*«•#», v'a 

Consider first E± and Cf . The combination : 

euv vL !< + e c fc' 

is obviously an SU(2) singlet. To make it Lorentz 
invariant we have to multiply it by some right-hand
ed field. Since the weak hypercharge of Cf> is +1 
(compare eqs. (5.19) and (7.5)^ and that of 6(_ is 
also +1, to obtain an U(l) invariant coupling we 
need a Y = -2 field, namely g R or /*<-« . Re
peating the same argument also for Mi , we find 
the invariant coupling : 

V (9.7) 
+ hermitian conjugate 

the g's being arbitrary coupling constants, which 
are a specification of the coupling constant Qs 

in (9.1). 

The term (9.7) is not, however, the only inva
riant coupling, due to the special property of the 
group SU(2) , that it admits only real representa
tions. This means that we can construct a new iso-
doublet (to be called (f ) whose components are line
ar combinations of the components of cp , and which 
transforms precisely like CD . Indeed, if we define 

%Tt«u-$p 
~* ' * (9.8) 

then 

iif= -C(£<e+TXjr=-;s*(-; f ^ x . ) 1 ; 

= « I I* (-• <rTx) =• ft if. ^ 

due to the identity 

(9.9) 

The transformation rule (9.9) has precisely the same 
form as (1.6). Note further that <jP has weak hyper
charge -1 . Repeating the argument which led to 
(9.7), one obtains therefore the further coupling : 

(? (9.10) 

+ hermitian conjugate 

with new, independent, coupling constants. The most 
general (P -lepton interaction is, finally, the sum 
of the lagrangians (9.7) and (9.10), which have to 
be added to (7.8), to obtain the full leptonic weak 
lagrangian. 

The resulting expression can be somehow simpli
fied by the following observation. If we perform or
thogonal transformations on corresponding electron
like and muon-like fields, i.e. If we set : 

(̂  „. _ J.V A. B'L +• CoS* Mu 

and similarly for fi.„ , fd % and for v^ and 
Y H (with independent angles /S and Y )> t n e 

lagrangian (7.8) remains unaffected, while (9.7) and 
(9.10) go into similar expressions, with new const
ants, g 1 and h 1 , linearly related to the unpri-
med constants.By elementary considerations one can 
show that the parameters d. , A and Y can be 
chosen so that the g 1 and h' satisfy either the 
relations : 

9' = a' «© • * 
I 

1%. (9.11) 

or, equivalently : 

Stated differently, the eight couplings appearing in 
(9.7) and (9.10) are redundant, and with no loss of 
generality we may require either (9.11) or (9.12) to 
hold. In what follows, we shall choose condition 
(9.11). It can also be shown that, with no loss of 
generality, the constants g's and h's can be 
chosen to be real (this corresponds to a CP conserv
ing interaction; the model is therefore intrinsically 
CP conserving). 

According to our previous discussion, we replace 
now (p by the eq. (6.5) (and similarly for <f ) and 
keep only the terms linear in *>J . The sum of (9.7) 
and (9.10), with the conditions (9.11), reduces then 
to : 
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+ ft4ij 7oivM + l ^ V'M v'<r*) + 

"*" -^-•a'*? ( vtfO v Jfx) +• v'(x) V(K)\ 
( 9 . 1 3 ) 

As anticipated, (9.13) corresponds to a mass term 

for all the lepton fields. In particular we have ob

tained two independent masses for electrons and 

muons : 

™ e = 3,") » 9*"? (9.14) 

In the model there is no way of predicting the p-e 

mass ratio : the only thing we can do is to fit the 

observed masses with g. and g . 

We consider now the neutrino mass terms. Expe

rimentally, both V and V mass are consistent 

with zero, the experimental upper bounds being : 

•'W» < êo «.V ; y*\ , <L 4,2 rtftV (9.15) 

There is, however, no preference for massless neutri

nos in (9.13). If like to do so, we can get vanish

ing neutrino masses, simply by setting : It., =1 

— M-L =: K-,0 = O .In this case, neutrino 

fields appear only in (7.8),with the consequence that 

the right handed neutrinos have no weak Interaction 

at all. In this limit, our model is equivalent to 

the two component neutrino theory, and we could even 

drop Vf, and V „ from our lagrangian. In any 

case, even if righthanded neutrinos would exist, we 

would not see them, as they would Interact with the 

other particles only through the gravitational inter

action. In the same limit ( 'vvi — ***y> s O ) the 

lepton lagrangian admits the exact conservation of 

the electron and of the muon numbers. 

It is interesting to study also the case of 

small, but non vanishing neutrino masses, allowing 

all h's to be non zero. Since the neutrino mass 

term is not diagonal, V(x} and V (X) do not cor

respond to freely propagating particles. Rather, we 

have to consider two orthogonal combinations : 

V 1 t cos<f V •#- s<«A<p y' 

Y^ = -Sin. If V 4- COS if V> 
(9.16) 

such that dCmass i s diagonal when expressed in term 

of X, and V . This implies : 

to*J (9.17) 

At the same time, we have to express also the weak 

lagrangian (7.8) or (7.10) in terms of 'fcj and >£ . 

This changes the interaction terms involving W 

emission according to : 

& wfl^r^O-r^C&We +r >'*?/*)* ( 9 1 8 ) 

2Vz 

When <jp£ o , the Interaction (9.18) violates electron 

and muon number conservation, in that e and U are 

coupled at the same time to e.g. >? A related 

phenomenon are the so called neutrino oscillations 

(much similar to K0 — Ko oscillations) which we 

are now going to discuss 

Suppose we have a source of neutrinos, located 

at the origin of coordinates, x = y = z = 0 , and 

let us suppose that neutrinos are there produced in 

association with muons (e.g. from 7C -» f*. V decayj) 

A decay at t = 0 gives rise to a linear superposi

tion of "V̂  and Y^ , precisely corresponding to 

V . Hence the outgoing neutrino is in the state: 

lv',t*0> s /.Vu (f /V„> + OoJ(f \V^ > 

If this state has a momentum p along the z direc

tion, at a later time t (l.e at a distance 

2 s"irt ~ £ . since we are assuming 

b >> /vw -vu, ^ w e w ill observe the state : 

_,fefc - pa) 
-v cosy e 1 v z > -^ 

-.• r(b-V 
-j Sfui 

_. ±^ * 

-.1- 2 « * ~ * 
Coiip £ *•* •+ CoitD 

where we have used the formula 

1*1 •»M 

The expression in brackets Is now not exactly V 

or V , but rather a z-dependent combination of 

the two states. If we place at z a piece of Iron, 

a charge exchange interaction of the neutrino with 

the iron may therefore give rise either to a muon or 
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to an electron, the probability for the two proces
ses being proportional to : 

i «•f — I #v v> I (for U, production) 

| d , I ( f o r e production) 

(9.19) 

(9.20) 

where &vy' i s t h e neutrino-flip amplitude : 

| CLVY. |* s [ ^ V | v 7 « > | a (*.VH *<f)\ ( 9 2 1 ) 

and : 

<-« ' rp~" 
in conclusion, if we have a source of /*<- -neutrinos 
at z = 0 , one should see, in a matter target placed 
a z , a non vanishing number of e-producing (hence 
muon number violating) events, the ratio of abnormal 
to normal events being given by the ratio of (9.20) 
to (9.19). Similar arguments hold In the case of a 
source of electron neutrinos. In particular, if we 
consider a source of low-energy neutrinos( such as 
a nuclear reactor, or the sun) and In the case of 
maximal mixing ( <f = ^5"°) > then when l#.vl,i|sd. 
the neutrinos cannot Interact by producing a M, , be
cause of energy conservation. At those distances the 
neutrinos are "sterile". This effect has been invok
ed to explain, at least partially, the lack of obser
vation of solar neutrinos. 

In the experiments performed thus far no eviden
ce has been found for neutrino oscillations. A refi
nement of the experimental limits is of great Importan
ce, especially since, as our previous analysis indi
cates, in the framework of the Welnberg-Salam model 
such a phenomenon would be expected to arise quite 
naturally. 

In conclusion, we have seen that the spontaneous 
breaking of the gauge symmetry can explain quite sim
ply the observed mass spectrum of leptons. 

A disappointing feature of the model is, how
ever, that is is not able to shed any light on two 
fundamental issues : the relation between electron 
and muon mass, and the smallness or the vanishing of 
neutrino masses. Perhaps this could be an indication 
that this simple model Is just the phenomenological 
manifestation of a more fundamental theory. 

10. Hadronic interactions with four quarks. 

In this and In the following section, we will 
describe theories of the weak and e.m. interactions 

of quarks. The reason for doing so is, of course, 
the quark model, whereby all hadrons are supposed to 
be bound states of these fundamental fermions. 

In this framework, it is indeed quite natural 
to think that a simple theory can be achieved in 
terms of the fundamental constituents, rather than 
directly for the composite objects. 

Having said that, however, one has to face the 
serious problem of obtaining meaningful predictions 
from the theory, applicable to real experiments where 
only composite hadrons (.%, K , etc.) are produced 
and observed. 

We will not discuss herein any detail how this 
can be done and shall limit ourselves to the follow
ing observations. 

i) The very fact that one is dealing with a gauge 
theory requires (see Section 3) that the weak 
currents are the NoBther currents of some strong 
interaction symmetry, which is exact, at least 
prior to spontaneous breaking of the gauge group. 
This is sufficient in certain instances to deri
ve from the quark theory structure-independent 
predictions for hadronic processes. In particu
lar this fact will allow us to derive the selec
tion rules obeyed by the transition amplitudes. 

11) According to the parton picture, structure de
pendent effects become increasingly less impor
tant in deep inelastic processes, so that one is 
able to test there the quark weak couplings di
rectly. 

Our framework has to be further specified, and 
we will assume that : 

1) Quarks come in different flavors; 

ii) for each flavor, quarks come in three different 
colors, all observed hadrons being color sing
lets; 

ill) weak and e.m. currents are color singlets and 
(*) act only on flavor space. 

To explain the hadronic spectroscopy, only three 
flavors were needed, prior to y * discovery, corre
sponding to the fractionally charged SU(3) quarks : 
u , d , s . It is by now well known, however, that 
it is impossible to construct a gauge theory of weak 
interactions based on three flavors only, without 

(*) This excludes the very Important model developed 
by Pati and Salam. The option of neutral gluons is 
taken here for simplicity, and we refer the reader 
to the original papers, for a discussion of the Patl-

4) Salam ideas• . 
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predicting first order strangeness changing, neutral 

current processes, In striking conflict with the ob

served suppression of, e.g., ^ L ~ J * A A /*"" • T o a v o ^ 

this Inconsistency, we shall follow the Glashow, 

Illopoulos and Malanl (GIM) proposal, and introduce 

from the outset a fourth flavor, associated to a new 

(charm carrying) quark c , with electric charge 

+ 2/3. 

Now that we have stated our assumptions, we can 

proceed to assign appropriate SU/l)a i/O^) trans

formation properties to the left and rlghthanded 

quark fields. 

In doing so, we shall be guided by the lepton-
(*) quark symmetry . With the addition of the charmed 

quark, we have in fact, as many quarks as there are 

leptons, and the charge spectrum is the same, except 

for an unessential shift of + 2/3 of quark charges 

with respect to lepton charges. 

We can therefore put lepton and quark fields 

in a one-to-one correspondence, up to one, very es

sential, arbitrariness. 

Suppose we associate V <*-* W- and V <—^ C 

Then we could associate € <-» cL (and /* <—* 5 ) 

or g <— tS (and yU. «-» «L ). Actually, since d 

and s have the same charges, there is no reason to 

prefer one choice to the other, or to the more gene

ral choice : 

coS&c cL + Stw9c s s o l e 
(10.1) 

(/£ being any angle. 

Up to this arbitrariness, the lepton-quark sym

metry enables us to translate the lepton model of 

Section 7 Into a quark model, and leads us to assume 

that : 

( J ] I _ 1 are weak Isodoublets 

(10.2) 

^•R,0'fti '-ft i S» a r e weak isosinglets 

(Since weak currents are to be color singlets, (10.2) 

holds for all the three colors, with the same angle 

^ ). Furthermore, as in the lepton case, the 

<*) The introduction of a fourth quark to restore 

lepton-quark symmetry was considered by Y. Hara in 

1963. 

transformation rule of the quark fields under U(l) 

(i.e. the weak hypercharge)is uniquely fixed by the 

above ansatz and by the requirement that the photon 

field fit- as defined in eq. (6.9) couples to the 

electric charge. 

In conclusion, the lepton-quark symmetry leads 

us to a weak and e.m. coupling scheme for quarks 

uniquely determined, up to the yet unspecified angle 

Sc . As it is apparent from (10.2), 6^ Is 

nothing but the Cablbbo angle. 

In fact, the coupling of the charged W , to 

the uncharmed quarks, which we can derive from (10.2), 

is : 

*"£ ^ +J..C. 

which precisely coincides with the Cablbbo coupling 

for semileptonic, AS s Ot «j. , processes. 

As a consequence, the position (10,2) completely 

determines the additional weak interactions involv

ing charmed particles (i.e. neutrino production and 

weak decays) and it enables us to predict intensity 

and selection rules for these new processes. Before 

doing this, however, we have still to examine the 

properties of weak, neutral current processes with 

A 5 ̂  O , and the arising of quark masses. 

Z-quark coupling. As remarked in Section 7, the cur

rent coupled to ?^» Is a linear combination of the 

e.m. current, and of the current associated to the 

3 component of the weak isospln, i. „ , From 

(10.2) it follows that : 

*i (̂ ^C«- - ^fcL ̂  Set ) » < 1 0- 3> 

Therefore C.^ obeys the selection rule ÙS= O . 

Since also the e.m. current is strangeness con

serving, we conclude that *{_ -* /*-*S*~ cannot 

occur, to lowest order, through Z exchange. 

Actually, the observed ratio : 

r ( J C L - ^ V - ) 4 3 9 
. s 4.5- 10 

is so small as to put also a strict limit to possible 

higher order contributions. 

A non vanishing Jft -*/* ***" amplitude does 

In fact arise from two W exchange, as illustrated 

in Fig. 7. A priori, such diagrams should give rise 

to an amplitude of order : 
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Ml, 
10.4) 

This would still be too large, compared to the expe

rimental result, it turns out, however, that In the 

model there is still an additional suppression. This 

is due to the fact that, as indicated in Fig. 6, 

there are two possible diagrams, one with u ex

change and the other with c exchange, and the two 

diagrams exactly cancel in the limit where u and c 

have equal masses. The correct estimate must there

fore contain a further factor which vanishes when 

<W\ — 4M. , and indeed one gets : 

A eC St«.&c %A •v*c-'*St z 

Ml 
(10.5) 

•V 

• o + — 

Fig. 6. Feynman diagrams for the K -» /*• /*• 

amplitude from two W exchange. In the vertical 

quark line, both u and c exchange have to be 

considered. 

We can now get agreement with the experiment, pro

vided *Vv\c Is not too large. It was in fact esti

mated, in the GIM paper, that : 

-VW 4-Î-3 C*V (10.6) 

Eq. (10.6) can be interpreted as determining the 

mass scale of the lowest lying charmed particles. It 

is very satisfactory that all the "new physics" dis

covered In the last two years (dimuon events, the 

If" , the raise in e e~ cross section, the nar

row K"H peak etc.) opens up precisely at this 

range of hadronic masses. 

Quark masses. Since the transformation rules im

plied by (10.2) involve chlral transformations, in 

the limit where 5U(Z") » U(-i. ) is exact the 

quarks have to be massless. Quark masses must arise 

from the spontaneous breaking, similarly to lepton 

masses. To see what sort of mass spectrum arises by 

coupling quarks to the weak isodoublet Cf , we 

have just to repeat, word by word, the analysis gi

ven in Section 9, replacing everywhere V -* •* / ̂ ~* c-

and e and A*. according to (10.1). Again the most 

general coupling can be described by eight coupling 

constants (for which we shall use the same notation 

even though they differ numerically from the previous 

ones). 

The coupling constants can be chosen to obey 

either (9.11) or (9.12) and we shall choose (9.12). 

The mass lagrangian is therefore : 

MuAfj 

(10.7) 

The lagrangian Is not diagonal in the charge - 1/3 

fields. By definition, we have to require it to be 

diagonal in the fields d and s , corresponding to 

the eigenstates of the quantum numbers conserved by 

strong interactions (i.e. the flavors). 

This can be obtained, provided : 

t«~(29c) = ±Jl± (10.8) 
* 1 % - 3< 

which defines &c , in terms of the unknown ^ •* • 

In all,the five undetermined coupling constants 

in (10.7) give rise to four independent quark masses 

4M *t« t

 yv** gi , "I*** and to one mixing angle 

Çt . As was the case for leptons, no mass rela

tion is found, and no explanation is given as to why 

i*i K o: ' w

s t (which gives rise to isospin sym

metry) or why AM

U, £ ^ j << **we (corresponding 

to the observed broken SU(3) and to the much less 

respected SU(4) symmetry). 

On the other hand, from the above considera

tions a quite elegant picture on the origin of the 

Cabibbo angle emerges. A non vanishing value of &. 

arises because the fields which dlagonalize the sym

metry breaking lagrangian (chosen by the Cf -quark 

interaction) do not agree with those that are matched 

by the lepton-quark symmetry to e and /*. 

It is remarkable that the Cabibbo angle arises 

precisely through the same mechanism that could give 

rise to neutrino mixing and to electron and muon num

ber non conservation. 

This fact enhances further the interest for a 

refinement of the experimental limits on the latter 

phenomenon. 
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Selection rules for charm-changing weak processes. 

We close this Section with a brief account of the 

selection rules one can derive from (10.2) for the 

weak production and decay of charmed particles. Only 

W mediated processes are relevant, as we have seen 

that the Z boson is coupled to a diagonal current. 

In what follows, we shall assign charm C = +1 to 

the c quark, and strangeness S = -1 to the s 

quark. 

i) Seml-leptonlc processes. They are induced by 

the elementary processes : 

c -»s + *' \ (10.9) 

(10.10) 

«t s 6. t JA* . From the definition of 5 f c 

we read that the amplitudes (10.9) and (10.10) are 

in the ratio Col &c .' St'u&c . in both cases, if 

AQ. represents the net hadronic electric charge 

variation, we have the selection rule : 

AC = AQ. (10.11) 

and since Coi &c » $ i+v&c , (10.9) is the do

minant transition and it obeys 

Ac - AS (10.12) 

The selection rule (10.11) is relevant to the inter

pretation of the dimuon events seen at FNAL as due 

to the weak neutrino production of a charmed parti

cle and its subsequent semi-leptonic decay. Since the 

initial and final states of the overall two-step pro

cess are both uncharmed, applying twice (10.11) we 

predict the total dimuon charge must be zero. This 

rule Is indeed obeyed by the bulk of dimuon events, 

and also by the € H/ events seen at Gargamelle. 

There have been seen a few like-charge dimuons 

/i.~f.~ ox ^i*/^* , It is possible that they 

arise from the associated production of charmed par

ticles, one of the two undergoing a seml-leptonic 

decay. In this case, no charge correlation is expec

ted. Eq. (10.12) tells us that non-strange charmed 

particles (expected to be the easier to produce) 

should decay into a state with S ̂  0 . This corre

lation has been observed in the JUL £. events at 

Gargamelle and at FNAL (even though in the FNAL 

events there may be too many K s as one would ex

pect). 

il) Non leptonlc processes. They are induced by the 

elementary processes : 

U hadrons 

, •+ 
S 

hadrons 

(10.13) 

(10.14) 

Since the virtual goes into hadrons through 

the Cablbbo coupling, we expect to get from W ,* 

S = 0 states with amplitude &OS &c , S = +1 

states with amplitude /i**« &c. • We therefore 

get, for the overall transition : 

amplitude for AS- A C »C Coi &c 

às=o <x *;«% cotQ. ( i o i 5 ) 

valid up to phase space corrections. 

If we apply these considerations to the rates 

for non leptonic decays of the charmed non strange 

pseudoscalar mesons D , D (respectively C £T and 

C d- states), we get the intensity rules : 

-x. Coi &c. 

Va,» 

The two narrow states recently discovered at SPEAR 

at about 1870 Mev nicely fit into this picture. 

The charge zero state has been seen to decay into 

S f 0 states. The charge = +1 state has been seen 

to decay into K + pions but not into K + pions, 

or into multipions, in agreement with the above ru

les. An improvement in sensitivity so as to be able 

to check the (Sî«ft&c} modes would be extremely im

portant. 

11. More flavors ? 

We know of no reason why quarks and leptons 

should appear in precisely four different flavors. 

In fact, there exist already arguments in favor of 

further hadronic and leptonic flavors. Among them : 

i) The observation of the process : 

n* - * * 
« € —* €• + f*- + unseen neutrals (11.1) 

has been reported, at SPEAR, at center of mass ener

gies above 4 GeV . The experimental data seem to 

favor the interpretation of (11.1) as due to the 
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production of a pair of heavy charged leptons 
C'"^Tr "» 2 ( » t ^ ) , each decaying Into a 
charged lepton and two neutrinos. If this Interpre
tation is confirmed, and if we accept the principle 
of lepton-quark symmetry, then one or more new ha-
dronic flavors are Implied. 
11) It may be desirable, for theoretical reasons, 
to formulate weak Interactions in the framework of 
the so-called vectorlike theories" (see below). This 
Is compatible with the present phenomenology only If 
there exist more quark flavors. 
ill) A four-flavor model is basically CP conserving. 
It turns out that the observed CF violation can be 
naturally explained with more than four quark fla
vors. 
iv) To account for the observed violations of scal
ing in neutrino deep inelastic processes, righthand-
ed couplings of new quarks to the light quarks may 
be required. These couplings can be introduced only 
with more than four flavors. 

Motivated by these or by other reasons, many 
models have been proposed and discussed in the re
cent literature. 

The reason for the very large proliferation 
of models is of course to be found in the fact that 
our present experimental and theoretical knowledge 
about weak and e.m. Interactions is not precise 
enough to uniquely determine one model, once one de
cides to put more flavors Into the game. There are, 
however, a number of constraints that any particular 
model must satisfy, if it has to prove successfull. 
These constraints can be stated as follows : 

a) No Adler-Bell-Jacklw anomalies. The renormallza-
bility of a theory where fermions are coupled through 
vector and axial vector currents can be spoiled by 
the so-called Adler-Bell-Jackiw anomaly. In the case 
of the gauge group we are considering, namely 

, and if fermions transform 
as weak isodoublets or isosinglets, the condition of 
no ABJ anomaly takes the very simple form : 

Z Q - Z « = o 
Lefthanded Righthanded (11.2) 
doublets doublets 

Q being the electric charge. This statement is suf
ficient for our discussion. As was first observed by 
Bouchlat, Iliopoulos and Meyer, eq. (11.2) is satis
fied by the four flavor model. In this case we have 
no righthanded doublets, while : 

Lefthanded / v , v' » , H - v / C •) 
doublets i e ; L ( r / t Kdjx. \ a* Ju 

where we have indicated explicitly the contribution 
from each weak isodoublet, and the factors 3 for the 
quark doublets arise because any such doublet comes 
in three different colors. 
b) No M # < 7 , neutral current transitions, to 
order G . and <* «/ Though not universally ac
cepted, it is my opinion that the fulfillment of this 
selection rule should be independent upon the speci
fic values assigned to the parameters of the model 
(as it is the case e.g. for the four-flavor model). 
c) Agreement with low energy phenomenology. To agree 
with well established facts, no appreciable right-
handed couplings must be present between u quarks 
and both d and s quarks (as required by the 
Cabibbo theory). Similarly, no righthanded couplings 
of e and M. to V or V should be allowed. 
d) Charm-strangeness correlation. According to the 
most recent data about charmed particle decay (see 
Section 10) the charmed quark must be coupled more 
strongly to s as to d quarks. 

We discuss now a few models. Aiming at an illu
stration of the main underlying ideas, our discus
sion will be rather schematic. In particular, no 
details will be given about the structure of symme
try breaking and the resulting mass-spectrum. Only 
the couplings to the gauge-fields will be considered. 
i) A five flavor model 

The following isodoublets are considered : 

(XX U \ ( t ) R 
(11.3) 

all other fields being weak isosinglets. Here b 
stands for the quark field (charge - 1/3) which car
ries the new conserved flavor (beauty?), and V 
Is a combination of righthanded neutrinos 

The model introduces only one additional flavor. It 
obeys the constraints (a) to (d), but the suppression 
of AS^O neutral current processes is "unnatu
ral" : a slight mixing of b with d and s quarks : 

ion -* tjj = cai/ilon* sru/s(c0t<pdlt*:,^ifSlt^ 
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would give rise to AS ^ O In the neutral current. 
This requires /3s. O to hold within an extraor
dinary accuracy. 

This feature Is actually shared by all models 
where there are more (S? s — "V3 than Q. s. 2/^ 
quark fields. To this class belong e.g. the superuni-
fied models considered by F. Gursey et al. The 
mass scale of the "beautiful" (b-containlng)parti
cles is not determined. If it is in the presently 
available energy range, anti neutrino b production 
off u could help explaining the so-called "y ano
maly" in V deep inelastic scattering. However, 
no trace of the bb analog of 1^- is seen at 
SPEAR. If -Wi Is much larger, one gets the same 
predictions as in the four-flavor model. 

ii) A conservative, six flavor model 
We introduce lefthanded weak isodoublets only : 

(11.4) 

all righthanded fields being singlets, b is the 
same as previously, t is another new quark, carry
ing the sixth flavor (truth ?). All our constraints 
are satisfied, and (b) holds "naturally", i.e. inde
pendent upon the value of the mixing angles. Actual
ly to make both t and b quarks unstable, we have 
to allow in (11.4) for a small mixing of the new 
with the old quarks. This can be done-, keeping the 
deviations from the Cabibbo theory within the expe
rimental errors. 

In this model, the spontaneous symmetry break
ing can lead, in addition to Cabibbo like angles, to 
the arising of one CF violating phase in the weak 
currents. What results is a "mllliweak" theory, 
which mimics very well a "superweak" model, including 
the prediction of a very small electric dipole mo-

8) ment for the neutron. 
The t and b mass are usually assumed to be 

above the SPEAR range. In this case no departure 
from the four-flavor theory is expected In present 
experiments. Whether this may cause trouble to ex
plain the y anomaly and other features of neutrino 
data, is at present unclear. 

9) ill) Vectorlike models. 
Vectorlike models confront us with the new idea 

of a weak Interaction theory which is basically pari
ty conserving, the observed parity violation, in e.g. 

& -decays, arising from the spontaneous breaking 
of the gauge symmetry. Let us see how this works. 

A parity transformation changes a one particle 
state of given momentum and helicity, into a one 
particle state with opposite momentum and opposite 
helicity (see Fig. 7). Applying further a 180° rota
tion around an axis orthogonal to the momentum, we 
get a state with the same momentum as the one we 
started with, but with opposite helicity. 

q 
(a) 

q - -q 
(b) 

Fig. 7. (a) initial state; (b) parity reflected sta
te; (c) parity reflected and 180° rotated 
state. 

So, if the coupling of quarks to the gauge 
fields Is parity conserving, left and righthanded 
fields must appear in a symmetrical fashion. To each 
lefthanded weak isomultiplet there must correspond 
a righthanded multiplet with the same weak isospin 
and hypercharge. Suppose we have four flavors 
(u,d,s,c) and we start with the lefthanded isodoub
lets : 

C Ql CA (11.5) 

what are the possible parity conserving assignments 
for the righthanded fields ? If the fields are massi
ve, there is a natural way In which we can find the 
righthanded state to be associated to a given left-
handed state : we go from one to the other by slow
ing down the particle to its rest-frame, reversing the 
spin, and then boosting it back to the original mo
mentum. If we require this to be a symmetry of the 
weak interactions, the righthanded isodoublets to be 
associated with (11.5) are simply : 

(./ /. C s K (11.6) 

and the resulting theory is a vector theory, with no 
parity violation. If we disregard masses, however, 
and If there are particles with identical charges 
(like d and s quarks), ambiguities may arise, 
leading to different, equally acceptable parity de
finitions. Suppose we decide that, under a parity 
operation : 
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u. u, 
(11.7) 

LL -J* c* 

We could then complete (11.7) either by the choice 

implied by (11.6) or by : 

*U 
P (11.8) 

or by the more general choice 

(11.9) 

All these choices are equally well suitable for the 

weak interactions and we have a continuous family of 

possible parity operations. If the one chosen by the 

weak interactions does not agree with the one defin

ed by the masses (and by the strong interactions) we 

have a vectorlike theory. In a vectorlike theory, 

parity ŝ_ violated by weak amplitudes. For example, 

choosing the definitions (11.7) and (11.8) one would 

construct the weak multiplets : 

V S 'ft V.«t/R 

(11.10) 

If we restrict e.g. to weak processes involving non 

strange, uncharmed particles, only the coupling 

U,L —» d.L is active, and we get out of (11.10) 

pure V-A (parity violating) amplitudes. 

A notable property of any vectorlike theory is 

that it does never give rise to ABJ anomalies. Eq. 

(11.2) is always obeyed, since for any weak left iso-

doublet there is a right isodoublet with the same 

charge spectrum. 

A vectorlike theory with four flavors only, 

necessarily violates our constraint (c), since the 

U/g field ends up to be coupled to some linear 

combination of «*j and 5 f i 

By introducing two more quark flavors ( t and 

b ) we can construct a six flavor model,which is ac

tually uniquely determined by the requirements (c) 

and (d). The quark lefthanded isodoublets are : 

a a an 

(for simplicity of notation, we are neglecting Q^ 

and other similar angles), while the righthanded 

doublets are : 

(X\ (A (**'* 
Leptons are more complicated and we will not discuss 

them. (We cannot just translate the above formulae, 

with the substitution \> -» O y t -» V£, , since, 

In this case, /*-n would turn out to be coupled 

to some combination of V„ and VR fields). 

If we assume that ***^ and <*M̂  are so high 

that we cannot presently produce them, the six fla

vor vectorlike model reduces to the conventional, 

four flavors, one, except for one very remarkable 

prediction. 

,rd 
Let us compute the current associated to the 

3'" component of weak Isospin : 

[} = i. ( ûLruL-ZLY *(,_)+ (u,d-> i.s) + 

*\ ("a^"* - k R £ A ) *f«.fc-» *.*>-!• 
t. (u, \o -* £,<*•) 

Assembling together terms involving the same fields, 

it is easy to see that L ju is a pure vector cur

rent, with no axial component. This holds true also 

for those components of i_\». associated to the 

charged leptons. As a consequence : 

i) the interaction of the neutral weak boson Z 

with hadrons, electrons and muons is exactly parity 

conserving; 

ii) inclusive and exclusive neutrino (neutral current) 

cross-sections are equal to the corresponding anti-

neutrino cross-sections. 

Statement (i) has to be contrasted with the sim

ple Weinberg-Salam model, where P-violating effects 

are expected from Z exchange (Sect. 7). It is clear 

that the experiments sensible to P-violating, Z 

related effects are very crucial, In particular tho

se attempting to measure P-violation in atoms. No 

firm data are, unfortunately, still available. 

There are,on the other hand, available data 

about the processes : 

v ' ^ •;+.»*««. He*- -» V(v ')+... (li.ii) 

Y(V') * P - y'{*')+ p 

1 (11.12) 

coming from Gargamelle and FNAL, for (11.11), and 

from Brookhaven, for (11.12). All present data dis-
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Cablbbo angle and all other similar mixing angles; 

as a consequence wè have no explanation whatsoever 

of the approximate symmetries in strong Interactions 

(e.g. isospin, 5 0(5) ) and of the exact or near

ly exact vanishing of the neutrino mass; 

ii) the number of lepton and quark flavors is unde

termined; a theoretically sound model (e.g. with no 

Adler-Bell-Jackiw anomalies) could be constructed 

out of only one color triplet of u and d quarks 

and a lepton doublet y, g. ; so : why the muon, 

why the strange and charmed particles (let alone new 

flavors) ? 

ill) the V-A structure of weak currents is put into 

the model by hand; no real explanation of parity vio

lation is given; 

iv) the observed CP violation can be introduced in 

the weak interaction in various ways; with only left-

handed weak doublets, CP-violatlon would arise natu

rally with six quark flavors and this could give a 

rationale for the existence of such a large number of 

different quark types; we are still far, however, 

from a true comprehension of the problem. 

Progress in the determination of a more satis

factory theory is conditioned by the acquisition of 

a number of very crucial experimental informations. 

In particular : 

1) an extensive search should be done for new quark 

flavors (e.g. in C €.~ — * hadrons, or V fP)-t P 

•C C+ anything) and for lepton flavors; in particular a 

more complete evidence for the proposed heavy lepton 

U should be achieved; 

ii) neutrino and antineutrino processes could give 

valuable information about the quark weak couplings, 

as well as about new flavors; 

ill) more refined limits on CP-violatlon other than 

in the neutral K decays, and in particular further 

improvements of the limits on the electric dipole of 

the neutron, are badly needed, to see whether the 

CP-violatlon is really a weak interaction phenomenon. 

It goes without saying that the intensive study 

of the weak decays of charmed particles Is very im

portant; besides testing weak interaction models, it 

could give us a general check of our capacity of ex

tracting predictions for physical processes out of a 

quark-based theory. 

agree with the vectorlike model, but,perhaps, they 

are still not accurate enough to exclude it. 

12. Conclusions 

Gauge theories are emerging as the most likely 

candidate to describe weak and e.m. interactions. 

On the theoretical side, the present status of 

gauge theories Is comparable to that of the best 

understood examples of quantum field theory, namely 

quantum electrodynamics. On the experimental side, 

they are receiving quite impressive confirmations. 

It would be premature, however, to say that a 

Yang-Mills picture of weak and e.m. phenomena has 

been established. To accomplish this, quite a number 

of experimental facts must be ascertained, first of 

all the existence of weak Intermediate bosons (both 

charged and neutral). 

The importance of the experimental observation 

of the weak bosons and of a study of their interac

tions with the other particles and with themselves 

cannot be overemphasized. It stands out, at present, 

as the most Important task for the next generation 

of accelerators. 

Among other things, the mass spectrum of the 

weak bosons would tell us something useful about the 

gauge symmetry breaking, about which we have, at pre

sent, no experimental information whatsoever. 

We have based our discussion on the gauge group 

SU(2) « Ufa) , which Is a minimal choice, 

in the sense that it has the minimum number of gauge 

fields needed to describe the observed phenomena. 

Even though this model is receiving substantial sup

port from the experiments (as indicated by the agree

ment of very different experimental results with the 

same Weinberg-Salam angle), few would concede that 

this is the final theory of weak interactions. For 

one thing, the unification of weak and e.m. interac

tions achieved in this model is not complete : we 

have still two independent coupling constants and 

the spectrum of the electric charge is not fixed by 

the theory, unlikely that of the weak isospin. The 

natural solution to this problem could be the embed

ding of SUM » 0(4.) into a larger gauge 

group, with no abelian factors and only one coupling. 

No significant progress has however been yet achiev

ed along this line. 

There are other unsatisfactory points : 

i) the mass scale associatedto quark and lepton 

flavors are completely undetermined, likewise the 
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Appendix I 

We consider first an electron with momentum 

p . Its wave function Is a positive energy splnor, 

obeying the Dlrac equation: 

(f-**}u,Cr) = (e%-$£-«*) *(?•}* o ( I D 

There can be two possible polarization states, corre

sponding to states with spin component along f. 

(I.e. hellcity) equals to t 1/2 . The hellclty ope

rator Is given by 

In the representation we are using for the Dlrac ma

trices (I.e. the representation used in the Bjorken 

and Drell book) : 

Z • (I I) (1.2) 

( & are the 2 x 2 Pau 11 matrices). 

Using the explicit matrix form : 

3) 

we see that 

y f y,ï-- z (1.4) 

so that, by multiplying eq. ( I . l ) by 3 1 . ^ from 

the left.we get : 

Cufr>- ( ̂ f + * V . ) 1 ^ (i.s> 

This shows that, in the limit "»*•-*O (or equiva

lent^ £-»«*» ) 

****>- l£uM*i<*Ct> (I.6) 

Therefore the two matrices : 

(1.7) 

project out rlghthanded , 3. + , or lefthanded, ft_ , 

states. The two negative energy solutions of (i.l) 

are associated to positron states. If we set : 

then v is the appropriate spinor for a positron 

traveling with momentum P . From (I.l) it follows 

that v obeys the equation: 

- - C ev* - £ X * *0 v- s o (1.8) 

If we multiply again eq. (1.8) by TfL Y0 , we 

get, in the limit m = 0 : 

sr - 2 i. V(f) 

so that, applied to a positron wave function, the 

operators a and a_ given by (1.7) project out 

the lefthanded and the righthanded parts, respecti

vely. 

Finally we consider the quantized field 6£*). 

At t = 0 , we may expand &(£,<>) into 

creation and annihilation operators, according to : 

e c 5 , ° ) - -±- XJ f »* 8* 21 
Ve" fc=*V2. 

(we normalize splnors according to : U U. c f l T s ^ 

as it Is appropriate for massless particles) where 

h is the hellcity, and the operators <SC» Cf-2 

f fcfe £ . 0 ) annihilate an electron (create a 

positron) of momentum $. and helicity h . We 

see therefore that €j_ ss *.. €< may anni

hilate only lefthanded electrons and create only 

righthanded positrons (and vice versa for 

€. g a C L + 6. ). These considera

tions, applied to the neutrino case, show that if 

In the weak interaction only the field V. s *_ V 

appears, righthanded neutrinos and lefthanded anti-

neutrinos (associated to Vg ) would be never pro

duced or absorbed in a weak process (and would there

fore behave as free unobservable particles, except 

for gravity). 

Appendix II 

Following the considerations given in Sect. 2, 

vi consider an isodoublet field Y " > such that : 
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Svf = c s c*i ~L*- ~r(*) en.i) 
We want to determine the transformation properties 
of the gauge fields /Q , under the requirement 
that the covariant derivative 

vAv « {\*l% *C\*)Y ( I I - 2 ) 

transforms according to : 

&(%*) = ' f M X* C^Lv) en.3) 
To simplify our formulae it is convenient to intro
duce the notation : 

(II.4) 

J and V T ^ are therefore 2 X 2, space-time de
pendent, matrices. We now compute the variation of 

V^.^ . using (II. 1) we find : 

and we want to determine o A , so that the r.h.s. 
coincides with : 

Equating the r.h.s. of the last two equations, we 
find : 

namely : 

a (II.5) 

Equating the coefficients of "B*/j , we get precise
ly eq. (2.5) of the text. Note that in the expres
sion of o R , , any reference to the transforma
tion properties of Y7"" has disappeared. We would 
have gotten the same result by considering the co-
variant derivative of any matter field y with non 
trivial transformation properties (i.e. such that 

£ip •£ O ). This is obviously a very important 
point for the consistency of the whole scheme : the 

f.cc way r v transforms must be independent from the 
type of matter fields we are going to couple to it. 

Using the representation of f\ as 2 X 2 

matrices, it is also easy to work out the transfor-
mation properties of t^,, . Define : 

Then : 

By using the Jacobi identity, valid for any three 
matrices A,B,C : 

the double commutators can be simplified to give : 

Equating the coefficients of T y^ , we get eq. 
(2.8) of the text. 

Finally we prove the Invariance of the Yang-
Mills lagrangian, given in eq. (2.9) of the text. 
To this aim we observe that we can write 

^YM - 4 V V 

where, as before : 

and 

F = T* F *• 

Ta (TAT(.) = 2 £< 
The variation of o ( y H under gauge transformation 
is therefore : 
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Q.E.D. 

The last step follows because the trace of the com
mutator of any two matrices is always zero. 
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HIGH-ENERGY NEUTRINO EXPERIMENTS 
J. Steinberger 
CERN, Geneva, Switzerland 

1. Introduction 
It is the aim of these lectures to review high-

energy neutrino experiments, both from the point of 
view of techniques and of results. 

It may not be amiss to begin by pointing out 
that experiments that use neutrino projectiles have 
given very important results in recent years and may 
be expected to do so in the near future. Among the 
most incisive results the following may be recalled: 

i) Discovery of the separate identity of muon and 
electron neutrinos in the first high^energy 
neutrino experiment1). 

ii) The measurement of neutrinos from the sun by 
Davis 2). The most recent (unpublished) result 
of this remarkably difficult experiment is one 
interaction (v + 3 7C1 -»• 3 7Ar + e) observed in 
3 ± 0.7 days, in a detector of 600 tons of 
C2CI1,. This is not too different from expec
tations based on models of the sun's thermo
nuclear processes and the 3 7Ar lifetime. 

iii) The discovery of neutral weak currents in the 
big heavy-liquid bubble chamber at CERN in 
1973 3 ) . 

iv) The discovery of particles with new (charm) 
quantum numbers in very recent experiments at 
FNAL, Brookhaven and at CERN. These experi
ments will be discussed in Section 8. 
At present, some of the more interesting ques

tions being studied in neutrino experiments are the 
following: 
a) Neutrino-electron scattering. This purely 

leptonic process can give an important insight 
into the structure of the weak neutral current. 

b) Isotopic and Lorentz structure of neutral cur
rents in hadronic processes. 

c) The quark structure of the nucléons. 
d) The properties of charmed particles, which 

seem to be readily produced in neutrino reac
tions. 

This review is intended for physicists who have 
already an understanding of the weak interaction as 
manifested in 3 decay and in elementary particle de
cay. The level is simple and directed at experimen
talists . 

For an up-to-date review of the more classic 
aspects of the weak interaction, I can recommend the 
book of Commins1*). In preparing the present lec
tures I followed very closely the recent lectures of 
Seghal 5). 

2. Neutrino beams 
2.1 Sources of neutrinos 

decays. They therefore produce flat neutrino spec
tra with energies 

0 < W <1 - KK* 

TT ->• y + v N(E V ) 

0.43 
Ev'Pn 

N(E„) 

K ->• VI + V 

EV/PK 

The main background to the spectrum is due to the 
three-body decay K •+ ir + u + v, and is a few percent. 
The main background of electron neutrinos is due to 
the decay K •*• e + IT + v and is also a few percent. 
2.2 Elements of a high-energy neutrino beam 

Present-day neutrino beams consist in general 
of the following elements: 
a) Protons from an accelerator hit a target and 

produce secondary hadrons. 
b) These are sign-selected and momentum-selected 

by some sort of focusing device. 
c) They pass through a decay region. 
d) They enter a massive shield which absorbs the 

remaining hadrons, and the muons which have 
been produced. The shielding length necessary 
is roughly Ey(GeV)/2 metres of iron, or the 
equivalent. 

e) Monitoring devices to permit an evaluation of 
the spectrum and absolute flux of the neutrinos. 
The layout of these main elements for the CERN 
Super Proton Synchrotron (SPS) neutrino facility 
is shown in Fig. 1. 
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The two main sources of neutrinos for high-

energy neutrino beams are the decays u± + v(v) 
and K* -»• y* + v(v). It is important that both are 
sources of muon neutrinos, and both are two-body Fig. 1 
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2.3 Widë-bàhd neutrino beams 
The focusing element in these beams is an achro

matic device such as the Van der Meer magnetic horn 
(Fig. 2). 

,t~i.;*tr>*Y 

HORN 400Gw 

Fig. 2 
A strong, pulsed current, travelling down the 

narrow inner conductor and returning on the larger 
diameter outer conductor, produces a toroidal magne
tic field which has a focusing effect on the hadrons 
of one charge, and a defocusing effect on the other. 
The hadron-producing target is immediately in front 
of the horn. 

Typical wide-band neutrino and antineutrino 
spectra are shown in Fig. 3. 

wv flux/GeV/1013 incident protons/m2 

detector of 1.0 m radius at BEBC 

100 120 140 160 180 200 220 240 260 280 300 
E, <SeV) 

Fig. 3 

The spectra have the following features: 
a) They are broad-band, falling off roughly ex

ponentially with energy. The high-energy tail 
is due to kaon neutrinos. The average neutrino 
energy is only about one-tenth of the proton 
energy. 

b) Since positive hadron production at high energy 
is more intense than that of negative hadrons, 
the neutrino beams are more intense than anti-
neutrino beams. For the high-energy tail this 
is a factor of the order of 10. 

c) For the same reason, v background in v beams 
is larger than in the reverse case. 

d) Because of the rapid fall-off of the flux with 
energy, precise monitoring poses difficulties. 
2.3.1 Monitoring. As mentioned above, this is 

a somewhat delicate problem. At the SPS it will be 
achieved, following the technique already employed 
successfully in the Gargamelle experiments at the 
CERN Proton Synchrotron (PS), by measuring the abso
lute number of muons as function of penetration and 

transverse position in the shield. In each of eight 
gaps in the shield an array of solid-state detectors 
will measure muon flux as function of transverse 
position. These are intercalibrated by a single 
similar detector, and this in turn is calibrated by 
counting tracks in nuclear emulsions. 

The muon distributions permit a reconstruction 
of the kaon and pion spectra, and from these the 
neutrino fluxes are calculated. 
2.4 Narrow-band beams 

2.4.1 General. In this type of beam a 
momentum-selected hadron beam is first formed. It 
is similar to normal secondary beams, but particular 
effort is necessary to limit the neutrinos produced 
in hadron decays before the beam is fully selected, 
because these neutrinos do not have the correct 
energy or even sign. This is accomplished in the 
beam design by requiring that the initial proton 
beam, as well as the hadron beam before momentum 
selection, point sufficiently away from the neutrino 
detectors; the hadron beam is steered in the direc
tion of the detectors only after the momentum is 
selected. 

2.4.2 Neutrino energy. About 99.9$ of pion 
neutrinos and 901 of kaon neutrinos are associated 
with two-body decays. For these the neutrino energy 
can be inferred from the hadron energy and the decay 
angle, subject of course to the uncertainties in 
these, and to a K-TT ambiguity. The kinematics of 
E v versus decay angle is shown in Fig. 4. 

Charged particle energy 275 GeV 

Fig. 4 

The decay angle is inferred on the basis of the 
impact radius of the neutrino event in the detector 
(see Fig. S). 

e d r a > = r/(L.L,/2) 

Fig. 5 
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The uncertainties in the neutrino energy are 
chiefly due to: a) hadron beam momentum spread, 
typically ±5%; b) hadron beam angular spread, 
^ +2 x 10"* radians for the SPS narrow-band beam, 
and c) the relative length of the decay tunnel. The 
expected uncertainties in AE^ for kaon neutrinos and 
the SPS beam are shown in Fig. 6. They vary between 
51 and 204, depending on neutrino energy or impact 
radius. 

I o.i 

0.5 1.0 1.5 m 
Radial displacement at detector 

Fig. 6 

2.4.3 CERN SPS narrow-band beam. Two neutrino 
beam facilities, a narrow-band and a wide-band, are 
being prepared at the CERN SPS. The hadron-focusing 
elements are side by side in a common hall, and they 
use common decay tunnels and shields (Fig. 7). 

Fig. 7 

The changeover from one beam to the other can 
be accomplished in a few days. The length of the 
hall is <v< 120 m, the decay region <\. 300 m, and the 
shielding region <\- 400 m. The shield material is 
chiefly iron. 

Schematically, bending and focusing in both 
horizontal and vertical planes are shown in Fig. 8. 

Qs Q» 0-n 
Fret-order ray diagram 
dashed line shows centroid 
of ray with 10 "/• Up 

The angle of the proton beam, as it hits the target, 
with respect to the detector is 'x- 15 mrad. The se
condary hadron beam in a momentum interval Ap/p « 
= 0.05 is accepted into an aperture of ̂  ±2 mrad in 
both planes, and doubly focused on a momentum slit. 
After that it is made parallel to ±0.2 mrad and 
directed towards the detector. 

2.4.4 Neutrino spectrum. It is necessary to 
distinguish between the observed neutrino spectrum 
and the uncertainty in the energy of the neutrino, 
which was discussed in Section 2.4.2. If both the 
detector and the hadron momentum are sufficiently 
large, the entire neutrino spectrum from Ey near 
zero to E M = 0.95 E j ^ ^ ^ are observed at the same 
time. This is a tremendous experimental advantage, 
since the spectrum is given immediately in terms of 
the K/TT ratio alone, which can be measured easily. 
(To measure absolute cross-sections, a measurement 
of the absolute hadron flux is of course also re
quired.) The spectra of kaon and pion neutrinos, 
separately, are of course flat. Figure 9 shows the 
expected neutrino spectrum for a 275 GeV positive 
hadron beam as seen in the 3.75 m diameter electro
nic detector at the SPS, and Fig. 10 shows the same 
for the antineutrinos produced by negative hadrons. 
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2.4.5 Monitoring of the narrow-band beam. The 
neutrino properties must be inferred from those of 
the hadrons. The hadron spectrum is narrow and 
known from the beam design, and will not be measured. 
It is necessary only to measure the total hadron 
flux and the hadron composition. At the SPS the 
total flux will be measured in two ways. The first 
is by means of a so-called "beam transformer" which 
measures, by magnetic induction, the total hadron 
beam current, pulse for pulse. The second device is 
a calorimeter, a block of iron placed just before 
the shield at the end of the decay path, sufficiently 
large to contain ̂  99$ of the ionization produced by 
the hadrons. In this calorimeter the heat deposited 
by the hadron beam is measured. 

The beam composition needs to be measured only 
once for any particular beam. It is measured at the 
SPS by a very simple differential Cererikov counter 
which measures, not the number of particles of par
ticular types traversing, which is difficult, but 
only the light produced by a whole burst of particles 
(typically % 10'°) as a function of gas pressure, 
which is easier to do. 

2.4.6 Intensity. The integrated intensities 
of narrow-band beams are roughly 100 times less than 
those of wide-band beams. They are therefore better 
matched to the heavier electronic detectors than to 
the bubble chambers. 

2.4.7 Contamination 
a) Neutrinos of the same type but wrong energy. 

The biggest source is tie decay K -*- IT + u + v. 
At the higher energies the relative fluxes of 
these are of the order of 2-31. 

b) Neutrinos of the opposite type. These are ex
pected from decays very near the target, before 
sign selection is effective. They are expected 
to be very few (< 10"3) for typical neutrino 
energies because of the substantial angle be
tween the beam in this region and the detector 
(y 15 mrad). At very small energies this 
background becomes more important. 

3. Neutrino detectors 
3.1 General comments 

The characteristic detection problem of neu
trino physics is that the detector and the target 
are necessarily one unit, since the target mass, 
necessitated by the small cross-sections and diffuse-
ness of the beam, is so large that the detecting 
elements must be contained within it. For this 
reason, large bubble chambers make ideal detectors. 
A large part of what we have learned about neutrino 
interactions has been by means of bubble chambers 
filled with freon or propane for bubble chambers 
working above room temperature, and hydrogen, deu
terium and neon for cryogenic bubble chambers. For 
high energies these are usually augmented by an elec
tronic muon identifier. 

For electronic detectors the large amount of 
matter required imposes severe limitations. The 
earliest electronic detectors consisted chiefly of 
aluminium plates arranged as spark chambers, but 
these are not a match for the present-day large 
heavy-liquid bubble chambers. More recent electronic 
detectors consist of a target section in which the 
total hadron energy, its position, and perhaps its 
direction can be measured by means of scintillators 
embedded in the target material, usually iron. A 
second section of the detector identifies and meas
ures the momenta of muons by means of wire chambers 

and magnetized iron deflectors. These detectors 
cannot recognize details of the hadron shower, nor 
can they identify electrons, both important elements 
in the understanding of neutrino events. On the 
other hand, they can be made in a much larger size 
than the bubble chamber, and yield more accurate 
measurement of the hadronic energy, so that they are 
well suited to the measurement of some of the syste
matic aspects of the inclusive features of both char
ged and neutral current interactions. 
3.2 Bubble chamber detectors 

As examples of bubble chamber detectors for 
neutrino interactions, we will discuss the two in
stallations at the SPS. 

3.2.1 Gargamelle. This is a bubble chamber 
which can be filled with liquids operating near room 
temperature, typically freon and propane. The liquid 
volume is a cylinder, 4.9 m long, 1.9 m diameter, 
with a visible volume of <v> 8 m 3, and a fiducial vol
ume ̂  3 m 3 corresponding to ̂  5 tons of freon. 

It is embedded in a magnet which produces a 
field of 20 kG. 

Figure 11 shows a photograph of the ensemble, 
and Fig. 12 shows a cross-section of magnet and 

Fig. 11 

Gargamelle has been installed in a neutrino 
beam at the PS since 1971, and has been the instru
ment of the one great discovery at CERN (if we dis
count the split A 2 ) : the discovery of neutral cur
rents. It has also played a good part in the 
discovery of the new particles, probably charmed. 
It is now being transferred to the SPS to continue 
its noble career. At the new installation it will 
be equipped with an EMI (external muon identifier). 
This is just an iron absorber downstream of the 
chamber, followed by planes of wire chambers cover
ing an area of 30 m 2 and which measure the positions 
of particles traversing the plane. Since the iron 
is thick enough to absorb hadrons, comparison of 
EMI hits with chamber tracks permits the identifi
cation of muons. 
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Fig. 12 

3.2.2 Big European Bubble Chamber (BEBC). 
BEBC is a cryogenic bubble chamber. The liquid 
volume, <xi 32 m , is basically a cylinder 3.5 m in 
diameter and 4 m high. The visible volume is 
"\< 20 m 3 and a reasonable fiducial volume is ^ 10 m 3. 
It is surrounded by a superconducting magnet which 
produces 30 kG. The magnetic return path is an iron 
cylinder 12 m in diameter. Downstream of this an 
EMI of 150 m 2 area of proportional wire chambers is 
being constructed. The whole is shown in Fig. 13. 

* : » "ID mm __| 
- »«»•• 

Three types of filling are foreseen for BEBC: 
i) H 2 or D 2; ii) neon; iii) A H 2 or D 2 central 
section, so-called TST (track-sensitive target) in 
a transparent plastic box, surrounded by neon. 

The H2/D2 filling offers the advantages of a 
target with nucléons in their simplest jtate, and 
precise measurement conditions in the bubble chamber 
with a minimum of obscuration by multiple scattering 
and secondary interactions; but with the disadvan
tages of poor particle identification, the loss of 
the neutral parts of the hadron shower, and rather 
small target weight, effectively <v % ton H 2 or 
1\ tons D 2. 

The neon filling offers the advantages of 
a) larger target mass (y 10 tons); 
b) neutral particle detection, especially y-rays 

through shower production; this makes it pos
sible to measure the energy also of the neu
tral component of the hadronic shower; and 

c) better particle identification, especially 
for electrons and positrons, 

in return for replacing the simple by a complex 
nucleus. 

The track-sensitive target now in preparation 
is a box of plexiglas ̂  1 m x 0.8 m x 2.4 m long, 
or about 2 irr. It makes it possible to investigate 
v-nucleon processes and at the same time have good 
track identification. The price is the reduction 
of target mass to V 8 ton in the case of H 2 and | ton 
in the case of D 2. 
3.3 Electronic detectors 

We will discuss here the most common type of 
electronic detector at present available, consisting 
of a target-hadron calorimeter and a muon magnet. 
Since it is a relatively new technique, we discuss 
at some length the experimental aspects of hadron 
calorimetry and, very briefly, those of iron core 
magnets, and give as an example the counter neutrino 
experiment now being prepared for the SPS. 

3.3.1 Sampling hadron calorimeters. This tech
nique is finding a big market at the two 400 GeV 
machines and in particular in neutrino experiments, 
and perhaps a discussion is in place, especially of 
the physical effects that are responsible for the 
energy uncertainty. 

The standard device is illustrated in Fig. 14. 
It consists of plates of absorber with detecting 
material in between (scintillator or liquid argon) 
and is characterized by the sampling thickness and 
its transverse and longitudinal dimensions. 

In these devices the hadronic energy is de
graded in successive nuclear collisions and finally 
appears as ionization which is sampled in the sen
sitive material. The required length and lateral 

S ABSORBERS 

I SCINTILLATORS 

Fig. 14 



dimensions depend only logarithmically on the energy. 
To give an idea, for 951 containment in solid iron, 
a radius of ̂  30 cm and length of <\< 120 cm is neces
sary for a 100 GeV particle. If the average density 
is reduced by a certain factor, for instance by the 
insertion of the detecting material, of course these 
dimensions are correspondingly increased. 

The resolution is dominated by three effects, 
as follows: 

i) Sampling fluctuations, that is the fluctuations 
in the number of traversais for a fixed track 
length. This will of course be proportional 
to &. 

ii) The fluctuations in the "missing energy". The 
"missing energy" is the energy "lost" either 
to nuclear excitation and_neutrino emission, 
or to saturation effects in the detector, since 
the light output in scintillator is appreciably 
less, per unit energy loss, for slow, densely 
ionizing particles than for fast, minimum 
ionizing particles. Saturation effects are 
particularly large for nuclear evaporation 
prongs, so the "missing energy" is associated 
with nuclear stars. 

iii) The fluctuations in the fractional energy 
carried off by y-rays, particularly from TT° 
decay. These y-rays are dissipated in a soft 
shower of minimum ionizing particles and there
fore there is no missing energy for these. 
Fluctuations in the fractional energy of the 
shower in y radiation contribute therefore to 
the resolution. 

The sampling fluctuations can be very crudely 
estimated if we assume that the energy E of the 
shower results in N = E/ad traversais of the sampling 
elements, where a is the energy loss per unit track 
length. The fluctuations are then: 

""••*• V?-
With d = 5 cm, a = 0.02 GeV/cm, the sampling fluc
tuations are approximately: 

AE/E = 0.3/^ECGeV) . 
For a Monte Carlo calculation of the effects of 
sampling thickness, we can refer to the work of 
Baroncelli6). 

The missing energy, as well as its effect on 
the resolution, can be seen in Fig. 15, where meas
ured pulse-height distributions for 21 GeV hadrons 
and positrons are shown 7). 

The average missing energy is a function of 
the hadron energy, because at higher energy a larger 
fraction of the energy is converted to TT° . It seems 
to vary from "x. 201 at 10-15 GeV to "\- 151 at 100 GeV. 
If there is roughly one nuclear star per GeV of 
primary energy, and if the missing energy per star 
is 0.2 ± 0.2 GeV, the expected fluctuations on this 
account are of the order of <x. 0.2/[0.8 *€(GeV)]. It 
can be seen that this missing-energy effect dominates 
the sampling effect for sampling thicknesses of a 
few centimetres or less. 

The fluctuations due to the fraction of TT 0 ,S 
are of the order of 

AE 0.2 
0.8 Af 

where Af is the fluctuation in the IT0 component of 
the shower, which may be estimated to be of the 
order of ±0.15, so that (AE/E^o = 0.04. 

The contribution of this effect to the total 
uncertainty can, however, be reduced to a small 
fraction of it if the ir° contribution is measured 
differentially. This is possible at least for the 
initial IT0 contribution, which contributes also the 
dominant effect to the fluctuation, because the 
electromagnetic shower development is several times 
more rapid, even in iron, than the hadronic one, as 
illustrated in Fig. 16. 

The resolution which can be expected in such a 
sampling calorimeter, if the sampling thickness is 
small enough and if the ir° component is measured 
differentially, is shown in Fig. 17 as function of 

30 GeV TI° shower 

Fig. 16 

AE 

"F 

Puise height ( C h a n n e l ) 

Fig. 15 
Hadron shower energy, GeV 

Fig. 17 
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energy. The resolutions at the lower energy 
(y 20 GeV) have actually been measured. The resolu
tions, of the order of 31 at 200 GeV, are estimates 
based on the foregoing discussion and have yet to be 
attained. 

3.3.2 Iron core magnets. Because of its per
meability, iron is cheaper to magnetize than vacuum 
or air. It has the disadvantage that particles are 
deflected not only by the field, but also by multiple 
scattering. Of course such a magnet can only be 
used for penetrating particles, that is muons. In 
a typical magnet of this type, the iron is saturated 
with 17-18 kG, and the best resolution which can be 
achieved in a magnet of length L is given by the 
competition between multiple scattering deflection, 
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To get 10$ resolution, the muon must go through 4 m 
of iron. To get 1% resolution it must go through 
400 ml Most such magnets content themselves with 
5-154 resolution. 

3.3.3 Electronic detector for the SPS. (ŒRN-
Dortmund-Heidelberg-Saclay Collaboration). This de
tector is of the sampling calorimeter - iron core 
magnet type, and can therefore measure, in neutrino 
interactions, the vector momentum of the muon and 
the hadron energy. However, the magnet and calori
meter are telescoped into one, by magnetizing the 
calorimeter plates. This has substantial advantages 
in muon acceptance and in cost. 

The over-all layout is shown in Fig. 18. Note 
that the beam is sloping upwards at 2I degrees, a 
consequence of the fact that the SPS is 35 m under
ground. There are 19 magnetic iron toroids, each 
3.75 m in diameter, containing 75 cm of iron plate, 
and weighing 65 tons. Between units there are three 
sets of drift wires at 60° to each other, to measure 
the muon tracks. The first seven magnet units con
sist of fifteen iron plates, each 5 cm thick, the 
remaining twelve, of five 15 cm thick plates. All 
are magnetized by means of two vertical coils, with 
a total of ̂  40,000 ampere-turns, to have an average 
toroidal field of 16.5 kG. The variations of this 
field in radius and azimuth are shown in Fig. 19. 

Fig. 19 

The hadron shower energy is sampled in the scintil
lators , arranged in planes in the gaps between the 
iron,plates. Each plane consists of eight horizontal 
scintillators, 6-8 mm thick, viewed from both sides. 
The ratio between the right and left pulse heights is 
used to determine the position along the length of 
the scintillator. The response of a typical scintil
lator is shown in Fig. 20 as seen from the left, from 
the right, and for the sum. The step in the centre 
is due to the discontinuity produced by unequal thick
nesses and the glue joint between the two separate 
pieces. Some details of the construction and instru
mentation are shown in Fig. 21. 

The detector will be used chiefly in the narrow
band beam, where, with a good resolution target of 
^ 400 tons and an additional poorer resolution tar
get of 800 tons, it will be used to study the syste-
matics of charged, neutral current and multimuon 
neutrino interactions in iron. 
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In front of the magnetic detector is a tank of 
•\» 35 m 3 which can be filled with hydrogen or deu
terium (whichever is not used in BEBC), and a set of 
multiwire proportional chambers, which are used to 
reconstruct the charged tracks to check the origin 
(tank or tank wall) of the events. This set-up will 
be used, together with the calorimeter-magnet, to 
measure inclusive distributions in H 2 and D 2 in the 
wide-band beam. 

3.3.4 CEM-Hamburg-Moscow-Rome detector. The 
present generation of electronic detectors does not 
offer the possibility of measuring the direction of 
the hadron shower. Such a directional measurement 
is particularly desirable for neutral current inter
actions, because a measurement of the hadron energy, 
together with the incident neutrino energy, defines 
only two of the three inclusive variables Ê ,, x = 
= k2|/l(ràaxCy)l» and y = E h/E v, but if the hadron 
direction is known, all three parameters are in 
principle defined. 

Measurement of the hadron shower direction re
quires "fine grain" measurement of the hadronic 
energy deposited, and therefore many thin scintilla
tors or proportional wires, and perhaps also a low-Z, 
low-density matrix in which electromagnetic and ha
dronic showers will develop comparably and over lar
ger distances. 

Such an apparatus, with n&rble as the matrix 
material and both thin scintillators and proportional 
chambers to measure the shower development, is being 
developed and will occupy the neutrino counter hall 
behind the experiment described in the foregoing 
section. 

The 80 marble sheets, each ̂  8 cm thick and 
3 x 3 m square, are surrounded by a dual-purpose 
picture frame magnet. By putting the energizing 
coils in series, this magnet can be used in the mag
netic measurement of muons. By putting the ener
gizing coils in opposition, a small (y 50 gauss), 
uniform magnetic field is created in the marble 
plates, where it can be used to precess muons gen
erated in the CDHS experiment (see 3.3.3 above) to 
measure their polarization. 

4. Introduction to the standard model of 
neutrino interactions 

4.1 Lepton conservation 
The known leptons can be classified into two 

groups, electron and muon, each with 2 x 2 = 4 mem
bers: particle-antiparticle, charged and neutral, 
as follows: 

L e = + 1 L e = L = + 1 -l 

UJ UJ UJ UJ 
To the best of our knowledge, the "lepton num

bers" L e and L^ are separately conserved. That is, 
for any reaction, 

E 
right 

and 
left right left 
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Examples 

Allowed: 

Forbidden: 

v + e + v 
V e 

U + v,, 

v + p 
+ 
e + n 

4.2 Current-current Lagrangian 

It is supposed that the Lagrangian can be writ
ten as the product of two charged currents: 

/2"^a <*a (4.1) 

where G = 10"5/Mp from the muon lifetime and 

"ft = J + J . 

where j a = lepton current and J a = hadron current. 

This implies that all combinations of weak in
teractions exist (lepton-lepton, lepton-hadron, and 
hadron-hadron), always with the same coupling con
stant and always the' product of two currents of vec
tor - axial vector type. 

It is known now that the Lagrangian (4.1) must 
be extended to include also neutral currents. We 
come back to this later. 

4.3 Lépton current 

Consistent with a large body of experimental 
evidence, the charged lepton current can be written: 

5-\(l-Ys)ve + y-Ya(l-Ys)vy 

Jo = V o C 1 _ Y ï ) e + V a C 1 " Y 8 ) v " 

(4.2) 

where, for example, e~Ya(l-Ys)\
,e m e a n s : annihilate 

a left-handed neutrino or create a right-handed anti-
neutrino, and create a left-handed*) electron or 
annihilate a right-handed*) positron. 

This form of the lepton current contains the 
two-component neutrino hypothesis, as well as 
electron-muon universality. 

4.4 Hadron current 

The weak hadron current is coupled to the com
plications of the strong interactions; it is there
fore not as clearly understood as the lepton current. 
In the standard model it is supposed to have the 
following general properties: 

i) Strangeness. Only AS 
terms are present. 

0 and AS = AQ = ±1 

ii) Conserved vector current (CVC). The vector 
terms of the AS = 0 current are the charged 
components of an isovector triplet, of which 
the electromagnetic isovector current is the 
neutral component. Therefore all aspects of 
the vector current, form factors, etc., are 
known if the corresponding electromagnetic 
terms are known. Nbreover,' because the cur
rent is conserved, the vector coupling constant 
is not renormalized and is just equal to the 

one for lepton currents. On the other hand, 
the axial vector coupling constant suffers re-
normalization. 

iii) Charge symmetry of AS = 0 part. For example, 

<p|J*|n> = (n|j;|p> 

<S +|/|A> = <E-|J-|A> , 

iv) Cabibbo current. J a is assumed to be a rota-
tion in hyperspace of the current p -»• n. This 
is most easily seen in the quark model. If u 
is the up (proton) quark, d the down (neutron) 
quark, and s the strange (A) quark, then it is 
supposed that 

J a = c o s e c [ d Y a ( 1 " Y 5 ) u ] + s i n e

c f
§ T a C 1 " Y s ) u ] • 

From a comparison of K and ir decay, 

tan 6 =» 0.22 - 0.27 . 
c 

v) Modifications indicated or demanded by recent 
experiments 

a) Heavy leptons 

There are indications (ep events at SPEAR) that 
there is at least one more lepton. 

b) Charm ') 

The Cabibbo current probably has to be extended 
to include charmed (c) quarks. -In the Glashow, 
Iliopoulos, Maiani (GIM) model9) the quark 
scheme looks like this: 

I Is Q s c 

u 1 1 
2 % 0 0 

c 0 0 % 0 1 

d 1 
2 

1 
2 "Va 0 0 

s 0 0 ~Xh -1 0 

and the hyperspace nature of the weak currents 
can be written in terms of the matrices: 

TCC)' 

T ( C )
+ 

*) In the limit of zero electron mass. 

u c d s 

Û 0 0 cos 6 C sin 9 C 

c 0 0 - sin 6 C cos 9c 

d 0 0 0 0 

s 0 0 0 0 

û c d I 
u 0 0 0 0 

c 0 0 0 0 

d cos e c - sin 8 C 0 0 

s sin 9 C cos 6 C 0 0 
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iCN) 

U c d s 

û 1 0 0 0 

c 0 1 0 0 

d 0 0 1 0 

s 0 0 0 1 

The charged hadronic current 

J ô = c o s 9

ct^ a(l-Y5)u] + sin ec[sYa(l-Ys)u] -

- sin e(£dYa(l-Y5)c] + cos ec[§Ya(l-Ys)c] 

has large (cos 9ç) terms with As = Ac = 0 and 
As = -Ac = 1, and small (sin 0 C) terms with As = 1, 
Ac = 0 and As = 0, Ac = -1. 

The neutral current in this model is diagonal 
in all the quarks and therefore strangeness and charm 
conserving. The space time character of the neutral 
current is among the interesting topical questions 
in neutrino physics, and will be discussed later. 

4.5 Warning 

In the following presentation this "standard" 
model will be used as the basis of the discussion. 
It will not be necessary to caution experimenters 
that the facts may very well be otherwise, and it 
is our business to find this out. 

5. v-e scattering 

5.1 Reactions and diagrams 

a) \> + e" •+ v + e~ 
e e 

a) v + e •*• v„ + e 
e e 

b) v + e -»• v + e 
y y 

b) v + e •* v + e 
P U 

The Vg scattering can proceed via both neutral 
and charged current terms, and would be a delightful 
way to study their interference. Unfortunately, 
high-energy neutrino beams are dominantly v„, so 
this reaction can be studied at present only with 
reactor neutrinos1°). 

The Vjj scattering can proceed only through the 
neutral current, and can therefore also provide a 
test of the existence of neutral currents. 

In addition, at higher energies (Ey z m j / ^ = 
= 11 GeV) the reactions 

c) v + e" -*• y~ + v„ 
y e 

and 

c) v Q + e * v^ + y 

can be studied. These reactions are different forms 
of the inverse muon decay, and involve the charged 
lepton current only. 

5.2 The weak neutral current 
and the Lagrangian" 

We assume that also the neutral weak current 
has the vector - axial vector form, but without a 
priori assumption about the magnitudes of the V and 
A parts. The neutral lepton current can then be 
written 

iO® = vAY„(l-Y5Dv. + v, v (1-Y5)v, + 
e a y'or 

SL^V5 + SVJ + ̂ "V* 6 + ™J*\ 
(5.1) 

With the charged current (4.2) the Lagrangian is 

G C.-^M «Oyer + I'OTJCN)- (5.2) 

5.3 Kinematics 

Since Ey »!%, the kinematics are dominated by 
the fact that the centre-of-mass energy is very 
small, and consequently also the momentum transfer 
and the laboratory scattering angle. This is par
ticularly important because the small scattering 
angle is the chief experimental tool for isolating 
the reaction. 

a) Laboratory-cm. transformation: SEs)/2mQ. 

b) Centre-of-mass energy: 

E_ e v f or E , » in v e 

c) Electron energy in laboratory: With 9 the 
cm. scattering angle of the neutrino, 

= 5v E =-^ (1 e 2 cos 0 ) Ev » m_ 

It should be noticed that the electron energy 
goes from zero to Ey, with a uniform spectrum 
if the cm. angular distribution is isotropic 

d) Electron angle in the laboratory: 

9 e = i sin 6*/(l - cos 6*) , E v » m g . 

The relationship 9 e versus 9* is shown in 
Fig. 22. 

e) Energy and momentum transfer: 

y = E e/E v = (1 - cos 9*)/2 

Q 2 s-q* E - ( p v - p ^ a 

s s(l - cos 9*)/2 = sy = 2m eE e . 

f) Magnitude of cross-section. For a four-fermion 
point interaction, the cross-section is propor
tional to the square of the centre-of-mass 
energy. Because at high energies this is 
proportional to the target mass, v-e cross-
sections are three orders of magnitude smaller 
than nucléon cross-sections. 

5.4 Charged current v-e scattering 

v

e(v e) + e" + v g(v e) + e" . 
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0 

cosâ c n 

Fig. 22 

If neutral currents were not to exist, and only the 
charged currents (4.2) were operative, the cross-
sections would be: 

2G 2m 0E„ 
d a v / d y = - ^ 

_ 2G 2m eE v 

a v = 

dqv _ Z G ^ q - y )
2 _ 

dy IT ' 

a- = J- G2m.E . 
3TT e v 

The (1-y) 2 factor, which is present in the anti-
neutrino case but not in the neutrino case, is the 
angular factor [(1 + cos 9*)/2]2, and is due to the 
fact that a right-handed antineutrino cannot scatter 
backwards and push a left-handed electron forward. 

It is instructive to consider the cross-sections 
as the sum of V, A, and interference terms. 

5ss 

dy 

dy 

« 1 + ( l - y ) s 

<* i + ( i - y ) ! 

A Interference 

1 + (1 -y) 2 4y-2y 2 

1 + (1 -y) 2 - (4y-2y 2 ) 

The V and A terms separately are parity con
serving and are the same for neutrino and antineu
trino. The interference term changes sign in going 
from neutrino to antineutrino. 

S.S Neutral current v-e scattering 

If only the neutral current (5.1) is operative, 
as in the case of Vy(Vy)-e~ scattering, the cross-
sections are 

dy 

dOv 

dy 

2GW 

2 G V v 

(5.3) 

It is the most interesting case from the experimen
tal point of view, since high-energy neutrino beams 
contain ̂  99$ union neutrinos. 

5.6 Both charged and neutral current 
v-e scattering 

To get the cross-section in this case, which is 
relevant to v e-e" scattering, just replace Cy •»• 
->• 1 + Cy and C A •+ 1 + C A in (5.3). 

5.7 Weinberg-Salam model prediction 
for Vp-e scattering 

In the Weinberg-Salam model 1 1), the neutral 
weak current is a combination of the electromagnetic 
current and the neutral component of the isovector 
current of which the charged weak currents form the 
charged components: 

j œ = j 3 - 2 sin 2 9 j O T , 

j ^ = l[ëYa(l-Y5)e + SY O(1-YS)U] , 

j 9 1 1 = êv e + yy p , Ja a. a 

so that, in the notation of (5.1)! 

Cy = i - 2 sin 2 e w ; C A = -\ . 

The neutral current, in this theory, is known except 
for the single parameter sin 2 %,.• The expected 
cross-sections are shown in Fig. 23 as function of 
the Weinberg angle. 

5.8 

Fig. 23 

Experimental results on 
v-e scattering 

5.8.1 Gargamelle Collaboration12). Gargamelle, 
filled with 6.3 m 3 CF 3Br, density 1.5 g/cm

2, radia
tion length 11 cm, was exposed to the wide-band v 
beam at the Œ R N PS, and 1.4 x 10 6 pictures were 
taken. The v spectrum and various contaminations 
are shown in Fig. 24. The experimental problem is 
to isolate the electron scattering events, which are 
characterized by an electron track going near the 
forward direction, and nothing else. Electrons are 
rather easily identified in Gargamelle. The problem 
is to isolate these events, which are rare (y 10" 3 

of all events), from background, such as neutral 
current events in which only a ir° is emitted, and 
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Weinberg-Salam model they are *> 50%. The cross-
« is compatible with the 
* 9 less than ̂ 0.4 (see 

section of ̂  0.1 x îo"*1 B 
Weinberg model for any sin 
Fig. 23). 

In an exposure to a neutrino beam only one 
event was founds compatible with background. 

5.8.2 Aachen-Padua Collaboration (as reported 
at the 1976 International Neutrino Conference at 
Aachen). A 50-ton aluminium plate spark chamber 
assembly was exposed behind Gargamelle and to the 
same beam. The electrons are identified by the 
spark pattern, and the energy estimated by spark 
counting. With cuts similar to those of Gargamelle, 
the following results were given (Table 1). 

These cross-sections are preliminary, and ̂  5-10 
times higher than those found in Gargamelle. It is 
important to resolve this question. 

6. Neutrino hadron reactions 

Fig. 24 

somehow only one electron is seen, or v e + n -*• e~ + 
+ p, p not seen. To exclude this background as much 
as possible, but still retain a reasonable fraction 
of S)-e events, the following cuts were made: 

0.3 < E g < 2 GeV (see Fig. 25) 

9 < 5° . 
e 

Three events were found. Thé packCTôUnd can be 
rather reliably estimated, on the basis of observed 
y-rays and electrons at larger angles, to bê 0.4 
events. The observed cross-section, uncorrected 
for cuts, is a 0 D S = 0.05 x 10

_ l f l En cm2/GeV. The 
losses due to cuts are model-dependent. In the 

6.1 Kinematics 

10 

9 - \ 

8 

\% 

Electran energy spectrum 

t c 

\ o c 6 

rb
it
ra

ry
 

\ 
a , ^ e - — ^ e -
z 

4 ^\ \ 
3 VA \a> \ ^**~ ^ ^ ^ v t n — — e~p unseen 

2 

1 

V * 
\ o 
Vs-

r - - - ^ - s . i 

1— e*-<5° 

i I - - i 
2 3 4 5 

EoKifon GeV 

Fig. 25 

lepton ([i or v) 

We consider the high-energy region only, 
Ev *• M, where M is the nucléon mass. The lepton 
mass is neglected. The incident hadron can be taken 
to be a nucléon for the typical processes for which 
the momentum transfer is much greater than a few 
hundred MeV/c. The outgoing hadron system B is 
characterized by the momentum p'. The following is 
the usual notation and will be used here: 

9 E lepton scattering angle in the laboratory; 

2E vM 

^ E -(k-k') 2 4E E. sin 2 9/2 ; 

S E ( k + P )
2 

Q 2 = -q 2 

v E p.q = M(E v-E J l) = M(E h-M) - M ^ 

where E, is the laboratory hadron energy; 

W = ̂ = Mg = Jp™ = /2v-Q2 ; 

31-
2v 

2E VE^ sin
2 9/2 ZE^ sin 2 9/2 

M(E h-M) MEh 

k-p Ey V Ev 

The "inclusive" process, where only the momenta 
of the leptons are observed, independent of lepton 
polarization or configuration of B, can be described 
in terms of three variables only. These are usually 
taken to be either 

E v , Q , v or E v , x, y 

Table 1 

Events 
observed 

Estimated 
background 

Events 
net 

No. of protons 
on t a rge t °obs 

V 25 12 ± 2 13 + 5 3.4 x 1 0 1 8 (0.18 ± 0.08) x 10"" 1 cmVGeV 

v e 
V 

19 3 ± 1 16 ± 5 3.4 x 1 0 1 8 (0.45 ± 0.13) x 10"- 1 cm2/GeV 
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^ 0 — 
E„= 200 GeV 

v/M=p,qlM=(Ef-M)=Eh 

Fig. 26 

Figure 26 illustrates the physical domain in the 
Q2-v plot. Events are constrained to the triangular 
region: 

Siiax 

v s v 
max 

2ME 

ME 

and 2v > Q 2 . 

The line 2v = Q 2 corresponds to elastic scattering; 
lines parallel to this correspond to hadron states 
of given mass. The straight lines which radiate 
from the point Q 2 = 0, v = Vmax correspond to a 
given scattering angle. 

A similar situation exists in the x-y plot, but 
the triangular region of the Q2-v plot corresponds 
here to the square 0 < x < 1, 0 < y < 1. 

6.2 Form of interaction and 
structure functions 

The Lagrangian can be written 

for charged current reactions, where the emitted 
lepton is a muon, and jj and J^ are the lepton and 
hadron currents, respectively, which increase charge 
by one unit, and j„ and J^ those which reduce the 
charge by one unit. For neutral current interac
tions it can be written: 

1 S23<* Ja * 

Some of the properties of these currents were dis
cussed in Sections 4 and 5. 

For the process 

v + A -»• I + B , 

0 " m a 3 M «e ' 

where 

m a f 5 = < k | j - | k ' > < k ' | j ; | 1 0 

i (N) | o r < k | j ^ | k ' > ( k ' | j (N) k) 

and 

M

a e = < A l J a l B > < B l J ±

e l A > 

TOTI TCN), or < A | J W J B ) <B|J W|A> 
0 1 8 

In the following, since we ignore polarization 
effects, 1%^ and Mag should be considered summed over 
final and averaged over initial polarization states; 
mag can be immediately evaluated for the form of the 
currents already given. In the charged case, for 
example, 

8 [ k £ k 0 + k k' - g .k'k' - ie . -k'k, 

where ggo is the metric tensor and e^yo is the 
totally antisymmetric tensor. 

On the basis of the form of the Lagrangian, and 
after summing over all polarizations, the hadron 
part can be written in terms of three structure 
functions13): 

Wi(Q 2,v), W 2(Q
2,v), andW 3(Q

2,v): 

Ma B " " W
1 + T W z " i £ 

2 " ± Ea3YÔ ~W W s ' 

This expression, in the absence of a theory of strong 
interactions, serves as definition of Wi, W 2, and W 3. 

6.3 Pseudoelastic neutrino scattering 

v + n •+ p + u~ 
y F 

+ 
v + p -• n + u 
y F 

6.3.1 Phenomenology 

a) One degree of freedom is lost. With W 2 = M 2 = 
= (P+q)2» x = Q2/2p-q = 1 and Q 2 = 2MEyy. 

b) Definition of form factors: 
Write <p|JÎ|n> = cos 6 C <ÛCp') |ra(q

2)|u(PY>, 
where û and u are Dirac spinors, and r a(q

2) is 
the most general vector - axial vector matrix: 

V* 2) = V V + ^eW^ + V ' s + 

[ V A + HaW M + ^ ] y s 
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V = F P - *? O 
1 

q 2 /M^) 2 

F M = •v* - v n 2 - V^n^V 

In principle, the six form factors Fj = Fj(q2) 
can be determined from experiment. At present 
the experiments are insufficient for this task, 
and it is the practice to make certain assump
tions: 

i) The vector form factors, in line with CVC, are 
those found from electron scattering experi
ments : 

(My = 0.84 GeV) ; 

where up and p n are proton and neutron 
magnetic moments, respectively, in units 
of the nuclear magneton; 

F s = 0. 

ii) FT = 0; this would be a consequence of T in
variance or the absence of second-class cur
rents . 

iii) Fp = 0; we know from muon capture experiments 
that Fp is small. 

iv) This leaves F^ as the only unknown form fac
tor. It is supposed that the q 2 dependence 
of F» is the same as Fy, except for the mag
nitude of the mass: 

F = 1 - 2 3 • 
A " l +q

2/M 2 ' 

the factor 1.23 comes from nuclear 3-decay 
(Q2 = 0). This leaves only the number % to 
be determined from experiment. 

c) The cross-sections can then be written 

F +F -2 da ,-.. 

dQ 2 ?(?r+^2(^)4w^ 
* T" [FM(1"y) \ + y ( W F A > * 2FA 

(6.1) 

with y = Q2/2ME 

For Ey » M, only terms with y « 1 contribute. 
The cross-section then becomes independent of 
Ey and equal for neutrinos and antineutrinos: 

*>v da . 

dQ2 

E •*» 
V 

dQ2 

E -x» v 

F z + F 2 + F, 
2ML v A 

>_9L 
M 4M2 

6.3.2 Experimental results for charged pseudo-
elastic neutrino scattering. 

a) Gar game lie Colla locationl ** ̂ : The exposure and 
beam are described in Section 5.8.1. Events 
v + N + y" + X are assumed pseudoelastic if 
there is no more than one fast proton: events 
v + N •* y + + X are assumed pseudo-elastic if 
there is at most one fast neutron candidate. 
Two independent analyses are performed to find 
M^: a fit to a-tot versus E v (Fig. 27) and a 
fit to the momentum transfer dependence of the 
cross-section (Fig. 28). 

Fig. 27 

*AT 

* Y 

0 $.»-(«.•/«.»•) 

•»*r 
E . S.I.I «.» 

* : -

!>>fc^.-u 
k£ Ub fc* t.8 

® 

"'Fli 
[, H.U.Ï 

1.1 t.* 1.6 

Fig. 28 

From the Q 2 distribution: 

M^ " 1.0 ± 0.1 GeV , M^ = 0.91 ± 0.12 GeV . 

From the energy distribution: 

M^ = 0.96 ± 0.1 GeV , M^ = 0.7 ± 0.2 . 

All results are consistent with 

M A = 0.94 ± 0.06 GeV . 

b) Argonne National Lab. 12' Dz Bubble Chamber 
Group15>~ The chamber was exposed to a wide-
band neutrino beam with a spectrum similar to 
that of Fig. 24, but with somewhat lower energy. 
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Approximately 400 events ascribable to the re
action v + d •* ]T * P + Pspect w e r e f0*™** Th e 

data, are shown in Figs. 29 and 30. With simi
lar analysis, from the Q 2 distribution: 

M: 0.84 :J;J0

2 GeV 

and from the energy dependence: 

M» = 0.98 + ° * ^ GeV . A -0.14 

Both results are consistent with the average: 

M A = 0.89 ± 0.08 GeV . 

c) Experiments on -fae produotion of -pions ty 
electronsT On the basis of the "Partially 
Conserved Axial Vector Current" theory and 
CVC, such experiments can be analysed to yield 
a value of % , for comparison. The most re
cent experiments16) give the value 

M. 0.96 ± 0.03 GeV 

All experiments seem to give very similar re
sults, and the Q 2 dependence of the axial form 
factor seem to be quite similar to the vector 
form factor. 

1-5 

10-

<„ 

wn—»/i"p 

+" 
373 events 

_*£ 
M A = 089 GeV 

0 5 10 1-5 20 2-5 

Fig. 29 

without Pauli 
exclusion factor 

0-5 
Q^GeV/e)2 

Fig. 30 

6.4 Neutral current elastic interactions 

There are four reactions: 

i) v + p -»• v + p 

ii) v + p -»• v + p 

iii) v + n •+• v + n and 

iv) v + n •*• v + n . 

The last two are hard to see. The phenomenology 
is the same as for the charged current case, with the 
addition that F§ and Fp are zero if both neutrinos 
are massless, and Fa. is zero on hermiticity grounds 
if the initial and final neutrino are the same. We 
are again left with FXN), FjK), and FjM, but know 
much less about these than m the charged current 
case. In the Weinberg-Salam model (see Section 5.7), 
J^N) = J^3) - 2 sin 2 SjjJ^11, and here again, as in 
neutrino-electron scattering, the form factors are 
known if the charged current and e.m. form factors 
are known: 

rV 

M 

i F(c) 2 sin 2 6 F6"1 

F(Q etc. 

So again there is only the single free parameter, 
sin 2 Sw, in principle already known from the e-v̂ , 
scattering experiments. 

Experiments in_progress at BNL £Lee et aJ. 1 7) 
and Cline et a l . 1 8 ) ^ have reported preliminary re-1 

suits for process (i). 

7. The inclusive scattering process 

As we saw in Section 6.2, the inclusive process 
can be written in terms of three functions of the 
variables Q 2 and v, the only invariants defined at 
the hadron vertex. The cross-section for the reac
tion 

v(v) + A •+ u~(p+) + B 

is then: 

d2a..^ v(v) _ G z 

dQ2dv 2wM E. 
cos 2 i W 2(Q

2,v) + 2 sin 2 | Wi(Q2,v) : 

v 

E +E 
sin' |w 3(Q

2,v)] (7.1) 

7.1 Scaling 

It was first suggested by Bjorken19] that in 
the limit Q 2,v •* °° while x = Q2/2v remains fixed, 
the structure functions should be independent of 
neutrino energy, but functions of x only. The 
scaling argument can be made on dimensional grounds 
as follows: 

a) The basic assumption is that there are no 
intrinsic masses in the system above some 
fixed mass (perhaps the nucléon mass), and at 
neutrino energies very much higher, Ey » M, 
the cross-section should become independent of 
this mass M. If it turns out that higher mass 
particles are involved, such as perhaps charmed 
particles or intermediate bosons, then scaling 
should set in at correspondingly higher ener- . 
gies. 

b) It is now useful to write Eq. (7.1) in terms 
of the invariants in the following form: 

d2a 
-M2L = £ * iïl-y 
dxdy 2ir U y xy 

+ x(y - y 2/2) v W 3] • 

xy 2 *! 

(7.2) 

The term in M 2/s can be dropped because it is 
small if Ey » M. 
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In the scaling limit, d2a/dxdy must be indepen
dent of M. Therefore, for dimensional reasons, 
in terms of the variables s, x, and y, it must 
have the form: 

dxdy 
G 2sy(x,y) , (7.3) 

where in particular, the function & cannot de
pend on s. 

c) The structure functions are functions of v and 
Q 2 only, since these are the only variables 
entering at the hadronic vertex. In the 
scaling limit, since they are dimensionless 
they can be functions only of Q2/2v = x. Com
paring Eq. (7.2) with Eq. (7.3), we see that 
we can taKe the following as structure func
tions in the scaling limit: 

F,(x) =W!(Q 2,v) 

F 2(x) = v W 2(Q
2,v) 

and F 3(x) = v W 3(Q
2,v) . 

d) We then end up, in the scal ing l im i t , with the 
expression: 

d2cr ,-.. G2ME r 2 1 
- ^ l = — ^ [ ( l - y ) F 2 ( x ) + x y ^ C x ) T ( y - v _ ) x F 3 ( x ) J 

G 2ME v = 1.56 x 10"
3 e cmVGeV . 

Note: d2a/dxdy is a quadratic function of y_. 

Since the y dependence is explicit, it is pos
sible to integrate over y: 

It is now important to notice that if a parton 
of momentum £p is scattered, it will result in a mo
mentum transfer Q 2 = Ç«2v. Since x is defined to be 
Q2/2v, Ç = x. This can be seen if one looks at the 
reaction in the frame in which the recoil momentum 
of the parton is equal and opposite to the incident 
momentum: 

incident 
parton gp 

—1 1 » --
recoil 
parton 

IP 

da G ZME. _ ™ , r F 2/2 + xFi/3 + xFs/3 ']• (7.5) 

e) The chief results of this hypothesis are: 

i) The cross-sections are proportional to 
neutrino energy; and 

ii) The x-y dependence is independent of neu
trino energy. 

7.2 Parton model 

It is assumed that hadrons are made up of con
stituents of different types j, each with its dis
tribution function f j(Ç), representing the probabi
lity that the j^h constituent carries the fraction 
Ç of the momentum of the fast moving hadron. 

It follows that 

/d? £.(0 =N.j , 

anstituents of typ the number of constituents of type j in the hadron, 
and 

It is further assumed that the partons interact 
freely and independently, without interference, with 
point-like interactions. After the scattering, the 
partons rearrange themselves to form the observed 
hadrons. It is assumed that the inclusive cross-
section, after all the final states are summed over, 
is just the sum of the elementary parton cross-
sections. 

nucléon 

p = ( P , 0 , Q , P ) ; q = ( 0 , 0 , 0 , q ) ; q = -2ÇP 

so tha t 
QZ = 4 ç z p 2 . v = p..q = 2 ç p z t 

x = Q2/2v = Ç . 

In this model, the neutrino-nucleon cross-
section can be immediately written in terms of the 
parton cross-sections and distribution functions: 

d 2a 
dxdy 

f,(x) da./dy (7.6) 

7.3 Quark parton model (QPM) 

It is assumed that the partons responsible for 
electromagnetic and weak interactions are the spin J 
quarks of Section 4.4. These may be bound by so-
called gluons, but the gluons are assumed not to 
have electromagnetic or weak interactions, so that 
we ignore them here. The nucléons are supposed to 
be made of three "valence" quarks and a "sea" of 
quark-antiquark pairs. The valence quarks of the 
proton are two u and one d quarks. There are eight 
quark distributions for the proton: u(x), d(x), 
s(x), c(x), û(x), d(x), s(x) and c(x). In line with 
SU(4) it will be supposed that the sea antiquark 
distributions are the same: fl(x) = 3(x) = s(x) = 
= c(x). Since s(x) and c(x) occur only in the sea, 
s(x) = s(x) and c(x) = c(x). In line with charge 
symmetry, the neutron distributions are obtained 
from the proton distributions by the exchange of u 
and d. From the fact that the charge of the proton 
is 1, the baryon number is one, and the strangeness 
and charm are zero: 

J"[u(x) - û(x)] dx = 2; /[s(x) - s(x)] dx = 0 

/[d(x) - cl(x)] dx = 1; /[c(x) - c(x)] dx = 0 . 

The charged current will be supposed to be the 
Cabibbo current, as extended by GIM to include charm, 
and already seen in Section 4.4. The neutral current 
in the GIM scheme is diagonal in the four quarks and 
has the Weiriberg-Salam V-A structure already seen in 
the case of electrons: 

T(N) 
ya(l 

U W Yj 7 " 2 s i n 2 \ •i- } u(x), etc. 

More generally, 

jj° = S(x) Y a « Y
 + C AYs) u(x), etc. 

7.4 Some elementary cross-sect ions 
iii thé quark par tori model 

Process do/dy 
G2ME,./T7 

a) v + d •*• u~ + u cos 0 2x 

v + u + u + + d cos 26_ 2x (1 -y ) 2 

u c v '•' 

- 72 -



b) v + d ->• y + û cos 6 2x 
' y . c 

v + û •* y~ + d cos26 2x (1-y)2 

y c v / y 

c) v + u -»• v + u cos 6„ 2x 
P y c 

nU.^U.. 

+ l-^-^l (l-y): 

v + d + v + d cos 6 2x y y c 

d) v + u + v + u cos 6„ 2x 
y y c 

v + d + v + d cos 6„ 2x 
y y c 

nd^^d.2 

+ , ^ ^ J (i_ y )a 

• « - y ^ l (i-y)2 

nd „d 2 

+ i-=-^l Ci-y) 2 

e) Electromagnetic current 

e 

e 

e + d •+ e + d 

e 

+ u " e + u l 4 4 T O

2MEX r, + ., .„ 
- f 9 — n 5 — C i + (i-y)2] 

+ u •*• e + u j y 

+ d ->• e + d J ^ 
7.5 Cross-sections for nuclei with equal 

numbers of protons and neutrons in (jPM 

We ignore here possible contributions from 
strange or charmed quarks. Then the cross-sections, 
on the basis of the elementary cross-sections of 
the last section, are: 

, 2- G2ME 
5Ji_ = X [q + (i_y) z a] (per nucléon) 
dxdy IT 

(C) . fi». 
d2a+ _ G ^ v 
dxdy IT 

d V G2ME 

(N) 
dxdy IT 

d 2go G2ME„ r 

dxdy IT 

[q(l-y)2 + q] 

\ * A^l-y)2] 

A^l-y) 2 + A J 

where q(x) = x[u(x) + d(x)]; q(x) = x[a(x) + 3(x)] 

.+_ 

and 

= A q + A q ; A _ = A q + A q 

e -, d 2a 4ira2ME r, ^ ,, -.2n F 5 , -.1 
C e-m- ) 1537 - Q T - Ci + d-y)2] [if (w)J 

7.6 Some consequences of the 
quark parton model ~~ 

On the basis of the cross-sections of Section 
7.5 and the scaling expression for neutrino cross-
sections, we can make the following correspondences, 
for charge-syimietric nuclei, between parton distri
butions and structure functions, and the following 
sum rules: 

a) 2x Fj = F 2 = q+q (Callan-Gross relation); 

b) F 2' = — F®' (correspondence between electro 

c) -xF3 = q-q ; 

5 ' magnetic and weak structure func
tions); 

G 2ME, 

A G 2MË r 

-j-irJ***'-
G 2MË. 

n 

IT 

G2ME. , G2ME, . 
= - | ^/xF 3dx; 

3 TT •' 

i f Y R G2ME„ c 

G2ME. A U-Mb, r 
=• » / (F» + xF 3) dx ; 
3 -n J 

g) if R = a- N/a v N and B 
/-xF3 dx , then 
/F 2 dx 

B = 2 K N " CTVNJ = 2(1-R) 
a + a_ 1+R 
vN vN 

/q dx 1-R/3 

8. Inclusive neutrino scattering: 
Experimental results 

8.1 Total charged cross-sections 

8.1.1 Neutron-to-protôn ratio. In the simple 
quark parton model 

fx u(x) dx + I / x d(x) dx 

v n ^ J x d(x) dx + - fx OCx) dx 
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TMs is of the order of 2, if the antiquark con
tribution is much smaller than the quark distribution, 
as expected. Unfortunately, at low energies, say 
below 'v 1 GeV, the model must be wrong, since the 
neutrino-proton reaction cannot go without emitting 
at least one pion. 

There are three results, all using bubble cham
bers. The results of an experiment in the Argonne 
deuterium-filled chamber are shown in Fig. 31 2 0 ) . 
More recently21) the average for By > 1.5 GeV was 
reported to be 2.08 ± 0.23. 

Neutron/ proton cross-section 
ratio (ANL-PURDUE) 

10 r 

I 
. +++ 

EyffieV) 

Fig. 31 

From a similar experiment, performed at slightly 
higher energies at BNL, Samios reported22) 1.62 ± 0.15 
for Ey ̂  2 GeV. 

The Gargamelle Collaboration has made an effort 
to distinguish neutron and proton reactions in freon, 
and has obtained the ratio 2.1 ± 0.03 2 3 ) . 

All the results are in quite good agreement with 
QPM, but at energies where the model can hardly be 
expected to be valid, and in part under conditions 
where the identification of neutron and proton reac
tions is not clean. It would be most interesting to 
have some results from deuterium at higher energies. 

8.1.2 a t r, t versus EM, E M < 10 GeV. The total 
cross-section, which might seem to be easy to meas
ure correctly, is in fact not so easy. There are 
the problems of absolute calibration of the neutrino 
flux, efficiency of the detector, the neutrino spec
trum, the effect of poor energy resolution of the 
event coupled with a rapidly varying neutrino spec
trum (as is the case for wide-band beams), and the 
contributions of all sorts of backgrounds. 

Probably the most careful work is due to the 
Gargamelle Collaboration21'). The beam and the 
filling are those discussed in Section 5.8.1. The 
results are shown in Fig* 32. In addition to the 
statistical errors shown, systematic uncertainties 
are estimated at -v 10-154. Also shown in the figure 
are the results of ANL 2 0 ) averaged over neutrons 
and protons. The cross-sections are startlingly com
patible with linear energy dependence, as expected 
if scaling is good, although it is mysterious why 
scaling should be good at such low energies. 

The linear slopes are: 

o v N = 0.74 x 10"
3 8 E v cm

2/GeV 

a- N = 0.28 x l o
- 3 8 E v cmVGeV , 

and R = o^a = 0.37 + 0.02; 2 < E v < 14 GeV. 

NEUTRINO AND ANTINEUTRINO TOTAL CROSS-SECTjpNS 
EVENTS E>2GeV !700 01 

MSOv/ 

H = 0 - 7 « O E(S«V) 

-38 
0-= 028«10 E 

ANTINEUTRINO 

Both the relative slopes R and the absolute 
value of the slopes of the energy dependence are of 
great interest. Let A = /2xFi dx//F2 dx and 
B = -JxF3 dx//F2 dx. 

Positivity of the cross-sections requires 
B s A si. Assuming scaling, and integrating Eq. 

v(v) TT J 2 \_2 6 3. 

(7.5), 

and 

R (3 + A - 2B)/(3 + A + 2B) 

It can then be seen, from the experimental value of 
R and using the positivity condition, that A and B 
must be within the limits 0.9 ± 0.05 < A < 1; 
0.9 ± 0.05 < B < 0.92 + 0.04. Both A and B are very 
close to 1, as a consequence of the fact that R is 
close to V s. The value A = 1 corresponds to the 
Callan-Gross relation and the QPM prediction that 
F 2 = 2xFi. This is a huge boost to the QPM, and 
from here on we assume this result. 

The difference between R and V3 then gives the 
relative antiquark contribution to the momentum of 
the nucléôïù According to Section 7.6, result (h): 

A d* _ R-l/3 _ 0 

/q dx ~ l-R/3 
04 ± 0.02 

From the absolute values of the cross-sections, 
and relations (d) and (e) of Section 7.6, the abso
lute contribution of quarks to the nucléon momentum 
can also be found: 

/(q+q) dx 

J q dx 

0.51 ± 0.06 

0.02 ± 0.01 

In other words, only about one-half of the 
nucléon is accounted for by the quarks. In this 

- 74 -



model, the other half must be due to the gluons. I 
suppose we should not worry too much about these in
visible gluons, that make up half of all matterÏ 
After all, we have not seen the quarks either. It 
is in any case remarkable how much one can learn on 
the basis of thèse Gargamelle total cross-sections. 

8.1.3 a+nt versus E v ; 20 < Ey < 150 GeV. Both 
of the counter experiments at FNAL have published 
results on 0 t o t versus Ey. The description of the 
detectors is deferred to the next sections; here 
the total cross-section results are briefly reported. 

In the experiment of CalTech-ENAL25) the detec
tor is exposed to a narrow-band beam (called dichro
matic) . The neutrino spectrum consists of two broad 
peaks, as shown in Fig. 33. The beam of Fig. 33 cor
responds to a hadron energy "\< 251 higher than that 
used for the total cross-section measurements, but 
the spectra roughly scale. The beam was monitored 
in an absolute way with an uncertainty of about 10%. 
The total cross-section measurements suffer mainly 
from two problems: a) The detection efficiency for 
the muon is low and must be corrected by computation. 
This correction is large, and depends on muon angu
lar distribution and is therefore model-dependent, 
b) The statistics, especially for high-energy anti-
neutrinos, are poor. 

lOpr 

BEAM SET FOR 
POSITIVE HAORONS 

v FROM 
IN DECAY PIPE 

25 50 75 100 
(GeV) 

125 150 175 

Fig. 33 

The results are given in Table 2 and shown in 
Fig. 34, together with the low-energy Gargamelle re
sults. 

1 ! 1 I M I I | 1 I 1 I I I I I | j 

B , B = Cern-Gorgomelle 

•>, • = Coltech-Fermilab 
{this expt) 

I 2 4 6 10 20 40 60 100 200 
Neutrino Energy (GeV) 

Fig. 34 

The cross-sections follow very nicely the linear 
slopes found at the lower energies and therefore 
support scaling. From this experiment: 

av = 0.83 ± 0.11 x 1 0 - 3 8 cm2/GeV 

a- = 0.28 ± 0.06 x 10" 3 8 cm2/GeV 

R = 0-/0 = 0.34 
v v 

0.08 

In the HPWF (Harvard-Princeton-Wisconsin-
Fermilab) experiment26) no absolute monitor exists, 
and therefore only cross-section ratios are reported. 
Both a wide-band beam, and a quadrupole-focused beam 
were used at different times. In the case of the 
latter, positive and negative hadrons are focused 
with equal acceptance, and the relative production 
of the different particles, as well as their energy 
dependence, was measured in an auxiliary experiment. 
Neutrino and antineutrino events are distinguished 
by the sign of the muon charge. The energy depen
dence of the ratio Ov/av obtained on the basis of 
the observed rates and the relative production cross-
section measurements are shown in Fig. 35. 

A complementary evaluation of the data, which 
does not use the relative flux normalizations but 
instead assumes that the quasi-elastic and low W 
cross-sections are equal for neutrinos and anti-
neutrinos, gives the results of Fig. 36. The two 
methods give results which are in fair agreement 
with each other, and, at low energy, also with 
Gargamelle. They indicate however a very large 
energy dependence of the ratio ov/ov i*1 *h e energy 
region 40-100 GeV, which was not found by the CalTech 
group, and which is in clear violation of scaling. 
Moreover, in this energy region one might really ex
pect scaling to be good. 

Table 2 

Parent 
particle 

Energy 

(GeV) 

Efficiency 
(model-

dependent) 

Number 
of 

events 
a * 1 0 - 3 8 cm2 

TT" 

r 

38 ± 14 

107 ± 21 

38 ± 14 

102 ± 21 

0.33 

0.45 

0.53 

0.65 

234 

103 

98 

11 

30 + 5 

99 ± 20 

12 ± 3 

23 + 9 

20 40 60 80 

£,, (GtV) 

Fig. 35 
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a) x distributions, 
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Figure 37 shows the distri
ct + or, and -xF3(x) •*-*• 

sparse, are in quite good agreement with the 
curves (note that also the absolute normaliza
tion is given) of the quark distributions as 
obtained from electron deuterium scattering. 
In Fig. 38 all data, without scaling cuts, are 
plotted, but as function of x' = x/(l + xM 2/Q 2). 
(x' reduces to x in the scaling limit, but may 
be a better variable to use at very low energy.) 
The quark distribution q = |(F2 - xFx) is peaked 
near x = 0.15, with an average of x ='0.3; the 
antiquark distribution q = |(F2 + xF 3) is much 
smaller, peaked at x = 0 with an average x ̂  0.1. 
The agreement with electron scattering is good, 
despite the fact that one is very far from the 
scaling limit. 

STRUCTURE FUNCTIONS FOR EVENTS IN THE SCALING REGION 0 ! > I GeV ! 

W ! > « GeV ! 

3.S F, e N iX' - SLAC 

Modified by Fermi motion 
and measurement errors 

Curve computed from empirical 
jit to electron data 

0 20 40 60 80 100 

E„ (GeV) 
Fig. 36 

8.1.4 Conclusion, o> nt versus E^. At low 
energy there is beautiful confirmation of scaling 
from Gargamelle, which is confirmed by CalTech at 
higher energy, but sharply challenged by the HPWF 
result. Because of the importance of possible large 
scaling violations, it would seem essential that the 
high-energy experiments be repeated, especially with 
absolutely monitored narrow-band beams and with de
tectors of high efficiency. 

8.2 Q 2-v (x-y) distributions for charged currents 

This is the study of the three structure func
tions Wi(Q 2,v), W 2 (Q

2,v), and W 3(Q
2,v). The results 

can give insight into the connection between the 
electromagnetic and weak hadron currents, into the 
question of scaling and possible scaling violations, 
on the validity of parton models and the distribu
tions of partons in nucléons. 

8.2.1 Gàrgaméllé results. The main results 2 7) 
are with the chamber tilled with freon, and neutrino 
spectra as in Fig. 24, covering the energy region 
1 < Ey < 10 GeV. The analysis is based on 2700 
events v + N •+ u~ + X and 1000 events v + N •* u + + X, 
with energy resolution, after corrections, of the 
order of ±10-15%. There are some ambiguities in the 
identification of muons and classification of events, 
but they do not seem to be serious. In the analysis, 
scaling [Wi(Q2,v) = Fi(x), etc.] and the Callan-
Gross relation (2xFi = F 2) are assumed. The data c ) 
are analysed separately in x and y; that is, after 
integration over the other variable. When the analy
sis is restricted to the "scaling region" used at 
SIAC, Q 2 > 1 GeV2 and W > 2 GeV, only 200 v and 29 v 
events remain. 

Fig. 37 

QUARK AND ANTOJARK MOMENTUM DISTRIBUTIONS 

N(x")= number of quarks with momentum jt'in unit interval 

McElhaney &Tuan 
Altarelh ej al 
Landshoff & 
PolJùnghorrw 

°\) " °\r 
v + <jy and 

The data, unfortunately very 

Fig. 38 

b) y distributions. The y distributions with 
"scaling cuts" are shown in Fig. 39. The dis
tributions without these cuts, for various 
energy bins, are shown in Figs. 40 and 41. 
For these latter the low-y region is disfigured 
by elastic events, but otherwise the flat y 
distribution dominates for neutrinos, and the 
(1-y) 2 distribution dominates for antineutrinos, 
just as expected in the QPM. 

Number of valence quarks. In the QPM we expect 
- /F3(x) dx = V(u+d - û-d) dx = 3. Using the 
distribution functions found above, /F 3 dx = 
= 3 + 0.6, for E v > 2 GeV, in agreement with 
the QFM. These Gargamelle results would seem 
to constitute «an impressive confirmation of 
the QPM. But, especially because of the low 
energies and momentum transfers typically in
volved, it is most important to see how they 
hold up at higher energy. 
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8.2.2 CalTech experiment 
a) Apparatus. The apparatus consists of a target-

calorimeter followed by a magnet (see Fig. 42). 
The target consists of 70 plates of iron, each 
10 cm thick, 1.5 m * 1.5 m on each side, and 
separated by liquid scintillators to sample 
the hadron shower energy. For every second 
plate there is also a wire spark chamber with 
magnetic read-out to measure the muon position 
(see detail, Fig. 42). The magnet is a mag
netized iron toroid, outer diameter 1.5 m and 
2.5 m long, with wire chambers before and after 
to measure the muon momentum. The total target 
weight is <\< 125 tons, and the weight of a rea
sonable fiducial volume is ̂  50 tons. The 
energyresolution for the hadron shower is 
*> l/»1%(GeV). The momentum resolution for 
muons is <v< 201. The neutrino beam spectrum, 
shown in Fig. 33, consists of two broad peaks 
at % 50 and ̂  140 GeV. 

Calorimeter 35 modules 
20 cm Fe each Magnet 1 1 ! 1 

1 1 B 1 

| 1 1 t 
I t i 
1 8 1 
1 t I 
1 1 9 

1 1 t 
I t i 
1 8 1 
1 t I 
1 1 9 

10 m 

2 modules 
of calorimeter 

Caltech 
set-up 

Scintillator 

Spark chamber 

Iron 5 cm ,10cm,5cm 

The results on x-y distributions were given at 
the 1974 London Conference28). Figure 43 shows the 
measured energy distribution for some neutrino events, 
and shows the pion and kaon peaks. The chief limi
tation of the apparatus is the small muon acceptance 
at larger muon production angles (Fig. 44). This 
reduces the acceptance at large y to very low levels. 

n ' 
I 1522 y EVENTS 200 1 -

150 -

100 " 

50 -r1 v\ • 
r 1 i>-u-s—, 

0 100 200 300 
MEASURED NEUTRINO ENERGY 

Fig. 43 

DETECTION EFFICIENCY vs ENERGY 
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. 
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• 1 
• 1 
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l l i i 

-
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200 

Fig. 44 
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The x and y distributions of <\« 1000 v events 
are shown in Figs. 45 and 46, and y distributions 
for various categories of -v 200 v events in Fig. 47. 
The rather severe distortions caused by the limited 
muon acceptance are everywhere apparent. But, when 
the acceptance is taken into account, the data are 

consistent with the structure functions as found in 
e-d scattering and at lower energies in Gargamelle, 
with flat y distribution for neutrinos, and (1-y) 2 

distribution for antineutrinos. They are in agree
ment with scaling to these higher energies and the 
expectations of the QPM. 

Effect of resolution 
on Fg(s) 
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E 100 

0.2 0.4 0.6 0.8 1.0 

1027 v events 
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Fig. 45 
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Fig. 47 

8.2.3 HPWF results ôii x-y distributions of 
charged current réàctiorisT The apparatus consists 
of atarget-hadron calorimeter followed by a muon 
spectrometer, as in the previous experiment. (Fig. 48. 
Note that the vertical and horizontal scales are 
not the same.) The hadron calorimeter consists of 
15 tanks of scintillating liquid (density °» 0.8), 
each 3 m x 3 m x 0 . 5 m . After the last tank there 
is a slab of iron 0.5 m thick to absorb remaining 
hadrons. The light output of these tanks is meas
ured in arrays of phototubes on both sides. Between 
groups of tanks, wide-gap spark chambers are in
serted, and give information on the positions and 
angles of traversing tracks. The total target weight 
is ̂  60 tons and a useful fiducial weight may be 
> 15 tons. The measured energy resolution and energy 
fraction detected (see Section 3.3.1) versus incident 
hadron energy is shown in Fig. 49. 

The muon spectrometer consists of four magne
tized iron toroids, each 3.6 m in diameter and 1.2 m 
thick, with 3 m x 3 m wide-gap spark chambers to 
measure the trajectories. The muon momentum reso
lution is ̂  101. 

TARGET- DETECTOR MUON SPECTROMETER 
A B C 

I « 5 8 9 12 13 I6| 

BEAM 

0 L i i i 
0 i METERS 

SCI SC2 SC3 SC4 SC5 SC6 SC7 SC8 

Fig. 48 

- 78 -



f 
.S os 

1 1 1 1 1 1 

. • • 
_ 

a) 

-

i 

* 
-

kV^ 
• ~~ 

b) 
' i i i 

0 20 40 60 SO 100 ttO 140 « 0 

Incident energy 

Fig. 49 

The recent data are obtained chiefly with a 
quadrupole focused wide-band beam which contains 
both neutrinos and antineutrinos. Events are classi
fied according to the sign of the muon. 

Earlier results29) on the x and y distributions 
are shown in Figs. SO and 51, as they were summar
ized by D. Perkins at the 1975 SLAG Conference30). 
At that time all neutrino distributions, and the 
lower energy antineutrino distributions, were in 
agreement with the Gargamelle results and scaling. 
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However, at high-energy and small x, the antineutrino 
y distributions are flat, a striking deviation from 
scaling. 

The most recent results31) on the y distribu
tions are shown in Figs. 52 and 53. For energies 
below 30 GeV, the results scale very well from the 
Gargamelle results, and the B parameter * 
(B = -/xF3 dx//F2 dx) is near to one. At high ener
gies the antineutrino distribution becomes notice
ably flatter, and corresponds to B - 0.41 ± 0.13. 
In Figs. 54 and 55 (Ref. 31) both x and y distribu
tions for the higher energy (E > 30 GeV) data are 
shown. The flattening of the y distribution is seen 
to be most pronounced at small x. 

These results, together with the total cross-
section data from the same group (Section 8.1.3), 
show very large deviations from scaling for anti-
neutrinos above 30 GeV. This indicates the onset of 
new phenomena on a massive scale. The magnitude of 
these deviations seems to he too large to be attri
butable to charmed particle production, since the 
effects of charm are expected to be of the order of 
5-10%. 
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8.2.4 Other experiments on_thë x-y distribu
tions at higher energy. In the first studies32»33J 
of v-p and 3-p interactions in the FNAL bubble 
chamber, no deviation from scaling has been observed. 
However, the numbers of reported events are still 
small, and the average energies somewhat lower than 
those of the HPWF Collaboration. It is therefore 
not yet possible to speak of confirmation or dis
agreement . 
8.3 Experimental 'results.'on neutral currents 

Ihe experimental problem is much more difficult 
than for charged currents: 
i) Since the outgoing lepton cannot be detected, 

there is a much bigger problem of background 
from neutrons. This is the reason why neutral 
currents were found only recently, and only 
after prodding by the theorists. 

ii) Since the outgoing lepton is not measured: a) 
in general the incident neutrino energy Ey will 
not be known, unless the hadron beam is mono
chromatic, and then with bigger errors. In the 
latter case, if Ejj is also known, one can at 
least measure the y distributions, b) Deter
mination of x requires in addition a measure
ment of thé direction of the hadron shower. 
This is not possible with present counter ex
periments, and only with large errors in bubble 
chambers. For these reasons, there are at pre
sent very few data relevant to the y distribu
tions, and none relevant to the x distributions. 
The phenomenology has recently been reviewed by 

Sakurai3"J. Since very little is known experimen
tally, there are many open questions. For instance: 
Are the outgoing neutrinos the same as the incoming 
ones? Is the neutral interaction also of the current-
current type? And are the currents V,A mixtures or 
something else? What is the isospin character of 
the neutral interaction? 

If the neutral current forms an isotriplet with 
the charged current, then for a nucleus with Z = N, 

a" = a(v+N -s- y~+x) = V+A+I 
a = a(v+N •* y++x) = V+A-I 
a 0 = a(v+N •+ v+x) = ICV+A+I) = Ja~ 
5° = a(v+N + v+x) = |(V+A-I) = |a + . 

If the neutral current is an isoscalar, a" =5°. If 
the neutral current is a mixture, then the isoscalar 
and isovector cross-sections add; there is no in
terference [Pais and Treiman35)]. 

Two specific models may be considered: in the 
vector model [Sakurai36)] 

qj = C^ = Cy; C A = 0; (see Section 7.4) 

Then 
A" = A + = I Cy (see Section 7.5) , 

do/dy = 1 + (1-y)2 

and 
Co = 5 0 

In thé Wéinbérg-Sàlam model, 

e J6"1 

w a 
(8.1) 

Then 
C u = LA r u _ 1 4 . 2 0 C ^ - I - I s m 9 w 

é[= - I + | sin2 6 ; C d = + I \f 2 3 w ' A 2 

With the notation of Section 7.5, 
A = 4 - sin2 + — sin* 6 w 9 w 

and A + = — sin" 9 9 w 
(8.2) 

Here a 0 f âo. Ignoring antiquark contribution 
to total cross-sections, 

R = 2l - 1 - Sin 2 e + ̂  sin* 6 , a 2 w 27 w ' 

R = % = I. s i n
2 3w + f S^% 

At present, quantitative results which permit 
an insight into the neutral current structure are 
virtually restricted to two quantities: a 0 and â 0, or, which is better from an experimental point of 
view, 

For the following discussion it is assumed that 
the neutral current is a mixture of V and A. A 
simple test of whether or not both are present, which 
is also a test of parity violation, is to compare v 
and v cross-sections. If only V or A terms are pre
sent, these must be equal. A difference between the 
two shows V-A interference and parity violation. 

R = and R 

In the future, we can hope soon to have reliable 
data on y distributions, but it will certainly be 
longer before also decent x distributions become 
available. 
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8.3.1 Results from Gargamelle. The most im
portant result isj of course, the discovery of neu
tral currents3). This initial experiment also pro
vided the result: 

R = 0.21 ± 0.03 and R = 0.45 ± 0.09 . 
The analysis has continued and was recently reviewed 
by Brisson 1 2). Events are selected in a fiducial 
volume of 3 m 3. A neutral current event (N) is de
fined as an event with no muon candidate. A charged 
current event (C) is defined as an event with one 
and only one muon candidate. In both cases it is 
required that the visible hadron energy is more than 
1 GeV. The event numbers are given in Table 3. 

a"/a~ = R o b s = 0.27 ± 0.04 

5 % J + = R o b s = 0.50 ± 0.08 . 
In three years the two numbers (and the two errors) 
have not changed a great deal, but probably the sys
tematic problems are much better understood. 

These ratios are averages over a wide neutrino 
spectrum, and uncorrected for the cut E^ > 1. This 
correction is model-dependent, and larger for v than 
v. If <|>(EV) is the spectrum, and dcr(Ev,y)/dy the 
theoretical cross-section, then 

„obs 
/"•CVI f! r<fr ( N )(Ev,yVdy] dyl dEv 

•' i J ' m i n <- J I 

J *®j\fl [da^CE^yVdy] dyl 
l 'min L -1 > 

W-off^v = 1 G e V / E v 

dE„ 

The analysis is performed using (see Section 7.6) 
G2ME 
— ~ [q + q (1-y)2] , do^/dy 

do^/dy 
G2ME 

-* [q (1-y)2 + q] , 

where we know, from charged current experiments (see 
Section 8.2.1) that /q dx = 0.49 ± 0.06, /q dx = 
= 0.02 ± 0.01. For the neutral currents write: 

, M , G2ME r -i 

support such theories. Furthermore, on the basis of 
the definitions of Section 7.5 and the experimental 
ratio of q/q >\» 0.04, i t can be seen that both V-A 
and V+A terms must be present. This is in fact a 
feature of the Weinberg-Salam theory. 

In terms of this theory, using Eqs. (8.2), 

A, = a f i - s i n 2 8 , + | s in" e l + â | s in" 8 L ( 2 w 9 W J 9 w 

and 

A„ = a - sin" R 9 
6 w + a | ( ! - s in ' 6 + | sin" w 9 <l-

where a = /q dx and I = /q dx. It is important to 
note that both AT and An are predicted in terms of 
one parameter only, sirf* 0^. There is good agree
ment if sin2 0^ is taken to be 0.28 ± 0.05, as can 
be seen in Fig. 56. This can be considered as a 
test of the Weinberg-Salam model. 

005 0.10 0.15 0.20 

Fig. 56 

8.3.2 Results of the CàlTech Collaboration37J. 
In this apparatus (see Section 8.2.2), neutral cur-
rent events are events with no penetrating particles. 
For the study of neutral currents, the chief selec
tion of events is therefore on the basis of non-
penetration. In Fig. 57 the distribution depths for 
the most penetrating particles are shown for neu
trinos and antineutrinos. The ordinate is in units 
of 10 cm Fe. The peaks at small penetration depth 
cannot be attributed to charged current events, and 
are presumably neutral. This constitutes an impor
tant confirmation of the Gargamelle results. 

,00, G 2ME 
doi"Vdy \ W + \ 

where AL is the quark contribution from V-A terms 
and antiquark contribution from V+A terms, and AR 
the converse (see Section 7.5). The data then give 
A L = 0.03 ± 0.01 and A R = 0.13 ± 0.02. Parity-
conserving theories have AL = AR, so the data do not 

Table 3 

No. of 
pictures 

Type of 
event 

Observed 
event 
numbers 

Estimated 
neutron 

background 

Estdjnated 
false 
C 

Estimated 
neutrino 

contamination 

Corrected 
event 
number 

v 150,000 
N 183 20 163 

v 150,000 
C 783 27 756 

v 325,000 
N 172 14 10 148 

v 325,000 
C 242 11 251 

(S^> (MILLIRAD) <B/i> (MILLIRAD) 
300 200 IOO 

h (o) 
PENETRATION 
998 V EVENTS 

(b) 

PENETRATION 
646 r EVENTS 

ih 

PENETRATION, P 
(COLLISION LENGTHS OF STEEL) 

PENETRATION, P 
(COLLISION LENGTHS OF STEEL) 

Fig. 57 
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The most recent analysis of the magnitude of 
the effect [Buchholtz38)] gives: 

R o b s = 0.24 ± 0.02 

sobs 0.34 ± 0.09 , 

and AD/AL = 0.5, in reasonable agreement with the 
results of Gargamelle and leading to similar con
clusions about V-A and V+A currents as well as 
parity violation. 

The results may also be analysed to learn about 
the y dependence of the cross-sections. The basis 
for the analysis is the hadron energy spectrum of 
Fig. 58. The long penetration distributions (a) are 
presumably the charged current Eh distributions, the 
short penetration distributions (b) contain the neu
tral current events as well as charged background, 
and (c) is the short penetration distribution after 
some charged current subtraction. Comparison of (a) 
and (c) permits the conclusion that the neutral cur
rent is not dominated by à y 2 dependence, as would 
be expected for S or P neutral currents. The data 
are consistent with the y dependence expected in the 
Weinberg model, but the comparison is not as yet in
cisive. 

V-EVENTS 
P>I4 

ICC INTERACTIONS) 
1910 EVENTS 

PSI4 
(NC WITH CC 

. BACKGROUND) 
+ 9 2 8 EVENTS 

b) Parity is violated. 

c) V-A and V+A currents exist. 

d) The observations constitute a test of the 
Weinberg model, although the errors are still 
large. If the model is correct, sin 2 ^ == 
= 0.3 ± 0.1. 

9. New particles 

9.1 Intermediate bosons 

The striking parallel (except for parity viola
tion) of the vector structure of weak and electro
magnetic interactions makes it natural to postulate 
that also the weak interactions are mediated by vec
tor particles: 

gÛYa(l-Ys)v«r + gdYa(l-Ys)uST + + h.c. 

The typical reaction involves the exchange of the 
W* just as the photon is exchanged in the electro
magnetic interaction, for example: 

Fig. 58 

v»n —»|r 

If g2/Myg = G, then the predicted cross-sections are 
the same as in the Fermi theory, except for the pro
pagator factor [1/(1 + Q2/*?§)] • The cross-sections 
at low energy are unaffected by this factor; at 
high energies they are diminished rather abruptly 
for Q 2 > m. Experimentally this would manifest it
self as~a deviation from scaling at high energy in 
the Q2-v plot. 

Possible propagator effects have been searched 
for both in the CalTech and the HPWF experiments, 
but have not been found. This makes it possible to 
give a lower bound of ̂  10-15 GeV to the intermediate 
boson mass. 

In the gauge theories of weak interactions, in
termediate vector bosons are predicted, both neutral 
and charged. In particular, in the Weiriberg-Salam 
model the masses of these particles are related to 
the electromagnetic and weak coupling constants 
through the "Weinberg angle" 6^ as follows: 

8.3.3 HPWF Collaboration. This group, using 
the detector described in Section 8.2.3, and the 
wide-band beams, has confirmed the existence of neu
tral currents 3 9}. The most recent values of the 
cross-section ratios, reported at the Aachen Con
ference l | 0) were given as: 

*fe-

Mf, = 

•3T G sin 2 9. 

4e2 

/SI G sin 2 26.. 

(37 GeV)2/sin2 6 

= (73 MeV) 2/sin 2 29 

R v = 0.29 + 0.04 

% 0.39 + 0.10 

E v <\. 70 GeV , 

in agreement with the lower energy results of 
Gargamelle. 

8.3.4 Summary of the status of neutral cur-
rents. 

With sin 2 6^ = 0.3 ± 0.1 the expected masses would 
be: 

and 

1^+ = (68 ± 40) GeV 

*^o = (80 ± 25) GeV 

a) They exist, and have been observed in neutrino-
electron scattering, in elastic scattering on 
protons, and in inelastic nuclear scattering. 

These masses are much larger than could be observed 
at present accelerators, so the theorists may be 
safe for a while. 
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9.2 Dimuons and charm 
Production of muon pairs in high-energy neu

trino collisions was first observed by the HPWF 
group1*1) and confirmed by the CalTech group" 2). 
More recently, 61 events were reported by the HPWF 
group1*3) from an exposure to the quadrupole focused 
beam, with a neutrino-antineutrino composition of 
^6: 1 . After correction for relative détection 
efficiencies, the dimuon to single muon rate is 
0.008 ± 0.003, roughly It. 

IO-(a) ML=4GeV/c2 . 
6GeV/c2 

8GeV/c2 

u+y 
Of the 61 events, 51 (the large majority) are 
7 are y~u", and 3 are y +p +. The like-charge 

events are extremely interesting, but more troubled 
by background from ir-y decay because of their smaller 
number. 

We concentrate then on the y +y" events. In 
Fig. 59 the muon energies for 'each event are shown, 
as well as the dimuon invariant mass distribution. 
The hadron energy, for the 17 events, for which it 
is known, is written next to the triangle which re
presents the event. 

It can be seen from Fig. 59 that: 
a) the negative muons are more energetic than the 

positive; for the 51 events <p_)/(p+> = 3.7; 
b) the vi+p" mass distribution is continuous from 

0 to 7 GeV. 

5 10 15 
W«,„ (GeV/c2) 
Fig. 60 

15-
i i i 

( a) M,= 4 6eV/c2 

ôGeV/c2 

n r \ 8GeV/cz 

l 1 0 " y 1 A - " V 

I y \ 

EN
T 

/ \S \ \ 
> 
U J 5 1 

• ; 

1 ' / tir-
\ 

. \ 

\ r i 
s 

. K, 
°0 2 4 6 8 

M^ lGév /c 2 ) 

4 0 - < b) • ; 

•4J • • 
1 1 «p • • • • 

20 •* 1 0 20 . 

50 IOO 150 
p. (GeV/c) 

(A,Z) HADRONS 
(a) 

(A.Zi HADRONS 
(b) 

(A.Z) HADRONS 

Fig. 61 

Fig. 59 

The distribution in the visible energy (Fig. 60) 
of the 17 events for which the hadron energy is known, 
is not so different from normal neutrino events, and 
shows that if there is a threshold for this type of 
event, it is not very high. 

Figure 61 illustrates three possible sources 
for dimuon production: (a) an intermediate boson, 
(b) an intermediate heavy neutral lepton, and (c) an 
intermediate new type (charmed) particle which de
cays weakly with emission of muon and neutrino. 

The data do not fit very well with the inter
mediate boson hypothesis, because in this hypothesis, 
i) the positive muon should carry the bulk of the 
momentum, ii) thé hadron energies, would be expected 
to be considerably less than observed, and iii) the 
data on possible propagator effects indicate a lower 
limit of 10-15 GeV for its mass (see Section 9.1). 
This is inconsistent with the low observed thresholds 
for dimuon production. 

The data are also difficult to reconcile with 
neutral heavy lepton production (b), because the 
observed momentum asymmetry is larger than can be 
imagined, even if the lepton were produced in a 
highly polarized state. 

The data seem to be quite consistent with what 
might be expected in the GIM scheme of charm 9), 
where charmed particles of masses of % 2-3 GeV are 
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expected to be produced, some of which would be ex
pected to decay semileptonically. The production 
is expected to be of the order of sin 2 8 C 0,05 
(see Section 4.2) for production on down quarks: 

v + d -*- C + u~ 

U + + v + 

In addition, production on the sea of strange quarks 
proceeds with cos 2 6 C

 a 1, but is also expected to 
be of the order of S% if the Gargamelle results on 
q/q - 0.04 are steering us straight. The sea pro
duction mechanism would have to account for the 
antineutrino production of dimuons. The observed 
production ratio for dimuon/single muon events of 
^ 1% is consistent with this picture if the semi-
leptonic branching ratios for these charmed particles 
are of the order of 10-201, which some theorists con
sider reasonable. 

9.3 Charm in the bubble chamber 
9.3.1 BNL event. In the 7-foot bubble chamber 

of BNL, filled with H 2 and exposed to a wide-band 
neutrino beam, a most interesting event was found1*1*). 
The event corresponds to the reaction v + p •»• u~ + 
+ A 0 + TF+ + ir+ + TT+ + iT, Eyis = 13.5 GeV. The re
sultant momentum of the outgoing particles is in the 
direction of the incident neutrino, and the invariant 
mass is zero within experimental error, so that it 
can safely be assumed that there are no missing par
ticles. It can be shown that none of the tracks of 
the outgoing particles are compatible with being 
kaons. The event would then be a case of AS-AQ 
violation, and would be very unexpected without 
charm because this rule in other instances is very 
good. The event is, however, quite normal if charmed 
baryons are produced. The invariant mass of the A 
and four pions is 2.426 ± 0.012 GeV, quite reason
able in the charm scheme. The decay into a particle 
of positive strangeness is also to be expected on 
the basis of the charmed weak current of Section 4.4. 
Recently, charmed baryons of mass 2.26 GeV, decaying 
in the mode Â + TT+ + ir~ + IT", have been clearly seen 
in photoproduction experiments'15). 

9.3.2 Three Gargamelle events. Three events, 
closely related to the dimuon events of HPWF and 
also to the Brookhaven event, have been observed in 
Gargamelle. Two of these are published'*6). These 
events are of the form v + N •* \T + e + + V + x. The 

pictures were scanned for events of the type y~ + 
+ e + + x, and 19 events found, with an estimated 
background of 5 events, with faked e +. Three of 
these events also have a V°, with negligible corres
ponding background (Table 4). 

Table 4 

Topology Event 
number 

Estimated 
background 

v r e + 

y-e+V 0 

V"e" 
vTe-V° 
e + 

16 
3 

23 
5 
6 

5 ± 3 
0.09 

26 ± 8 a ) 

2.5 ± 1 
5 ± 2 

This background is due to 
the reaction v e + N •* e" + 
+ IT" + X. 

In normal neutrino events, the probability of 
finding a V° associated is 1/90. The fact that for 
y"e + events the association is 3/11 is strong evi
dence for the special nature of the events. In one 
case the V° is identified as A 0, for the other two 
cases it may be either A 0 or K°. Some of the pro
perties of the three events are given in Table 5. 

Table 5 

Evis 
(GeV) 

V Pe+ PAorK % e % e X y ' V i n a s s o c -
t o muon 

3.6 
3.9 
6 .1 

0.2 
1.1 
0.9 

0.25 
0.9 
0 .8 

2 .1 /1 .8 
1 .1/1 .4 
3 . 7 / -

1.2 
1.9 
2.0 

0.6 
1.6 

0.04 
0.3 
0 .3 

0.94 

0.7 
0.8 

2 .1 
1.9 
2.7 

The events are most simply understood as pro
duction of charmed particles, with subsequent semi-
leptonic decay to positron, neutrino, and a strange
ness +1 hadron state, consistent with the HPWF 
results and the BNL event. 

9.3.3 p-e strange particle events in the 15-
foot H 2/Ne filled bubble: chamber at FNAL"7J. In the 
15-foot FNAL bubble chamber, filled with a 20$ Ne/H2 

mixture, and exposed to a wide-band neutrino beam 
(spectrum similar to Fig. 3), 13 events had been 
found, up to March 1976, in a sample of ̂  3000 
charged current neutrino events. Some of the pro
perties of these events are given in Table 6. 

Table 6 

Summary FNAL 15 ' Ne/H 2 + v + u~ + e + + x 13 ev . 
(as of 18/3/76) Average 

E v i s (GeV) i l 21 25 26 28 29 32 34 95 100 31 ^ 30? 8.4 36.2 

u" i den t . 
E -

V 
3.4 

EMI 
14.1 

EMI 
15 

EMI 
21.9 9 .3 

EMI 
5 

e 

11.8 

EMI 
14.3 

EMI 
57 

EMI 
9.3 26.2 

? 

3.3 15.9 

V 1.1 1.2 0.4 2.2 5.3 0.6 17.7 2 2.1 5.3 1.27 3.7 3.6 

Strange 
p a r t i c l e s 

K°--ir + Tr- K° ->• ir+ir K°-«-7r+ir-
A/K 
I ->• A? 

IC-TT+TT K°->ir+TT- K" - TTV" K'-ir+TT- K°-)-ir+TV- K° i n t . K°/A A 0.8 K° 
0.15 A 

™Ke+ 0.9 1.04 1.1 0.7 2.1 1.3 2.1 1.4 

X 0.09 0.02 0 .3 0.9 0,2 0.'24 0.23 0.003 0.003 0.06 0.14 0.12 0.19 

y 0.7 0.33 0.4 0.2 0.6 0.8 0.63 0.6 0.4 0.9 0.15 0.6 0.56 
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The distribution in visible energy for the 13 
events is compared to simple charged current events 
in Fig. 62. 

ENERGY DIST. OF 13 FNAL-MICH i r e ' EVENTS 

EXPECTEO ENERGV DISTR.OF C.C. EVENTS 
» 50 GeV 24 •/. 
> 100 GeV 7 •/. 

< E„» 35.7 GeV 

Fig. 62 

The relative rate of y~e+ to charged current 
events is estimated to be 1.7%. 

We can try to summarize the properties of these 
v + N-*-y~ + e + + x events as follows: 

i) The energy dependence of the cross-sections is 
similar to ordinary charged current events. 

ii) There is nothing striking about the x or y 
dependence. 

iii) The invariant mass % e + , where it can be de
termined, is never more than 2.1 GeV, quite in 
line with the decay of particles of mass 
2-3 GeV into a lepton pair and a kaon. 

iv) All but two of the events have V s . Nine K° 
and one A 0 are definitely identified. If one 
corrects for undetected decay modes, the aver
age number of K° and A 0 is ̂  1.8 and 0.2, re
spectively. If one imagines an equal number 
of charged kaons, the average number of kaons 
per event is 3.6 — a rather large number! 

Except for the V° multiplicity (ten V° in 13 
events, compared to Gargamelle's three V° in 11 
events), the properties of these events are compar
able to those of Gargamelle. There is therefore 
good reason, at least provisionally, to assume that 
this difference is due to a statistical fluctuation 
in small numbers, and that the true strange-particle 
multiplicity is somewhere in between. It would still 
be very high, and in the charm picture would indicate 
that a considerable part of the charm production is 
on the strange quark sea, 

v + ss-»-c + s + y ~ 

L+ S + + v 

because there are then typically two strange par
ticles per event, one from the production process 
and one from the decay of the charmed particle. 

9.4 Summary on "charm" production in 
îïeutriiiô réactions at high energy 

Dimuon production has been observed in counter 
experiments, and muon-positron production in associa
tion with a large strange-particle rate has been 

observed in bubble chambers, with rates of the order 
of 1-2% relative to normal charged current interac
tions . Neither of these two types of events can be 
understood in terms of previously known processes, 
but both would seem to follow very naturally from 
the GIM model in which charmed bosons and baryons, 
of masses 2-3 GeV, would be produced, often in 
association with a strange particle, and with re
lative probability of 5-10%. If these decay semi-
leptonically with branching ratios of the order of 
10-20%, and usually with the emission of another 
strange particle, as is expected in the model, all 
observations can be understood. These neutrino ex
periments constitute the first evidence for charmed 
particles, and are now beautifully supplemented by 
the observation of narrow, strange resonances in the 
region 1.8-2.5 GeV at SLAC"8) and FNAL* 5). 
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THE NEW PARTICLES 

B.H.Wiik 
Deutsches Eiektronen Synchrotron DESY, Hamburg, Germany 

The first of the new particles was discovered 
n 2) 

twice . The MIT group working at BNL measured 
the effective mass of e e pairs produced by 
28 GeV/c protons incident on Be. The spectrum showed 

2 a sharp peak around 3.1 GeV/c resulting from the 
decay of a new particle with a width less than the 
experimental resolution. They named this new state 

3) 
J. The SLAC-LBL group ' produced the same resonance, 
which they named i|/, in e e -annihilation and obser
ved its decay into e e , V U and hadrons. The ob
served width of about 2 MeV (FWHM) was consistent 
with the experimental resolution. The long lifetime 
of the J/iJi clearly demonstrated that this was not a 
hadron of the garden variety. Therefore a large ex
perimental and theoretical effort was launched to 
search for further resonances and to understand 
their properties. Within a few days the J/ip was seen 
both at Adone and DORIS while SPEAR observed a second 
long lived state . This state, called i|i', was short
ly afterwards confirmed at DORIS. Measurements of 
the total cross section ' at SPEAR revealed a thres
hold region between 4 GeV and 5 GeV with a complex 
structure containing further new states presumably 
related to the J/if< and the i|>'. 
Many theories were advanced to explain the data. 
One particular attractive theory and so far the only 
one which explains all the data rather naturally, 
introduces a new heavy quark Q with a new quantum 
number respected by the strong and the electromag
netic interactions. In this picture the J/i|i , the if>' 
and the other new vector mesons are bound QQ sta-
tes ' and the step in the total cross section is 
interpreted as a threshold for the production of a 
new class of hadrons obtained by combining an old 
and a new quark. The most natural choice for Q is 
to identify it with the charmed quark, originally 
proposed to achieve symmetry between leptons and 
quarks and later to explain the absence of strange-

en 
néss changing neutral currents . 

In the main part of these lectures I'll discuss the 
experimental information now available on the new 
particles and compare them to predictions based on 
the charm model. However, since most of you are pre
sumably more familiar with hadron beam experiments 
I'll start out by discussing the characteristic 

features of e e colliding rings in some detail and 
then remind you of the general properties of hadrons 
produced in electron-positron collisions. Some ex
amples of detectors used at electron-positron 
colliding rings will also be given. The subjects to 
be discussed are listed below: 

I Electron-Positron colliding rings 
II Hadron production in e e collisions 
III Detectors 
IV Quantum numbers of J/i|> and V 
V Charmonium 

1) New t states 
2) Narrow C = +1 states 

VI Anomalous lepton events 
1) Evidence for a new heavy lepton 

I) Electron-positron colliding rings 

1.1 Why storage rings? 
Why bother with an e e storage ring - why not 

just collide the positrons from an accelerator with 
the electrons bound in an atom ? 

stationary target 
Him 0 

storage r ing 

PA PA 

s = 2m + 2m E e e a ( 2 E a r 

Fig. 1 

Table 1 - Storage Ring versus Stationary Target 

Energy (cms) B e a m E n e r g y 
GeV accelerator storage ring 

(GeV) (GeV) 

1 
10 
100 

10 J 

10 5 

10 7 

0.5 
5 

50 
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Fig. 1 and Table 1 make the conclusion clear; 

e e collision at large cms energies can only be 

studied using a storage ring. 

I. 2 Layout 

Â schematic layout of a simple e e storage 

ring is shown in Fig. 2 

This is a substantial loss which must be replaced 

by passing the electrons through large r.f. cavities. 

As a consequence the electrons and the positrons 

are not spread continously along the circumference, 

but collected into tight bunches with a length de

pending mainly on the properties of the r.f. system 

- a typical bunch length varies between a few cm in 

DORIS and SPEAR to about 50 cm in ADONE. 

EXPERIMENTAL PIT QUADRUPLES 

KICKER 

SEPTUM 

KICKER 

BENDING MAGNET 

KICKER 

SEPTUM 

KICKER 

Fig. 2 - Schematic layout of the SLAC e e~ storage ring SPEAR 

Electrons and positrons from an accelerator are in

jected in two bunches travelling in opposite di

rections in a single magnetic guide field. These 

bunches will cross twice during each revolution 

- i.e. there are two interaction regions. Strong 

focussing devices (in general quadrupole doublets) 

are mounted on each side of the interaction region. 

The smallest beam spot and thereby the highest lu

minosity is obtained when the quadrupoles are close 

together. Typically they are 5 m apart to leave 

room for the detectors. 

An electron deflected in a magnetic field will 

emit photons. The energy loss due to this synchro

tron radiation depends on the energy E of the elec

tron L and the bending radius p. The energy loss 

per turn for a single electron U is given by • 

U = (88 
keV. E (GeV) 

I. 3 Luminosity and beam dimensions 

The event rate N for a reaction with a cross 

section a can be written as N = L • a. The luminosi

ty L obtained by colliding two bunches containing 

respectively N electrons and N positrons can be 

estimated from Fig. 3. 

-) P (m) 
(1) 

Fig. 3 

A = cross section of the bunch at the interaction 
point 

= 4ir d «J assuming a Gaussian particle density 

with rms radii a , a x' y 
f = revolution frequency 

B = number of bunches traveling in the same direction 

N= ( T a rS e i : particleSN _ /-number of incident particles-» 
fm£ sec 
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4n a o 
x y 

N + • N~ B • f / 4TT a a 
x y 

Expressing the luminosity L in terms of the beam 
+ + 

currents I - = N~ • e • f • B one obtains? 

1 < ^ 
4Tre 

* * a a 
x y 

(2) 

It is clear that in order to maximize the lumino

sity and thereby the event rate one would like to 

store as much current as possible in a few bunches 

and to focus the beam to small transverse dimen

sions (0*0* small) at the interaction point. Typi-

x y 

cal beam dimensions in the crossing point are 

a : • 0.1 cm (bend plane) and a =0.01 cm (normal 

to the bend plane). The stored current at low 

energies and a few bunches is in general limited 

by the beam - beam interaction. The particles in 

each bunch make betatron oscillations around the 

ideal orbit in vertical and horizontal directions 

as indicated in Fig. 4. 

ideol orbit 
betatron 
oscillations 

Viz- ^ ~ Betatron oscillations 

If the betatron frequency is a integral multiple 

(or submultiple) of the revolution frequency then 

the particle always traverses the magnets in the 

same orbit. In this case the same small imperfection 

in the magnetic field will be encountered on each 

revolution and its effect on the beam will be ampli

fied. In practice this will lead to a very rapid 

loss of the beam and one therefore selects a wor

king point far away from such resonances. However, 

when the bunches cross, each bunch act as a electro

magnetic lens on the other - i.e. the crossing leads 

to a "smearing" of the working point by an amount 

< 

Here s r 

r N + e * e x 
—- (equivalent for AO ) 

2iro (cf + o ) x v x y 

the classical electron radius 
.-13 

(3) 

= 2.82 x 10 

Y = E/ni 
«. e 

8_. _ = the amplitude functions at the înter-
x,y 

action point {y 10 100 cm)• 

If this smearing is so large that any part of the 

bunch will have a betatron frequency close to an 

integer (or a submultiple) of the revolution fre

quency the bunch will be lost. In practice stable 

operation can be achieved for AO < 0.06. 

The maximum number of electrons which can be 

stored per bunch is therefore given by: 

N + = Y • 2* a*(c* + o») • 0.06 
max * 

(4) 

Using the parameters from DORIS and SPEAR 

(f -Vi 10 /sec, fT'v 10 cm, ff ̂  .1 cm, a -v 0.01 cm) 
— x — y — 

one finds that roughly 10 mA/bunch can be stored at 

2 GeV. This corresponds to maximum luminosity on the 

order of a few times 10 . How does the luminosity 

scale with energy ? Apart from constants 

L -v 
* * 

a a 
x y 

With increasing energy cf Ï0 ) *> E and 

N" ii cf (a + a ) • Y -v. E . 
x y y 

4 
The luminosity will therefore increase with E until 

all the available r.f. power is used to sustain the 

beam. The r.f. needed to compensate for losses due 

to the synchrotron radiation is given by 

P , = U • (I + I~) neglecting cavity and 
r.r. syn 

other losses. The r.f. power will therefore grow 

proportional to E until the 

available has been reached. 

r.f. power 
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Beyond this limit the energy can only be increased 

by decreasing the current proportional to E~ 

leading to a luminosity decreasing with energy as 
„-10 

^ Electrons 

^ a Positrons 
(or Electrons) 

W Interaction Point 

Fig. 5 - Schematic layout of the DESY 
storage ring DORIS 

The luminosity at energies below the r.f. limit 

can be increased by increasing the number of bunches 

until the r.f. limit is reached again. A many 

bunch operation, however, requires a double ring 

structure to avoid beam crossings outside the inter

action regions. DORIS, shown in Fig. 5, is made of 

two nearly independent rings one stacked on top of 

the other. The beams cross at a small angle and as 

many as 480 bunches can be stored in each ring. 

However, as can be seen from equation (2) to reach 

the same luminosity one needs to store higher cur

rents, since less particles partake in each collision 

and also because of the finite crossing-

angle which reduces the particle density. This in

creases the background from beam-gas interactions. 

(Beam-gas interactions ^ current • residual pres-
2 

sure t I ). A unique advantage of a double ring 
structure is the possibility to study e~e~ and ep 

interactions as well as e e collisions. 

A summary over past, present and future storage 

rings is listed in Table 2. 

Table 2 - ee Storage Rings 

Ring Start Beam 
of 
operation 

energy 
(GeV) 

Princeton- Stanford 1962 e e~ 0.55 
Stanford 

AGO Orsay 1966 
+ -
e e 0.2 - 0.55 

VEPP-2 Novo
sibirsk 1966 

+ -
e e 0.2 - 0.55 

ADONE Frascati 1969 
+ -
e e 0.7 - 1.55 

BYPASS Cambridge 
(USA) 1971 

+ -
e e 1.5 - 3.5 

SPEAR Stanford 1972 
+ -
e e 1.2 - 4.2 

DORIS Hamburg 1974 
+ -
e e 

e e ,ep 

1 - 4.5 

VEPP-2M Novo
sibirsk 1975 

+ -
e e 

0.2 - 0.67 

DCI Orsay 1976 
+ -
e e 0.5 - 1.7 

PETRA Hamburg 1979 
+ -
e e 7 - 19 

PEP Stanford 1980 
+ -
e e 7 - 15 

Cornell Ithaca 1980 + -
e e 

5 - 8 

I. 3 Energy spread 

The electrons and the positrons stored in a 

single bunch have an energy spread increasing 

quadratically with energy. The spread within the 

bunch is given by 

2 
o-E(MeV) = 0.86 £ _ g £ - (5) 

The ras width of the cms energy is given by 

- -1.22MéV(£42fÛ. 
W p (m) 

(6) 

o w = .1 MeV (E/GeV) at DORIS and SPEAR. 

I. 4 Beam polarization 

Synchrotron radiation will lead to a polarization 

of the electrons (positrons) with the spin parallel 

(antiparallel) to the magnetic guide field. The po

larization P(t) builds up according to 

P(t) = 0.92(l-e~c/,r) 

2 

t " . 5 ^ . c . ( i ) (-4—) 
P ̂ R 

(7) 

p is the bending radius and R the average radius of 

the accelerator. Using the parameters for DORIS and 

SPEAR one obtains • 

•c(hr) = -J 
165 

EJ(GeV) 
(8) 
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i.e. T = 1.5 hi at E - 3 GeV/beam. Since the average 
lifetime of the beam (defined as the time the lu
minosity drops by a factor e) is on the order of 
3 to 5 hrs, studies with polarized beams at DORIS 
and SPEAR became practical for energies above 
3 GeV/beam. 

II) Hadron production in e e collisions 
II. 1 Orders of magnitude ' 

At present energies there is no evidence for a 
strong interaction in electron-positron collisions 
and furthermore the weak interaction can safely be 
neglected. The production of hadrons at present 
energies is therefore to a good approximation a 
purely electromagnetic process and the relevant 
Feynmann graphs are listed below in increasing 
order of o 

To lowest order in a the electron-positron pair 
annihilate into a timelike virtual photon of mass 
2E which propagates and decays into hadrons. The 
cross section for this process can be estimated 

2 2 as a "\/ a • R in analogy to the cross section for 
a hadron-hadron collision (a -u ir R ). The inter
action radius R is inferred from the angular momen
tum L of the incident electron-positron system; 
L = R • E. The value of L is limited to 0 or 2, since 
the intermediate state must have the quantum numbers 

PC —— 
of a photon J = 1 . The interaction radius there
fore decreases with increasing energy as 1/E, lea
ding to a total cross section for hadron production 2 2 decreasing with energy as os /E . This is also the 
energy dependence predicted for a pointlike coup
ling between the virtual photon and the final state 
system. 

<r~ °7E 3 

M 

M 

[ M E / m # ) ] 

Fig. 6 - Hadron production to, different order 
of a in e +e~ collisions. The two first 
graphs involve the decay of a timelike 
photon into hadrons and the third graph 
the collision of two spacelike photons. 

Since the intermediate state has J « 1~ the angu
lar distribution for a single hadron with respect 
to the beam axis is given by: 

-jjr = a + b cos S. (9) 

The next graph which is of order ot does not add 
any new physics. Its contribution is in general 
included as a radiative correction to the one photon 
annihilation graph 6a. 

However, a new class of processes is encountered 
in Fig. 6c. Associated with a moving electron is a 
cloud of nearly real photons. A real photon behaves 
very much like a hadron with an effective interaction 
strength of a. The cross section can therefore be 
written as 

o "V" a R 2 . N 2 

R • range of the strong interaction <\/ 1/m 
N • number of quasi real photons/electron 

a • ln(E/m ) 
This leads to a a <\- — 

4 
2j . fln(E/m j 2 for hadron pro

duction via the two photon graphs. Unlike the one 
photon process the two photon process has a cross 
section increasing with energy and it produces fi
nal state hadrons strongly peaked at small angles. 

Detailed computations and measurements show that the 
two photon contribution can be neglected because of 
the low energies presently available and also be
cause the detectors do not cover angles close to the 
beam axis. We will therefore only consider hadron 
production via the one photon graph in Fig. 6a. 
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II. 2 One photon annihilation 
In the one photon annihilation graph everything is 
known except the coupling of a timelike photon to 
hadrons. This coupling is estimated below using 
two different models. 

In the first model indicated in Fig. 7 the photon 

To evaluate R one needs to make assumptions about 
the charge and the number of the fundamental con
stituents participating. Identifying the partons 
with the u, d and s quarks we obtain 

R = ( (2/32 + (I/3) 2 + (I/3) 2 ) 2/3 
Since one believes that all quarks come in 3 colors: 

R = 3-2/3 = 2 

A new quark with a charge 2/3e will lead to a step 
2 in the cross section AR = 3(2/3) = 4/3. This step 

will begin at the threshold for the production 
of a new class of hadrons which is made by 
combining old and new quarks. 

The photon can also couple directly to a vector 
PC —— meson (J » 1 ) which propagates and decays into 

hadrons. This process is depicted in Fig. 8. 

e*e""-^ M*P" 

Fig- 7 - Pairproduction and decay of pointlike 
particles (partons) compared to muon 
pairproduction 

couples directly to a pair of pointlike partons with 
charge q.. The partons transform 
by some unspecified mechanism into hadrons with li
mited transverse momenta around the direction of 
the parton. They will therefore show up in the la
boratory as jets of hadrons produced back to back. 
This graph is completely anagolous to the graph des
cribing muon pair production. That is: 
o(e e~-»hadrons)=R-o(e e -*- u u )=R- —sr~ 1/s (10) 

The angular distribution of the jet axis is 
2 1 + cos 8. R can be estimated by summing over the 

charges of all the partons participating 

R h <.? e i + i s A ) ( 1 1 ) 

The first term is the sum over all partons with 
spin 1/2, the second term is the sum over all 
partons with spin 0. 

e - M 

J_ 
E 2 CM-W} 2* 7 4 

e*e"-*- V -•» hadrons 

Fig. 8 - Production and decay of a vectormeson V 
of mass M 

It leads to a cross section 

3 (JL 
? v (M-w)2+r2/4 (12) 

Here W is the total energy in cms, M the mass of the 
vector meson, r the total width and r the width 
for the decay into e e . Defining the direct coup-
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ling between the photon and the vector meson by 
2 

eMT 
2Y„ 

one finds 

r e = — (13) 

cross section with production angle makes it 
unnecessary to cover angles close to the beam line 
where the background and the contribution from two 
photon interaction will peak. So far, the detectors 
used can be grouped into three classes. 

This process will lead to a typical Breit-Wigner 
resonance centered at the mass of the vector meson. 

" . R= a had/a . m 

_JJ_ x -^» 
W=M WCGeV) 

III. 1 Nonmagnetic detectors 
These detectors in general subtend a large solid 

angle, and measure the direction and in some cases 
the energy of charged and neutral particles. They 
can separate the observed particles into electrons, 
photons, muons and hadrons and are well suited for 
measurements of the total cross section and for in
vestigations of final states with low multiplicities. 
Reactions producing less than four particles in the 
final state can be reconstructed from a measurement 
of the particle directions and the known cms energy. 
For this reason such detectors are most useful at 
low energies; indeed the first e e rings were all 
equipped with detectors of this type. As an 
example we will discuss the set up used by the 
DESY-Heidelberg group at DORIS. 

III. 2 The DESY-Heidelberg detector 
The DESY-Heidelberg detector is shown in Fig. 10. 

Fig- 9 - Schematic sketch of the total cross 
section in units of the point cross 
section, as a function of energy 

We therefore expect to observe resonances, corres
ponding to the direct production of vector mesons, 
superimposed on a smoothly decreasing cross section 
from the process discussed above. 

III. Detectors 
The layouts of present e e experiments are 

strongly influenced by the low event rates and the 
slow variation with angle. A typical cross section 
is the point cross section 
o-(e+e" -»• U+y~) = 88 nb / s (GeV2). At s = 4 (GeV2) 

30 —2 —1 and a luminosity of 10 cm sec , this corresponds 
to one event per 3 minutes. Hadrons are produced 
with a rate a few times larger. 

Such a low event rate makes it desirable to cover 
a large solid angle and to use loose enough trigger 
requirements that all genuine e e events are 
accepted. The trigger requirements must, however, 
be tight enough to avoid flooding the data ac
quisition system with events from beam-gas and 
cosmic ray interactions. The slow variation of the 

Details of Die 
CjMrical Detector 

à s io B -

Il = Mus* Omfer 
OUCyWriaifetBdor 

w-r 

F l ë - ,1.0 ~ Ti>e layout of the DESY-Heidelberg de
tector viewed along the beam 
direction (top) and from above (bottom) 
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It consists of a cylindrical inner part made of 
drift chambers, two rings of scintillation counter 
hodoscopes and a removable photon converter. This 
part covers 86% of 4ir and measures the direction 
of charged particles and the conversion points of 
photons. Very forward and backward angles (15 < 
8 < 30 , 150 < 8 < 165 ) are covered by scintil
lation counters - i.e. charged particles are de
tected in 95% of 4ir. Surrounding the cylindrical 
detector is an arrangement of Nal and lead glass 
counters covering 60% of 4ir. These counters are 
used to measure the energy of electrons and photons. 
The energy resolution (FWHM) is 11% at l GeV for 
the Nal and lead glass combination and 30% for the 
lead glass alone. 

The hadron absorber consists of 60 cm thick iron 
plates. Muons with momenta above 1.0 GeV/c penetrate 
the iron shield and are registered in drift cham
bers mounted in the rear which cover 45% of 4ir. 
The detector is triggered on charged and neutral 
tracks. 

III. 3 Magnetic solenoids 
These detectors cover a large solid angle with 

a rather homogenous magnetic field. The field is 
oriented either parallel (MARK I at SPEAR, PLUTO 
at DORIS) or normal<MEA at AD0NE) to the beam direc
tion. The first generation of such detectors were 
mainly instrumented to measure the momenta and 
directions of charged particles. However, they can 
also identify photons, electrons, muons and hadrons. 
In some cases pions, kaons and protons can be 
identified at low momenta by time of flight. Further 
detectors of this type will incorporate Cerenkov 
counters to extend the hadron identification to 
higher energies and segmented shower counters to 
measure the direction and energy of the photons. 
As an example we will discuss the MARK I detector 
at SPEAR. 

III. 4 MARK I 
An exploded view of the MARK I detector is shown 

in Fig. 11. The coil is 3.56 m long with a diameter 
of 3.2 m producing a magnetic field of 4 kgauss 
parallel to the beam axis. A particle emerging from 
the interaction point first traverses a thin beam 
tube, one of two scintillation counters surrounding 
the beam pipe, a pair of cylindrical proportional 
wire chambers, a set of four cylindrical multiwire 
spark chambers one of 48 scintillation counters, 
the aluminium coil (about 7.5 cm thick) and one 

Fig. 11 - Exploded view of SLAC-LBL detector 
at SPEAR. The scintillation counters 
mounted adjacent to the beam pipe 
and the cylindrical drift chambers 
are not shown 

of 24 shower counters, mounted between the iron 
yoke for the return flux and the coil. The detec
tor subtends 65% of 4ir. The momentum resolution 
(rms) for charged tracks is Ap/p = 0.015. The iron 
yoke (20 cm thick) serves as a hadron filter and is 
followed by a set of spark chambers for muon iden
tification. The muon identification is improved 
over a small fraction of the solid angle by moun
ting slabs of concrete interleaved with spark 
chambers above the detector. Muons with momenta 
above 900 MeV/c can be identified using this system. 

Electrons are identified by the pulseheight in the 
shower counters. Pions, kaons and protons are se
parated by a measurement of the time of flight 
between the two first layers of scintillation coun
ters. A separation can be made for momenta less 
than 0.7 GeV/c (irK) and 1.2 GeV/c (Kp) . 

The apparatus is triggered by two or more charged 
particles with transverse momenta greater than 
200 MeV/c. 

III. 5 Magnetic spectrometers 
This type of detector consists in general of one 

or two magnetic spectrometer arms covering a limited 
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solid angle in conjunction with a non magnetic 
detector surrounding the interaction point and 
covering a large solid angle. The spectrometer arms 
measure the particle momenta with high precision 
and identify the particles using the information 
from Cerenkov counters, shower counters, and range 
counters in addition to a measurement of the time 
of flight. The vertex detector can either be a 
single set of tracking chambers or a rather complex 
non magnetic detector as discussed above. We will 
discuss the DASF detector as a prototype of such a 
device. 

III. 6 DASP 
A layout of the DASP detector is shown in Fig. 12. 

Two large H-magnets are positioned symmetric with 
respect to the interaction point and spaced 2.1 m 
apart. The geometric acceptance of each magnet is 
from 48 to 132 in production angle and + 9 in 
azimuth resulting in a solid angle of 2 x 0.45 
sterad for both magnets. The acceptance for a char
ged particle is smaller than this and depends on 
the momentum, the field strength and last detector 
plane required. The maximum field strength is 
1.1 Tesla, the integrated field length 1.8 Tm. 

À charged particle emerging from the interaction 
point traverses the following detectors before 
reaching the magnet gap: a scintillation counter 
adjacent to the beam pipe, a second scintillation 
counter which starts the time of flight measurement, 
two proportional chambers, a threshold gas Ceren
kov counter, a third scintillation counter and a 
wire spark chamber with magnetostrictive readout. 
The momentum of a charged particle is determined 
from the measurement of one space point on the 
trajectory in front of the magnet and the know
ledge of the trajectory of the particle behind the 
magnet. The trajectory behind the magnet is measured 
by 6 wire spark chambers. At the present a reso
lution of + 0.8% is reached for a particle with 
1 ,0 GeV/c momentum. 

Particles are identified by the information from 
the time of flight system, the threshold Cerenkov 
counter, the shower counter and the range counter. 
It is feasible to separate pions and kaons for mo
menta less than 3 GeV/c, by time of flight alone. 
Using the present Cerenkov counter, pions can be 
separated from kaons for momenta above 2.4 GeV/c. 

Beampipe 
and 

inner detector 

[Time of Flight Counters 

Shower Counters 

Range Counters 
Fe - Absorber 

Fig. 12 - The DASP detector viewed along the beam direction 
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Hadrons and muons are separated from electrons by 
the pulseheight in the shower counter and the in
formation from the gas Cerenkov counter. The muons 
are positively identified by their range. The ab
sorbers in the range telescope are made of iron a 
total of 90 cm thick, subdivided into plates of 
different thickness in order to allow for an opti
mal pion/muon separation at a chosen momentum. After 
each plate sufficient space for either à scintil
lation counter hodoscope or a spark chamber is pro
vided. 

The inner detector shown in Fig. 13 covers 70% of 
4ir and is located in the free space between the 
magnets. 

DASP — Inner Detector 

Fig- 13 _ The DASP innerdetector viewed along 
the beam direction 

The basic unit is a scintillation counter hodoscope, 
a sheet of lead 5 mm thick and a proportional tube 
chamber. The tube chambers consist of three (two) 
signal planes and measure the position to + 5 mm 
(+ 7.5 mm). A particle emitted in the direction of 
the inner detector first traverses one of the 
22 scintillation counters surrounding the beam 
pipe, the proportional chambers (in a part of the 
azimuthal acceptance), then four of the units 
just described, and finally a lead-scintillator 

shower counter. The energy resolution (ms) for 
photons is around 13% for an incident photon of 
1 GeV. The detector has a 50% efficiency for de
tecting a 50 MeV photon traweling towards the 
detector. This efficiency increases to close to 
100% for photons above 200 MeV. The detector can 
either be triggered by a single charged particle 
traversing one of the magnetic arms of the spectro
meter, or by a combination of charged and neutral 
tracks in the inner detector. 

IV Quantum numbers of J/ij> and i)>' 
4* — 

The total cross section for e e •*• hadrons nor
malized to the point cross section is plotted in 
Fig. 14 as a function of energy. Data at high 
energies are from SPEAR, at low energies from AD0NE, 
AGO and VEPP2. The cross section at low energies 
is dominated by the production of the known vector 
mesons p, in and $ • No firm conclusion can be 
drawn from the data at medium energies. However, 
R is clearly consistent with a constant value of 2.5 
for cms energies between 2 and 3.5 GeV. Remember 
that the standard 3 quark-model with color predicts 
R = 2. Superimposed on the smooth cross section there 
are two peaks, the J/ty and the i|i*. R shows a corn-
lex structure between 4 and 5 GeV, apparently setting 
down to a value around 5 at higher energies. 

The J/ij) and the i|i' resonances can be explained as 
a bound QQ state of a new quark Q. The complex 
structure is caused by pair production of new hadrons 
consisting of an old and a new quark. However, a 
new quark with charge 2/3 e would lead to a step 
of 4/3 in R. Neglecting the estimated systematic 
errors of 15% in the SLAC experiment, this leaves 
about 1 unit of R unacounted for. A possible ex-
plantion might be the production of a pair of new 
heavy leptons to be discussed later. If the 
QQ interpretation is correct then the J/i|) and the 
V must be vector mesons - i.e. J = 1 and the 
width for the decay into lepton pairs must be on the 
order of a few keV. The resonances must also have 
isospin 0, i.e. odd G-parity and be an SU(3) scalar. 
The determination of the widths and the quantum 
numbers of the J/iJi and the i|i' will be discussed next. 

IV. 1 Leptonic and hadronic widths 
12) Data from SPEAR on the production and the 

decay of the J/IJJ and the V into e e , U U and 
hadrons are shown in Fig. 15 and 16. 
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F i g . 14 - The t o t a l c r o s s s e c t i o n f o r e e •*• hadrons 
as of June 1975 
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1000 

b 100 r 

3.670 Î.680 3390 
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F i g - ' 5 - The c r o s s s e c t i o n for a) e + e ~ •+ h a d r o n s , 
b) e+e -> y + u - , c ) e + e - ->. e + e ~ 
measured by t h e SLAC-LBL c o l l a b o r a t i o n 
fo r cms e n e r g i e s between 3.05 GeV 
and 3.13 GeV 

F i g . 16 - The c r o s s s e c t i o n fo r a) e e •*• h a d r o n s , 
b) e + e ~ -»• v*V~, c) e + e " •*• e + e ~ 
measured by the SLAG-LBL c o l l a b o r a t i o n 
fo r cms e n e r g i e s between 3.67 and 
3.695 GeV 
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Note that the peaks are not symmetric but exhibit 

a sharp rise and a long tail extending to higher 

energies. The long high energy tail results from 

beam particles which lose exactly enough energy via 

bremsstrahlung to come down to the resonance energy. 
13) 

Radiative effects ' are also very important at 

the resonance proper. If the initial electron or 

positron radiates a photon of energy large compared 

to the width of the resonance, then the e e pair 

will not contribute to resonance production but will 

be counted in the luminosity. The effective lumino

sity is therefore smaller than the measured. This 

leads to a correction on the order of 40% for the 

J/i}i resonance. 

The width of the peaks does not reflect the total 

width of the resonance, but rather the energy-spread 

of the beams (Eq. 6 ) . However, the area under the 

peak is unaffected, i.e. the experiment can measure 

the integrated cross section Jo(W)dW. The value of 

the integral, assuming J = 1 and that the resonance 

has a Breit-Wigner shape, is given by 

2 r • r 
jo(w)dw = %. • _ £ (14) 

where r, represents the decay width into the obser

ved final state. 

The values for V , r and r can therefore be de-
e ]i 

termined from a measurement of the cross sections 

for 

e e~ -*• J/i|) •*• e e", y u~ and hadrons. 

Such measurements have been made at ADONE, BORIS 

and SPEAR, They are all in reasonable agreement. 
12) 

The values ' obtained by the SLAC-LBL group are 

listed in Table 3. 

Table 3 - Width of the J/i|) and *' 

3 h ** 

r 69+15 keV 228+56keV 

r -r 
e H 

(4.8+0.6)keV (2.1+0.3)keV 

*W 12.0+2 keV 6.6+0.9 keV 

Are these values consistent with the assumption 

that the new resonances are made of two heavy 

quarks cc 1 Adding a fourth quark enlarges 

SU(3) to SU(4). The e.m. current in a unbroken 

SU(4) symmetry can be written ass 

J

e m - 2/3(uS) - l/3(dd) - l/3(sS) + 2/3(cc"). (15) 

This current can be rewri t ten in terms of the known 

vector mesons: 

p - l/,/2 (uù - dd), u = 1//2 (nu + dd) , 

<j> = ss and the conjectured J/IJI = cc as 

2 i_ + _L ' 
4l 3^2* 

J=™ •= — p + —— u - j $ + j J/ij) (16) 

The electromagnetic widths of these resonances 

should therefore be in the ratio! 

rP . r" : r* j r
J / * 9 :-l ! 2 s 8 

This can be compared to the experimental values 

in keV 

e e e e 

(6.5+1.2):(0.77+0.2):(1.35+0.15)s(4.8+0.6) 

9 : 1.07 s 1.87 : 6.65 

In this picture the !|i' is the first recurrence of 

the J/I|J. Since r is proportional to the value of 

the wave function at the origin squared it might in

deed be resonable to expectT to be larger than 
i l ' e 

r y . It therefore seems that the coupoing between a 

photon and the •I/iK^') is consistent with expectations 

based on a bound state of two heavy quarks with charge 

2/3 e. However, note that attempts to include the 

symmetry breaking leads to either M • r or r /M as 

the relevant quantities. In both cases the agreement 

with the SU(4) predictions becomes worse. 

What about the hadronic widths ? The wave function 

of the old hadrons does not contain new quarks. 

Therefore the decay of the J/<fi and the îji1 into nor

mal hadrons should be suppressed by the Okubo-Zweig-

lizuka 14) rule in analogy to the decay $ 3TT. 

Note that the rate for $ -*- 3TT is suppressed by about 

a factor of 50 as compared to a suppression factor of 

1000-10000 needed to understand the width for J/i/i and 

ij>' to decay into hadrons. However, theoretical arga-

ments indicate that the OZI suppression should indeed 

be much more effective for the J/I/J and the tj>' than 

for the <j>. 

IV.2 Determination of spin, parity and charge 

conjugation 
I | BUT w 

The value of r makes it reasonable to assume 
e 

that the J/i|> (iji') is produced via the one photon 

annihilation diagram in Fig. 8. In this case the 

resonance must have the quantum numbers of a 
PC —— 

photon J = 1 

These quantum numbers can also be determined from 

a measurement of the cross section for e e -*• y u 

at energies at and adjacent to the resonance. At 
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these energies the reaction proceeds either via the 
production and the decay of the J/i(i into muons or 
directly via QED. The relevant diagrams and the 
cross sections are listed in Fig. 17. 

natural spread in beam energies (Eq. 6). However, 
a clear interference pattern is still visible as 
seen in Fig. 18 where the ratio o lc is plotted 

uu se 
as a function of energy. The data were obtained by 
the SLAC-LBL group. The dashed curve shows the pre-

W2 ( M - W ) 2 + r ^ , 

Expected Interference 
No Interference 

T 

0.01 
3.000 3.090 3.095 3.100 3.105 

0.15 -(b) ̂ (3684) 

8 0.10 -

a. 
*> 0.05 

3.670 3.675 3.680 3.685 3.690 3.695 
ENERGY Ec.m.(GeV) 

Un an.' 
3W 2 Fig. 18 

Fig. 17 - Muon pairproduction 
a) via the resonance 
b) via QED 

The two diagrams in Fig. 17 can interfere if the 
resonance has J = 1~, 2 , 3 . The cross section 
for (M-W) » T can be written, assuming J = 1 as 

R]2 o(eV - iiV) = |AY+AR| 3ir I e 
V,2 'M-W 

1 < X | 2 (17) 

This leads to a clear interference pattern, con
structive above and destructive below the peak with 
a dip at W = M - 3/2o V . Using the values of I" 
listed in Table 3 we find that the dip occurs l.o 
MeV below the J/* peak and .43 MeV below the i|i' 
peak. This interference pattern will be somewhat 
washed out since (3ar )/2 is comparable to the 

dieted energy dependence assuming no interference; 
the solid curve represents the energy dependence 
assuming amximum interference. The data are clearly 
consistent with the maximum interference excluding 
no interference by 2.7<J (J/iji) and 4.9a (if»') 
respectively. The observation of negative inter-

P -ference below the peak strongly favors J = 1 . 
This is reinforced by a measurement of the muon 

2 angular distribution which finds do/df2 •»> 1 + cos 8 
p -

as expected for J • 1 . 

It follows from P = -1 that the resonance must have 
negative charge conjugation: 

(u+u~) CP(uV) -C(u V ). 

This assignment is also consistent with the absence 
of the decay J/>K<I>') * YY» Such a decay is for
bidden for a spin 1 particle but allowed for all 
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other values of J provided the charge conjugation 
is even. There are three independent vectors in the 
decay, the two polarization vector of the photon 
E., E„ and the relative momentum k. There are three 
independent combinations of these vectors which 
are linear in E and transform like a vector under 
rotations: 

Tablé 4 - Limit on J/i>, ty' into YY 

(I ^ 
k x (ËJ x e 2) = Ej (ke2) • e2(kEj) 

The two first combinations are forbidden because 
the wave function of two bosons must be symmetric 
under the interchange 1 J 2. The third invariant 
is forbidden because of gauge invariance (Ek = 0). 

+ — The cross section for the reaction e e -»• YY» 
measured by the DASP group, is plotted in Fig. 19 
as a function of energy. The data runs smoothly 

Decay Fraction 
% 

Reference 

J/ifi * YY < 0 .3 15 DASP 

i | i ' •+• Y Y < 0 .5 16 STANFORD 
< 0 . 8 15 DASP 

IV. 3 G-parity and isospin 
The G-parity of a neutral, non strange meson is 

given by G = C (-1) = -(-1) . Therefore in prin
ciple the G-parity and hence the isospin can be 
determined by counting the number of final state 
pions produced in the direct decay of the resonance. 
However, because of the narrow width of the J/I)J, 
second order radiative decays as shown in Fig. 20 
are important. 

O 
JQ 
O 
C 
a 
c 

3 
A 
CD 

i 

g*é"—»YY 
(collinear) 

3670 3680 3690 

Fig. 19 - Energy dependence of j(e e •*• yy) 
for energies at and adjacent to J/ty 
and i|>'. The dotted line represents 
the rate expected from QED. The 
Breit-Wigner curves represent the 90% 
upper confidence limit to a resonance 
contribution. 

through both resonance regions with no evidence 
for peak at the position of the J/iJi or the I(J'. 
The limits obtained are listed in Table 4. 

= R 

Fie 20 - Second orter radiative decay via the 
resonance. The strength of this decay 
r

Y h is given by r = R-I^ with 
R = a

t o t - / a
u u evaluated at adjacent energies. 

Such decays will lead to final states which are 
characteristic of the photon and not of the re
sonance. The width for the radiative decay can be 
estimated from r = RT , where R is measured at 
adjacent energies. This estimate follows from the 
assumption that the decay J/iji -*• y y always pro
ceeds via an intermediate photon. Using this re
lation we find (Table 3) that about 20% of all J/i() 
decays proceed via a second order radiative decay. 

- 100 -



Since we expect the isovector part of the photon to 
dominate this will lead to a final state with a pre
dominantly even number of pions. However, the re
maining decays of the J/i|i will indeed reflect its 
G-parity. 

The branching ratios for the J/i|) to decay into 
various final states with pions only are listed in 
Table 5. 

Table 5 - J/ij) to pions only 
Decay mode Fraction References 

% 
+ -

IT IT 0.01 17 DASP 
+ - 0 

IT "IT IT 1.6 + 0 . 6 18 SLAC-LBL 
2ir + 2Tr" 0 .4 + 0 .1 18 SLAC-LBL 
2TT + 2TT 7T° 4 . 0 + 1.0 19 PLUTO 
3TT + 3IT 0.4 + 0 . 2 18 SLAC-LBL 
- +« — o 
3TT 3TT IT 

2.9 + 0 .7 18 SLAC-LBL 

4TV 4TT TT 0 .9 + 0 . 3 18 SLAC-LBL 

It is clear that the decay into final states with 
an odd number of pions is favoured. The decay rate 
into even number of pions is consistent with the 
rate expected from a second order radiative decay. 
If this is so then the ratio 

on on 
a s ™» should be one. 

off off 
o la is the cross section for a particular pion 
on on r v 

multiplicity on the resonance normalized to the 
cross section for muon pairs and 
o ,,/a „ the same quantity measured off the reso-orf orr ' 
nance. This ratio, plotted in Fig. 21, is indeed 
consistent with one for final states with even 
number of pions and well above one for states with 
odd number of pions. The J/ty has therefore odd G-
parity and even isospin. Since Jj\ji decays into 
IT w TT the value of the isospin must be either 
0 or 2. 1 = 2 can be excluded since the direct decay 
of J/IJJ into pp and AÂ has been observed. 

The G-parity of the iji' cannot be determined by count
ing the number of pions in the final state. This is 
because only a small fraction (̂  15%) of the ij;' 
decays are direct ones, the rest are decays via the 
J/iji or intermediate states with even charge conju
gation. 

Evidence for the decay i|i' -»• J/i|> + X is shown in 
Fig. 22. Here the yield of muon pairs, produced at 

MULTIPION FINAL STATE 

,_ R 0 N . gON/<y 0

MN 
R 0FF °0FF la&F 

10 

8 -

6 -

A -

2 -

3 4 5 6 7 

NUMBER OF PIONS 

Fig. 21 - Plot of a versus pion multiplicity 
for the decay of the J/ijj. The data 
were obtained by the SLAC-LBL group 

- , i , 1 , 1 -

<) 

> 1 

Mm (GeV) 

Fig. 22 - The yield of muon pairs produced at 
the ijj' as a function of invariant 
mass. The data are from DASP 
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the i|i' resonance, are plotted as a function of 

effective mass. The spectrum, obtained by the 

DASP group \ has two peaks. The first peak is 

centered at the mass of the I/I' and are the sum of 

the decays of the <i' into a pair of muons and muons 

directly produced by QED. 

The second peak, at a mass of 3.09 GeV, is from the 

characteristic decay of the J/i|i resonance into a 

pair of muons and is direct evidence for the decay 

i|i' •+ J/ty + x. Branching ratios for various decay 

modes are listed in Table 6. 

Table 6 - Cascade Decay if)' •+ J/i> + X 

Decay Mode Fraction Reference 

20 SLAC-LBL 

15 DASP 

20 SLAC-LBL 

15 DASP 

21 SLAC-LBL 

15 DASP 

21 SLAC-LBL 

s o o . 
The r a t i o Î—"*" T — O L i s c o n s i s t e n t w i t h 0 . 5 , 

J /< | J •*• Tt°Tt°3lty 

t h e v a l u e p r e d i c t e d fo r a AI = 0 t r a n s i t i o n . For 

AI = 1 o r 2 t h i s r a t i o should be 0 or 2 , which i s 

i ncompa t ib l e w i t h t h e d a t a . That J / I | I and I|I' have 

t h e same i s o s p i n i s r e i n f o r c e d by t he e x i s t e n c e of 

t h e decay i|)' •+• n J/jfi observed b o t h by t h e DASP and 

t h e SLAC-LBL group . 

SU(3) 

The decays of the new resonances into ordinary 

hadrons can be used to determine their SU(3) 

classification, provided the decay mechanism 

IT ir J/TJI . 3 2 + 4 

3 6 + 6 

IT TT J/lj l 17 + 2 .9 

18 + 6 .0 

n J/* 4 . 3 + 0 . 8 

3 .7 + 1.5 

yJ/ii Tr°j/ij) < 0 .15 

conserves SU(3) 22) 

The direct decay of the J/iJi into ir ir ,p p ,TT A„ is 

forbidden by isospin and G-parity. If the j/ip is 

a SU(3) singlet as expected for a bound state of a 

pair of heavy quarks then it decays with a single 

SU(3) amplitude. Therefore the decay rates should 

be equal for any states which are related to one 

another by a rotation around the axis normal to 

the I y plane. Fig. 23 shows an example. 

Decays into K+K", K£K°, K(890) K(890) and 

K K(1420) should thus be forbidden. 

Fig. 23 - SU(3) - Multiplet 

Branching ratios for these decays are listed in 

Table 7. 

Table 7 - Branching ratios for J/i|> 

Decay Mode Branching Ratios References 
% 

+ -
K K 

K°(890) K°T590T 

K o +(1420) K°(1420) 

K°K°(1420) 

0.014 + 0 014 17 DASP 

0.008 23 SLAC-LBL 

< 0 .05 24 SLAC-LBL 

< 0 .29 24 SLAC-LBL 

< 0 .20 24 SLAC-LBL 

This rotation principle also holds when the decay 

particles are members of two different octets. For 

example 

r(J/ij) TT +P") = r(j/i|i K K (890)) 

This last equality has been investigated at DASP 

by measuring the missing mass of states recoiling 

against charged pions and kaons. The pions and 

kaons were identified and their momenta measured 

using the magnetic arms of the spectrometer. The 

data plotted in Fig. 24 show clear peaks at the 

masses of the p and the K (890). 
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Fig. 24 - Missing mass spectrum observed in the 
decay a) J/i|/ -+ ir-X 

b) J/ij) -> K*X 
c) ij)' •+ w ± X 

The experimental result is rfrV) 
T(K K (890) 

1.9 + 0.7 or 1.6 + 0.6 after a small phase space 
correction. 
If the J/i|i has both singlet (Aj) and octet (A g) 
components then the decay amplitude will be of the 
form: 

A(ir+p") 1 2A, 8 
A(K+K~(890)) = AJ + A g 

With the above branching ratio one obtains 
lA

8l 
I. | cos6 = -0.07 + 0.06, where 6 is the phase li 
between A. and A_. 

- +. 
The SLAC-LBL group finds ^ P / = 2.7 + 0.8. 

T(K K (890) 
This corresponds to | 8 | c o g 6 m _ 0 ] 8 + Q Q 6 

Al 
after phase space correction. 
These results, and also data available on the 
decay into baryons, favour an SU(3) singlet 
assignment for the J/ty. 

All the properties of the J/t|) and the t|>* discussed 
so far are indeed consistent with these being the 
bound states of a new heavy quark Q. If this is 
the correct interpretation then more states both 
with and without the quantum numbers of a photon 
must exist. These states are isoscalar and SU(3) 
singlets. The discovery of such states shows rather 
conclusively that this interpretation is the correct 
one. The most natural choice for Q would be to 
identify it with the charmed quark c (charge 2/3 e, 
spin 1/2, charm = I, I = Y - 0) . However, any new 
quark with spin 1/2 will lead to similar predictions 
for the QQ states. The properties of the new quark 
can only be studied by finding a new class of 
hadrons which result from combining an old with a 
new quark. 

Such hadrons, carrying a new quantum number, can 
decay only weakly into normal hadrons. The signature 
for new hadrons would therefore be to find their 
semileptonic decays or to observe very narrow re
sonances. The charm hypothesis, however, can be 
identified by the preferred decay of the charmed 
quark into a strange quark, c •* -d . sin6 + 
s • cos8 . This leads to properties specific to 
the charm hypothesis like eK correlations and 
apparently exotic decays. 

In the following the predictions based on the 
charmonium model - the name generally adopted 
for the bound QQ system - will be given. These 
predictions will then be compared to the data. 

V) Charmonium 
The forces acting between the cc quarks are in 

nonrelativistic computations approximated by a 
steeply rising attractive potential. At short dis-
tanches this force might be represented by the ex
change of massless, colored vector particles; the 
gluons. This will give rise to a term a 6 

r 
in the potential where a- is the strong interaction 
coupling constant. To prevent the quarks from 
appearing in the final state one in general adds 
a confining term increasing as a-r with the separation 
between the quarks, i.e. 

a 
V(r) - — + V + a • r. r o (18) 
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A potential of this type will lead to the level 

scheme shown below in Fig. 25. 

0-Ï !" 

o- 1-

LEVEL- SCHEME 

2-*-

The D-level split into one level with even and three 

levels with odd charge conjugation. These levels 
3 

should also be close in mass to the 2 S, state. 
3 ' 

Note that the D. level has the quanum numbers of 

a photon and hence in principle can be produced in 

an e e collision. The coupling of a photon to a 

vector meson is proportional to the value of the 

wave function at the origin. For a D-state the wave 

function disappears at the origin. But since the 

i). and the S. states should be nearly mass-dege-
3 

nerate they will mix. Through the mixing the D, 
state will acquire a finite value of the wave 

3 
function at the origin. The D states will presum-

+ * 
ably show up in the e e collision satellite 
vector mesons with a rather small value for r . 

The existence and the number of such levels are 

firm predictions of the charm model, independent of 

the details of the potential. 

o--
2.1,6 J W 

In the level scheme shown in Fig. 25 there are four 

levels with even charge conjugation between the i))' 

and the J/tJi and one below the J/ij>. These levels 

can be reached by radiative decays from the i|)' or 

the J/i(i respectively. The rates for these decays 

are model dependent. 

Fig. 25 - Levels predicted for two fermions 
bound in a strongly atractive potential 

PC L 
The levels are labeled by J with P - -(-1) 

L+S 
and C = (-1) . Each value of L gives two bands 

of radial excitations with opposite charge con

jugation depending on S = 1 (spin parallel) or 

S = 0 (spin antiparallel). The spectroscopic 
2S+1 notation L T is written below each set of radial 

excitations. 

In this picture the J/iji and the I|J' are identified 
3 3 

as the 1 S., and the 2 S. respectively. The poten

tial above will lead to a small spin-spin force 

and hence to a small mass splitting between the 
3 1 
S. and the S states. 

Only a Ml transition is allowed for the decay 
3 Î 

n S . + n S + Y . The only unknown in evaluating 

this rate is u, the magnetic moment of the new quark. 

With 
2/3 e 
2m„ one obtains: 

r(23Sj - n ' s o + Y ) - £ | (19) 

These decays are strongly suppressed if the two sta

tes have different values of n, because the wave 

functions overlap poorly. 

The decay into the P-levels can proceed to lowest 

order by an electric dipole transition. The rate 

for the El transitions can be written as: 

r(23Sj-Y23P) = (^|)a(2J+l) k3|<2P|j|2S>|2. (20) 

The P-levels will split into one state with odd 

and three states with even charge conjugation. In 

a pure Coulomb potential the first set of P levels 
3 

would be nearly degenerate in mass with the 2 S. 

level. The addition of any confining potential will 

push the mass of the 2P-levels below the mass of 
3 

the 2 S. level. 

Note that in this case the wave functions for the 

P states and the S states must be known. Only the 
3 3 

transition (2 S. •*• 2 P + Y) is uniquely a El 

transition. This El transition gives an angular 

distribution of the photon with respect to the beam 
2 3 3 

axis of 1 + cos 8. The 2 S. + 2 P . + Y and 
3 3 
2 S. + 2 P» + y transition can proceed by 
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El, M2 and El, M2, E3 transitions respectively. 
For these states, no firm prediction can be made 
for the angular distribution. 

The most model dependent predictions are those 
trying to understand the absolute width of the cc 
states. The decay is a short range effect; the 
relevant distances are on the order of l/M. The cc 
state annihilates into massless glouns which in 
turn materialize into normal hadrons. These can 
largely be obtained by analogy to similar formulas 
derived for positronium decays with a suitably 
replaced. Some of the relevant formulas are listed 
below: 

a) decay of the S proceeds via two photons or 
two gluons , _ 
,.„ . .... 256, 2 I So<°> I 

r< s o - rr) = -57- « (21) 
M 

1 32* 2 I l s o ( 0 ) ! 2 

I T S •+ YY "»• hadrons) = ¥f- of 2_ (22) o J s ^ 

b) The S. state decays to lowest order into hadrons 
via a 3 gluon intermediate state (one gluon for
bidden by color, two gluons by charge conjucation 
and higher order neglected since a < 1). 

«V.-o.sjdJW (23) 
M* 

3 S , ( 0 ) | 2 

r<3S,-ggfr*-hadrons) = i{^(ir2-9)oJ ~ (24) 

c) The widths of the intermediate F states have 
been estimated by Barbieri, Gatto and Kogerler. 
They find: r ( 0 + + ) > r(2 + + ) > T ( l + + ) . The total 
widths of the F states are also proportional to 
the wave function at the origin- i.e. the states 
are expected to be quite narrow. One therefore 
naively expects the unsuppressed radiative decays 

3 
P T i n "*• Y ' si t o be rather important, at least 
for the P, level. 

This picture ' can be tested by comparing the 
widths of the J/1J1 and the 1(1'. First a value for 
a can be extracted from the measured values of s 
T and r. at the J/* resonance, e h 
r(i ggg •*• hadrons) = 5(ir 9). 
r(f -*- e e ) 18 IT 

(25) 

Using the values for r = (4.8 + 0.6) keV and 

V hadrons)•« 48 keV one obtains a = 0.2. 

This justifies neglecting the emission of five and 2 more gluons. Since a changes only slowly with q 
s 3 

we can use this value to predict r(2 S. •*- hadrons). 
3 

Using T(2 S, •*• ee) • 2.1 keV we find 
3 

r(2 S. -»• ggg -*• hadrons) = 22 keV as compared to the 
experimental value of roughly 36 keV. This is 
satisfactory agreement considering the large un
certainties in the experimental value. This is consistent with the short range picture, 
however, note that any model which explains the 
Zweig rule will tend to give the same answer. A pre
diction unique to this short range picture is the 

3 1 
relative widths of the S, states and the S states *3 1 ° The wave functions of the S, and the S state are 1 o 
supposed to be similar in the cc model. 
We therefore obtain: 

27ir r( S •* gg + hadrons) 
— 5 - • 5 
r( si * ggg "*• hadrons) 5(ir - 9 ) - a 

<\, 100. 

The S widths should therefore be on the order of o 
a few MeV. 

V. 1 New 1 states 
The cross section for observing a vector meson 

in e e~ annihilation is given by the Breit-Wigner 
formula 

r. 
Jc(e+e hadrons) 3 e 

W 2 (M-W)2+r2/4 

If the width of the resonance is narrow compared 
to energy spread in the accelerator, then the 
quantity measured is the area under the resonance. 

.2 
dW 6TT 

re • rh/r 

The experiment is then sensitive to r since in 
general Tu/ r ̂  1. If the resonance has a width much 
larger than the beam resolution then the peak 
cross section is given by 

12 r e - r h Therefore such a measure

ment is essentially sensitive to B = r /V since 
r h / r ^ i . 

261 
Groups at Adone have searched the mass region 
from 1.9 GeV to 3.1 GeV in narrow energy steps. No 
narrow resonances were found. The 90% upper con
fidence limit on the width r of the resonance to 

e 
decay into electrons is roughly T < .5 keV 
(M/3.1 G e V ) 2 . 
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5 27} The SLAC-LBL group ' has searched for narrow 
resonances in the mass range 3.2 GeV to 7.4 GeV. 
None were found; the limits are listed in Table 8. 

Table 8 - SPEAR results on narrow 1 states 

Mass Range 
(GeV) 

Percentage of 
°J/t d W 

3.2 - 5.9 
5.9 - 7.6 
5.7 - 6.4 
7,0 - 7.4 

< 9% 
< 4% 
< 2% 

< 1% 

The total cross section' 5,27) in the mass region 
from 3.8 to 4.5 GeV normalized to the point cross 
section is plotted in Fig. 26. The data are from 
the SIAC-LBL group and show a rather complex 
structure with several bumps. The peak at 3.85 GeV 
has only a 2a significance. The 90% upper confidence 
limit B is 3 x 10 . For comparison, the branching 
ratios for the known vector mesons p, a and § 

0 -5 to decay into electrons are B" = 4.3 x 10 , 
B u = 7.6 x 10 and B* = 3.2 x 10~ .respectively. 
There is also evidence for a resonance at 3,95 GeV. 
The interpretation of this structure as a bump 
depends on the low points at 3.99 GeV. Between 
4.0 GeV and 4.2 GeV there are possibly several 
new resonances. The sharp rise seen between 3,99 GeV 
and 4.03 GeV indicates that the first one might 
be quite narrow. At 4.414 GeV there is clear 
evidence for a new state. These states are pre
sumably related to the 3 J y and the \J>' resonances, 
although so far there is little direct evidence 
for this. Three 1 states are naively expected in 
this energy region according to the level scheme 
in Fig. 25. These levels have a larger width than 
the J/$ and the i{i' since they are above the 
threshold for decay into pairs of charmed hadrons. 
Such decays are not suppressed by the OZI-rule. 
It is therefore somewhat surprising that the life
time of the 4.414 GeV resonance is comparable to 
the lifetime of the states closer to threshold. 
Data for these resonances are listed in Table 9. 

T T 
Preliminary 

i 1 1 r 

6 h 
rreiiminary i 

'W 
J L J L_ 

3.80 3.90 4.00 4.10 420 4.30 4.40 4.50 4.60 

Fig. 26 

Table 9 — Summary of the 1 states 
Mass rtot r + -

e e 
B 
e (MeV) keV 

3.095 0.069 4.8 6.9 x io" 2 

3.684 0.228 2.1 9.3 x 1 0 - 3 

3.95 ! ) 60 .2 3.3 x 10~ 6 

4.1 2> 250 1.8 7.2 x 10" 6 

4.414 33 .44 1.3 x 10~ 5 

1) not yet fully established 
2) presumably several resonances 

Ecm. (GeV) 
Preliminary data on the total cross-
section obtained by the SLAC-LBL 
collaboration in the 4 GeV region 

V. 2 Narrow C m ' * } i states 
28,29) The new states'"*" / with even charge conjugation 

located below the i>' are produced via photon emission 
from the ifi' and the J/iJi. Possible detection 
schemes are indicated in Fig. 27. 
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C=*1 

hadrons 

r\ V 
Y © + 

hadrons 

Page 27 - Various decay modes used to search 
for C = +1 states below the i|/' 

We will start by discussing the evidence for the 
pseudoscalar 1 S state. One technique for finding 
this state is to search for the decays 
i3S 1 3 1 

Y 1 S -»• YYY and 2 S. + y I S -*• yyy. Some 
evidence for the first decay have been given 
earlier ' '. The experiments will be discussed in 
more detail since the data are to large extent 
unpublished. 

V. 2. 1 The three photon final state 
At the mass of the J/IJJ and the i|i' a three photon 

final state might arise from: 
a) the radiative decay of these resonances into a 
state with even charge conjugation and spin different 
from one which subsequently decays into two photons. 

b) The direct decay of the J/i|i or the i|)' into three 
31) photons . The branching ratio for this decay has 

been estimated and found to be small. 

c) Hard photon correction to the e e annihilation 
into two photons, leading to a final state with 
three photons. The cross section for this QED re-

32) action is large, however, it can be computed 
and unlike the decay via a resonance, it will not 
lead to a peak in effective mass between any pair 
of photons. 

New experimental results on these decays have been 
reported by the DESY-Heidelberg group and by the 

BASF collaboration. Both groups used non-magnetic 
detectors to select the three photon final state 
and to measure the directions of the photons. De
manding a three photon final state removes the back
ground from beam-gas interactions, multihadron events 
or cosmic ray events. This is shown in Fig. 28, 
where the number of three photon candidates ob
served by the DASP group at the J/I|J resonance is 

2 2 plotted as a function of x . The x is calculated 
from 1C fit to the hypothesis that the three con
version points and the interaction point lie in a 
plane. Events with missing tracks will in general 

No of events 

100 

50 

+ -
e e YYY 

Vs = 3 .1 GeV 

2.7 

» 2.7 

110 events 

39 events 

\ 
10 S 

Fig. 28 - Number of apparent three photon 
events observed by the DASP group at the J/>|) 
resonance. The events are plotted as a function 
of x calculated from a fit to the hypothesis 
that the conversion points and the interaction 
point lie in a plane. 

not be coplanar. The photon energies for the 110 
2 events with a x less than 2.7 were computed from 

the measured directions of the three photons and 
the known cms energy. A Dalitz plot of the events 
is shown in Fig. 29a,b for events from the J/i|i 
and the ij/' respectively. Note the low mass boundary 
in the Dalitz plot which results from demanding 
an opening angle greater than 30 between any pair 
of photons. This cut effectively excludes 
j/\ji •+• TT Y. The data obtained at the J/t|> show a 
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M îo vs. M.L. lor êê — O T a t 3.1 GeV 

4.0 SA 6.0 7.0 8.0 9.0 

M™, (GeV' ) 

clear cluster at the mass of the n, a few events 

consistent with the TJ' and some events with a mass 

between 2.8 GeV and 2.9 GeV, which might result 

from the 2y decay of a new heavy resonance. No 

clear clustering of events along any fixed mass 

line is observed at the i()'. In Fig. 30a, the events 

e+e-~.YYYatv'I=3.1 GeV 

« 

o 

c 
I 

d 

2.3 2.5 2.7 2.9 3.1 

"YY GeV/c 

Fig. 30a - The three photon events from the Dalitz 
plot in Fig. 29a (J/IJJ region) projected on to the 
high mass axis. The hatched area shows the back
ground from QED and reflexions. 

Mi„ vs. M„„ forêê — I W a t 3.7 GeV 

at the J/i|i resonance are projected onto the high 

mass axis. A clear peak, superimposed on a smooth 

background, is observed between 2.8 GeV and 2.9 GeV. 

The width is consistent with the experimental re

solution. The sum of the contributions from the QED. 

process and reflexions from r)Y and n'y are indicated 

by the hatched area. It is clear that the events 

outside the resonance region can be accounted for 

by these sources alone. Between 2.8 GeV and 2.9 GeV 

the DASP group observes 29 events compared to an 

expected background of 14 events. Assuming the ob

served enhancement to result from the decay of a 

narrow resonance they obtain M = (2.83 + 0.05) GeV 

and BR(J/IJJ •* Xy)'BR(X •* YY) = (1.5 + 0.4) x 10~ . 

371 
The DESY-Heidelberg group , using the same method, 

finds an enhancement of 8 events above a background 

of 1 0 + 4 events around a mass of 2.7 GeV. If this 

excess is attributed to a resonance they find: 

BR(J/i|) ->- YX) BR(X •+ YY) = (1.4 + 0.8) x 10~ . 

Fig. 29a,b - Dalitz plot of the three photon 
events observed by the DASP group at the 
J/u)(a) and the t|>'(b) resonance. 

These branching ratios agree well with earlier re

sults reported by both groups based on less than 

half the present luminosity. 
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I n Fig. 30b the three photon events observed by 
the DASF group at the ij>' resonance are plotted as 
a function of the highest mass found in the event. 
The events observed above a mass of 2.9 GeV are 
consistent with the rate expected from QED alone, 
shown as the hatched area. Between 2.7 GeV and 
2.9 GeV 5 events are found compared to a pre
dicted QED background of 1.3 events. From these 

-3 data a 90% confidence upper limit of 3.7 x 10 
can be derived for the decay <|J' -*• yX(2.8) •+• YYY« 

#**"— YYY at VI =3,7 GeV 

High mass solution 

! 

MYV GeV/c2 

3 1 with 90% confidence that BR(1 S.-»- y 1 S ) < 
-2 351 

5 x 10 or 3.5 keV. The SLAC-LBL group J ' finds 
BR(23Sj -+Y l's ) < 1.1 x 10~2 or 2.5 keV. The 
transitions above are all Ml transitions and the 
rate can be estimated using equation 19. With 
k = 250 MeV and M 0 = 1.55 GeV we find 
r(l S. + y 1 S ) • 28 keV. Moving the mass of the 
resonance within the errors from 2.83 to 2.88 GeV 
reduces the predicted rate by a factor of 2. The 

3 1 
large mass splitting between the S, and the S 
indicate that the radial wave functions for these 
states are not identical, which leads to another 
reduction in rate. Despite these excuses the lower 
limit on the Ml transition is clearly an embarass-3 1 ment. The limit on the decay 2 S, •+• y 1 S is not 
serious since in this case a large reduction in 
rate is expected from the bad overlap between the 3 1 2 S, and the 1 S wave functions. 1 o 
The short range picture predicts (Eq. 22) the 
total width of the S to be in the order of 5 MeV 

1 ° 
and that the BR( S ->• YY) (Eq. 21) should be on the 
order of lo"3. Using BR(3Sj -*• y ]SQ) < 5%, the 
observed rate for J/i|i •+• yX •*• YYY gives 
BR( S -*• YY) > 3 x 10 , consistent with the value 
above. 

Fig. 30b - The three photon events from the Dalitz 
plot in Fig. 29b (i|i' region) projected on to the 
high mass axis. The hatched area shows the back
ground from QED and reflexions. 

The X(2.8) must have even C-parity since it decays 
into two photons. It can therefore in principle be 
associated with the pseudoscalar 1 S state. We 
will now discuss whether this assignment is consist
ent with the experimental information available. 

In the simple charmonium picture the difference in 
3 1 mass between the S, and the S should be on the 1 o 

order of 30 to 60 MeV. The experimental value from 
the DASP group is (260 + 50) MeV. This seems to be 
inconsistent, however, one should bear in mind that 
the potential used (Eq. 18) is by no means unique. 33) For example Schnitzer ' has shown that a large 
1 3 S - S. splitting can be obtained by adding a 
long range spin dependence to the potential. 

In experiments to be discussed later the Maryland, 
Favia, Princeton, UC San Diego, SLAC and Stanford 

34) . . 
Collaboration has set an upper limit on the de
cay 13S .1, . • Y' S by looking for monochromatic photons 
in the debris from the decay of the J/<|i. They find 

Since the predicted width of the S is rather 
large one might expect to observe its decay into 
hadron final states. At the Stanford meeting the 
DASP group ' reported two candidates for the 
cascade decay J/i|i -*• yX •*• YPP- Increasing the data 
by more than a factor of two failed to produce 
any new events and therefore only an upper limit 

- -i BR(J/* •+• YX) BR(X •+ pp) < 2 • 10 can be given. 
The SLAC-LBL group has also searched for events 
of this type. They find no signal; the 90% confi
dence upper limit is BR(J/î|) -»• yt) • BR(X •*• pp) < 
4 x 10~ 5. 

Conclusion: more data on the X(2.83) are needed. 

Radiative decay to IT , n, n' 
In Fig. 31 the three photon events observed by 

the DASP group at the J/i|i resonance are plotted 
as a function of the lowest mass observed in the 
event. A clear peak at the mass of the n is ob
served, whose width of 30 MeV is consistent with 
the experimental resolution. The background from 
QED events and events from the kinematic reflexion 
of the X(2.8) is shown as the hatched area. From 

-3 
this data a BR(J/* •+ ryy) = (1.0 + 0.2) x 10 was 

-3 
found, in good agreement with (0.9 + 0.4) x 10 
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identify the n ' . 

20 
SE 
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o 
o 

•*e~—YYY at VI = 3.1 GeV 

V 
100 300 500 700 900 H00 1300 

MYY M#V/e2 

Fig. 31 - The three photon events from the Dalitz 
plot in Fig. 29a (J/̂ i region) projected on to the 
low mass axis. 

obtained by the DESY Heidelberg group using a similar 
analysis. The few events consistent with J/ij; -+ n'y 
correspond to BR(J/i|/ -+ n'y) = (1.5 + 0.9) x 10 . 
This is in agreement with a measurement of this de
cay mode identifying n' by its decay n' -*• PY as 
discussed below. 

A preliminary analysis by the DASP group of the 
three photon final states with no cut on the minimum 
opening angle yield at present only an upper limit 
of BR(J/* -»• TT°Y) < 1.6 x lo"4. 

37) • 
The DESY-Heidelberg group has measured the decay 
J/ijj -»• n'y •*• pyy •* IT ir yy. The momenta of the final 
state particles are computed using the measured 
directions as an input to the energy and momentum 
equations assuming that the charged particles 
are pions. Events with negative energy solution, 
in general corresponding to events with unseen 
particles, were rejected. The decay J/i|) -»• PTT, 
feeding the same topology, has in all charge states 
a IT in the final state. This decay was therefore 
excluded by requiring the yy effective mass to be 
greater than 0.35 GeV. In addition the IT ir were 
required to have a mass between .55 GeV and 1.0 GeV, 
consistent with the mass of the p—meson. The re
sulting invariant mass spectrum for ir IT y is 
plotted in Fig. 32. A clear n' peak with a total 
of 57 + 13 events is observed superimposed on a 
smooth background from kinematic reflexions. The 
branching ratio is BR(J/I|J •+• n'y) = (2.4 •+ 0.7)xl0 . 
This is also in agreement with preliminary data 
from the DASP group using the n* •*• py decay to 

-Ns/SO MeV 

m 
4* — TC*rt"YY 
MGiVy) 2«itrin/mnt 

3.0 m 

Fig. 32 - Invariant mass spectrum for ir ir y 
observed by the DESY-Heidelberg group in the 
decay J/iJi -»• Tr+Tr~yy. 

If the n and the n' consist of old quarks only then 
the radiative decay must proceed via the two graphs 
shown in Fig. 33a,b. 

C iag (a) * 
ifi.-vf 

111111 » « * ^ » - M - M - - - - - - - - - ^ ^ 

\lf 

(W 

a»- C 
i l X 

(c) 

Fig. 33 - Feynmann graphs for the radiative decays 
of the J/i|/ (i|i') into a meson. 
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In the diagramm 33a the photon couples only to 

the octet part of the qq pair and furthermore the 

strength of the y-q coupling is proportional to the 

quark charge. 

Assumé that the n and the n' are in the usual mix

ture of singlet and octet. 

n = 

n' = 

n g • cose + n, 

-n g • sine + n, 

sin© 

cos8 

with 

and 9 = 1r 

2/3 ss - ¥1/6 (uu + dd) 

n, = "̂ 1/3 (ss + uu + dd) 

Isospin conservation requires that IT contains 

only u and d quarks; 

TT = — (uû - dd). 
12 

The relative rate of radiative decays into the 

pseudoscalars can now be estimated neglecting phase 

space corrections. 

r(3s -> Y ^ * l ,( 
IT 

2„i 1 

2 * 1 

3 + 3 " 
> 

1 
7 

r(3Sj + Y n ) * cosii9|-i(2(-l/3)-(2/3-l/3))|2=cos28/6 

^ . 2 
, , sin 8 

r( s, +YÏ1') - r< s, -yn) • ^ T ^ 

Therefore according to 33a 

r(3s, -> YT°) : r(3Sj •+ Yn) 

3 : cos29 

r(3s, YH') 

• 2„ sin 8 

This prediction is clearly at variance with the data. 

The photon in 33b is emitted from the cc system -

i.e. the photon must be SU(3) singlet and an iso-

scalar. By the reasoning above: 

r( 3s,+Y*°) : r( 3Sj*Yn) : r(3s, -* Yn') 

sin29 
2r> cos 0 

This diagram is consistent with the observed 

!1 
smallness of r( S, ->• yir ) but it predicts the ratio 

T( S, -*• yn') 

r(3Sj •* yn) 
to be 

on the order of 25. Experimentally the ratio is 

(2.4 + 0.7). If 33b is indeed the relevant graph 

then this would imply a large SU(3) breaking not 

seen in other decay modes. Also .note that the ab

solute rates of these decays are comparable to the 
• oo 

rate for strong decays like J/I/J -»• p ir 

( r(J/i(i TT°P°) = (0.4 + .1) x 10~ 2/ despite the 

factor of a present in the amplitude for the radia

tive decay. 

38 39^ 

It has been suggested * as a possible solution 

to this problem that the n, n' and the charm 

pseudoscalar states mix. Then the n and the n' 

would acquire a small cc component and the radiative 

decay could proceed as indicated in Fig. 33c with

out suppression from the OZI rule . The T cannot 

acquire a cc component because of isospin. 

The assumption of a non negligible cc component in 

the n is also suggested by the large rate for 

i|i' -*• n J/ip. This mode accounts for about 4% of the 

total i|/' width despite the small phase space and 

the fact that n is mainly SU(3) octet. 

However, note that this mixing would.also lead to 

uu, dd and ss components in the S wave functions 

and make its predicted width of 5 MeV even larger. 

Intermediate States with C = +1 

For any reasonable potential there should be several 

C = +1 states below the i))'. These states might be 

observed by searching the \j>' decay debris for: 

1) Monochromatic photons 

2) The J/I|J together with one monochromatic and one 

nearly monochromatic photon 

3) A monochromatic photon together with hadrons. 

1) Monochromatic photons 
35) 

The SLAC-LBL group measures the single photon 

spectrum produced in the decay of the J/ty and the 

ijj' resonance by using the magnetic solenoid as a 

pair spectrometer. A photon converted in the 

material (t> 0.05 of an radiation length) mounted 

in front of the chambers is identified by demanding 

a pair of oppositely charged particles to have an 

invariant mass less than 0.0275 GeV. The photon 

energy is the sum of the measured electron and posi

tron energies; the resulting resolution (rms) is 4%. 

The photon spectra so obtained are plotted in 

Fig. 34a,b for the J/i|i and the ^' respectively. At 

the <|<' resonance the spectrum shows a clear peak 

centered at (261 + 10) MeV corresponding to a mass 

for the intermediate state of (3413 + 10) MeV. The 

observed width is consistent with the experimental 

resolution. The branching ratio is (6.5 + 2.2) 
-2 2 

x 10 assuming the photon to have a (1+cos 6) 
angular distribution with respect to the beam axis, 

_2 
or (5.5 + 1.9) x 10 for an isotropic distribution. 
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0.5 1.0 1.5 
E y (GeV) 

2.0 

Fig. 34 a,b - The raw photon spectrum observed 
in the decay of the J/t and the i|i' resonances 
by the SLAC-LBL group. 

The other F or x states give photons with energies 
below 250 MeV and are masked by the rapid variation 
of the photon detection efficiency at low energy. 
Photon lines from the decay of the intermediate 
states into the J/ip plus a photon are not observed, 
presumably because of Doppler broadening. 

The decay of the i|i' into X(2.8) would lead to a 
monochromatic photon line at around 750 MeV. No 
such line is observed. The 90% confidence upper 
limit is 1.1%. No peak resulting from the decay 
J/ij) •+ yX is found in the spectrum measured at the 
J/iji resonance. However, note that the sensitivity 
for observing this decay depends strongly on the 
mass of X since the detection efficiency for low 
energy photons depends strongly on the photon 
energy. 

The Maryland, Pavia, Princeton, UC San Diego, 
SIAC and Stanford Collaboration determines ' 
the photon energy spectrum by measuring the energy 
deposited in two sets of segmented Nal(Tl) crystals 
mounted above and below the beam pipe. The energy 
resolution varied between 2.5% at 1500 MeV and 5% 
at 200 MeV. An event was recorded when two or more 

charged particles were registered in the tube 
chambers surrounding the interaction region and 
more than 110 MeV was deposited in any of the three 
Nal(Tl) arrays. Electronic threshold effects were 
eliminated by demanding that the measured photon 
should not be a part of the trigger. The resulting 
photon spectrum obtained at the J/ty and the IJJ' 
resonance is plotted in Fig. 35. The spectrum ob-

- i — i — i — i — i — < ~ 

Fig. 35a,b - The raw photon spectrum observed in 
the decay of the J/iJ) and the if)1 resonances by 
the Maryland, Pavia, Princeton, UC San Diego, 
SLAC and Stanford Collaboration. 

tained at the i|<' resonance shows several bumps 
superimposed on a smoothly varying background 
in contrast to the structureless spectrum observed 
at the J/>Ji resonance. 

Photon lines centered at 121 MeV, 168 MeV, 256 MeV 
and 383 MeV are observed in the debris of the i|i'. 
The three first transitions correspond to inter
mediate states with masses of 3561 MeV, 3512 MeV 
and 3418 MeV. This proves that the P states first 
observed at DESY in the YY cascade are the same 
as the x states observed at SPEAR. The peak at 
383 MeV can be identified with the decay 
Pc(3.51) •* Y J/*. 
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There are two major problems in extracting a bran
ching ratio for these transitions. Firstly, the 
observed widths of the three peaks corresponding 
to monochromatic photon lines are not the same. 
Whereas the 168 MeV peak has a width corresponding 
to the expected resolution, both the 121 MeV 
line and the 256 MeV line are wider than expected. 
Since these resonances should be narrow, this might 
indicate the presence of additional, as yet un
resolved, photon lines or unknown experimental prob
lems. The fit was made assuming a width (rms) of 
7%, the maximum allowed for the 121 MeV and the 
256 MeV transition. A second problem is the proper 
shape of the non-resonant photon spectrum at the 
i|)' resonance. As a temporary solution the authors 
assumed this to be similar to the spectrum ob
served at the J/i|i resonance. This can clearly only 
be an approximation since photons from the cascade 
decay i|i' -»• IT IT J/i|i will make a large contribution 
to the iit spectrum. The result of the fit is shown 
in Fig. 36 and the branching ratios listed in 
Table 10. 

Table 10 - Radiative decays into P /x and X 

Decay BR ' 
% 

Reference 

** + Y X(3.41) 10 + 4 34 
6.5 + 2.2 35 

Y X(3.45) < 5 34 
Y Pc(3.51) 9 + 3 34 
Y X(3.55) 8 + 3 34 
Y X(2.83) < 5 34 

J/f* Y X(2.83) < 1.1 35 
Y X(2.83) < 5.0 34 

1) A (1+cos 6) distribution assumed for 
<"' •+ Yx(3.41), otherwise isotropic. 

The systematic uncertainties dominate the error. 
Note that the branching ratio observed for the de
cay V •+ YX(3.41) is substantially larger than the 
value observed by the SPEAR group. However, the 
value PC(3.51)-+YJ/I|< / +'+all of (4+3) x 10~ 2 

is consistent with earlier measurements at DESY 
and SPEAR. 

I I i L J L _L 
60 80 100120 150 200 250 300 400 500 

Ev(MeV) 

Fig. 36 a,b - The results of a fit to the 
photon spectrum shown in Fig. 35a,b. 

No significant structure in the photon spectrum is 
observed at the J/i|i resonance. A 90% confidence 
upper limit of 5% is found for the decay 
J/* -> yX(2.8). 

2) The YY cascade 
The cascade decay if>' YP -

2§) 
YY J/* was first ob

served by the DASP group ' at DESY and later by 
the SLAC-LBL group40^ at SPEAR. 

The DASP group searched for events of the type 
\j)' ->• YYW with the two muons detected in the magnetic 
arms of the spectrometer and the two photons 
observed with the inner detector. A 3C fit was made 
to the 34 events satisfying the selection criteria 
assuming they all resulted from a YY cascade via an 
intermediate state. Of the 11 events with an accept-

2 able x of 8 or less, 3 events had a YY effective 
2 2 mass greater than 0.27 (GeV/c ) and were attributed 

to the decay i|>' -»• J/IJJ n. The remaining events are 
plotted in Fig. 37 as a function of the low mass 
solution versus the high mass solution. A clear 
cluster of events with a mass around 3.5 GeV is 
seen with three single events. A background of 0.6 
events is expected in the sample. The location of 
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The branching ratios 
f c / x n J / t 

• DASP 
D SLAC-LBL 

P c / x •+ all 

3.40 

Mass CJ#Y> High Solution (GeV) 

Fig. 37 - The decay 1J11 + YP /x * YY J/<K The 
events obtained by the DASP group and the 
SLAC-LBL collaboration are plotted as a function 
of the low mass solution versus the high mass 
solution. The position of the resonances as 
determined by other methods are indicated. 

resonances observed by other decay modes is shown 
by the arrows • 

40) 
The SLAC-LBL group ' selected events of the type 
i|i' •*• Y J/t + X with the photon converted in front 
of the chambers and the J/iJi identified by its 
characteristic decay into a pair of leptons. De
manding an opening angle between the electron and 
the positron of less than 177.5° and a collinearity 
angle between the photon and either of the electron 
greater than 10 led to a sample of 54 events. 
Of these, 27 events had a missing mass squared 
recoiling against the J/ifi Y system between 
-0.03 (GeV/c 2) 2 and +0.03 (GeV/c 2) 2 as expected 
for a YY cascade. The ifi' •+ J/i|i n were excluded by 
a cut in the YY effective mass leading to a final 
sample of 21 events with an estimated background 
of 1 event. These events are also plotted in Fig.37. 
Besides a clear cluster of events around 3.500 GeV 
there are 4 events clustered around 3.455 GeV and 
3.545 GeV and a single event at 3.41 GeV. Note 
that the single events from the DASP experiment 
more or less agree with these latter SPEAR events. 

are listed in table 11. Note that the decay of the 
3.41 GeV state is based on only one event from each 
experiment. 

The resonance at 3.455 GeV (or at 3.331 GeV) is 
not observed in any other decay mode. Although 
the existence of this state needs to be confirmed, 
note that the background in these experiments is 
rather low and hence the observation of five events 
might well be significant. The upper limit of 
5% set on the decay <|/' -*• Y x(3.45) can be used to 
obtain a lower limit of 24% on the decay 
X(3.45) -> Y J/*. 

371 
The DESY-Heidelberg group ' has used the non
magnetic detector described earlier to measure the 
angular distribution with respect to the beam 
axis of the photons emitted in the cascade decay 

*' •* Y P (3.51) + YY J/* 

The J/iji is identified by its decay into a pair of 
electrons or muons. The kinematics of the event are 
fully determined by the directions of the four 
final state particles. A total of 77 events with 
an estimated bakcground of 8 events satisfied the 
selection criteria. The resolution is not sufficient 
to separate the transitions from the closely 
spaced intermediate states. However, the DASP 
and the SLAC-LBL data:show that the cascade transition 
via the P (3.51) state is the most prominent one. 
This transition is further enhanced by demanding 
the higher energy photon to have an energy between 
350 MeV and 450 MeV. A total of 60 events with an 
estimated background of 3 events satisfied this 
condition. The angular distribution with respect 
to the beam axis of the higher and lower energy 
photons is plotted in Fig. 38. A fit to the angular 
distribution of the lower energy photons of the 
form 1 + oscos 8 gives a = -(1.1 + 0.3), whereas 
o • +1 for a spin 0 state. This measurement there
fore excludes spin 0 for the P (3.51) state. 
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Table 11 - Properties of the Intermediate States 

M a s s ( P c / x ) a Decay BR(*' ->• Y P c / x ) F r a c t i o n BR(P„/x d e c a y ) R e f . 

(GeV) (1 + c o s " 8 ) 
BR(P / x d e c a y ) pit T ~ / 2 T 2» - 2 • 10 

• ' o " 3 
K* K - ¥ + / ¥ * I I " K + K " 

3 . 4 1 4 + 4 1. 4 + 0 . 4 
+ -

TT ir 
K +K* 

0 . 7 + 0 . 2 

0 . 7 + 0 . 2 

1 . 0 + 0 . 3 

1 . 0 + 0 . 3 

2 ir + 2iT 3 . 2 + 0 . 6 0 . 3 9 + 0 . 1 2 4 . 4 + 0 . 8 
+ - + -

if it K K 
3ir*3ir _ 

Y J / * 

2 . 7 + 0 . 7 

1 .4 + 0 . 5 

( 3) 

( 1 0 ) 

0 . 4 1 + 0 . 1 0 3 . 7 + 1 . 0 

1 . 9 + 0 . 7 

( 4 ) 

( 1 4 ) 

3 . 4 5 4 + 7 
+ -

I t TT 

K V 
tr+7r~K+K~ 

2rr+2ff" 

3it + 3ir" 

Y J / * 

< 0 .3 
< 0 . 3 

< 0 . 5 

< 0 . 4 

< 0 . 7 

! 2 + 6 

( 1 0 ) 

> 24 

3 . 5 0 8 + 4 ir+7t~ + K V < 0 . 1 5 < 0 . 1 7 

0 . 26 + 0 . 5 2ir + 2it~ 1.1 + 0 . 3 0 . 2 4 + 0 . 2 0 1 .2 + 0 . 4 

n it~K K~ 0 . 6 + 0 . 3 0 . 3 5 + 0 . 1 8 0 . 6 7 + 0 . 3 3 

- 1 . ,1 + 0 . 3 3ir 3ir 

Y J / * 

YY 

1 . 2 5 + 0 . 4 

37 + 1 1 

4 0 + 20 

40 + 30 

< 0 . 0 1 3 

-v 1 .4 

42 + 1 2 

< 0 . 0 1 4 

3 . 5 5 2 + 6 
+ - + -

IT ¥ + K K 0 . 2 3 + 12 0 . 2 9 + 0 . 1 5 

2it+2Tr" 1 . 6 + 0 . 4 0 . 3 1 + 0 . 1 7 2 . 0 + 0 . 5 

¥ + T T " K + K " 1 .4 + 0 . 4 0 . 2 5 + 0 . 1 3 1 .8 + 0 . 5 

0 . 2 2 + 0 . 4 3ir +3it~ 

Y J / * 

1 . 2 5 + 0 . 4 

12 + 6 

( 1 0 ) 

^ 1 .6 

15 + 8 

a) The values listed in table 2 for the decay ty' '•+ Y Pc/x were used to extract the branching ratios 
for the various Pe/x decays. An average value of 7.3% was used for the BR(*' •» YX ( 3 - 4 0 

b) The numbers in bracket correspond to only 1 event 

c) Only the sum x(3.55) + Pc(3.5!) -• 3tr+3it_ is measured. In the table the observed 3ir+3*" yield 
is divided evenly on the two states. 

d) Forbidden for a state with spin 1 
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Fig. 38 - The angular distribution with respect 
to the beam axis of photons from the decay 
i|>' -*• y P ->• YY J/I|J. The data were obtained by 
the DESY-Heidelberg group. 

Fig. 39 - Effective mass spectra observed by the 
SLAC-LBL group in the decay of the i|)' into a 
single photon and charged hadrons 

3) Hadronic decays of the intermediate states 
41) New exciting data on the decay I|I' •+ YX "* Y + 

charged hadrons have been reported by the SLAC-LBL 
collaboration. The criteria used to select these 
events and early evidence for the decay modes 

+ - + -
X •* TT IT TT TT 

+ TT+TT~ K + K ~ 
t + - + - + -

• + TT TT TT TT TT TT 

•+• Tr+TT~, K + K ~ 

can be found in reference 29. This analysis is based 
on a substantially larger data sample. Furthermore, 
a careful study of systematic effects has increased 
the precision of the geometrical reconstruction, 
resulting in an improved mass resolution. This is 
seen in Fig. 39, where the fitted spectra 
corresponding to the decay modes listed above are 
plotted as a function of mass. The 2ir 2ir and the 
it it K K spectra now show clear evidence for three 
peaks centered at 3415 MeV, 3500 MeV and 3550 MeV 
with an uncertainty of + 10 MeV in addition to the 
peak resulting from the direct decay of the i|i'. 
The two upper states are not yet resolved in the 
3TT 3TT mode, however, the uniform distribution 
of the events as a function of mass in this region 

indicate similar contributions from both. There is 
+ — + — a very clear TT TT and K K signal in the decay 

of the 3415 MeV state. A significant signal of eight 
events is also observed in the decay of the 3550 MeV 
state. The few events with an effective mass around 
3500 MeV might result from the decay of the upper 
state. Note that none of these decay modes shows 
any evidence for the 3454 MeV state seen in the 
YY cascade. 

The product of the branching ratios for the various 
decay channels are listed in Table 11, column 4, 
together with 90% confidence upper limits for the 
decay of the 3455 MeV state. The 2Tr+2ir~ and the 
IT IT K K branching ratios are nearly the same for 
all the observed states. These decay modes proceed 
partly via p and K production respectively as 
seen in Fig. 40, where the effective TT IT 
mass spectra are plotted for the two decay modes 

o + - + - + -
X ^ - p i T I T -*" TT TT TT IT 

•+ K K + i r -*• Tf Tf K K . 
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Fig. 40 - Effective mass spectra of IT IT (a) 
and K ir~(b) observed in the decay of the x(3.45) 
i n t o 2TT 2ir and K K TT TT . 

Fig. 41 - The angular distribution with respect 
to the beam axis of the photon from the decay 
*' "*" Y p

c/x •+ Y charged hadrons. 
The data were obtained by the SLAC-LBL group. 

The fractional contributions are listed in 
Table ] 1 column 5. 

A ratio of p u ir~/K K +TT~ = 9/8 is predicted 
assuming the intermediate states to be SU(3) 
singlets and neglecting effects arising from the 
mass difference. The experimental results, obtained 
by multiplying column 4 and 5, are in agreement 
with this prediction. 

The distribution in 8, the angle of the photon 
with respect to the beam axis, has been obtained 
by summing over the various decay channels. The 
result is shown in Fig. 41. Only spin 0 leads 

2 to a unique angular distribution 1 + cos 6. Higher 
spins could lead to a more isotropic distribution. 
The values of the coefficient a determined from 

2 fitting the data to 1 + acos 6 are listed in 
Table 11, column 2. Note that the value of a ob
tained for the decay to P (3.51) disagrees with 
the value found by the DESY-Heidelberg group. 

In the level scheme depicted in Fig. 25 there are 
four levels with even charge conjugation between 
the J/i|i and the lj)1, one pseudoscalar S with 
PC -+ 3 PC ° 
J = 0 and three P states with J = 
2 , 1 , 0 Are,the levels found consistent 
with such quantum numbers ? 
3.414 GeV It follows from the observed decay into 

both IT IT and K K that the state must 
have natural spin-parity and be an 
isoscalar. The angular distribution is 
consistent with J = 0. We can therefore PC ++ safely assign this state to J = 0 

3.454 GeV Presumably for real, but needs to be 
confirmed. 

3.508 GeV The absence of ir TT and K K decays are 
consistent with the state belonging to 
an unnatural spin-parity sequence. 
0~, 1 The SLAC-LBL group and 
the DESY-Heidelberg group disagree on 
the value for a. However, they both re
quire J 4 0. 

3.552 GeV This level must belong to an natural spin 
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parity sequence (based on the ir TT +K K 
events), and the observed value of a in
dicate J 5s 0. 

This is all that can be deduced from the data alone. 
However, comparing the available information with 
the levels available according to Fig. 25, one is 
lead to a unique assignment by the following 
reasoning. The 3.414 GeV level must be the 0 
state. This leaves only one natural spin parity 
level, the 3P„(2 ) which then must be associated 
with the 3.552 GeV level. The 3.508 GeV level has 
J = 0 and must therefore be the r,(l ) level. This 
assignment is also consistent with the fact that it 

+ — + — is not seen to decay into u i or K K pairs. The 
only level left according to Fig. 25 is the pseudo-
scalar 0 which then must be identified with the 
3.454 GeV level. This assignment has been suggested 

Pc(3.51) Y 3h. 

earlier by Chanowitz and Gilman 42) 

However, identifying the 3.454 GeV level with the 
2 S state leads to a serious contradiction with o 
the expectations based on the charmonium model and 
the standard short range picture of the decays. 

3 1 
According to standard lore, the S. and S states 
have similar wave functions while those for 
2 3S, and 13S, or 2*S and l's should be nearly 1 1 o o 
orthogonal. This is certainly consistent with 
BR(ij/' •* yX(2.8)) < 1.1% despite the large phase 

1 3 space. Naively, we therefore expect 2 S + 1 S. 
+ y to be similarly suppressed, contradicting the 
lower limit BR(3.454 •+ J/i|> + y) > 24%. Furthermore, 
using this limit and the relation 
r(2!S •* l3Sj + Y)<r(23S, ->• 1 ! S Q + y) < 2.5 keV 
we find r(2 S •+ all) < 10 keV. This is in strong 
disagreement with the standard short range picture 
which predicts a width of about 2 MeV. 

Does this level assignment lead to contradictions? 
For the P.levels the situation seems to be rather 
satisfactory. If the matrix elements are independent 
of J then the relative rates for El transitions 

3 
are given by r(El). -v. k (2J + 1). This leads to: 

r(23s, •* Y
3P 0) :r(23s] - Y 3 * , ) : r(23s, -> Y 3 P 2 ) = 

1 0.9 0.6 
in good agreement with the data listed in Table 10. 

43) Recent calculations of the absolute rates are 
also in agreement with the experimental values. 

Define the relative mass splitting R between P levels 
with even charge conjugation as 

R = M(2
+ +) - M(l*+) 

M(l + +) - M(0 + +) 
44) General bounds on R have been derived by 

Schnitzer for the potential listed in Eq. 18. He 
finds 0.8 < R < 1.4, where the lower limit applies 
for a pure Coulomb potential and the upper limit 
for a linear term only. Experimentally R is 0.47. 
However, agreement can be obtained by including 

33) 
the long-range spin dependent force ' which was 3 1 used to obtain a large S , 'g splitting. 

' o 
The short range picture of the decays of the QQ 
state predicts that the total widths of the 0 
and the 2 states should be larger than the total 

++ 
width of the 1 state. This is in qualitative 
agreement with the data as evidenced by the large 
branching ratio observed for the decay 

It is important to note that the level assignments 
are based on the assumption that there are only four 
levels with even charge conjugation between J/if» 

45) and the i|i'. Recently it has been pointed out 
that the large singlet-triplet splitting obtained 
by identifying I S with the X(2.8) could also lead 

1 PC —+ to the D.(J = 2 ) level being located below 
the I|J'. Then we expect five levels with (C+l) 
between the J/f and the ij>', and a complete assign
ment of levels in the framework of a QQ model is 
no longer possible with present information. 

The observed spectrum of new states is in good 
agreement with the predictions based on the charmo
nium model. This strongly suggests the existence 
of a new quark. The size of the step in the total 
cross section observed around 4 GeV makes it likely 
that the new quark has charge 2/3 e. 

The properties of the new quark can be determined 
by observing the decays of a new class of hadrons 
made by combining old and new quarks. These hadrons, 
since they posess a new quantum number which is 
conserved by the strong and electromagnetic inter
action, can decay only weakly into normal hadrons. 
Their signature would therefore be to observe either 
mixed lepton and hadron final states resulting 
from their semileptonic decays or very narrow re
sonances. The charm hypothesis can be identified 
by the preferred decay of a charmed quark into a 
strange quark;c •+ -d • sin8 + s • cos©. This leads 
to properties specific to charm like eK correlation 
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and apparently exotic decays. 

Very recent results obtained by the SLAC-LBL group 
at SPEAR show that new narrow hadrons with exotic 
decays exist. The DASP ' and the PLUTO group 4 8^ 
at DORIS have observed the semileptonic decays of 
the new hadrons. They further observe a strong 
correlation between electrons and kaons. These re
sults very strongly suggest that the new quark 
indeed is the charmed quark postulated by S.L. 

9) Glashow, J.Iliopoulos and L.Maiani 

VI) Anomalous lepton events 

The pair production in e e annihilation of new 
objects with large leptonic or semileptonic decay 
modes will lead to mixed final states containing 
electrons and muons or leptons and hadrons. The 
observation of such final states at a level above 
the background expected from higher order electro-
amgnetic interactions and semileptonic pion or kaon 
decays is direct evidence for the production of 

49) new particles. A heavy sequential ' lepton or 
a hadron with a new quantum number conserved by 
the strong and the electromagnetic interactions 
are two examples of such particles. The anticipated 
features of a new lepton and a new hadron are 
summarized in Table 12. 

The low multiplicity expected for the decay of a 
pair of heavy leptons into a final state with an 
electron (muon) plus hadrons arises as follows. In 
the decay L -*• v + hadrons, the hadrons come from 
a low mass current. If the multiplicity is com
parable to that from a virtual photon of the same 
mass, it will be small. Specific calculations 
support this conjecture. The leptonic decay of its 
partner L contributes only one charged track. In-

+ — — elastic production i.e. e e -»• LL + hadrons is 
negligible. The high multiplicity expected in the 
decay of a pair of heavy hadrons arises as follows: 
the weak decay of the new hadron into ordinary 
hadrons will presumably lead to a multiplicity 
comparable to that observed in the decay of an 
ordinary hadron of the same mass i.e. on the average 
2 to 3 charged particles plus 2 to 3 photons. From 
the semileptonic decay of its partner we expect 
roughly 2 charged particles and 2 photons. At 
higher energies inelastic production is expected 
to be dominant, contributing additional hadrons. 

Table 12 - Properties of heavy sequential 
leptons and new hadrons 

L H 

Production e +e" •*• LL 
(point cross 
section) 

e +e~ •* H*H~ 
(damped by form 
factor) 

e e -»LL+hadrons 
(Negligible., 
Less than a 
of elastic pro
duction) 

e e -»-HH+hadrons 
(Dominant at 
higher energies) 

Decay modes s L -*- S, v.v *. L 
•*• v • hadrons 

L 

H •* I v e 
(suppressed if H 
has spin » 0) 
-*• % v • hadrons e 
•*• hadrons 

Final states: 
ey + neutrino 

ey+neutrino 
+hadrons 

important, negligible 
clear signature (e(u) from two-
(e(y) from three- body decay) 
body decay) 

negligible 
(order a 2) 

e(u)+neutrino large, lepton 
+ hadron spectrum 

computable and 
"hard" 
low multiplicity 
<n , >^<n >^2-3 ch y 

large, (e(p) from 
a multibody decay) 

large, lepton 
_ spectrum 
might be soft 
high multiplicity 
< nch >' V t nY >' V' 4~ 6 

VI.1 eu-events as evidence f6r à new lëpton 
As is well known the SLAC-LBL group at SPEAR has 
found 49) events of the type 

+ -e e e +u~ + "nothing". 

These events were selected using the following 
criteria: 
1) Only two charged tracks with opposite charge 

and no photons. 
2) Each track should have a momentum greater than 

650 MeV/c. 
3) One prong is identified as an electron by the 

pulseheight in the shower counter, the other 
as a muon by range. The probability of misiden-
tifying a hadron as an electron or as a muon 
is respectively 18% or 20%. 

4) The coplanarity angle between the planes defined 
by the electron and beam direction and the muon 
and the beam direction must be greater than 20 . 
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A total of 139 events produced at cms energies 
between 3.8 GeV and 7.8 GeV satisfied these criteria 
with an estimated background of 34 events. The 
signal of 105 events is statistically significant 
and might represent the production and decay of new 
particles. To verify the production of new particles 
and to study their properties the SLAC-LBL group 
has investigated the following geatures: 

1) Threshold behaviour. 
2) Angular correlation between the e and the u. 
3) Does the e(u) result from a threebody or a 

twobody decay ? 
4) Mass of undetected particles. 
5) Limits on unseen hadrons accompanying the 

ey events. 

Their findings are: 
1) The cross section plotted in Fig. 42 

(VI 
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Fig. 42 - The observed cross section for evi pro
duction, corrected for background. The cross 
hatched line indicate the 90% confidence upper 
limit for the background. The solid and dash-dot 
curves are the expected cross section for the pro
duction of heavy leptons of mass 1.6 GeV/c and 
1.8 GeV/c^. The dashed and the dotted curve are 
for a boson of mass 1.8 GeV with a two-body 
leptonic decay mode. These latter curves are 
strongly model dependent. 

as a function of energy suggests a threshold for 
en production at or below 4 GeV. This would seem 
to limit the mass of the new particle to 2 GeV 
or less. A stringent mass limit is difficult to 
derive from these data because of the background 
and the small number of events observed below 
4.4 GeV. The energy dependence of the cross section 
is consistent with the behaviour expected for a 
heavy lepton. However, a reasonable fit can also 
be obtained assuming production of new hadrons. 

2) At high cms energies the electron and the muon 
are preferentially emitted in opposite directions 
since they result from the decay of heavy particles 
produced back to back. From the threshold behaviour 
and the collinearity distribution the SLAC-LBL 
group determines the mass of the new particles to 

2 2 
be between 1.6 GeV/c and 2.0 GeV/c . 

They argue that the observation of a threshold and 
the strong angular correlations between the 
electron and the muon demonstrates that new particles 
are produced. 

3) The observed momentum distribution of the electrons 
(muons) exclude a two-body decay mode as the sole 
source. The three-body decay mode required by the 
data is necessary for a heavy lepton, but might 
also be the preferred mode for the semileptonic 
decay of a heavy hadron. 

Note that the experimental observations discussed 
above .cannot be used to disentangle the production 
of a heavy lepton from the production of new hadrons. 
These possibilities might be separated either by 
a measurement of the mass of the third particle in 
the decay or by excluding unobserved hadrons. 

4) The electron (muon) spectrum is plotted in 
Fig. 43 as a function of the normalized momentum 

P - 0.65 GeV/c 
Pmax " °- 6 5 G e V / c 

) 

The momentum distribution of the electron (muon) 
expected from the decay of a heavy particle into 
3 particles, two of which are massless, is also 
plotted as a function of the mass of the third 
particle. The curves - all except one - are evaluated 
for a V-A current, A particle with the mass of the 
neutron is clearly excluded. However, an acceptable 
fit is obtained if the third particle has a mass of 
0.5 GeV or less. 
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Fig. 43 - The electron and the muons plotted as 
a function of the normalized momentum p. 
The solid, the dashed and the dashed-dotted curve 
show the distribution expected from the (V-A) 
decay of a lepton with mass 1.8 GeV for various 
values of the neutrino mass. The dotted curves 
are for a massless neutrino, and a (V+a) current. 

5) The SLAC-LBL group has made a careful evaluation 
of the possibility that the eu events are 
accompanied by undetected hadrons. They conclude 
with 90% confidence that no more than 39% of all 
the eu-events can contain additional charged 
particles or photons. 

They argue that if the eu events are to be explained 
by a single source they must arise from the pro
duction and the leptonic decay of a new sequential 
lepton. From the observed eu cross section and the 
production cross section for a pair of point 

2 particles with a mass of 1.8 GeV/c they find 

B R ( U ^ v u i v e ) = (0.17 : ° ; g ) 

This was derived assuming equal decay rates to be the 
e and the p modes, V-A coupling and a massless 
neutrino. 

All the data published by the SLAC-LBL group point 
to a new heavy lepton as the source of the observed 
eu-events. However, it seems crucial and prudent 

to verify such an important discovery by an in
dependent method, for example by a measurement of 
the hadronic decay modes of the heavy lepton. Such 
information might be obtained from a measurement 
of single electrons or muons produced in 
e e •* UU •+ £ + anything. The observed lepton 
originating in the leptonic or the semileptonic 
decay of one of the pairproduced new objects is 
used to tag the event, imposing no constraint on 
the other member of the pair. Thus heavy leptons 
and new hadrons might be identified by the momentum 
distribution of the observed lepton and the ob
served multiplicity. Present data on inclusive 
lepton spectra are as yet not conclusive. 
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