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ABSTRACT 

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. This report contains four 
sets of lectures dealing with: high energy particle interactions 
with nuclei; gauge fields; high energy neutrino reactions; quarks 
in high energy interactions and a summary of a course given on : 
the QCD catechism - an introduction to the perturbative aspects of 
quantum chromodynamics. 
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PREFACE 

The notes which are now lying before you represent the Proceed
ings of the 1978 CERN School of Physics which was held near Zeist, 
the Netherlands, and which was organized in cooperation with the 
Dutch Physical Society. The number of students attending the School 
was 64, most of them from CERN Member States. 

The main topics were gauge theories, hadron structure, high 
energy neutrino reactions and quantum chromodynamics. Shorter lecture 
series were devoted to high energy particle interactions in nuclei and 
the physics of new detectors. These lectures were interspersed with 
talks on specialized topics. For the first time in the history of the 
CERN Schools of Physics poster sessions were held in which students had 
the opportunity to display their own research work. 

To my mind the 1978 CERN School of Physics has succeeded in 
attaining its two main goals: to convey important new information and 
insight to its students and to be the instrument of making new bonds 
of cooperation and friendship which transcend national boundaries and 
which, I hope, will be enduring. 

I take the opportunity to express my sincere gratitude to all 
participants : lecturers, discussion leaders, students and my fellow 
members of the organizing committee, who have contributed so much to 
the success of the School. Financial support from the Dutch Ministry 
of Science and Education is gratefully acknowledged. 

Finally a word of thanks to the organizing secretary, Ann Caton, 
whose patience and perseverence was of decisive value for the School 
and for the assembly of the final notes in the form of these 
Proceedings. 

C. Dullemond 
Chairman of the Organizing Committee 
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HIGH ENERGY PARTICLE IMTERACTIONS WITH NUCLEI 

V. Cay* 
Institute of Nuolear Physios, 31-342 Krakow, Poland. 

1. Introduction 

The reoent interest in nultipartide 

production processes on nuelei vas trig

gered by re— discovering their *enigmatip 

simplicity" which has been known to cosmic 

ray physioists for over 20 years:the mean 

multiplicity and angular distributions of 

relativistio secondaries produoed on nuolei 

do not differ markedly from what emerges 

from p-p collisions. This reluctance of 

nuolei to multiply partioles generated on 

one nuoleon of the target nucleus is illus

trated in Pig. 1. It shows the relative 

multiplicities 

average no of relativistio partioles 
r> _ produoed on nuoleus 

average no of relativistio partioles 
produoed on proton 

" nuoleus 
•a 
" hydrogen 1.1 

for particle production in nuolear emulsion 

as measured in experiments and calculated 

from intra-nuclear cascading . R measures 
the ability of the target nuoleus to multi

ply partioles produced on one nucléon. 

Vhen R a X there is no multiplication. 
Ve see that while oasoading processes at 

very high energies would lead to consider

able multiplication what we, in fact, see 

is a very weak "response" of the nuoleus. 

What Fig. 1 tells us is that the spaoe-

-tinte evolution of hadron final states 

cannot be trivially described by cascading 

in the target. Processes of oasoading are 

very well known in physios from the electro

magnetic eleotron-positron cascades gener

ated by very high energy electrons emitting 

bremsstrahlung in condensed media. There, 

one usually assumes that this bremsstrahl

ung Cwhich subsequently produces eleotron-

positron pairs which, in turn, radiate 

photons etc) is a sum of radiations from 

consecutive collisions of the fast electron 

with atoms of the target. Indeed, such a 

picture is, in general, very well borne 

out by experiment with some small but sig

nificant exceptions which were first 

predioted by Landau and Pomeranouk and 

later oonfirmed experimentally : when the 

electron is very fast andywhile producing 

a photon,oan undergo more than one virtual 
collision there is a damping of production. 

So, there we have an example from a olass 

of phenomena where early stages of evolu

tion of produoed systems take plaoe over 

large longitudinal distances and the ob

served deviatons from cascading signal us 

the interactions of something else than 

the physical, well defined, partioles. 

How much the mechanism of damping of 

production in hadron-nuoleus interactions 

is similar to the Tondau-Pomeranouk meoh-
3 5 

anisnr is an open question . There is, 

however, a commonly accepted point of view 

that the role of large distances and long 

time intervals is of primary importance in 

description of high energy interactions »'*J 

At present the most often used pioture of 

the spaoe-time evolution of produoed hadron 

final states is a hybrid pioture of multi-

peripheral model, Regge-model, parton.«odel 

and "soft" field theory. A representative 

selection ot these strongly overlapping 

models one oan find in refs 8 ' 9 ' 1 0 ' 1 1 . 

In all of them the longitudinal distance 

over which production takes place is given 

by a time dilated characteristic time 

(ve take t) a c a / ) : 

1.2 

where £ is the energy of the produoed 

par tide, rr\ its mass. Thus very high 

energy partioles are produoed over distances 

which may beoome as large as the radii of 

is interesting to note that Landau 

himself introduced these oonoepts into 

hadronic interactions through a relativistio 

hydrodynamio model, very different from the 

mechanism he and Pomeranouk proposed at 

about the same time for high energy eleetro-

magnetio interactions in condensed media . 
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nuclear targets. This leads, in general,.to 
reduotion of multiplicity of produced par
ticles . 

Does the Internal structure of inter
acting hadrons play an important role in 
production? In other words can we learn 
something about the internal structure of 
hadrons from hadron-nucleus interactions 
which would be more than we can get from 
analyzing hadron-nuoleon collisions? This 
is not clear. Most of the experimental 
data on hadron-nucleus collisions are on 
prooesses with low average Pi of produoed 

, 12 \ 
particles (see e.g. the review ) , Conse
quently one might expect that such proces
ses are not very sensitive to e.g. quark 
structure of hadrons and that in interpret
ing them one might get away with just a 
general notion of relevant longitudinal 
distances (1.2} without explloitely in
volving internal struoture of hadrons. In 
faot. we shall argue that this is possible 
1 3 ' . On the other hand the data is still 

12 
far from being detailed and, with fur
ther progress of experiments, one may 
expeot seeing some nontrivial signals of 
quark parton struoture even in the low-
pj_ production. The first steps to relate 
measurable quantities with quark struoture 
in low-At production prooesses in hadron-
nuoleus collisions look quite encouraging 
15,16 

« 
One can hardly avoid discussing quark 

(parton) structure when data on large-b. 17 18 19 ' production is analyzed" ' , This is 
at present THE METHOD to understand hadron-
nuoleon large -A and lepton-nucleon deep 
inelastic prooesses, thus one should accept 
it as a starting point of large-pj. and 
deep inelastic hadron-nuoleus and lepton-
nuoleus prooesses. Here, it is reasonable 
to aooept that one or more constituents 
are being knocked out of a nuoleon in the 
target nuoleus and fragment into hadrons 
while traversing nuoleus. Aotually there 
are possible experiments whloh may look 
direotly at the process of quarks easoading 
in nuolel. These are multihadron product
ion prooesses in deep inelastio electron 

. —nucleus 
(muonj - nuoleus and neutrino interactions. 
By selecting events with small Bjorken 

scaling variable co one is assured that 
the incident lepton interacts with just 
one nuoleon in the nucleus, consequently 
multihadron production must result from 
a cascading quark. Since all this happens 
inside of nuclear matter, the analysis of 
such events is of great importance for 
understanding of quark interactions with 
hadronic matter. Although the existing 
experimental data are still very modest 
20 21 

' attempts of such an analysis have already been made 20 

-nuoleus interactions 
2 Ca) Hadron-nuoleus interactions 

One measures the total multiplicities 
and various differential multiplicities of 
produced partioles, the total and total 
production oross sections and inclusive 
cross sections. These quantities are 
inter-related. Indeed, let the oross 
seotion for production of n particles 
with momenta yO,- ... p„ be <Tn (p,• •• • fr, ) 
The inclusive cross section for producing 
one partiole with momentum Pi is 

E, de _ dsr 

I " r~»ct'-\t»] -7. <% d% 

2.1 

where # - z ^ ^ 
is the rapidity. After integrating (̂2.1 ) 
over f̂̂ Ai and dividing by cross section 
for production of one partiole 0~~ — 

^fi<P>'~h)VX->--£' one obtains 
the average density of partioles at rap
idity .̂ 

/ da- _ ^?i 
3~ Ay_ ~~ CLM 

The total multiplicity is therefore 

n ' S ^ % . 2.3 
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When only angular distributions can be 

measured (e.g. In all experiments with 

emulsion) , instead of rapidity,, U , the 
pseudorapidity, n J is used 

universal function well represented by 

1- log tan 
Z.k 

The relation between X and is 

2.5 

and it turns out that differences I U — 0\ 
are for fast secondaries typically 4 0.3 

/for a numerical example see ref 27). 
*• describe 

Ve shall briefly a few representative 

pieces of data which will be discussed in 

more detail in the next sections. Ve shall 

not disouss the data where energies of in

cident hadrons are lower than ~" 20 GeV. 

While looking at the data we should remem

ber that the targets are oomposed of many 

nucléons and there may be recoiling nuclé

ons or groups of nucléons present among 

secondaries. Although they can be identi

fied reasonably safely in most experiments 

one should be aware of this small contami
nation. The average transverse momentum 

of produced particles p>± s 0.5 GeV. This 

fact has been known from cosmic ray experi

ments for more than 20 years. So, the main 

bulk of production is low- p± production. 

Large-p.! partioles constitute just a small 

fraction of average multiplicities. 

Fig. 2 shows the total relative multi

plicities as defined by(l.l). The target 

nuclei {from C to I/)are defined by the 

average number of collisions y as de

fined in the Appendix. R appears to be, 

at least for incident protons and pions 

of various energies, an approximately 

*̂)()ne oan compute A from an approximate 

formula valid, because of energy indepen

dence of oross sections, for a very wide 

range of energies. For pions A = 3.33V , 

for protons A = 3.16 y . 

R 2 * 2 
2.6 

which is also shown in Fig. 2. Again we 

can see that even the heaviest nuclei 

oannot even triple the hadron-nucleon 

multiplicity. Note that (2.6) implies 

that the relative total multiplicity is 

proportional to the number of hit nucléons 

/? s •» W~ (see the Appendix for the defini
tion of W ) . Whether this indeed is the 
"right" parameter to give total multipli

cities one may test in nuoleus-nuoleus 
29 collisions where there is no relation 

between V and W . The existing data on 

multiplicity distributions in nucleus-

nucleus interactions at ~ 20 GeV/nucleon 
30 give preference to w •* . 

The average density of particles 
Cr&V 

produced in <t00 proton - emulsion inter

actions at a given pseudorapidity 0 is 

shown in Fig. 3 . Also the same density 
CreV 

for proton-proton Interactions at 4O0 is 

sketched there. Ve oan see that the main 

bulk of multiplication of partioles comes 

from the oentral and small pseudorapidities 

(rapidities^. At large rapidities (projeo-

tile fragmentation region) an opposite 

effect takes plaoe: there are less parti

oles than in nucleon-nuoleon collisions. 

This is a well established effect and has 

been seen in emulsion for many years as Fig. k shows 32 

Data from oounter experiments on 

{here, the rapidities are being measured) 
12 27 

are shown in Figs 5(a) ,Cb) ' . One oan 

see how multiplicity densities vary with V, 

hence with the atomic number of the target , 

Fig. 5£) , and with energy, Fig. 5(b). 

Note that as the energy inoreases the 

region of low rapidities (target fragmenta

tion regionJ does not change, while the 

high rapidity region (projectile fragmenta

tion region) shifts to higher rapidities. 

This data is not aoeurate enough in the 

projectile fragmentation region to show 

a deficit of multiplication for large 

rapidities. This is, however, very clearly 

seen in Fig. 6 ^ . 
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First a remark about the parametrlza-
tion used in Fig. 6. For rapidities of the 
near-forward and forward regions the inolu*-
sive invariant cross sections oan be fitted 
as follows 

EdrA 

tt3/> 
- if**' 

where A is the atomic number of the target 
and the subscript n labels the hydrogen 
target and C in *• constant. Following 
(z. 2 J we obtain for the multiplicity densi
ties 

*= c 4% 
<5 

Since 
2.8 

OT -d: A 0 ' 6 9 «•*» reaction cross 
4 27 

sections over large range of energies , 
when one finds (X 
multiplicity 

a (Xr s 0.69 the relative 

Rfr*)- <ty.dyL 

d^H 

2.9 
does not depend on 4 • *«•» ot < 0.69 
RCH. PJ\ increases with decreasing A and 
this means that there is a deficit of multi
plication. Fig. 6 shows such a defioit for 
Si ̂  6. From(2.8) we oan see that when 
« s i the multiplication is proportional 
to y" . 

In Fig. 6 the dependence on Ai is 
integrated over. It turns out that although 
0((-*L>Px) is a complicated function of pj. 
it has, for smaller values of -W , a tend-, 33 a eney to increase with px . In fact 
this effect is quite speotaoular as it was 
shown in refs 1 7 » 1 8 » 1 0 . Fig. 7 demonstrates 
that A-dependence is indeed, as in {2.7 ) 
a power law dependence. The experiment [/*J 
integrated over U. dependence so only the 

0j_ dependence of « ' s was determined for 
pions, kaons, protons and antiprotons as 
shown in Fig. 8. The same phenomenon was 

also seen in production of massive dihadron 19 states , Fig. 9. What is surprising in 
these results is that c< > 1 for large pj. . 
For low t>x o n e observes only (X S 1. 
Eq.^2.7} provides us with the following 
picture provided C cc 1 which is approxi
mately the case: Each nucléon is a source 
of partioles ejeoted into the element <* ' p 
of the momentum space. When <K = 1 the 
beams of produoed particles on each nucléon 
just add up to give the hadron-nuoleus in
clusive oross seotion. When ex < 1 the 
beams from each nuoleon get attenuated by 
the surrounding nuclear matter. Now then, 
the interesting thing is that Fig. 8 tells 
us that for large enough p± the beams from 
each nuoleon are also fed from some other 
channels to produce a beam from the target 
nucleus which is amplified by the presenoe 
of the surrounding nuolear matter. 

2fr) Lepton - nucleus interactions 
Data on lepton - nucleus interactions 

for incident particles above 20 GeV is very 
modest. The examples given below are pre
sented in a way which is parallel to the 
hadron - nucleus data we have just discussed, 

Fig. 10 shows a plot,analogous to the 
one of Fig. 6 } obtained for hadrons prod
uoed on nuclei by 20.5 GeV/o incident elec-

34 , 
trons"̂  . The exponent ex plotted in Fig. 
10 is, however, not the same as in Fig. 6: 
The ratio of the number of single-particle 
inolusive hadrons detected /gram/cm / elec
tron to the analogous number for deuterium 
was measured for ^ ; AL , â e j c , Cu- > *" 

± ^A 

and then fitted to a power of A 

*<," W 

2.10 

2.11 
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Since o( < 0 (see Fig. 10) this means that 
we see an an attenuation in the number of 

forward hadrons electroproduoed from nuclei. 

Thus this is qualitatively the some phenome-
33 non as observed in ref. •* and shown in Fig. 

6. 
Fig. 11 shows the inclusive single 

partiole density of hadrons produced in 150 

GeV u -emulsion interactions as a function 

of pseudorapidity n £an analogue of Fig.3). 
Since the average energy of the virtual 

20 
photon is & 61.7 GeV , Fig. 11 shows also 

single partiole inolusive densities tor the 
interactions: proton-emulsion at 67 GeV 

and pion-emulsion at 60 GeV. Ye can see 

that there are signifioat differences at 

the central region of pseudorapidlties. 
20 

In the experiment of ref. the ener
gies and angles of the outgoing muon were 
measured. Therefore each event was charac
terized by a definite value of the diment» 
sionless Bjorken sealing variable 

SL (£-£') TU 

t -B-

CO = 

= wrv 

2.12 
2 

where E - E' is the muon energy loss, Q -

-muon four momentum transfer squared, m -

- nucléon mass. Xn the high energy limit 

<•<-' is proportional to the lifetime of the 
virtual photon T So, T., measures the 

y distance over whioh the virtual photon can 

interaot coherently with the target nucleus; 

r(in fermis) 1= ~- Oj 

Thus, for co < 5 events, we have the fol
lowing mechanism of particle production at 

work: the inoldent partiole interaots with 

just one nucléon of the target and the 

products of this interaction, not the inci

dent partiole, can collide with the other 

nucléons of the target and produoe more 

partiole. So, at small w's, multiplication 

means cascading, and the nature of suoh 

cascading is of primary importance because 

at these huge momentum transfers and energy 

losses we presumably knock out bits of 

protons and see the results of their inter

actions with the rest of the nucleus. 

20 

Xn experiment of ref. all muon in

duced jets were divided into five Co-bins 

and the multiplicities in these bins were 

oompared with multiplicities of muon-hydro-

gen interactions. The results are shown in 

Fig. 12. Note that the multiplicities 

from emulsion are everywhere larger than 

multiplicities from hydrogen. This means 

that in the lowest ÛJ bin we see easoading. 

There is no significant difference in multi

plication of partioles at small and large 

co '& but this does not prove that the 
mechanisms of produotion are the same. 

There are also some data available on 

neutrino and antineutrino multihadron pro-
21 

duotion in the Fermllab 15 - foot bubble 
chamber filled with 6Wf> neon - 36% hydrogen 
mixture. Th.ua 96% of the interactions occur 

on Me. (A = 2o). The results are enigmati

cally simple: No differences are seen 

whioh could distinguish the hadronic states 

created by plons and neutrinos. 

3. Discussion 

3 Ça) Low-fo processes in hadron-nuoleus 
Interactions 

Let us start with the calculations of 
13 ref. whioh is representative of the most 

popular theoretical approach whioh is a 

combination of multiperipherality, "soft" 

field theory (Reggeon field theory) and the 

parton model ' ' ,and gives an approximate 
12 agreement with the data as shown In Figs 

5 ([a) , Cb) . This approach starts with sophis
ticated diagramatic teohnique whose essen

tial ingredient is the diagram of Fig. 13. 

Xt shows a space-time development of the 

Inclusive spectrum of produced hadrons in 

a collision of fast hadron with strongly 

interacting target. The initial hadron is 

assumed to be a multi-peripheral ladder of 

partons. Sinoe partons are pointlike their 

cross sections (for dimensional reasons) 

~ S hence only slow partons interaot. 

Therefore the Interaction of the incident 

hadron takes some time before it produces 

slow enough parton to interaot with the 

target. The faster is the hadron the more 

time it takes - from the moment of its pro-

- 5 -
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auction - to Interaot. In faot the formula 

(l.2) takes just this effect into account. 

So the graph of Fig. 13 implies the rela

tion (fl.2)11. 

In hadron - nucleus collisions where 

many collisions take place one constructs 

- from elements shown in Fig. 13 - a multi

tude of diagrams vhose relevance is often 

difficult to appreciate. Sinoe one cannot 

calculate all of them and one has no sys

tematic way of constructing approximate 
22 10 solutions, this general approach ' 

forms merely a framework for many possible 

more specifio models. 

Let us go baok to the results of ref. 
13 

. In order to obtain numerical results 

for comparison with experiment the sophis

ticated diagramatio description has to be 

supplemented with tree extra inputs: 

(i) the distribution of the number of col

lisions, £ (y) , (fii) the hadron-nueleon 

rapidity distributions of secondaries } 

n*tyEù (fiii) the distribution of 

energies among a given number of hadron-. 

nucléon collisions, p(E,e,... tfy } . In ref. 
3 : (l) is the same as our Eq//4/£.)which 

is a simple probabilistic expression, 

(ii) is a fit to the existing experimental 

data, (ill) is just an arbitrary phenome-

nologioal assumption. The extra assumptions 

Ci) -(ill) do not oome from any field the-

oretio or parton model considerations nev

ertheless they completely determine the 

rapidity distribution in hadron nucleus 

collisions presented in Figs 5 (a) , Ôt>). In 

fact the hadron - nucleus rapidity distrib
utions of 13 

:/ 
3.1 X 

with 

normalized fde,...dey />(!?,e,...?,) = /'. 
E is here the energy of the incident hadron 
and F(y) the normalized probability of y 
collisions (see Appendix). 

Eq.(3.1) has a simple olassioal-proba-

bilistio interpretation: the hadron -

nucleus rapidity distribution is an aver

aged sum of all possible hadron-nucleon 

rapidity distributions. The method of 

averaging is a purely phenomenological 

assumption with the restriction imposed 

that each nuoleon of the target nucleus can 

interact only once. Thus one may wonder 

whether the calculated curves shown in 

Figs 5Ca)»Cb) have anything to do with 

"soft" field theory, multipherality or 

parton model. 

The following classical calculation, 

relevant to the above, has recently been 
23 done following an old suggestion of ref. 

2k 
. Let us assume that in a hadron-nuoleon 

oollision there exists a "leading particle 

which carries away a substantial fraction 

of the energy brought in by the incident 

partiole. This leading particle hits the 

nucléons while it traverses the target 

nuoleus and at each collision looses a 

f-raotion of its energy and produoes objects 

which after a time t (1.2) become hadrons. 

» 

The rapidity distribution of hadrons from 
each interaction, ^^HC^,^) w e &&& from 

experiments on hadron-hydrogen interactions 

after subtracting the leading particle from 

all interactions exrcept the last one. For 

a target nuoleus with A nucléons we have 

3.2 

(at) 

v -"Tue "leading particle" may consist, in 

faot, of few fast partioles dlffraotively 

generated from the inoident particle. In 

the ease of inoident pions the role of the 

"leading particle" may be played by e.g. 

3-7T systems diffraotively produced. 

- 6 -



with the same notation as In (2,2.). Ve 

have still to decide on the sequence of 

energies (the incident energy E~ is given) : 
Bl} £~j_ j... . A reasonable starting point 

is to use B^ = (I-K) Ë i where K is the Ine
lasticity coefficient ̂ fraction of energy 

transfered to secondaries), which has been 

measured in many oosmio ray experiments and 

its average found to be « 0.5. Now all 

elements of (3.2) are specified and Fig. 3 

show some of the results of preliminary 

calculations with K s 0.55 compared 

with experiment' •*. The "soft" field theory 

(Reggeon field theory} oan also accomodate 

this model of the "leading particle casoade" 
26 

• 

A few oomments are in order here. The 

first is that the predictive power of the 

"soft" field theory is very low: to get 

numerioal results one has to make phenomeno-

logioal assumptions and the soft field the

ory is, at present, just a loose framework 

for various phenomenological approaches. 

The second is that the agreement with ex-
23 périment, especially of ref. , is very 

Impressive. The third is that if the con

frontation of the forthcoming, more aoou>-

rate, data with the calculations of the 
23 kind given in ref. remains as impressive 

as it is today we should draw a pessimlstio 

conclusion: the low-̂ j. production pro

cesses are well described by a simple su

perposition of the hadron-nuoleon distribu

tions and we are not going to learn from 

them anything new exoept that production 

takes place over large longitudinal dis

tances- . On* should stress however that 

before reaching such conclusion one must 

test the models against much more detailed 

data. 

I personally hope that these models 

will fail to reproduce these new, more 

aocurate, data. Let us therefore disouss 

One is tempted to apply at this point the 

principle of "Oooam's razor": "Beings ought 

not to be multiplied exoept out of necessi

ty" , and ignore the soft field theory as a 

tool for description of low-p,. phenomena. 

mechanisms of low-pj. production which 

explioitely involve the internal structure 

of hadrons. A reasonable starting point is 

to acoept that the incident hadron, f\ , is 
composed of fvf, constituents which one oan 
most naturally identify with constituent 

quarks. Our constituents are not pointlike 

and eaoh carries a finite fraction of the 

momentum of the incident hadron and is 

responsible for a finite fraction of the 

cross seotion: pc»jpj 0Zp «_^af/1 for the proton, 

fl z£/> > Ql„ajt °*p f o r *°* Pi 0 1 1* Thus Instead 

of pointlike partons of the "soft" field 

theory we introduoe lumps of hadronic matter 

(or lumps of partons ) as "sources" of partl-

ole production. The assumption which ena

bles one to compute many characteristics of 

various production processes is 5' that 

the contribution to the central rapidity 

region of one const! tut en t interacting with 

the target Is Independent of the target*1*; 

The probabilistic conoepts developed in 

Appendix for hadron-nuoleua Interactions 

oan be applied here to compute e.g. the 

average number of interacting constituents 

In the incident hadron 

<r = 
^%T 

Çr 3.3 
where Ç is the inelastic cross seotion of 

the cons ti tu tent c with the target T" , and 

J4r is the inelastic oross seotion of the 
hadron A with the target T . 

An immediate eonsequenoe of our assump

tion is that any composite system interacting 

with one constituent produces the same den

sity of particles in the central region. 
of 

The density produced partioles Is therefore 

proportional to the number of constituents 

in the projectile colliding with one con

stituent. This "unit" of particle produc

tion may be visualized as a tube out out 

from the projectile by one constituent 

going along a straight line. 

One oan give arguments supporting this 

assumption D' but it will remain a pheno

menological step whioh only successful pre

dictions oan Justify. 
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*«4rfr>__ WIT _ Tjf 

"S« 
T O 

3.* 

Note that (3.&) is invariant against the 

transformation 4\ £ i T . 

From ^3.4) ire oan get various ratios 

of multiplicities in the oentral region of 

rapidities. Relative (to hydrogen) hadron-

nucleus A multiplicities: 

% * & - # 

3±~ 
3.5 

is the average number 

^ y %L -. 
U *<& 

«here V = liE* 

of collisions in C°-, A) collisions ( see 
Appendix). Note that(3.5^ implies that 

fin the oentral region of rapidities) the 

ratio of pion to proton-nucleus multiplic

ities is^ 

<ty _ B±^ 
d.f!fA 

S^k 
«fo^c ^ 0 " K 

Sa 
ÇrA 

& 
^ 

and t h e y weakly on energy. Also <r_ ^ 
28 .5 A 0 , 7 5 mb and <J~ * 46 A 0 , 6 9 mb. One 
g e t s 

Loi A 
-c.oé 

3.8 

this ratio, properly averaged for 60 GeV 

pions and protons interacting vith emulsion, 

is o.84. The experiment, Fig. 11, for the 

oentral region 1.99 <0 < 2.76 gives 0.87. 
For the same parametrization of oross 

sections and taking Gl , = 10 mb we obtain 

R (y J * i.oz y., 
pA rA fA 

p. CENTRAL H6<HOH — o.to 

3.9 

Fig. 14 compares (3.9) with the 50 GeV 

data for the same as above central region 

of rapididies 2 7 . From0 . k \ & . 2 ) and the 

fit to (rA given above one oan also obtain 

the inclusive oross seotion 

3.6 

and the ratio of their relative (to hydro

gen ) multiplicities is 

y *A - %A K« 
<%A VpH 

3.7 

Since ( T ^ j ^ the ratios (3.6) and £3.7) 

are within this approximation, equal. One 

oan estimate (3.6) an (3.7) knowing that 

at 30-60 GeV 01 - 21.2 mb and (t - 32.3 mb 

— ——_— - Z L — ^ 
* Note that in ref, 1 5 the ratio (3.6) is 

given « jsf*. This is different from our 
3 UJTA 

result although numerically is very close 

J^-CsnTKAI. RtïQ'V/ 

^ 
<Mj = 1.2 1 A 

3.10 

In Fig. 6 we compare it with experiment. 

Note that the central region at 300 GeV 

should go no further than tA-x.1/-, hence 
the region of k > ^i is outside of the 
rapidity of (3.10). 

From this model of constituent quarks 

interacting with nucleus one can also com

pute multiplicities of specified secondary 

hadrons at X x. £ and •£ -v i (*015 At 

£ « -r production of '. secondary protons is 

determined by the probabilities of absorb
ing one quark, 

where I ft 

AtJltï production of 

is the Feynman scaling variable Jt = . - » 

r«/i< ' ^ s * n o maximum longitudinal 

momentum which a particle oan< have in the 

cms. So, -X is the longitudinal momentum 
in cms soaled into the interval ( -1, +l) . 
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secondary plons and kaone is given by the 

probabilities of absorbing two quarks and 

some quark combinatories. The computed 

yields are found In a reasonable agreement 

with the data at ~ 20 GeV 1 5 . 

Ve olose this section with a few 

general remarks. From the phenomenologioal 

models within the framework of the "soft" 

field theory "" J we seem to be getting 

an almost trivial picture of hadron-nueleus 

interactions at low fix which reduoes to 

hadron-nuoleon collisions: after splitting 

hadrons Into infinitely many pointlike 

partons we end up with the statement that 

we do not need any knowledge of the inter

nal struoture of hadrons to aooount for 

hadron-nueleus Interactions. Henoe nuclei 

are uninteresting targets for low-f»x phe

nomena. However one should check many 

things before one aooepts such conclusion. 

In particular the yields of various parti
ng 

cles may tell us to what an extent 

nuclei distort hadron-nucleon production. 

Vhen the constituent quarks are the 

sources of production one expects these 

yields to be distorted and one can predlot 

what they should be (for the first attempt 

see ref. ) . The discussion given above 
gives some idea how the constituent quark 

description of low-£>x production can be 

implemented. It certainly has more pre

dictive power than the "soft" field theory 

and thus is more attractive. 

3 (b~) Large-gj. Processes ln_hadron-nuoleus 

interactions 

First let us point out that the anti-

shadowing effeot shown in Fig. 8, henoe 

the stronger than ~ A dependence of the 

inclusive cross seotion at large p ± , is 

also reasonably well represented by the 

formula 18 

tt-'MftiMA+cjtfA* 

3.11 

where 1 speoifies the outgoing particle 

and a, b and o are positive. Eq.(JJ.1l) . 
/(«(tu) 

not only can itiimi ok the standard f\ 

dependence fitted in experiment but it also 

suggests that the effeot of antishadowing 

comes from incoherent multiple' collisions 

within nuoleus: Ve identify the first term 

with the contribution of "soft" (.loM-pj^ 
processes which are slow and take plaoe 

over long dlstanees of the order of nuolear 

diameter or more, so the particles are not 

produoed Inside the nuoleus but, more likely, 

outside. The coefficient CL^. C<p±) is a rap
idly decreasing f unotion of jpx . Henoe 

forth we shall discuss only processes at 

large p x thus neglecting the first term 

in (3.1l) • For large p x's the production 

prooesses become fast, the products of the 

first Interaction are created deep inside 

of nuoleus and can interact again before 

leaving nuoleus. 

Let us discuss the mechanisms of the 

stronger than ~A dependence of production 

of large-p x objeots in one and two inter

actions : 

(i) The Incoming particle I produces at 1 

a large-Pi objeot <S whioh leaves the 

nuoleus . 

(ii) I produoes at 1 a large-p x object S 
which subsequently, through another large 

-Cpj_~bx ) scattering at 2 emerge» as a 

large-Pj. objeot 3 . 

(iii) I produces at 1 a large- (bj.-Apj3 

objeot Q whioh subsequently converts into 

a large-p x object <S" through a small-^pj. 

process at 2. 

To estimate dependence on A we 00m-

pute the probabilities of these meohanisms: 

t>(£) -v J\ f because there are A nuclé

ons in the target, f>(±±) and p fill) ~ A ' ' 2 , 
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because once the Interaction Inside the 
nucleus takes place the average number of 
nucléons on the path of produoed objeot Is 
proportional to the nuclear radius, hence 
to . Note that any extra Internal ool-.</3 lision brings another faotor A . S o , 
single, double, triple etc interactions 
contribute terms with * A , ~A 3 , ~A ^ etc 
dependences, respectively. Note also that 
the signs of all (i) - (ill) additive pro
cesses are possitive because (il) and(111) 
add to the beam of SCfu) of Ci), draining 
the other beams: 5fpl) and Q (f>±) . Our 
description Implies that If we included an 
attenuation of S(pj.) in Ci) va would have 
to subtract particles from the S(f>_i) beam 
and have dependence weaker than ~A of the 
production in (i) . Ve shall not oonsider 
here these attenuation corrections. 

Adding (i) + (ii) or (i) + (ill) or 
(i) + (it) + (ill) we get (3.1l). The prob
lem remains however of calculating the ooef-
fioients and fitting the data. As far as 
X know, nobody obtained a complete and 
convincing explanation of the results of 
refs '» so far. The most striking fea
ture of the data is that the antishadowing 
depends very strongly on the outgoing, 
detected, particle: 

«*±Ow.i)»u ; «pffaj* fi)*/.' 

This suggests that the quantum numbers of 
the objeots talrtng part in large- p^ produc
tion are relevant. For instanoe it is dif
ficult to Imagine only real partioles tak
ing part in the prooeas: The differences 
between different partioles are too small, 
when we take the other extremity and acoept 
that quarks are the objects S and Q of (i) 
- (Hi) and higher order prooesses,we do 
indeed get large differences ; between dif
ferent outgoing partioles. Suppose the 
objeot Q is a quark. Production of large 
-pi pion is achieved by oombining this 
quark, at 2, with an antiquark and we get 

On the other hand, to produoe proton a 
quark needs two interactions (two quarks), 
at 2 and 3 (not marked in CiiiJ). Thus 

d> 

This means that 0t_""«'»"'-«•"» < ^ effective effective 
r which is indeed the case. This approach, 

however, runs also into serious troubles 
when we try to describe production of 

3*5 strange partioles . Perhaps the objects 
S, Q etc. are multi-quark objeots but not 
physical partioles? The problem is still 
open. Ve shall come back to it when we 
discuss deep inelastic lepton-nucleus 

36-39 interactions. In refs one can find 
discussion}of various aspects of large-
production on nuclei. 

3(c) High energy lepton Interactions 
with nuclei 
Multlhadron production by high energy 

leptons opens new possibilities of inves
tigating short time development of high 
energy interactions. In many respects 
lepton-nucleus multlhadron production 
looks similar to hadron-nucleus production. 
For instance the attenuation of the forward 

34 electroproduoed hadrons at 20 GeV J , Fig. 
10, is qualitatively similar to the forward 
production in neutron-nucleus interactions 
at <* 300 GeV 3 3,Fig.6. Unfortunately,at 
low-pj. , there is still little to compare 
or to analyze. Let us therefore make a few 
general remarks. 

As we saw in the oase of hadron-
nuoleus interactions the average number 
of collisions, y , of the Incident parti
cle is an important quantity which charac
terizes multiparticle production. V has 
a well defined probabilistic interpretation 
for nondiffraotive hadronic collisions 
(see the Appendix}. This is, in general, 
not so fox* leptonic interactions. Ve 
prefer, therefore, to consider a quantity 
C , called shadow henceforth, which is 
always well defined and which is uniquely 
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related to V when the number of collisions 

does have a probabilistic interpretation. 

For any process ë whose cross sections are 

measured on proton, G~Hfi) ; and a nucleus, 

(T. (|0 , the shadow is defined as follows 

s 3.12 

When ^ is an nondiffractive produotion 

process and the Incident particle is a 

hadron 

C = ^ -
' 3.13 

Examples of shadows for hadron-nuoleus 

interactions : 

I. 200 GeV protons onU 1 2 , g -total 
A y*-1 nondiffractive production, C = — ~ 0.75. 

II. ~ 300 GeV neutrons on CM. » £ -inolusive 

produotion at M * 8, C = M w f y V"' «. 0.9. 

III. Large-b, production by protons on 
18 

C^ , £ -inclusive production at px 

« 6 GeV. Outgoing protons C'I-A"^'' 
~ -4.3, outgoing pions Cx -0.52. 

So, attenuation is characterized by positive 

G ( shadowing) while large-pa production 

by negative C, ( antishadowing) . 

There are measurements available of 

Ĉ  (§) and 0"w (f ) when £ is the inelastio 

electron [union) scattering but at com

paratively low energies (~ 10 GeVj . 

Throughout the whole investigated region 

of Q and CO Cwas found small but with 
ko 

both signs . These experiments show 

that C is a very relevant characteristic 

of inelastic reactions, and they force us 

to revise the standard vector meson dom-
k\ inance model . Unfortunately, at very 

La-
high energies the shadows for Inê stioally 
scattered leptons were not measured. 

Let us discuss briefly multipartiole 

produotion associated with photoproduction 

(or eleotro-, or muoproduction) of ve'ctor kz mesons and with low shadows . Vhen a 
vector meson of mass Tnv is produced by the 

incident photon (real or virtual^ of ener

gy E the localization of production is 

given by the inverse of the longitudinal 

momentum transfer 

3.14 
So, for light mesons e.g. ç (*u«. 0.7 GeV) 

and £ = 200 GeV, û~- X 80 fm while for 

very heavy meson e.g. Ï (7Mp %, 9 GeVj and 
B ~ 200 GeV, A/, ̂  0.5 fm. Moreover the 

o -nucléon oross section is of the order 
of the n -nuoleon cross seotion but X -
nucléon oross section is less than 1 mb. 

Consequently one should expect at high 

enough energies of Inoident photons with 

0 -trigger a produotion of particles very 

much as in 7T -nucleus collisions and the 

shadow, C , of the Inoident photon to be 

approximately equal to that of pion. 

Instead, the photons with T -trigger 

should have C« 0 and the production pro

cess should provide us with a very important 

piece of information on interaction of sec

ondaries. Indeed, In this case, the number 

of collisions of T is expeoted to be close 

to 1, therefore any increase of multiplic

ity relative to the multiplicity of parti

cles produced on hydrogen targets must be 

attributed to the existence of oasoading 

of produced partioles in the target nucleus. 

Note that in the models of low- px particle 
13 ik 

production discussed above ' suoh cas
cading is neglected altogether and yet 
there is a very good agreement with data. 

Produotion of partioles associated 

with inelastic e (h) -nuoleus scattering 
can also be of considerable importance for 

understanding short-time development of 

production. Fig. 11 shows that, although 

the pseudorapidity distributions of multi

plicities are similar for inoident virtual 

photons, peotons and pions of equivalent 

energies, there are also some relevant 

differences. For instance in the oentral 

region of pseudorapidities we have 

A M* dri? 
— - < < 

3.15 

Since the large and small pseuderapidity 

regions differ little we also have 
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k. Conclusions 

***<*?<*» and R^R^R*'. 

3.16 

An attempt to explain these Inequalities 

for pions and protons was disonssed above. 

It Is an Interesting question hov and why 

the muoproduotlon fits into (3.153 and 

C3.16). 
The evidence of oasoadlng shown in 

Fig. 12 is of great interest beoause at 

small CO S we may be knocking out of nude-

ons their fragments (quarks? groups of 

quarks? J which then interact with the rest 
of the nucleus. To say something more 

about these interactions one would have to 

do a better experiment which would measure 

relative multiplicities for fixed Cù<!> as a 
function of increasing energy loss of lepton 

(E- E ' ) . Then we could say whether e.g. 

the ejected system fragments into hadrons, 

as in the case of deep inelastio production 

on a free nucléon, which then easoade, or 

whether the nuclear matter surrounding the 

hit nuoleon Interferes with fragmentation. 

If indeed the ejected system has to fragment 

before Interacting, the relative multipli

city should approach unity as E-£ increases 

beoause of time dilation effect whioh would 

push fragmentation outside of the target 

nu. leus. As we can see an Improvement of 

the measurements shown in Fig. 12 oould 

greatly help In understanding of large-

production results of refa ' . In fact 

it would be very interesting to repeat a 
17 Cronin-type of experiment with Inoldent 

leptons. Then, the analysis of the results 

would be simpler beoause the prooess of 

production would be Initiated by a point

like Inoident particle. 

This concludes this strongly biased 

outline of high energy particle Interactions 

with nuoiai. 

1. Hadron induoed low-pj. processes give 

evidence for a delay in production of 

particles which takes place along large, 

of the order of magnitude of nuclear 

diameters or more, longitudinal dis

tances. It is not dear whether suoh 

processes will tell us something inter

esting about the internal struoture of 

hadrons. More accurate and detailed 

data which are forthcoming may clarify 

the situation. 

2. Clearly, hadron induoed large-px pro

cesses are more sensitive to the inter» 1 

hadronlc structure. Understanding of 

the existing data is still far from sat

isfactory and muoh work is to be done. 

Important help may come from deep ine

lastic lepton-nuoleus interactions. 

3. Lepton induoed productions of hadrons 

on nuolel are still in their infancy. 

Thus it is fitting to oherish great 

expectations for them. Indeed, various 

possibilities of productions assooiated 

with experimentally controlled leptonlo 

kinematics may help penetrate mysteries, 

of short-time development of production 

processes. 

Many discussions'of the topics of these 

lectures with Professor AndrzeJ Bialas are 

gratefully acknowledged. 
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Apgendlx 

Probabilistic Calculations of Cross Sections 

and Averages 

Hadron-nucleus reaction cross section 

at the impact parameter •% is 

<r»Hk)~ \d\...d\ ltCn...rA)j 

crr

fA)= y^haffr) i 

A1 

where x„ is the ground state wave function 

of the target nucleus, a~r(-£) - the dimen-

sionless Impact parameter distribution of 

the hadron-nucleon inelastic oross section 

normalized as follows 

i.(î)wA~ktï is the proba

bility that the target is left in the ground 

state) 

^ (ih i-{i~[m)-^i)l}' 

with 

/' 

3(£)=Jk*D£K<£-i) > 
A7 

for a purely imaginary elastic amplitude. 

The term - <T/T(^ ) takes oare of the fact 

that some interactions leave the target 

nucleus in its ground state, hence do not 

contribute to inelastic cross section 

Assuming the elastic amplitude to be 

purely imaginary one can oaloulate it from 

the optical theorem 

£T r = dx4 <rr d ) 

.2. A 
A2 

Approximating )%(* • r.)\ X TT^fr.) 
we have /t"' 

°?ftfe)= I - [!-&*(*>]* 
A3 

where 

§(i) = ^D(tk(i-i) 
A4 

+O0 

Dte)= \d*.c(i.i), jk"dhay-1 
AS 

To see that (3) does indeed originate from 

probability calculus one can re-write it 

A /A A-v 

A6 

where the consecutive terms correspond to 

exactly one, two, three etc collisions 

with the target nucleus. 

Similarly, for the total inelastic 

cross seotion, one gets ( Note: Cl-f+arf ) 
V. "fc çJL ' 

£r(*) = irci)f+o?cO 
A8 

Using (7 ) as an imput we get from^BJ: 

AQ 

This is the well known formula of the 

Glauber model for the elastic amplitude 

in the Impact parameter representation . 

Indeed, it turns out that the Glauber 

model oross seotions are identical with 

expressions gotten from olassioal proba

bility calculus. To oomplete the proof 

let us recall the formula for quasielastio 

oross section of the Glauber model 

-CA) 

<>£...«(<:)-D-asfc)] 
A -O-^h^aîl . 

Aio 

The reaction oross section is 
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= ^rrt)-ira)r-^, ) S(i) 

A11 
From (lo) and £9) we get 

Vhlch oompletes the proof. 

Sinoe 

A12 

».«£.- u t - < & -cr; 

«0 
A13 

It follows that also %.<!. is given by the 

same formula (10) in both approaches. From 

(8^ and (9^ we get the expression for the 

total oross section 

Al4 

There are good measurements of <Ty 
for> 4 GeV neutrons [ta] and 0*5* calcu

lated from the above formula is compared 

with these measurements in Fig. 15. Ve can 

see that it agrees within 5-7$. The dif

ference one atributes to the "inelastic 

shadowing" which comes from diffraotive 

production prooesses which we negleoted 

altogether in our discussion. 

In presentation of experimental and 

theoretioal results one commonly uses the 

average number of collisions which, in 

hadron-nueleus collisions, is defined 

as follows 

r 

where 

A-v 

A15 

!>(>,&)* tfXi-Srt) &&)) 
AI6 

is the probability of y hits and A-y 
misses at the impaot parameter b. One 

computes (A15) using the generating func

tion 

v*c 

- {//-«vJ^ôv*! 
A17 

Since 

!><t> 
9 - - IL^^t)-A^(é) 3 JC 

' o c - / V-l 
A18 

we g e t from (A.\$),(KI%) , (AZ) , (À.k) and 

— _ / ^ < r *-
y ~ "*=*> * A19 

When both oolliding objeots are treated 

as composite (e.g. two nuclei with A and 

B nucléons) one can use (A19J to compute, 

in each object, the average number of hit 

constituents. The average numbers of hit 

nuoleons in the nuclei A and B are, respec

tively, 

- , , . A<r}b> _ 
WA(l) 

Bo-/*' 

<r CAB) ^ . w ) - - ^ > 

-CB) 

of 6 J 

A20 
where (S^°J is the nuoleon-nuoleus B 
reaction oross section and <TC is the 

r 

nucleus A - nucleus B reaction cross sec

tion. Eqs <fA20J are also being used to 

describe production prooesses through 

interactions of constituent quarks ('see 

Seotion 3 ) . Note that in all nuclear 

interactions the averages (JM 9 J and ( A20j 

can be oomputed from directly measured 

quantities. 
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Fig. 1 Relative multiplicities calcu
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Pseudorapidity distribution of 
multiplicities from proton-emulsion 

interactions at 1*00 GeV 31 and in 
proton-proton interactions 25 the 

solid line is the leading particle 

cascading calculated in 14 

*>4£i 

Fig. 2 Relative multiplicities for pro

tons and pions of various energies 
12 interacting with various nuclei . 

The straight line is the relation 

(2.6J. Relations between A and V 
arerfor protons A = 3 . 1 6 ^ A

3 , 2 3 

and for pions ft = 3.33y . 
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Fig. k Attenuation of forward produced 

particles in 7T and p -emulsion 
32 interactions ** . 
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Fig. 5(a) Rapidity distributions of multi
plicities for various nuolei in 
200 GeV proton-nuoleus collisions 
27 

(b) Rapidity distributions of multi-
plioities for various energies of 

27 Incident protons 
Also theoretical curves of multi-

13 pie-chain parton model 
shown. 
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Fig. 6 Attenuation of forward produced 
particles from «v 300 GeV neutron-
nuolei interactions given 
through exponent « in invariant 
cross sections fitted to the ~A 
dependence. Horizontal solid line 
is the prediction of the constitu
ent quark model of production , 
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Fig. 11 Rapidity distribution of multi

plicities in 150 G«V M -emulsion 
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interactions . Also the same 

distributions for proton-emulsion 

and pion—emulsion at equivalent 

energies are shown. 
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Fig. 13 Spaoe-time development of multi-
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namic bound s t a t e s of p t A i , As importaai m the 
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fact that quarks bind in gleeks (se ts of three) , 1 

faced the problem of the a p i a - s t a t i s t i c s pussla for 

the baryon wave function and l e t color» a t th is 

point « sor t of hidden variable* solve i t for me. 
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i i a p l i c i t y , quarks are chosen as color t r i p l e t s * 

laving color add i s a non-abaliaa fashion ( l ike an
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baryons that are color s ingle ts » mach «s aleetrody-

aaade house s ta tes l ike to he e l e c t r i c a l l y neut ra l . 

Hext came the main s tep : The gauging of the 

color charge» The audience and myself contemplated 

the b i r th of eight masalass color gluons» with spe

c i f i c and universal couplings to each other and to 
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pronounced some words on asymptotic freedom»infrared 
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GAUGE FIELDS 

C. Itzykson 

Service de Physique Théorique, C.E.A.-Saclay, BP n°2, 91190 Gif-sur-Yvette, France 

Abstract 

In these notes we provide some background on 

the theory of gauge fields, a subject of increasing 

popularity among particle physicists (and others). 

We do not present detailed motivations and applica

tions which are covered in the other lectures of 

this school. In particular we omit the application 

to weak interactions by referring to the introduc

tion given by J. Iliopoulos a year ago. The aim 

will be rather to stress those aspects which suggest 

that gauge fields may play some role in a future 

theory of strong interactions. Only a few references 

have been quoted. We apologize to all of those who 

have contributed and are not cited here. 

1. Local Invariance 

We are all familiar with the concept of gauge 

invariance in electrodynamics. The simplest example 

is provided by a charged particle moving in an 

electromagnetic field described by a scalar (V) and 

vector (A) potential. The Schrbdinger equation reads 

iff*-«*)• " («£-«)• 
An arbitrary change in the phase of ty 

<K*,t) = exp fë-x(x.t)] *'(x,t) 

(1) 

(2) 

may be compensated by a corresponding change in the 

potentials 

A'Cx'.t) = A"'(î,t) + ^x(x.t) 

V(î,t) = V(î,t) - -^X(î.t) 

without modifying the measurable electromagnetic 

fields 

(3) 

B = curl A = B* 

Î - - fa - Û 

(4) 

3t 
= E' 

nor the physical content of the Schrodinger equation 

which takes the same form as (1) in the prime varia

bles. 

This aesthetical invariance principle has impor

tant consequences, among which are the following 

i) it severely restricts the types of possible 

couplings, 

ii) it reduces the number of degrees of freedom in 

the system, 

Hi) it implies, in the quantum context some non 

trivial interplay between topology and dynamics, a 

point which was not sufficiently emphasized until 

recently, 

iv) at the level of quantum field theory it plays a 

crucial role when discussing renormalizability. 

Point i) is a very familiar one. For each charged 

system interacting electromagnetically, it implies 

the replacement of ordinary derivatives by "covariant" 

ones (minimal coupling). Henceforth, we use relati-

vistic notations, with c= 1 , and Minkowskian metric 

u v = _ 
8 Syv ^w uv 

6 ° ^ ' ^ 3 ' 8OO = - S K K = 1 

ordinary derivative 9 a — — 

4-potential 

covariant derivative D 

V ^ 
A 

y 
• {A 0 = V , -2} 

D 
y 

= 3 + ieA 
y 

F = 3 A - 3 
y v A 

(5) 

field strength 

Sum over repeated indices is understood. 

For instance, it is the minimal prescription 

which gives the electromagnetic coupling of a Dirac 

field (y s Dirac matrices) 

| Y'
i(i3 y-eA v i) -mj. « = 0 (6) 

This entails the famous non trivial prediction of a 

gyromagnetic ratio equal to 2 (forgetting radiative 

corrections) for a Dirac electron, but could of 

course be modified by extra ad-hoc terms of the type 

K a F themselves gauge invariant. 

With regard to point ii) we observe that we may 

derive equations of motion for the electromagnetic 

field from a stationary action principle. This re

quires the construction of a gauge invariant Lagran-

gian density involving the minimal number of deriva

tives. The simplest candidate is 
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c£ I F F 1 

4 iiv 

,UV (7) 

from which the Euler-Lagrange equations fo l low i f 

we wr i t e & t o t = <££ 

1 a ( 3 F " g T P 0 ^ + JL A£ - n 

2 \ 13(3^7 F J + 3Ç A X " ° 

3 / ' .pv _ 
3A. 

A # (8) 

defining the conserved current j . These are the 

well known Maxwell equations which we consider here 

in terms of the potentials. Unfortunately they are 

not sufficient to prescribe their time evolution, 

since the equations are not modified by a gauge 

transformation (3). The description in terms of A , 

although it provides a local characterization of the 

dynamics introduces spurious unphysical degrees of 

freedom. Eq.(8) is compatible with an infinite set 

of potentials parametrized by an arbitrary function 

of x and t . We must make a choice of gauge to se

lect a representative solution. For instance we can 

impose the Lorentz condition 

Vv (9) 

in which case under suitable boundary conditions, 

Eq.(8) which reduces to oA =j (D = d'Alembertian 

3?-V 2) admits a unique solution 

A = A • + 
asympt. 

rT1 -V 

° i 
(10) 

Stated differently if we write explicitly the equa

tion as 

|ng - 3 3 1 A v =. j I 6uv \i v) Jv (JD 

Eventhough no field acts on the electron path 

one predicts, and observes, a shift in the diffrac

tion pattern through a phase 

9 = | l î.dî = f JJ curll.ds = ^ (1 

where <j> is the magnetic flux through the coil. In 

2) 

the empty space surrounding it d) A.dx is an inva

riant (with respect of continuous deformations of 

the countour C) because there curl A = B = 0 . Since 

the surrounding space has a hole the integral need 

not vanish. Such interplay between topology and dy

namics is to become a major theme in the non-abelian 

counterpart of the theory. 

Finally point iv) will be elaborated as we go 

along and is presumably well known to an audience of 

particle physicists. 

2) 
It occurred to Yang and Mills that the above 

construction could be generalized to other invariance 

groups than the commutative group of phases. 

What happens if the dynamics is invariant under 

changes of local reference frames describing internal 

degrees of freedom ? To be specific we use the colo

red quark model as an example ; the ideas are of 

course general. Assume therefore that the quark 

states carry a three-fold color index. We define 

correspondingly three fields \j> (x) , a =1,2,3 which 

can be linearly transformed according to 

•: Uab<"b (13) 

where U stands for a 3 by 3 unitary matrix with unit 

determinant, i.e. an element of SU(3). Note that we 

leave aside global phase transformations. An infini

tesimal transformation will read 

the operator on the left hand side does not admit a 

unique inverse formally. In a quantized theory, this 

inverse is to become the photon propagator. We must 

therefore cope in a way or another with this diffi

culty to construct a meaningful photon field. 

An example of point Hi) is the Bohm-Arhonov 

effect. One studies electron diffraction in a Young 

type experiment in the presence of a coil where a 

current induces a magnetic field B 

®, 

ty' = <I + 6I|I 

ty = i X u 5Ç a $ 

U ab ab ab ^o 

(14) 

The 8 hermitian traceless matrices X (3 by 3 Gell-

Mann matrices) are representatives of SU(3) genera

tors. This group is non commutative, i.e. in general 

UU' î* U'U ; one also says non-Abelian. This will be 

the main source of differences when we try to genera

lize our previous ideas on local invariance. We 

insist that the model be invariant when the group 

element U appearing in (13) depends on the space-

time point x . Consequently values of the quark 

field at distinct points are not directly comparable. 

In particular the notion of field derivative must be 

modified. It is clear that if i|i' = tty 
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3^' = u ^ * + <yj)# (15) 

where the additional term can be compensated if we 
allow for a mean of comparing frames at nearby 
points. This is provided by the analog of the gauge 
potential which describes an infinitesimal frame 
transformation as we move from x to x + dx . It will 
be convenient to use the following conventions. In 
a given representation we absorb the factor i 
occurring in front of the generators to define the 
analog of U as 1 . We denote by t the corres
ponding abstract element in the Lie algebra of the 
group without reference to a specific representation. 
An x-dependent infinitesimal transformation corres
ponding to the path x, x + dx is 

U(x + dx,x;A) = I + t aA (x) dx W (16) 
ot9y 

This allows to define the covariant derivative D ty 
through 

dx K D l|) = iKx+dx) -U(x+dx , x ; A) *(x) 

dx U (s -TttA (x)^ ip(x) 

y 

(17) 

We have now the rationale to write 

% m W x ) (18) 

where A^ stands for the Lie algebra element 
t A (x) or any of its matrix representative accor
ding to the context. 

A gauge potential (or connexion) is therefore 
a collection of eight vector fields in the case of 
SU(3) - in general of as many vector fields as there 
are generators - To obtain the properties of A 
under local transformations, we require of course 
that in contradistinction to (15) 

gauge potential. On the one hand the quantity 3 6Ç 
is the analog of the added term in an Abelian gauge 
transformation. The extra term [<SÇ,A ] can be inter
preted as if A corresponds to a "charged" field 
belonging to the adjoint representation. To obtain 
the latter, consider the structure constants defined 
through 

[t a,t g] = C a B
Y t Y (22) 

and consider the matrices 

( T a ) e y = C a Y B (23) 

Then 
.« .6 ,a3. 

Note also that (21) can also be written 6A =(D 6Ç) 
with D interpreted in the adjoint representation. 

Geometrically we have introduced the gauge po
tential to compare the internal frames at nearby 
points. From a frame at x we derive a frame at x+dx 
using (16). This cannot be done in a coherent fashion 
throughout space-time unless some integrability con
ditions are satisfied. The generalized curvature ten
sor (or field intensity) F will express this non 
integrability. Indeed the frame coherence could be 
obtained by integrating the differential equations 

D é = 0 

which would require the operators D and D to 
commute. We define therefore the antisymmetric field 
strength as 

F = - [ D , D ] = 3 A - 3 A - [ A , A ] 

BY 
F«,uv = V«,v- 3vVp- C " V V v 

(24) 

D > ' = U(x) D ty 

This is equivalent to say that 

(19) 

,-1-U(x+dx , x ; A') = U(x+dx) U(x+dx , x ; A) U (x) 

In a local transformation, this field transforms 
according to the adjoint representation 

OF = T ÔE F (25) 

V(x) = U(x) A. (x) U"1(x) + [3ii U(x)] U _ 1(x) 

(20) 
For an infinitesimal transformation 

U(x) = I + ÔÇ(x) 

with T given by (23). This is again a new feature 
as compared to the Abelian case, where the field 
strength tensor was invariant, here it is covariant. 
In matrix notation the Jacobi identity 

[v[VBp]] + c y c l . perm. = 0 (26) 

K = VS % = ^ ' A y ] + 3 y 6 | (21) 

If this is compared with the electromagnetic case 
(3) we observe the double character of a non-Abelian 

also called Bianchi identity in this context, expres
ses the equivalent of the homogeneous set of Maxwell's 
equations 
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Given the fields F ,.v(x) it is an interesting, and 
not yet fully clarified, question to figure out 
whether the equations 

[DU(A) , F v p ] + cycl. perm = 0 

require F to be expressed in terms of A as in (21). 
Counter-examples are known. 

The non commutative character of the internal 
group has induced typical non linearities characte
ristic of the Yang Mills case. A familiar concept 
such as the one of plane wave has no direct physical 
content, due to the loss of the superposition prin
ciple, except in a perturbative treatment of non-
linearities. In many respects the parallel treatment 
of QED and QCD is deceptive as we have come to learn 
in recent years. 

Consider for instance the configurations of 
zero curvature at a given time. Let us restrict our
selves to situations where A vanishes. In the 

~o 
absence of source this temporal gauge condition can 
be achieved through a gauge transformation in a 
regular way. According to the geometrical interpre
tation, this means that we can solve for the equa
tions Diji=0 throughout space. Starting from a frame 
given by three linearly independent <Ji's (for SU(3)) 
at a point we obtain a frame throughout space, rela
ted by a unitary transformation U(x) and it is easy 
to see that 

A"(x) = v^UCx)) U _ J(x) (27) 

i.e. we have a pure gauge. This will eventually be 
identified with a (classical) vacuum configuration 
very much as in electrodynamics. The question arises 
however whether or not U(x) can be continuously 
transformed to the unit transformation with A going 
to zero throughout space. We expect to pay a price 
(in energy) if we encounter singularities in this 
process. 

A mean to eliminate the physical role of the 
. . . . •*• 

points at infinity, is to require A to vanish as 
|x| •+ °° , hence U-*const. This constant can be 
transformed to the unit element through a global 

3 transformation. In this way the physical space K 
may be identified with a three dimensional sphere 
S, which is maped into the group through x •* U(x) . 
Equivalence classes of such maps under continuous 
deformations are called homotopy classes. The cru
cial point is that in general for an arbitrary com
pact Lie group such classes do not reduce to the 
identity. An example which may be (almost) visuali

zed is afforded by the group SU(2). We write a repre
sentative matrix 

U = u + i u.a o 
•*• . . 2 -*2 a , Pauli matrices u + u = 1 o 

(28) 

This representation implies that a point in SU(2) 
may also be thought as a point on a sphere S, . We 
are left with classifying maps of S. (the physical 
space suitably parametrized) onto itself (the group 
space). Such classes are characterized in this case 
by the number of times the sphere is mapped onto 
itself. It can be computed by integrating the Jaco-
bian of the function throughout space and by divi-

9 ding by the "area" of the sphere 2ir . The result is 
an integer 

n = f i_| det Ak(î) (29) 

In the determinant both k and a run from 1 to 3 . 

As an example the stereographic mapping 

1-x"2 * 2x" 
1 +x 

. u 
I +x 

gives 
6 4 i a,k (1*5')' 2̂72 pT- 6 ak + Vk + xi etak] ( 3 2 ) 

(33) 

3* r°° 2" 

d e t A a k ( x ) = ^2~3 
a ' K (1+xV 

r 3"*" f°° 2 
d x , _ . ,•*••< 4TT „ I x dx 
~~2 d e t A a k ( x ) = T 8 T~3 

> 2vl a ' k 2TT2 JO 0 + x V 

1 
(34) 

and it was obvious that space was mapped once onto 
the sphere. A representative of the general class n 
would be obtained by taking the n-th power 

n 
(35) U ( n )(x) /l-x 2 + 2iq.xA 

Vacuum configurations fall therefore in inequi-
valent classes characterized by a topological indes 
n . We shall have more to say on this situation as 
we proceed to the quantum theory. 

2. Equations of Motion 

It is tempting to generalize the Maxwell Lagran-
gian (1.7) to the non-Abelian case. Here comes a 
point that we omitted to discuss up to now. It has 
to do with the fact that we have not yet introduced 
a coupling constant. Indeed we wrote 3 +ie A for 

- 28 



the covariant derivative in QED and 3 -A in QCD. 

It is simply a matter of rescaling the potential 

A •*• gA to give a similar appearance to both, and 

this is what we understand from now on (similarly 

F(A) -»• — F(gA)) . We therefore follow Yang and Mills 

by defining 

£ Y.M. I F F°^ V 

4 a,]xv (1) 

The sum over a implies that we have picked a suitable 

orthonormalized basis in the Lie algebra. 

For a simple Lie group there exists only one non 

degenerate invariant quadratic form on the Lie alge

bra. A semi-simple Lie algebra is a direct sum of 

simple components. Any compact Lie group has a Lie 

algebra equal to a direct sum of a semi-simple one 

plus Abelian factors. An example of the last circums

tance is the SU(2) xU(l) group of the Weinberg-Salam 

model. 

To construct this so-called Killing quadratic 

form, one considers the Lie algebra as a representa

tion vector space and defines the action of any ele

ment X on an arbitrary Y through 

adj(X) Y = [X,Y] (2) 

By virtue of the Jacobi identity adj[X ,X_] = 

[adj X , adj X.J so that we have indeed a represen

tation. This is the one to which the gauge potential 

belongs. The Killing form is then nothing but 

(X,Y) = c Tr(adj X , adj Y) = C x ay g Tr adj t° adj t
P 

(3) 

if X (respectively Y) is written X=x t 0 1 (Y = y t") 
a ~ a 

and C is an adjustable conventional constant. The 

physicists' choice is such that 

(t a,t B) = - ± « a B 

For SU(2) , [t a,t e] = - e a g Y t Y 

/0 0 0> 
adj t 

(4) 

fO 1 Os / U U U \ / U U - 1 \ / U J U s 
= I 0 0 1 I adj t, = ( 0 0 0 ) adj t, = (-1 0 0 ) 
\)-l 0' M 0 0 ' J H O O ' 

(5) 
we recognize the spin 1 representation with 

-26 Tr adj t a adj t̂  
<X3 

1 so that C = T- in this case. In fact if we compare 

traces in two irreducible representations, they are 

proportional,the factor being the ratio of Casimir 

operators times the ratio of dimensions. For SU(2) 

the normalization (4) corresponds to the trace in 

the spin 1/2 representation and the ratio 4 is the 

ratio of values of (2j + l) j(j + l) with j = 1 and j --s-

The negative sign is due to the fact that we use 

antihermitian generators. 

An alternative notation is therefore 

*Y.M. " 2 %V ' £ y V ) (6) 

We shall sometimes be slopy and omit the brackets in 

the scalar products. 

It is now a simple matter to derive the classi

cal field equations. In the absence of matter fields 

they read 

[DW,F ] = 0 

or equivalently 

^ F -gC^aA^F = 0 

(7) 

(7') 

The crowding of indices illustrates the virtue of 

compact notations, especially if we express F itself 

in terms of A . 

These equations can be put in parallel with the 

Bianchi identities (1,26) and exhibit once more, 

through their non-linearities, the fact that A acts 

as a source on itself. 

If we define in analogy with electrodynamics 

the electric (E) and magnetic (B) components of the 

field, it is easy to see that they contribute addi-

tively to the energy density 

E 1 = F 1 0 

a a 
« £ - - I F FJk 

Ba " 2 £ijk Fa 

X(» - i l (î*+ft 
(8) 

As anticipated the classical minimal energy configu

rations are such that F vanishes. 

To generalize the model we may introduce matter 

using a minimally coupled Dirac quark field. This 

amounts to add a piece 

&Q = - y ( i Y

u p - M) i|) (9) 

to the Lagrangian. The covariant derivative is taken 

here in the quark representation and M is the mass 

matrix. This piece will generate a current term 

iglpt y \ji on the r.h.s. of the field equation (recall 

that it a is hermitian). Similarly Bose fields would 

lead to 

Xj. = (D,,<J0+ ( A ) - V((j)+,<(,) (10) 

where V includes mass terms and non derivative self-
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couplings. 

Let us concentrate on the gauge field dynamics. 

As in QED gauge freedom implies that the Yang Mills 

equations are not sufficient to determine the time 

evolution of the potential. This is also reflected 

in the fact that the conjugate momentum to A , i.e. 

3J£, /3Â™ > vanishes, which leads to trouble as we 

attempt to quantize. There are at least two ways to 

cure this disease, which turn to be ultimately equi

valent. In the first approach one uses a canonical 

procedure. The time components A are given the mea

ning of Lagrange multipliers of constraints on the 

dynamical variables. Alternatively, one introduces 

additional terms in the Lagrangian breaking local 

gauge invariance which is restored at a final stage 

by a suitable average over the gauge group. The first 

way is perhaps the most illuminating but it requires 

some sophisticated analysis which we cannot describe 

here 3) 

At any rate we have to discuss gauge fixing 

conditions. A physically appealing procedure in the 

classical context uses the radiation gauge : A is 

obtained in terms of the source through Gauss's law 

and the vector potential is required to satisfy 

V.A = 0 . Equivalently A 0 is traded for E , so that 

the fundamental variables E and A satisfy 

v.E+g[A,E] = 0 (Gauss's law in the absence of matter 

sources) and v.A = 0 . 

As with any gauge condition, this leads imme

diately to the question : does it determine the po

tential unambiguously. Gribov has recently pointed 

out that this may not be the case in the non-Abelian 

case and that one has therefore to be careful. 

As an example consider a vacuum configuration, 

corresponding to A a pure gauge 

t = V(U(x)) U _ 1(x) (ID 

Does the condition V.A = 0 restrict U to be constant 

and hence A to vanish (an obvious solution). To be 

definite we have to insist on boundary conditions at 

infinity where we require A to vanish. To see what 

happens, consider a spherically symmetric SU(2) case 

with U(x) = exp i6(|x|) a.x , 6(0) =0 , 6(°°)=mT . 

Then 

a,k 
sin26 

2 Ixï L <*>
k \ sin2e/ a ^ <=*«• AJ 

(12) 
The radiation gauge requires 

3A , r o2 
0 = 

3x 

o ^ = j / d _2__d_ «226 1 

In terms of T = ln|x| this is a damped pendulum equa

tion 

d6 + d6 _ . „ _ 
— - = sin26 = - m 

/cos26 - 1 \ 
(14) 

with a potential V 
cos26 - 1 

and 

4{i£M--fcf (15) 

The desired solution has 6 = 6 = 0 at T = -« ( Ixl = 0) 

+ °° ( |x| •+•<») . This yields a matrix and 6 = ± j at 

U(x) behaving as exp ± i -jj- cr.x at infinity and A 

decreasing slowly as iaxx / |x| for large |x| . If 

we insist that |x| A goes to zero for |xj •+•<»> , a 

rather mild assumption.it seems that the radiation 

condition fixes unambiguously (spherically symmetri-

cal) vacuum configurations to A = 0 in contrast to 

our previous discussion in the temporal gauge. A 

closer look reveals that there is no contradiction. 

For simplicity we restrict ourselves to a spheri

cally symmetric case and consider an evolution in 

the temporal gauge from a vacuum configuration A. = 0 

(at time t.) to A = (VU ) U (at t f) corresponding 

again to a vacuum configuration. At time t. we write 

U f = exp i6f(|î|)a.x , 6 f(0)=0 , 9f(°°)=mr . The 

topological winding number is easily computed to be 

n . At intermediate time we do not require F to 

vanish except at spatial infinity where we also in

sist that |x| A vanishes. We attempt to find a time 

dependent gauge transformation to A/ in the radia

tion gauge, i.e. such the V.A'=0 and similar condi

tions at infinity. From the above we conclude that 

0 and in general P.-ÎI 
~i <-f 

A' = U(x,t) A U J(î,t) + V"(U(x,t)) U" (x,t) 

l«M*r S d ï (J3) 

with 

U(x,t) = expi6(|x|,t)a.x , 6(0,t) = 0 

and â^.t) is an integer multiple of IT to insure the 

vanishing of |x| A' at infinity. It follows that 

6(|x|,t.)=0 , 6(|x|,tf) =-6f(|x|) .then at infinity 

6(°°,t) varies from 0 to -nir . Being constrained to 

be a multiple of IT it can not do so continuously and 

we must have a discontinuous behavior of the gauge 
/-»• % 4 ) transformation U(x,t) . 
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As an alternative requirement, we may impose 
the covariant Lorentz condition 3 A =0 with similar 
questions of uniqueness. Fortunately enough when we 
study quantization, we only look at small deviations 
around a given configuration, at least when we deve
lop a perturbation theory and associated Feynman 
diagrams. Unless we ask global question we may then 
safely ignore this gauge ambiguities. 

3, Quantization and Path Integrals 

If t/N is small enough <x|e _ 1 t' |y> will only be 
sizeable when x is close to y . For simplicity 
assume that H is the sum of a kinetic, T(P) , and 
potential, V(X) , part. Neglecting corrections of 

2 order (t/N) we find 

<x|e- i H t / N|y> « <x|e- i T (P ) t / N|y> e " i V ( y ) t / N 

" } l 7 ex P{ip(x-y)-iT( P)|-iV(y)^} 

•* J|E exp{i P(x-y)-ih(p,^)|} (4) 

A very useful presentation of quantum theories 
uses path integrals introduced by R.P. Feynman 
Their many advantages justify the investment of 
learning how to deal with these objects. First of 
all they give a transparent connection between 
classical and quantum mechanics. They will suggest 
how to deal with specific difficulties such as gauge 
fixing conditions in our context. They also provide 
a fruitful analogy with statistical mechanics and 
allow therefore a number of speculations on phase 
transitions and confinement. For the skeptical they 
can also be thought as a simple algorithm to gene
rate the familiar terms in the relativistic pertur
bation expansion. 

To introduce the subject, let us compute for a 
one dimensional quantum system with Hamiltonian H , 
the probability amplitude that given a particle at 
point x. at time t. 
t f = t . + t 

< X f,t f|x. ft.> 

it is observed at x, at time 

i _ i H t i <xf|e |x.> 

In terms of normalized eigenstates ty (x) , Hl|i = E \ji 

We set here j4 = 1 , otherwise we would write e 
In terms of normalized eigenst 
the transition amplitude reads 

<x f , t f | x . , t .> = I 

( 1 ) 

•iHt/K 

e X " *n ( xf ) * n ( V ( 2 ) 

where h(p,x) is the classical Hamiltonian and we 
have symmetrized the configuration argument. Conse
quently 

r N /dx dp » <xf,t£|x.,t.> = J ^ (-3-!) 

exp i I ( p , ^ , -x k) -h(pk , — * \ ) | ) (5) 
k 

In the limit of large N we obtain 

<xf,tf|xi,t.> = J£[x(t'),p(f)] 
rf 

exp il df [p(t') x(t*)-h(p,x)] 

i,e, we sum over classical trajectories in phase 
space, submitted to boundary conditions x(t.)=x. , 
x(t_) = x, , the classical action 

S f i =• I dt [px-h(p,x)] (7) 

When the momentum appears quadratically in the 
Hamiltonian, as here, then the Gaussian integral 
over p can be performed with the result that the 
path integral involves only configuration variables 

<xf,tf|x.,ti> = j^) [x(t')] exp i S f i 

S f i - \[ df ( 4 - V(x)) 
(8) 

(9) 

Note that if we take the time purely imaginary 
t = -ix , the only surving contribution in the limit 

- E T * T-»-1» , is the ground state one e ° ijj (x,) ty (x.). 

An alternative mean of computation uses the 
superposition principle. We slice the time interval 
t in small parts — (N large) and introduce inter
mediate states 

<x f )t f|x i,t.> - J dx . , | -iHt/Ni „ 
•• d XN < Xfl e I V (3) 

< X N I 
-iHt/Ni . I -iHt/Ni . c„ .> ... <x, e x > N-l 1 ' ' o 

This formalism illustrates the relationship between 
quantum and classical physics if we restore K , i.e. 
S,. -*• S ./K . When U is small with respect to the 
relevant quantities of dimension of an action in 
the problem, we can look for stationary phase 
contributions to the path integral. They satisfy 
the condition 

«S f. = 0 (10) 

which is the classical stationary action principle. 

This can now be generalized to systems with 
an arbitrary number of degrees (even infinitely 
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many as in field theory). It can also be modified 

with respect to boundary conditions. A convenient 

way to allow for arbitrary boundary conditions is to 

include a source term for the dynamical variables of 

interest. The response to suitable variations of the 

source will provide the answer to various physical 

problems. 

Let us illustrate this by jumping from a one-

dimensional system to a self interacting scalar quan

tum field in 3+1 Minkowskian space time. The corres

ponding world of scalar interacting bosons is des

cribed by the field tp(x,t) and its conjugate momentum 

ir(x,t) = ip(x,t) . This stands in fact for a collec

tion of dynamical variables indexed at each time by 

the three space coordinates x . The classical action 

is the integral of a Lagrangian given in this case 

by 

& (<i>2 " ($P>2) V(tp) (11) 

a*e_ The conjugate momentum to tp is indeed —7='=Tr= <p 

The Hamiltonian density 

<f& » TW>-«6 = —— + -I 
2 2 (Vip) + V(tp) (12) 

will be bounded from helow if V(cp) is ; we adjust the 

bound to be zero say. The generating vacuum-to va

cuum transition amplitude in the presence of a source 

j is written in analogy with (6) as 

Z(j) = U)[<P,TT] exp i|dtd 3x [(mp-aS) + jtp ] 

(13) 
Integration over ir leads to 

Z(j) - J<£)[tp] exp i [ d 4 x [£(<p,ckp)+j<p] (13*) 

The Green functions of the field theory are obtained 

by considering small variations of the source around 

j = 0 at separate space time points. They are norma

lized by dividing out the amplitude for vacuum persis

tence in the absence of source. For instance the two 

point Green function, i.e. the full propagator of 

the field tp is expressed as 

G(x,,x 2) = 
i 2 fc[<p] <P(«,) <P(x2) e

i S 

|£[<p] e i S 

62z(j) 
(14) 

Z(0) 6j(x,) <5j(x2) 

It is unfortunately a hopeless task to compute such 

an infinite dimensional integral directly, so that 

one has to resort to some approximation. The most 

favoured one corresponds to the case of small coupl

ing - with its undisputable successes in QED. Let us 

see how this is treated in the path integral context. 

For this purpose let us use a potential including a 

quadratic (i.e. mass) term and a quartic part : 

2.2 „ 4 
VGp) = E J L + g2 £. = J_ v ( j p p ) (15) 

g 

We purposely write the tp coefficient as q , a 

reminder of the classical stability condition. Re-

scaling the dummy field variable through ip-* — we 

readily discover that up to an uninteresting factor 

which drops out in the ratio Z(j)/Z(0) , the crucial 

factor in the integrand can be written 

exp i M 2 
g 

exhibiting the dependence on the coupling constant 

on the same footing as H . The small g limit is 

therefore related to the classical limit and can be 

treated in an analogous way through a stationary 
2 

phase method. An expansion in powers of g will also 

be an expansion in powers of H (it will also be rela

ted to simple topological properties of the corres

ponding Feynman diagrams in terms of number of loops). 

We also learn from this analysis that non tri

vial field configurations corresponding to a statio

nary action with a finite value S may lead to non 
2 

analytic contributions (in g ) to the Green func-
_ 2 

tions of the form exp iS/g 

With this in mind we return to the original 
2 4 self-interaction before rescaling, i.e. g tp /4! . 

For definiteness suppose that we continue to consi

der the particle propagator. Up to a normalizing 

factor Z(0), it can be considered as a power series 
2 

in g of the form 

, iS (tp) 
g ( x , , x 2 ) = Yççjy I |<£)[ip] e (p(xj) ip(x 2 ) 

2k 

k" " ( - i j d ^ ) k (16) 

with S t h e f r ee a c t i o n o 

So = [ d 4 *! [sy<P S'VmV] 

• I d x -j cp(x) [ - a - m ] (p(x) 

(17) 

It is then obvious that to obtain the coefficients 

in the expansion it is sufficient to know the Gaus

sian integrals of the type 

YÇOy jJDlip] exp iSo((p) (p(x,)... <P(x 2 n) (18) 

where we have kept an even number of fields on 
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account of the symmetry ip-> -tp of the integrand. 
Integrals such as (18) are easy to evaluate using a 
rule referred to as Wick's theorem. The result is 

I <<p(l) <p(2)> <ip(3) (p(4)> ... (19) 
all distinct 
partitions 

where the elementary contraction is equal to the free 
propagator 

is (<p) 
<jp(l) ip(2)> 1 

Z(0) I» [tp] tp(D <P(2) 

d 4

P - i p ^ r V 
(2ir) 2 2 . p -m +ie 

(20) 
The free propagator in momentum space —x—a is 

pz-nr+ie 
the inverse of the kernel +i[+o + m ] occurring in 
the exponent of the path integral. Feynman's ie pres
cription is a consequence of taking carefully the 
boundary conditions into account. 

With Eqs.(16) to (20) we have now the necessary 
ingredients to derive the perturbative contributions 
to a given process in terms of elementary Feynman 
graphs and associated rules. 

Before investigating these matters in more de
tail we would like to comment on a different aspect 
having to do with boundary conditions on path inte
grals. In view of the classical vacuum degeneracy 
of the gauge field, it seems appropriate to spend 
some time on this point. 

To exhihit the main features of the argument 
4 we will discuss first a one-dimensional ip system 

with negative mass term. In other words we deal with 
a quantum mechanical problem with a potential 

V(tp) 2 2 2 <P (1 -gV) (21) 

with two generate minima at ± tp = ± -—• 

As an example the lowest order diagrams for the two 
4 point function in the ip theory are 

£L.&Q..^. 

Classically the point = 0 is unstable. By a shift 
(p-»±(p + <p we can develop a perturbation theory 
around one of the minima. This would first take into 
account the harmonic vibrations around the minima 
with frequency V"((p ) and then anharmonic corrections 
in a perturbative manner. 

Lines carry momentum with a factor —n—* . Ver-
p -m +ie 

tices conserve energy-momentum (as a consequence of 
the space-time translational invariance) and carry a 

2 factor g . Integration over loop momenta is to be 
performed, and various factors of ir's, i's and per
taining to symmetries, complete the rules. We post
pone a more precise description in the case of gauge 
fields. 

Everyone has heard or experienced the fact that 
beyond Born terms involving no loop integrals, unfor
tunate divergences blurr this beautiful picture. This 
is due to the insufficient decrease at infinity of 
the particle propagator in momentum space. This leads 
to a full pleged theory of how to cure these deseases, 
called renormalization. Renormalizable models depend 
on a finite number of parameters. Luckily the Yang 
Mills interactions belong to this category as we 
have learnt in the early seventies. 

Something is however obviously wrong in this 
picture due to quantum tunnelling through the poten
tial barrier. Indeed quantum mechanics teaches us 
that the ground state is unique, corresponding to an 
even wave function with two probability peaks around 
±<p while in the semi-classical picture, we have two 
orthogonal ground states centered at ±<p . T o exhibit 
a signal of this mixing in the semi-classical approach 
we might examine the transition amplitude over a 
large time, between the ±ip "vacua" 

<ip , t I -tp , t . > 
c c c 1 fo[<p] exp i *<f>-

S(ip) - J dt [tf>2 - V(ip)] 
•'i 

(22) 

Here we use a rescaling on tp so that V appears as 
2 2 ~V (1-*P ) and we insist on boundary conditions such 

that tp(t) starts from -f> and ends at +<p . For small c c 
g we attempt to use a stationary phase method but 
seem to fail miserably since the potential barrier 
prevents a classical real trajectory to fulfill our 
condition. This objection would disappear would we 
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be free to wander in the complex t and ip planes. It 
is suggested to compute instead a transition ampli
tude for imaginary "time" T as 

<ip I e~ H T I -cp > 
c c 

For this Euclidean amplitude, closely connected to 
statistical mechanics, we can obviously develop a 
path integral formalism with the result that 

—HT <tp|e |-tp > c c = f & 
'«Pi--<pc'<pf"'Kpc 

1 F [(p] exp -~-jS (cp) 

(23) 
The Euclidean action is given as kinetic plus poten
tial energy 

•_2 
(24) S % ) J dr' [^-+ V((P)] 

The reason for the relative change in sign is the 
use of an imaginary time so that the square of the 
velocity changes sign with respect to the Minkowskian 
case. It follows that the equations of motion take 
the form 

IP = V(ip) 

V'(cp) = ^ ( - V d - t p 2 ) ) = -2<p+4<p3 

(25) 

For large times we may analyse the hehavior of the 
amplitude by retaining only the contributions of the 
even wave function |+> (with energy E ) and odd one 
|-> (energy E_) corresponding to the almost degene
rate ground states. We have E ~V(+ip ) , E = E + AE 
so that taking the symmetry of the wave functions 
into account 

-H "V 2 
<ip |e | —tp > a* e |<ip |±>| T AE + ... 

c c T-»-» c 

(26) 
To obtain an estimate of AE it is sufficient to di-

—HT 
vide out by «p |e |cp > . Looking at the path inte
gral we can estimate it using the steepest descent 
method which replaces the stationary phase trick. 
This means that we look for solutions of the classi
cal Euclidean equations of motion (25) with finite 
action. 

In the present case the trajectory of lowest 
action is the kink solution which interpolates bet
ween -tp and +tp in an (almost) infinite time inter-

c c 
val (T->-°°) 

«knk< T'> = ^tanh(T'-V (27) 

Solutions of higher action play a negligible role to 
leading order. The Euclidean action of this kink 
solution is 

df k- + v(«p)-v<*pc) = I - ^ 
J . » L 2 c J 2 J ^ c o s h V 

Consequent ly 

3 

(28) 

2 " E

+

T - V<<P C> T 2 T AEl<ip l±>l e » T e exp =• x e s t 
C 3g^ 

(29) 
The factor T in front originates from the integral 
over the collective mode corresponding to the arbi
trary origin T . A more careful handling replaces 
T AE on the left hand side by (1 -e ) which would 
be reconstructed on the right hand side by summing 
over multikink solutions. 

In summary a classical vacuum degeneracy may 
arise for topological reasons (here we have a classi
cal disconnected set of vacua ±tp ) . Euclidean solu-

c 
tions interpolate between these vacua and allow 
symmetry restoration in the quantum case through 
barrier tunnelling. 

This applies almost word for word in the four 
dimensional Yang-Mills case. Again the vacuum is 
classically degenerate in inequivalent classes of 
gauge functions characterized by an integer n . The 
classical energy looks like a periodic function with 
minima for integer n . We therefore ask the question 
does there exist Euclidean solutions which interpo
late between these vacua with topological numbers n 
and m . The positive answer has recently been pro
vided by Polyakov and 't Hooft and these solutions 
have been called instantons 7) 

Let us simply describe them in the case 
n j n i l . The Euclidean case allows for a vast sim
plification of the Yang Mills equations due to the 
following circumstances. If we compare these equa
tions (2.7) with the Bianchi identities (1.26) (all 
written in Euclidean space, i.e. with a unit metric) 
we see that self- (or antiself-) dual field is auto
matically a solution. By this we mean that 

+ F 

where (30) 

V -uv T E F 
2 \ivpa -pa 

£ totally antisymmetric tensor. This is clear if 

One-dimensional kink 
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we write the Y.M. equations TD , F 1 = 0 and the 
1 L_y ' ~yyJ 

Bianchi identities TD , F 1= 0 . The reason that 

we can find solutions to Eqs.(30) in the Euclidean 

domain is that going from F to F* simply interchanges 

E and B without relative signs, so that this opera

tion has a square equal to the identity (the corres

ponding one in Minkowski space has a square equal to 

minus the identity). 

This is a considerable simplification in view 

of the fact that the condition (30) is a first order 

equation for the potential. It is convenient to use 

here the normalization of the potentials such that 
1 I 4 the Euclidean action reads — - d x F F 

4 g 2 j yv,a uv,a 
Up to a sign this is then also equal to 
1 f 4 ~ —=• d x F F . The latter quantity turns out 4 g2 J yv,a yv,a 

to be a topological invariant of the type considered 

previously in Eq.(1.30) except that we work now in 

four-dimensional space. 

For definiteness let us consider the SU(2) case 

and require that F decreases faster at infinity that 

|x[ . This means that as |x[ •*•<*> in R along a 

direction labelled by the unit vector x£S_ , A 
-1 I y 

tends to a pure gauge : A -»• 3 (U(x)) U~ (£) . The 

matrix U(x) describes a continuous map from S, onto 

SU(2) ~ S, . The integral of the Jacobian of this 

mapping has to be an integer giving the winding num

ber (or Pontryagin index). It is related to the pre

vious integral through 

4g 

I 4 ~ 
2 | d x Fyv,a Fyv,a 

4TT 
(31) 

A little analysis shows that this integer is the 

difference in integers characterizing the vacuum 

configurations at x = T = ± °° . o 

The solution for Pontryagin index equal to one 

can be written 

-1, A y(x) = f(|x|) [3 U(x)] U '(x) 

(x + l x.a) o U(x) 

Substituting in (30) we find 

|x| f = 2f(l-f) f 

and 

2 .2 x + A 

- ! , - • > 

2 ^ [ y ( î ) ] [u"'(*>] 

(32) 

(33) 

(34) 
x + X 

Since U(x) maps the sphere at infinity once on SU(2), 

n= 1 ; one may also check Eq.(31) directly. 

More general solutions depending on 8n-3 parame

ters are now under construction in the general case. 

All this means that the quantum vacuum will be 

a linear superposition characterized by an angle 9 

with 

|e> = T e i n 6 |n> (35) 

with the possibility of quantum tunnelling indicated 

by the non vanishing of the transition amplitude 
—TH 

<n±p|e jn> . The implications of this phenomenon 

are not yet fully elucidated. 

4. Perturbation Theory 

We return to the subject of proper quantization 

of gauge fields around a classical configuration. 

The latter will be taken to be the simplest one A = 0 

around which we study fluctuations. This allows a 

consistent treatment of perturbation theory irrespec

tive of the existence of other saddle points in the 

path integral. 

However the integral 
i S Y . M . ( A ) 

e is not 

defined due to the gauge invariance of the action. 

As a consequence, we know for instance that the qua 

dratic part in A is degenerate, so that the gluon 

propagator is not well defined. To cure this defect 

we would like to introduce a gauge fixing term of 

the form 

x.a >• ' 

where ./(A ; x) = 0 is an arbitrary local condition 

which suppresses the gauge arbitrariness, at least 

in a perturbative sense around the prescribed confi

guration (here A = 0 ) . This could be for instance the 

Lorentz condition 

r a(A;x) 3 A*(x) = y a (0 

to which we stick as an example because of its cova-

riance property. However this is not enough : some

thing must compensate for this explicit gauge break

ing. 

Under an infinitesimal gauge transformation, we 

have, cf. Eq.(1.21), 

«£ 
^ -• - i ï K 

so that 

& -a • \B
 sh 

In the case (1 ) 

(2) 

(3) 

(4) 
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where C _ are the totally antisymmetric structure 

constants of the compact Lie group under considera

tion (SU(2), SU(3),...) 

It is possible to perform a group average over 

the various condition 3f'( A) = 0 , where W A 

given by equation (1.20) is the transformed of A 

under a finite, x-dependent group element U(x), with 

the result that 

with r\, , a anticommuting. 

That this is so can be traced to the fact 

fermionic loops in a Feynman diagram introduce a 

minus sign. If we consider the propagation of "a 

charged" particle in an external field A it will 

symbolically be represented by the series 

fjD[u(x)] n 6[r( u ( x ) A)] 
' x,a 

(5) 

Hint : use the rule dz 6(f(z)) =-rm—rr with z J If (z ;l o 
such that f(z ) = 0 , and extend it to several varia-o 

bles. Then (5) can be integrated for an A which ful

fills W(A)= 0 and the result can be recognized to 

be gauge independent. Therefore instead of introdu

cing n 6(?£(A)) in the path integral we rather 
x (x 

insert the group average 

f£[U(x)]det%(A) n 6[T( U ( X )A)] 
J X,q " 

J&[U(x)] 

Using the invariance of the integration measure and 

of the Yang Mills Lagrangian we obtain after addi

tion of a source term 

[jD[A] det%(k) H 6(^(A)) exp i [ d 4 x ( ^ M +J.A.) 
' x,a ' 

(6) 
Note that the integral over the group has dropped 

put. We may even replace d* by <rL~ C (this does 

not modify det%)and average over C with a Gaussian 

measure. This gives the more tractable form of the 

generating functional 

(7) 
obtained by Faddeev and Popov who added the following 

idea. 

The only piece of this integral which is not in 

the form of the exponential of an action is the 

determinant of the operator % . For an ordinary 

integral (and at least for finite matrices) we have 

n d z M d z k e x p ( - z A k ' V ~ [ d e t %]~ 
(8) 

It is possible to generalize this definition (and 

correspondingly the path integrals) to include 

"classical" anticommuting variables. This is desired 

in general to include fermionic fields in the theory. 

The corresponding Gaussian integral then reads 

{ n d \ d \ eKpi~\\k' V ~ d e t 9 t l ( 9 ) 

? T 

The probability amplitude that the external field 

does not create particles will have an expression 

<0|0>A 
exp -W(A) 

with W(A) given by the one loop diagrams 

4 - i V . r i V • 3 W 

1 The factor — reflects the cyclic invariance of the 
n 

diagram. Simplifying down to caricature by setting 

the free propagator equal to one and omitting the 

internal integration, this series is 

"> .n A -W(A) « I £j- = -log(I-A) ; exp-W(A) = ~ 

i.e. 1-A is the analog of % • If however one inclu

des an extra minus sign for each fermionic loop one 

finds instead exp-W(A) = (1-A) . In both cases we 

recognize for <0|0>, the integrals 

I 
a or 

!<J) - \£>[A] det»Z(A) exp i J A ^ > M < - A Ç + J .A. ) J 

dz dz e 
•z(l-A)z _ _ 1 _ 

1-A 

dpdn e-
n ( 1- A ) T 1 = (1-A) 

characteristic of bosonic or fermionic propagation 

in the field A . 

As a result, with these Faddeev-Popov ghost 

fields n,r| > we may write the gauge field path inte

gral 

Z(J) cD[A,n,n] exp i I d' x(# e f f+J.A.) 

A/ 
*eff =

 <^Y.M. ( A ) ~ ^ - n % n (10) 

To obtain the Feynman rules we have simply to sepa

rate in d£ f f the quadratic (and now invertible) part 

from the remainder and read off propagators and ver

tices. Writing j£ ,, explicitly, we obtain 

- 36 -



The additional rules are 

-i&, 
lk +ie 

**" - ( . - X - 1 ) 

i 6 

• -

2 . 
k +ie 

gluon propagator 

(k 2+ie) 2 J 

ghost propagator 

(11) 

b * • > • CL 

propagator 

Fermion Boson 

ifiab 
j! -m+ ie 

i6 
ab 

2 2^ . p -m + îe 

-* * » 

Observe that in this case, the ghost is massless. 

The vertices are of three kinds 

r>ft«< 

g c

a B Y ( 2 l T > 4 s 4 ( p + q + r ) 

w,t 
[ * u v < p _ q ) p + 8 v p ( q _ r ) y + 8 p v ( r _ p ) v ] 

nf* 

one gluon vertex 

gYviTab(2Tr)
464(p-p'-k) gT a b(P u

+P;> (2TT)464(p-p'-k) 

\v>« +•',"1 

two gluon vertex 

triple gluon vertex 

2 4 4 
i g (2ir) ô (p+q+r+s) 

A,T,S 

four gluon vertex 

tCeaBCeYô'-8yp8v0 8ya 8vpJ 
C C l"g e - e e 1 

cay e<5SL ycTpv yv B pa J 

ea6 eBY^U^ap " 8 yp 8 avJ j 

(12) 

A*,M 

" S c

a f B / p

( V 4 6 4(P+ k"<3) 

gluon-ghost vertex 

In the last vertex the ghosts play asymmetric roles. 

When matter fields are coupled in a minimal way, we 

add to J, ,, a fermionic contribution j£ or a boso-
exr F 

nie one oiSR or both. Let the infinitesimal generators 
J* "B 

be represented by the (antihermitian) matrices T , 

so that 

~U 

then 

>£*• 

3 - e A T y B a 

i ty $ ip - mtyip 

k,n = (Dli<J>)+ D * - m V * " P(<f>+<f>) B ~ ~y 

- ig -g | J l v {r* ,T p } a b (2 i r ) , f 6 , , (p -p ' -k -k ' ) 

(14) 

Extra boson self couplings arising from P(<j> (J>) have 

not been explicitly indicated. 

These formulae are somehow complex and it re

quires some training in diagrammatics to extract 

from them some useful information. 

Not only did we choose arbitrarily the gauge 

fixing function but once this choice was made, we 

remain with an arbitrary parameter X . Physically 

meaningful results must be X independent. If we are 

confident enough we may however choose a particular 

value. If X= 1 (Feynman gauge) the gluon propagator 

simplifies to ifi 
g 

«e fc2. 
'yv 

k +ie 
the Landau propagator 

aB 

The value A-»-00 yields 
.2 

It may 16 ëyy V y / k _ 
kz+ie 

be safer to keep X arbitrary in order to check calcu

lations and in any case we observe that the gluon as 
-2 

well as the other propagators behave like k at 

infinity. 

5. Renormalization 

Rather than working out renormalization to all 

orders in a very abstract language, we will content 

ourselves to exhibit its features on a lowest order 

calculation based on the above Feynman rules. This 

will be sufficient to understand the crucial mecha

nisms and deduce some important information. 

For the time being, let us concentrate on the 
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pure gauge field. We shall indicate later on the 

necessary extension to include matter fields. 

Consider the gluon propagator. It may be obtai

ned by summing the geometric series 

where the dark blob indicates the contribution of 

one particle irreducible (1PI) diagrams, i.e. those 

that cannot be separated in two disjoint parts by 

cutting through one line only. Simplifying the free 
2 

propagator as 1/k and calling the blob CJ the series 

is 

1 . 1 1 . 1 1 1 1 
,2 . 2 , 2 , 2 , 2 . 2 
k k k k k k 

, 2 k -m 

To lowest order (g ) the blob (or proper two point 

Green function) is given in terms of three diagrams 

'~CV~ 4 ^^^^a^s, +, ~H 

which include a "tadpole" one (the second) and all 
-2 

three are divergent since propagators behave as k 

for large k and we have at most two propagators for 
4 

a d k integral . The matter is complicated by the 

structure of vertices and numerators of propagators. 

Anyhow we seem to have quadratic and logarithmic 

ultraviolet divergences. 

In order to deal with meaningful expressions 

we have to regularize the theory, i.e. to introduce 

some ultraviolet cut-off. This might however spoil 

the very tight algebraic structure of the theory, 

't Hooft has suggested to cope with this difficulty 

by using a dimensional regularization, i.e. to re

place integrals in four dimensional space-time by 

integrals in a d=4-e dimensional space. For d 

small enough the integrals will converge and we can 

extract the infinities close to d = 4 by a Laurent 

expansion in inverse powers of e . 

For reasons which are soon to be clear we shall 

concentrate on the structure of these infinities. 

Neglecting vanishingly small contributions as e-»-0 

we find after some (tedious) calculation 

.(2) = —JL 
16ir 

( i ) 

for the two point function r 
(2) 

The constant C is 

defined in the adjoint representation through 
rt ft ft ft fY 

tr T T p - -Co if T stands for the representati 

of the generator (C is equal to N for SU(N)). The 

interesting feature of (1) is its transversity pro-
(2)UV 

perty k T = 0 , in spite of the apparent 

breaking of gauge invariance in the Lagrangian. 

How can we deal with the infinite contribution 
. . . (2) 

arising in r . The answer has been provided long 

ago by the method of renormalization. It amounts to 

add a piece (a counterterm) in the Lagrangian there

fore adding a contribution to the two point function 

on top of the three terms already encountered, in 

order to compensate exactly the divergent term. This 

counterterm reads 

^2 - <V'){-{« IA,.-- aA.->« v , a- a V , a )} 
(2) 

wi th 

1 + êLc |A + ±* 
2 ° | 3 2 16ir [!* •>=£•] t (3) 

Strictly speaking, when working in dimension d=4-e 

the coupling constant originally dimensionless, 

acquires a dimension and should be replaced by 

(n 

snouia tnererore De reaa 

2 
In — 

e + 0 y* 

2 £ 
g x (mass) . More correctly written, the above fac-

2 
tor — should therefore be read 

In 
AT 

P 2 
(4) 

Using the same philosophy we can procède to the com

putation of the other (proper) Green functions to 

lowest order. We select those which yield divergent 

contributions hence contribute to the construction 

of the corresponding counterterms. 

From the three gluon vertex with diagrams 

(3) we obtain F and the counterterm 

Similarly from the four gluon function T (4) 

XX^XX-XX X 
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we derive 

Z, = 1 + 
4 ](§) 

(7) 

16TT 

[-I+o-x" 1 ) 

Green functions with more external gluon lines are 

convergent to this order. But this is not the end of 

the story, since we have also Green functions with 

external ghost lines. For the two- and three-point 

functions, we find respectively 

r̂ . . *-

Sn " <V!) ( W (8) 

*,- '*èc[^Kâ 
x. A.. ..i. 

est-. 
nAn 

z> = 

= ('z.-O c „ A y 3 n D n 

16IT (I) 
(9) 

When matter fields - say fermions - are present, two 

things occur. New counterterms are needed to compen

sate the divergences appearing in those Green func

tions involving fermion external lines. We omit them 

here. But their presence also modify the gluon func

tions. To lowest order this adds new contributions 

to the various Z constants which turn out to be equal 

to 

6Z- ÔZ, = SZ. 1 4 
T _g_ 4 
f 

16ir' 2 3 

where T. is given by 

tr T 0 1 T P = T, 6 ag 

(10) 

(11) 

and T stands for the matrices of the generators in 

the fermion representation (if these belong to the 

fundamental representation of the group then T f »•=• 

according to our conventions for S0(N)). 

We pause now to examine these results. Interes

tingly enough the added counterterms needed to define 

a finite theory to order one loop have the same 

structure as the original monomials of the Lagrangian. 

• -•=• i A A as in 

2 a a a 
the first sections, the complete Lagrangian to this 

If we use the notation A with A 

the firs 

order is 

£ + ô £ = I z 3 ( 3 p A v - 3 v A y ) ( 3 V - 8 Y ) + A (3A)
2 

+ V W * 3 T1 + *Va(J Y

i \ i T , B A ï l \ (12) 

It appears that no mass counterterms of the type 

6m 2 

—=— A A!~ has been introduced. This is analogous 

to a similar phenomenon in QED ; as a consequence of 

gauge invariance, the gluon remains "massless". 
2 

Similarly no counterterm in (3A) is necessary. 

Will we say then that the theory is renormali-

zable (to this order) ? The answer will be yes, pro

vided that the relative coefficients (involving 

infinities unfortunately) are such that some remnant 

of the gauge invariance has been preserved. More pre

cisely define bare fields and couplings through 

A = z! / 2 A o 3 
•yl/2 

z 3 n 
^ - 7 1/ 2 « n 0 = z 3 n 

zi z 3 
3/2 X Z -1 

(13) 

As a consequence of the rescaling of the field, we 

have to make a corresponding change in X , eventhough 
2 as remarked above there was no counterterm in (3A) 

Then ifi + 6̂ 6 may be regarded as the initial Lagrangian 

iê(A ,n ,T| ; g ,X ) written in terms of bare quan-o o o o o 
tities provided that the following identities hold 

(14) 
1 

An additional ratio would appear had we written the 

fermionic counterterms and (14) expresses the univer

sality of the gluon coupling. These identities which 

generalize the Ward identities of QED are indeed 

satisfied by our former expressions. This implies 

the renormalizability of the non-Abelian theory to 

the one-loop order. 

J.C. Taylor and A. Slavnov were able to write 

the general form of these identities not only on the 

(infinite) bare Lagrangian, but also their conse

quences on the various Green functions, 't Hooft, 

Veltman, B. Lee and Zinn-Justin and others have then 

derived suitable subtraction procedures to all 

orders fulfilling these identities and thereby pro

ving renormalizability to all orders. The subject 

then gets very technical. 

The essential content of the identities (14) is 

the universality of coupling constant renormaliza-

tion. The ratio of bare to renormalized coupling 

constant is given by 
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h - ,.J^f"c-fT fll-4 (15) 8 16ir2 L 6 3 f J y 2 

In spite of the dependence on the cut-off A and the 
normalization scale y , this ratio does not depend 
on the arbitrary gauge parameter X . We therefore 
suspect that this relation contains some interesting 
physics. Indeed we may ask : what is the effect on g 
of varying the scale y keeping g fixed. That is we 
want to compute y -5— g I , . From (15) we find <>V l A>S 0 

u £ g 3 B ( g ) = - - ^ p l c - ! T f ] + ... 
(16) 

the ... are of course of order g . This defines a 
function 3(g) which depends only on the renormalized 
coupling constant. For g small enough the leading 
term has been obtained and if there are few enough 
fermions (if T f < -7- C) then g 3(g) < 0 in the 
vicinity of zero 

tf 

The meaning of 3(g) is clear from the above. It tells 
us how g varies as we change our scale of investiga
tion. This was emphasized first by Gell-Mann and Low, 
then reexamined by CalIan and Symanzik. The interes
ting thing about non-Abelian gauge fields, is that 
they are unique among renormalizable theories to 
exhibit the behavior that as the momentum scale 

2 grows g decreases down to zero as y->-<*> . This is 
the celebrated asymptotic freedom, which is the most 
dramatic argument to select such a model for an ex
planation of deep inelastic phenomena. The subject 
will be fully discussed by the other lecturers. Hence 
we stop here except to say that asymptotic freedom 
does not mean free field theory. It rather implies 
that the approach to the trivial scaling limit (g=0) 
is partly under control and that deviations may be 
computed perturbatively using the small runing cou
pling constant g(y) . 

6. Towards Confinement 

We have just seen that for large momenta the 
guage theory tends in a predictable way towards a 

free field theory. An immediate corollary is that 
for small momenta (or large distances) the coupling 
gets stronger and stronger and the perturbation 
theory becomes useless. This is not entirely true as 
we may attempt resummation procedures. Eventhough 
the problem is around since a couple of years no 
totally satisfactory and convincing picture has been 
given of what really happens at large distances. Are 
the quarks really confined ? Can one seriously 
attempt numerical calculations ? ... 

Rather than describing the various approaches 
that have been developed I will limit myself to des
cribe the Wilson proposal of a lattice approximation. 
This is not so much because it might turn out to be 
the most useful but because it enables us to benefit 
from a lot of intuition and methods which were deve
loped in statistical mechanics. They might eventual
ly make their way in particle physics. Again this 
will only be a brief survey to quote some of these 
ideas. 

Let us first allow ourselves the possibility of 
transforming the path integral to the Euclidean re
gion where space and time are on the same footing. 
Since small distances correspond to small coupling 
we may attempt to disconnect the properties at large 
from those at small distances by introducing an 
ultraviolet cut-off A that respects gauge invariance 
(as dimensional regularization did). Such a cut-off 
is provided by replacing the continuum space-time by 
a discrete lattice of points (we take it hypercubical 
to be specific) with lattice interval a a. -r- . The 
price to pay is that we loose the continuous trans
lation and rotation invariances. If we look however 
at large distances, in those circumstances where 
fluctuation of wave length much larger than a occur 
it can be expected that the discrete lattice will be 
irrelevant and continuous geometrical invariance 
restored. 

We are left with the problem of expressing a 
locally invariant theory on a lattice. Following 

8) 
Wilson we attach to each link joining two neigh
boring points of the lattice, from x to y=x+ay 
(y unit vector in the y direction) a group element 
U = U . This may be thought as xy yx ' ° 

A (x-y) V 

e~V = 1 + a A (x) + ... 

in terms of the variables A of the continuous theo-
~y 

ry. Note that instead of varying in a linear mani
fold like A these U-variables take their value in 

u 
the compact group space and transform as U •* U U U~' . xy x xy y 
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The ordered product of the U's pertaining to 

the four links bordering an elementary square of the 

lattice (a plaquette) is called a plaquette variable 

U p = U

1 2

U 2 3 U 3 4 U 4 . 

We now take the trace of these U variables in a 
P 

given representation of the group - this is called 
a character (we assume that it is real, for instance 

for SU(2) where a group element is characterized by 
sin(2j + I 9 / 2) 

its angle of rotation 9, X-( u) =tr.U = - ), 
J J sin 6/2 

Otherwise we add the trace in the complex conjugate 

representation. We are now in a position to define 

the discrete Euclidean gauge invariant action up to 

an additive constant by summing X(D ) over all pla

quettes of the lattice. The generating functipnal 

reads 

f ." 
J linl 

dU 
links 

h X<«p) 

link e x p " T 
(0 

From our previous discussion T is proportional to 
2 the square of the (bare) coupling constant g . The 

analogy with problems in statistical mechanics is 

striking : Z looks like the partition function, 
2 

T Œ g like the temperature (recall the Boltzman-

Gibbs factor) and the Euclidean action like the 

classical energy of a configuration described by the 

continuous link variables (or string bits) U , The 

main difference is formal from the mathematical point 

of view ; statistical mechanics at equilibrium deals 

with three-dimensional systems - whereas here we have 

a four-dimensional one. 

It can be shown that if we expand S in powers 

of the "small" lattice constant a , i.e. if we consi

der those configurations where U varies smoothly 

- the S. . is up to an additive constant propor

tional to the Euclidean Yang-Mills action. 

In this formalism we get as a bonus that gauge 

invariance is strictly enforced (except by possible 

external sources that were omitted in (1)) and in 

particular no Faddeev-Popov trick is necessary a 

priori unless we want to study the formal continuous 

limit. This is due to the compactness of the range 

of integration of group variables. 

Things are even better if we use a theorem in 

statistical mechanics which states that the limit 

from a finite to an infinite space-time limit is 

well defined. We can therefore approximate the pro

blem in a finite box with finitely many points and 

a well defined integral. It would of course be ir-

realistic to attack the problem with purely numeri

cal means without physical intuition. 

Statistical mechanics suggests the possibility 

of a regime of large wave-length fluctuations in the 

vicinity of critical (or phase transition) points. 

A number of arguments point towards the follow

ing result : the most likely candidate for a transi-
2 

tion point is T'X'g =0 . This would mean (i) that 

this point is a non-analyticity point, hence pertur

bation theory a poor guide (it diverges as we know) 

to understand the large distance behavior - a mild 

surprise, (ii) that some qualitative features of 
2 

the regime with small g are already present at 
2 

large g (large temperature) since no transition 
. . 2 2 

occurs between infinite g and small g 

Now at high temperature, most systems simplify 

drastically and tend towards an analog of the perfect 

gas of non-interacting subsystems. It should be 

understood that in the statistical interpretation 

it is the kinetic part of the Lagrangian which is 

interpreted as an "interaction energy". Consequently 

there is no contradiction in saying that in the 

large T regime "interactions" become negligible. 

This simply means that the kinetic terms are relati

vely small and propagation is inhibited. We have in 

a nut-shell the origin of confinement. 

To state this more precisely, we can introduce 

Wilson's confinement criterion. Let us imbed an 

inert quark pair in the gluon soup. Eventhough we 

neglect their translational degrees of freedom, we 

do not so for their internal color quantum numbers, 

which evolve through multiplication by a string of 

U joining the initial and final observation points, xy 

• ^ — ' - > - ' 

For a closed loop Ç in space-time we find the orde

red product # U . Summing over quarks internal 

degrees of freedom yields the trace in the fermionic 

representation Xf (# u j . We have to average this 

quantity over the gluon "soup", with the measure (1) 

i.e. we define 
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w = <x. .(ffu ) 

' l i n k s 
d U l i n k e x P " T 

(2) 

Xef^U ") A f \ t o xy/ ^ 
When 2"(Lxt) gets large we expect a behavior of the 
type W i* exp -t E(L) where E(L) is the energy requi
red to separate the quarks a distance L apart. If 

In W . . . — grows when (txL) goes to infinity, i.e. if 
In W decreases faster than the perimeter of U , this 
is the signal that E(L) grows with L and a possibi
lity of confinement. (If E(L) % est this would 

' L->.oo 
mean that virtual gluons only contribute a finite 
renormalization to the quark masses, as long as a 
is finite). 

It is possible to show that for large T (large 
g ) one has 

W(ë) <\- exp - est A (3) 

at least in certain cases, where A is the minimal 
area enclosed by S? . To illustrate this use an Abe-
lian group. Then 

xy n u (4) 

For large T we can neglect the correlations between 
plaquette variables. Therefore 

W(g) <X,(D)> (5) 
T-»-oo 

in agreement with (3) since <xf(U)> < 1 . As a result 
Abelian gauge theories on a lattice always confine 
for large T ! ! This is of course not the picture of 
QED , but there we may assume that the large T and 
small T regimes are separated at finite T by a tran
sition 

(StO » « *-•j cm{fn«mint T a * 

On one side we have the usual perturbâtive unconfined 
phase, on the other a confined phase. Of course the 
step of Eq.(4) is not valid for a non-Abelian gauge 
group. Nevertheless we can develop a high T perturba
tion theory. To leading order the result (5) will 
remain qualitatively correct provided some selection 
rule on representations is satisfied. For SU(2) for 
instance if quarks belong to the fundamental repre
sentation and x in the action is taken in this repre
sentation. Then confinement holds but this is not 
true for particles belonging to the representation 
with j = 1 . 

These results are only meaningful as was already 
stressed if we do not encounter a transition ultil 

T-*0 in the non-Abelian case. This is more or less 
what is presently believed. But calculations based 
on the large temperature expansion have still a long 
way to go to become realistic. 

Nevertheless if (5) remains qualitatively true, 
then we expect the quark-antiquark interaction to 
grow linearly at large distances, a prediction which 
seems in fair agreement with the present understand
ing of high mass qq states. 

Alternative attempts are now under way to study 
qualitatively the confinement mechanism, which we 
cannot describe here for lack of time. 

From this brief presentation one can only say 
that the subject of gauge fields is very lively and 
might still offer new surprises. 

I take this opportunity to thank my colleagues 
and friends J.B. Zuber and J.M. Drouffe for their 
help in the study of gauge fields. 
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HIGH ENERGY NEUTRINO REACTIONS 
K.Kleinknecht 
Institut fur Physik, UniversitSt Dortmund, Dortmund, Fed.Rep.Germany 

Abstract 1.2 Lepton number 

Recent experimental results on neutrino 
interactions are discussed in the framework 
of the quark parton model. The topics dis
cussed include charged currents, neutral 
currents, dileptons, trileptons and tetra-
leptons. These lecture notes are not meant 
to be a complete review article. 

1.Introduction 

The lepton numbers given to the y- and 
e-like particles are 

L 
e 

L 
V 

+1 e~ V +1 
+1 v e % +1 

- 1 + e + 
V 

- 1 

- 1 v e V 
V 

- 1 

1.1 Neutrinos 

The existence of the neutrino has been po
stulated by W.Pauli in 1930 on grounds of 
the experimentally observed electron energy 
spectrum in nuclear beta decays. The fact 
that the average electron energy is less 
than the total disintegration energy and 
the apparent violation of angular momentum 
conservation in a transition between two 
states of nuclear spin 0 with emission of a 

i spin ~2 electron could be explained by the 
simultaneous emission of a neutral massless 1 spin j particle with very small interaction 
cross-section. Apart from indirect evidence 
for such a neutrino, the direct observation 
of antineutrinos from nuclear beta decay 
was achieved in an experiment using reactor 

2) 
neutrinos by Cowan and Reines , who ob
served the reaction v + p -> e + n. The 
first observation of a different kind of 
neutrino, the y-neutrino, is due to a BNL-
Columbia experiment ' at the AGS, where 
neutrinos from the decay n •+• y + v were interacting in a spark chamber detector 
producing a y : v + N -> y~ + X. Since 29 
events of this type were observed, and 
there were less than 6 events having an e 
in the final state in the same sample, it 
was concluded that neutrinos carry a quan
tum number, "lepton number", which is 
separately conserved for y-like and e-like 
leptons. 

and, to our present knowledge, these lepton 
numbers are conserved in all interactions: 

L = S L = const; 
e ± e 

L = X L = const. 

Present experimental tests on this conser-
4) vation law include the upper limit on the 

decay y •*• e y , 

r (y ->• e y) 

r(yn e vv) 
,5) 

< 3.6 10 

and the observed lifetime of double beta 
130„ decay of Te -»• 

minute amount of 130 
Xe + 2e + 2v. The 
Xe found in an old 

Tellurium-ore allows the determination of a 
lifetime of 1 0 2 1 , 3 4 ± °- 1 2a, while calcula
tions assuming lepton conservation lead to 

22±2 t . = 10 a, and lepton number nonconser-
vation would lead to a life time of 

15+2 t, = 10 a for the neutrinoless decay 
1 30 m 1 30,. Ten Xe + 2e 

1.3 Lagrangian 

The Fermi-type Lagrangian for weak interac
tions is of current-current type, we write 
for purely leptonic interactions 

3É - G -i + 
*L _ 72 3 a 

j a + h.c. 

for semileptonic interactions 
* = %- J' 
SL 72 a 

j + h.c. 

for non leptonic interactions 

* » L = 
G T+ 
72 J a + h.c. 
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where j is the leptonic current 

e M ° a y 

j + = ? (1-Y5) Y V - + ? (1~YS)Y V ~ Ja v„ J 5 a e v ' 5 a p e u 

and J a is the hadronic current of two fer

mions. The study of this hadronic current 

in weak decays of hyperons has shown that 

they can be successfully described by the 

Cabibbo current 

J = J A S = 0 cos 6 + J A S = 1 sin 6 
a a c C 

where the Cabibbo angle 8 describes the 

observed suppression of decays with change 

of strangeness, AS=1. Present experiments 

on hyperon leptonic decays determine sin 9 

= 0.230±0.003. 

1.4 Neutral currents 

This picture of weak interactions had to be 

enlarged when, in 1973, the Gargamelle 

Collaboration ' discovered the existence 

of neutral currents by observing the reac

tions 

v + e •+ v + e 
v v 

v + N -»• v + hadrons. 
V V 

We have therefore to add to the leptonic 

charged current the current 
NC — 

j = (Ï (1-YS)Y * ) + terms for e and u 

and this current would require the existence 

of a massive neutral boson Z° together with 

the charged boson W~. The idea that weak 

and electromagnetic interactions can then be 

unified via the interference of Z and Y, 

is one of the enormous theoretical achieve-

ments of the last years. It also offers the 

possibility of renormalizing the weak inter

actions. 

One problem was left, however. The neutral 

long-lived K meson decays mainly via three-

-body leptonic channels. A decay via a 

neutral current interaction K T •+ y y was 
Lt 

searched for, but the experimental branching 

ratio 9 ) 

T(K + |Ty ) 
= [12 8) 10 9 

r(K T -f all) ( l z - 4 > l u 

is extremely small and can be explained by 

a second order weak-electromagnetic process. 

It is therefore clear that neutral currents 

with change of strangeness AS = 1 are sup

pressed at least by a factor 10 8. However 

there is a process which leads to a much 

larger decay rate for K •*• 

Mn 
It was the idea of Glashow, Iliopoulos and 

Maiani that in order to cancel this dia

gram, a fourth quark can be instrumental if 

this quark is coupled to s and d quarks in 

a way exactly orthogonal to the normal 

u-quark. The corresponding diagram 

K 

cancels the diagram above to first order. 

The remainig difference of order 

G F a 5 ? 

is canceled by a process mediated by the 

Z boson. This GIM -mechanism seemed so con

vincing that the existence of the fourth 

quark, the charmed quark c, was a natural 

postulate. 

1.5 Charm 

The discovery of hidden charm at BNL and 
1 2) 

SPEAR in the form of the J/y particle 

interpreted as cc state was followed by the 

observation of the D = cu meson. The 

hadronic current therefore has to be exten

ded in the way prescribed by GIM. We have 
2 

two quarks of charge +-, u and c, and two of 
1 charge - -̂  , d and s, where s carries 

strangeness S = -1 and c carries charm 

C = +1, and the charged hadronic current 

contains four terms : 

J â = C O S ec ( 3 ( 1 _ Y 5 ) Y a u) 

+sin 6 c (s (1-Y5)Ya u) 

-sin 6 c (d (1-Y5)Ya c) 

+cos e c (I (1-Ys)Ya c) 

where the quark symbols stand for the spinors 

of the corresponding particles. The two large 

terms are the ones with AS = AC = O or 

AS = AC = 1 and the small ones have AS = 1 
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and AC = O or AS = O and AC = 1. 

1.6 Neutrino-induced reactions 

Considering the structure of the hadronic 

current, neutrinos and antineutrinos can be 

used in order to induce transitions between 

different quarks. This tool may serve in 

two ways: either we can study the quark 

structure of the nucléon, its dynamics and 

possible production of new quarks, or we 

concentrate on the space-time structure of 

this new and basically unknown interaction 

described by neutral currents. These lec

tures therefore are subdivided in the 

following way: 

2. Neutrino beams 

3. Neutrino detectors 

4. Quark structure of nucléons: 

Charged-current inclusive reactions 

5. Space-time structure of neutral currents: 

v e scattering 

- v N inclusive reactions 
v 

6. New particle production 

- dilepton events 

- trimuon events 

- tetralepton events 

In preparing these lectures I used the ones 

by Seghal ,Steinberger15) and Dydak. 1 6 ) 

2. Neutrino beams 

2.1 Principles 

In order to produce high-energy neutrinos, 

protons are accelerated in a synchroton to 

the maximum energy, which is 30 GeV for the 

CERN PS and Brookhaven AGS and 400 GeV for 

the CERN SPS and the Fermilab synchroton. 

The protons are then extracted from the ma

chine and impinge on a target, usually of Be 

or Cu, where they produce charged TT and K 

mesons: p + N •*• ir~ + X, K" + X'. These me
sons are long-lived, e.g. a IT meson of 200 

GeV has a mean decay length of 14.8 km. 

They are allowed to decay in a long region 

behind the target: ir~ •+ p~ + v (v) and 
± ± — 

K + y + v(v) . A very large mass of mate
rial behind this decay region serves as a 
shield for all hadrons and for the 
muons produced together with the neutrinos. 

Since these muons loose only ^ 1.2 GeV per 

metre of iron shield, their energy deter

mines the length necessary for the absorber. 

One example of a neutrino beam is shown in 

Fig.1, which displays the general layout at 

the CERN SPS West Area. 

CERN SPS NEUTRINO AREA 

Figure 1 

2.2 Neutrino energy spectrum 

The overwhelming majority of the K decays 

(99.98 %) and most of the K decays (63.6 %) 

occur through the two-body decays into (yv) . 

In this case the laboratory energy spectrum 

of the neutrinos for a fixed meson energy 

is particularly simple. In the forward di

rection we have 

Ev - PLab =
 Y (?cm c o s 9* + "EJ 

= ï P c m (cos e* + 1) 

where y is the Lorentz factor for the de
caying meson y „ = E „ / m „, p is 

TT,K ir,K ' TT,K' Fcm 
the neutrino momentum in the cm frame, and 

6* the cm decay angle. A flat distribution 

in cos e* leads then to a flat energy spec

trum 

0 < E v/E^ K < 2p c m/m^ K = 0.43 for w - yv 

= 0.95 for K •* iiv 

These box spectra have to be folded with 

the meson laboratory energy spectra in order 

to obtain the real neutrino spectrum. 

There are mainly two ways of treating the 

mesons produced in the proton collisions : 

a) the maximum number of mesons of one 

charge are bent parallel to the beam line 

and send their neutrinos into the detector 
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(wide band beam); b) a system of magnetic 
bending and focussing elements is used in 
order to select mesons in a narrow momentum 
interval; only these mesons are allowed to 
enter the decay region. These two principles 
are sketched in Fig.2. 

NARROW-BAND NEUTRINO BEAM 

TARGET 

WIDE-BAND NEUTRINO BEAM 

HORN 

«JON SHIELD „ _ ' „ 
- 400 m NEUTRINO 

DETECTOR 

TARGET REFLECTOR 
I 

J-

Figure 2 

2.3 Wide band beams 

The focussing of charged mesons is achieved 
by a magnetic horn , a current sheet of ro
tational symmetry (Fig.3), producing a to
roidal magnetic field. 

protons 

by the strong fall-off of the parent meson 
energy spectra: For a 400 GeV/c proton beam, 
the average neutrino energy is around 30 GeV. 
Since typical ir /TT production ratios are 
1/3 and K~/K + ratios about 1/10, the anti-
neutrino intensities are lower by these fac
tors at the low (IT) and high (K) energy 
parts of the spectrum, respectively (Fig.4). 

SPS NEUTRINO FLUXES 

250 300 100 150 200 
E„ (GeV) 

Figure 4 
The background from wrong-charge mesons is 
therefore tolerable in neutrino beams (at 
the percent level), while it becomes severe 
in antineutrino beams, in particular at the 
high energy end, where the v/v ratio comes 
near unity. 

2.4 Narrow-band beams 

Figure 3 
Particles of one charge are focussed towards 
the beam axis, the others defocussed. In or
der to achieve transverse momentum kicks of 
the order of 0.5 GeV/c, horns of 6.5 m 
length with pulsed currents of several 100 
kA are used. Focussing is improved by a se
cond horn placed downstream of the first one, 
called "reflector". 

The neutrino energy spectra are dominated 

The advantages of such a layout selecting 
mesons of a fixed momentum are threefold: 
i) the neutrino spectra are the flat box 
spectra discussed in 2.2 ii) it is possible 
to determine the neutrino energy event by 
event iii) monitoring of the neutrino flux 
becomes easier than in a wide-band beam. 

2.4.1 Kinematics 
Suppose that all parent mesons have the same 
momentum and travel exactly parallel to the 
beam axis. Then, if 6* is the cm decay angle 
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of the neutrino and p its cm momentum, 
the transverse momentum of the neutrino re
lative to the beam direction is 

T p = p sin e*. 
On the other hand, this transverse momen
tum can be obtained from the longitudinal 
laboratory momentum (2.2) and the labora
tory angle 8 = R/L in Fig.2: 

p T = 6 • YP c m (cos 6 + 1). 
From these two relations we obtain 

cos26* (1+Yzez) 
and the neutrino energy 

2YP, _ cm 
% " ( 1 + Y Z R Z / I / ) 

For IT -»- yv d e c a y , p 

K PV pr 

^ , = 2 9 . 9 MeV, and f o r cm 
235.5 MeV. The relation bet

ween E and R is therefore a Lorentz-shaped 

2.4.2 Measurement of neutrino energy 
In reality, the decay point and therefore L 
are known only to within the length of the 
decay tunnel, which leads to a smearing of 
the exact relation above. The two bands 
predicted in the (E ,R) plane for a 200 GeV 
narrow band beam are shown in Fig.5 together 
with experimental data from the CERN-Dort-

52) mund-Heidelberg-Saclay (CDHS) experiment ', 
where E, TOT E + E, is the total visible 

u h energy in a charged-current event v + N •+ 
u + hadrons. We see from this figure that, 
e.g., for K-neutrinos of 150 GeV, the mea
sured vertex position R determines E to 
10 %. 

2.4.3. Neutrino energy spectra 
It is evident from Fig. 5 that neutrinos from 
w decay are concentrated in the center of 
the apparatus, while K-decay neutrinos cover 
a large area, and a 3.6 m diameter detector 
can only catch the high energy part of their 
flat energy spectrum. If one takes radial 
slices, 200 mm large, from 0 to 1600 mm,the 
resulting neutrino energy spectra are shown 
in Fig.6. The sum of these events for a de
tector of 3.6 m diameter results (schemati
cally) in the spectra of Fig.7. A real 
event spectrum of narrow-band beam data 

0.25 0.5 0.75 1 1.25 1.5 
Radial vertex position R — 

Figure 5 

1.75 m 

GO 100 ISO 200 2S0G.V 

TOTfiL ENERGY VERSUS RADIUS 

Figure 6 
from the CDHS experiment (Fig.8) displays 
these two components of neutrino flux multi
plied with the linearly rising total cross-
-section. 
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2.5 Flux moni tor ing 

v FLUX AT CDHS FRONTSIDE 
lR<1.8m) 

v i f 

200 GeV n/K 
400 GeV p 

V 

200 GeV 

Figure 7 

§ 2 0 0 0 

50 100 150 200 ET0T(GeV) 

50 100 150 200 ET0T(GeV) 

2.5.1 Wide-band beam 
Here it is possible to measure the fluxes 
of n and K mesons produced at 0° and calcu
late the resulting neutrino fluxes with 
Monte Carlo methods. A more direct way uti
lizes the fact that with every neutrino from 
two body decays, a muon is born as well. The 
flux of these muons is measured in the CERN 
beam in gaps inside the iron shielding at 
depths of 30, 50, 70 and 94 meters from the 
entry face of the shielding. Solid state 
counters are used for this ionization mea
surements, they are calibrated against a 
moveable counter in the gap, and this in 
turn is calibrated relative to the numbers 
of muon tracks in an emulsion stack exposed 
to the same beam flux. From the measured 
number of muons, the pion and kaon spectra 
are obtained, and those in turn are used 
for the calculation of the neutrino fluxes. 

2.5.2 Narrow-band beam 
The monitoring devices used at CERN include 
i) a beam current transformer measuring the 

total hadron flux at the entry of the 
decay region 

ii) a differential gas Cerenkov counter for 
a determination of the beam composition 
entering the decay region 

iii)ionization chambers at the downstream end 
of the decay region and inside the iron 
shielding 

iv) the muon counters mentioned above, situ
ated inside the shielding. 

A radial distribution of muons at 4 different 
depths inside the shielding is shown in 
Fig.9, where one can see the effect of mul
tiple scattering for depths larger than 50 m. 
The distribution at 30 m depth allows a de
termination of the it meson beam divergence, 
and the integral over the distribution gives 
a measurement of the total number of muons 
from i decay neutrinos. 

Figure 8 
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Figure 9 
However, the K/it ratio has to be inferred 
from a measurement using the Cerenkov coun
ter. Since the intensity of charged parti
cles traversing this counter is around 10 
per machine burst, the counter integrates 
all light from one burst. An experimental 
curve displaying the amount of light as a 
function of gas pressure is shown in Fig.10, 
where the peaks from protons, kaons and 
pions are clearly visible. 
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The CITF group has measured the it/K ratios ' 
by single particle counting in a Cerenkov 
counter. In order to do this, they had to 
reduce the intensity of the proton beam by 3 4 a factor 10 - 10 . 
Typical flux: uncertainties are about 6 % for 
it decay neutrinos and 12 % for K decay neu
trinos. 

3. Detectors 

General requiremeits for a neutrino detector 
are: 
i) the target must have a large mass be

cause of the smallness of the cross-
—38 2 — 1 sections, of order 10 E cm GeV 

for vN collisions 
ii) the target itself should be a sensitive 

volume because in general hadronic 
showers created in the reaction have to 
be detected 

iii)lepton identification is very important 
in order to measure the outgoing lepton 
coupled to the incident neutrino through 
the leptonic current. 

These requirements can be fulfilled by bubble 
chambers and electronic detectors. 

3.1 Bubble Chambers 

Some characteristic figures for bubble 
chambers used for neutrino experiments are 
collected in Table I. Apart from size, the 
most important parameter is the liquid used 
in the chamber. Physical properties of these 
are given in Table II. 
Tabl.e I 

100 200 300 400 Ton- 500 
Pressure 

Name L a b . Dim V o l . f i d Magn. l i q u i d s 

[ml m J v o l . f i e l d 

kG 
BEBC CERN 0 3 . 7 x 2 3 0 (18) 35 N e , H 2 , 

D 2 
f r e o n , GGM CERN 01 . 9 x 4 . 8 12 ( 3) 2 0 

N e , H 2 , 

D 2 
f r e o n , 

p r o p a n e 
1 5 ' FNAL 0 3 . 8 3 0 (18) 3 0 H 2 , 

N e / H 2 

s p h e r e 
H 2 , 

N e / H 2 

1 2 ' ANL 0 3 . 8 x 1 . 9 2 0 (11) 18 H 2 , D 2 

Figure 10 
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T a b l e I I 
L i q u i d D e n s i t y R a d . l XQ[cm] Nuclear 

c o l l . l . [ c m l 

H ? 0 . 0 6 3 970 680 
D? 0 . 1 4 890 320 
Ne(21%) 0 . 2 7 115 100 
/ H 2 

C 3 H 8 0 . 4 1 111 130 
p r o p 
Ne 1.2 24 54 
CP 3 Br 1.5 11 50 
f r e o n 

3.1.1 Cryogenic chambers 
The advantages of H./D- fillings are: 
reactions on free nucléons make nuclear 
corrections unnecessary; the long radiation 
length results in small multiple scattering 
and good momentum measurement, and A and K° 
decays can be identified; disadvantages in
clude the small mass of order 1 ton, the 
small y conversion probability and the poor 
electron and muon identification. Cryogenic 
chambers are therefore usually operated with 
a H2/Ne mixture, and an External Muon Identi
fier (EMI) is added consisting of about 1 m 
of iron and proportional chambers detecting 
the particles penetrating this absorber. 
Fig.11 shows the BEBC assembly at the CERN 
SPS. 

3.1.2 Heavy liquid chambers 
Propane and/or freon fillings due to their 
short radiation length offer the opportunity 
for good electron identification, complete 
y conversion and a larger mass (10 t) at the 
price of complications because of nuclear 
corrections and loss of precision due to 
multiple scattering. One example is the new 
Gargamelle setup at the CERN SPS (Pig.12), 
where an electronic calorimeter behind the 
chamber measures the part of the hadron 
shower leaking out of the chamber and an EMI 
is used for muon identification as in the 
case of BEBC. 

ft R 7210 mm 1 
f- R6000 mm — \ r r 

:rr^ 
Neot\-__ t 

hydrogen 
-beom 

EMI chambers 

Figure 11 

EMI Plane 

Absorber 

EMI Plane II 

Calorimeter 

Picket fence 

Fiducial volume 
Chamber body 

Veto counter 

BEAM AXIS 

Scale 

Figure 12 

vice measuring the total hadronic energy 
of the system X and a muon identifier de
tecting the presence or absence of a pene
trating muon complemented by a magnetic 
measurement of the muon momentum, if there 
is one. 

3.2 Electronic detectors 
General purpose detectors for inclusive pro
cesses like vX •*• n-X or vX consist of a de-
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3.2.1 Calorimetry 

The hadron energy is usually measured by a 

sampling device, called calorimeter. The 

principle of this technique has been des-

17) 

cribed frequently . Plates of target mate

rial (iron, marble, asphalt) are sandwiched 

with planes of ionization detectors (scin

tillator, proportional tubes). The average 

ionization measured in the sampling scin

tillators is then proportional to the total 

energy dissipated by a hadronic shower, but 

there is a finite width of the measured 

pulseheight distribution due to statistical 

fluctuations of the fraction of the energy 

sampled in the detectors (Fig.13). 

Q 15 GeV 
(2) 30 GeV 
(D 75 GeV 

® 100 GeV 

© KO GeV 

Figure 13 

The energy resolution for fixed incident 

hadron energy is given mainly by three con-
3 

tributions : AE/E=Zf i

z, and these three are: 
i*1 

f = fluctuation in the number of particles 

traversing the detectors; since the num

ber of traversais N is inversely propor

tional to the thickness d of the target 

plates, this fluctuation f ^ 1/>/N~» Sd~ 

f = fluctuation in the energy not seen by 

the detectors because of nuclear exci

tation and decay via soft photons, es

caping neutrinos, and production of 

heavy particles which give less light 

per energy loss than fast light par

ticles; 

f = fluctuation in the energy carried off 

by y ' s from TT decay; since these will 

give electromagnetic showers, there 

will be no missing energy for this part 

of the shower, and a fluctuation in the 

amount of Y'£ will add a fluctuation to 

the pulseheight seen. 

The response and energy resolution of ha

dron calorimeters is usually calibrated 

using hadron beams of fixed energy, and as 

an example. Fig.14 gives the resolution and 

mean pulseheight (in nep = number of equi

valent particles) for an effective 5 cm 

iron sampling calorimeter for hadron ener

gies between 15 and 140 GeV. Typical va 

lues for the hadron energy resolution are 

a E . 0.8 

18) 

/ËÏGëV) 

while for electrons f2=f3=0 which leads 

to ( a E / E ) e ~ 1/2 ( a E / E ) h a d . 

b) 

a) 

GeV 

Figure 14 
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The amount of missing energy in a hadron 

shower can be estimated from the measured 

ratio of pulseheight P generated by an elec

tron or hadron (pion) shower, which comes 

4- 4- K 1 8 > out to be 

P(u)/P(e) =, 0.87 ± 0.02 at 30 GeV 

0.94 ± 0.02 at 140 GeV 

Another characteristic difference between 

electron and hadron showers can be obtained 

from Fig. 15. Here the measured number of 

shower particles is plotted versus the 

depth inside the calorimeter, measured in 

cm of iron. Due to the radiation length be

ing shorter than the nuclear interaction 

length, the electron shower is much shorter 

than the hadronic one. For pioninduced 

showers the shower length (defined as the 

length of a box inside which 95 % of the 

energy are contained) varies from 60 cm Fe 

at 15 GeV to 80 cm Fe at 140 GeV. 

of a hadron shower in iron, as illustrated 

by Fig. 15, also induce lateral fluctuations 

of the shower which make a measurement of 

shower direction too inaccurate to be rele

vant. For such a measurement another target 

material with low Z is needed, where radia

tion length and nuclear interaction length 

become approximately equal. Such a detector 
1 9) 

has been built by the CHARM Collaboration 

using Carrara marble as target material. For 

a 22 GeV proton initiated shower, an angular 

resolution of 38 mrad (rms) is obtained 

(Fig.16). Using two sets of detectors between 

their 8 cm marble plates, they obtain a reso

lution for the projected angle of 

600 
a ( V - 44E„/GeV 

H 

mrad 

500 

400 

Û3 
> 
LL) 

300-

iœ 

IOO 

o 

{ GRANT MONTtEARLO 

o-s(33±.8)m.'Gd 

DATA=cr=33*.5 

-I50 -KX) -50 0 50 I00 I50 

Figure 15 

Similarly, a lateral size with 95 % energy 

containment can be defined, which, at a 

depth of 90 cm Fe shrinks slowly with energy, 

from 30 cm Fe at 50 Gev to 20 cm Fe at 

140 GeV energy. 

3.2.2 Measurement of hadron shower 

direction. The different longitudinal deve

lopments of the hadronic and electronic part 

Figure 16 

3.2.3 Measurement of muon momentum 

In principle, the best momentum measurement 

can be done with air core magnets because 

there is only negligible multiple scattering. 

On the other hand, such magnets would be very 

uneconomical for neutrino experiments because 

- 52 -



the iron would be used for a flux return 

yoke only, and the power consumption would 

be enormous. Experiments therefore use iron 

core magnets with toroidal field. The mo

mentum resolution is then limited by the 

multiple scattering of the muons in the 

iron. The multiple scattering deflection 

angle in a magnet of length L and radiation 

length X„ is 0„ = 0.014/L/X /p with p 
O MS O 

in GeV/c , and the corresponding angle from 

magnetic deflection in a saturated iron 

core magnet is 0 M = 0.5 L/p with L in m 

and p in GeV/c. For iron, X =1.8 cm, such 

that the resolution 

with L in m. 

For an iron core magnet of 4 m length, this 

gives Ap/p ̂  11%. 

3.2.4 Configurations. 

The two main parts of an electronic neutri

no detector can be arranged in two ways: 

either the target calorimeter section is 

physically separated from the magnet sec

tion placed downstream. This solution was 

adopted by most experimenters, e.g. the 

HPW20ând CITF21Collaborations at FNAL and 

the CHARM Collaboration at CERN. 

The other possibility, used by the CDHS22) 

group at CERN, is the integration of target 

and magnet sections by using a magnetized 

iron calorimeter. While the magnetic field 

has no influence on the properties of the 

calorimeter, this detector offers magnetic 

analysis for muons in a very large part 

of the angular range of these muons. 

Table III 

Detector HPWF CITF CDHS CHARM 

Year 1973 1973 1976 1978 

Target 
Material 

Scin
tilla
tor 

Fe Fe Marble 

T.Dimen
sions 

2 
3x3m 
9m long 

1 . 5x1 . 5m 2 

20m long 
03.75m 
22.4m 
long 

3x3m 2 

15.6m 
long 

T.Mass 70t 120t 1240t 180t 

Fiducial 
mass 

20t 50t 800t 100t 

Sampling 
thickness 

- 1ocm 5/15cm 8 cm 

Separated 
functions 

yes yes no yes 

Integrated no 
functions 

no yes no 

Typ. 175mr 
angular 
acceptance 

75mr 400mr 230mr 

Density 

[g/cm3] 

1 3.5 5.3 1.1 

Hadron 
shower 
direction 

no no np yes 

Electron 
identifi
cation 

no no no 
(indi-

yes? 

3.2.5 Examples of electronic detectors 

Table III gives a few properties of four 

detectors used in the last years or coming 

into operation. Figs. 17 shows side 

and front views of the detector of the CERN-

Dortmund-Heidelberg-Saclay group. In this 

detector the functions of neutrino target, 

hadron calorimeter, muon identifier and muon 

magnetic spectrometer are integrated. It 

consists of 19 toroidal modules of magnetized 

CDHS NEUTRINO DETECTOR 

BEAM 

1 

: | 

-izhn: 
' "Si 

T i • •—F—Ï—f—rn—m—r 
15 MAGNETIZED IRON-SCINTILLATOR CALORIMETERS 

i 10m 

1—I—I Y \ 
19 DRIFT CHAMBERS 

H 

Figure 17 
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iron plates interspaced with.19 triple plane 
drift chambers. The diameter of the toroids, 
3.75 m is matched to the 90°c.m. decay angle 
of neutrinos from IT •+ nv decay such that 
nearly all IT decay neutrinos hit the detec
tor, while about half of the neutrinos from 
K decay miss the apparatus. The thickness of 
these magnets is 75 cm, composed of 15 plates 
of 5 cm thickness for the first seven mo
dules and of 15 cm plates for the other 
twelfe. In each gap between two plates is 
inserted a plane of eight 6 mm plastic scin
tillators viewed by two phototubes at each 
end. The sum of right and left pulseheights 
is used for calorimetry, while their ratio 
serves for determining the shower position 
along the counter. Pulseheight calibration 
and measurement of light attenuation in the 
counters is done using cosmic muons conti-
nously between machine bursts. 
The drift chambers are hexagonal and consist 
of three independent gaps with wires in the 
vertical direction and at ± 60 relative to 
the vertical. The wire spacing is 6 cm , the 
measurement accuracy 1 mm and the efficiency 
typically 99.5% per gap. 

Fig. 18 is a pictorial of the detector of 
the CERN-Hamburg-Amsterdam-Rome-Moscow 
(CHARM) group, which comes into operation 
now. Its special features are the ability of 
measuring the hadron shower direction due to 
the choice of marble (low Z) as a target ma
terial and the possibility of distinguishing 
electron showers from hadron showers. The 
target consists of 78 slabs of 8 cm marble, 
each followed by ionization detectors, 3 cm 
plastic scintillators and/or proportional 

drift tubes. Iron toroids behind this tar
get serve for identification of muons and 
for measurement of their momentum. This de
tector is well suited for a measurement of 
the x-distribution in neutral current re
actions and possibly for a study of v e 
scattering. 

4. Inclusive v-hadron charged-
current reactions 

4.1 Kinematics 

The usual kinematic variables defined for 
the process' i*s /*•" (&ffett) 

v + p •+ p~ + X are the following: 
(1 = lepton, h = hadronic system) 

9 2 2 
2 = - q = - ( k - k') 

. 2 8 = 4 E.. E.sin Y 

q = k 

q = M (E 
v I 

= . ) • M E v v ~SL'~ " h 

W = inv. mass of hadronic System 

= / (p ' )*= / (k+p-k) 'l 

= / ( k - k ' ) 2 + p 2 + 2(k-k') • p 

•• /-Q 2 + M 2 + 2 V 
The kinematic region in the (Q 2, v) plane 
is bounded by the condition 
0 -W 2 = -Q 2 + M 2 + 2v and therefore 
Q 2 - 2v + M 2 

This boundary is indicated in Fig.20 where 
the diagonal corresponds to W 2=0, i.e. to 
elastic scattering. 
Instead of Q 2 and v we can use the dimen-
sionless Bjorken scaling variables: 

y = 
2v 

k-p 
E h-M 

4.2 Structure functions 

For charged currents assuming current-current 
interaction, wo obtain the inclusive cross-
section in terms of three structure functions 14) 
W ± (Q2, v) 

Figure 1 8 
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4.3 Bjorken scaling 

dQ*dv 2irM* E {cos 2 4 W 2(Q 2,v) 

+ 2 sin2-j Wi (Q 2,v) 

M sin 2 | W 3(Q 2,v)} 

WM = P;q/Mc (En-M)= E h 

Figure 19 

where G is the Fermi constant and M the nu
cléon mass. The structure function W 2 is 
analogous to the electric scattering in the 
case of t - p scattering, while Wj corres
ponds to magnetic scattering and W 3 is a 
parity-violating term not present in % - p 
scattering. In terms of x and y we obtain 

+ xy 2Wi ± xfy-^j) : ^ > 
M For E >> M, the term wg— can be neglected. 

It appears that the common factor in front 
of the bracket is proportional to 2ME = s, 
the square of the center-of-mass energy. 

A simple dimensional argument can be made if 
the neutrino scatters from a point like ob
ject: The dimension of the Fermi coupling 
constant G is 
{G} = {erg cm3 } . { 1 } f Q r 

lMeV2"J = c = 1 

{ G 2 } = {C" 1 ••} 
' t M e V 7 ' 

The cross-section has to be proportional 
to G 2 a(v - point) = G 2 • F 

Dimension: {cm2} { ^ 2 } {MeV2} 

Since there is no scale available, only in
variants can be used for F; therefore 
F « s = 2ME and the cross-section is li
nearly rising with E G 2E f where the 

v ' v 
function f is independent of E . 
The precise meaning of this conjecture, 
called scaling, was given by Bjorken: 
For fixed x and Q 2 -*• », v -»- », the structure 

0 2 

functions become functions of x = ~— only: 2v •* 
Wl(Q 2,v) ->• Fj (x) 

JJZ W 2(Q 2,v) + F 2(x) 
tfT W 3(Q 2,v) •+ F 3(x) 

Then we obtain 
2„v,v dza G 2 M E 
dxdy * {(1-y) Fj' v(x) + xy 2 

(x) ± (y-*-) x F|' v(x)} 

where the common factor is 
G 2 M E 

= < J . 1.52 x 10 •38 cm' TT o v 
Consequences of Bjorken scaling are: 
1) a « E v 
>>\ j 2 

, j = E * distributions independent of E 

Integrating over y, we obtain: 
_v , v 

= cr | Ç I = „o ^ F 2v.v ( x ) + ± 3 x F i v , v ( x ) 

± 4 x F 3

V ' ^ ( x ) } 

So far this is valid for neutrino scattering 
on nucléons, and we have 4 sets of 3 structure 
functions for vp, vn, vp and vn scattering. 
For neutrino scattering on isoscalar nuclear 
targets, we assume charge symmetry, then 
F vn = F vp F vn = p vp L = 1 f 2 , 3 

which is an exact relation for Fj and F 2 ; 
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but only valid for F 3 if 

strange sea quarks in the nucléon are neglec

ted. For a nucleus N with equal proton and 

neutron numbers, this leads to F v = F, v 

T h e h Û i È r = ao{(1-y)F2(x) + x y 2 F l ( x ) 

± (y-f-) x F 3 } 

We see that for y -*• 0, where only F 2 contri

butes, charge symmetry gives an exact pre

diction: 

d v ' y = 0

 d v ' y=0 
J F 2 (x ) dx 

4.5 y dependence of elementary cross-sections 

Consider individual v - quark scattering 

1 

where the quark has spin--, is light and left-

handed (predominantly^and the neutrino has 

spin-j, is massless and lefthanded. Then in 

the center-of-mass system the following 

simple consideration can be made: 

i) for neutrino-quark scattering, both 

partners are lefthanded and the total 

spin adds up to J = 0: 

4.4 Quark-parton model 

In this model, the nucléon consists of 3 

point-like objects (partons) identified with 
1 -

the spin-r- quarks and a sea of qq pairs. The 

scattering of a neutrino from a nucléon can 

then be calculated as the incoherent sum of 

scattering cross-sections from the indivi

dual partons j: 

a2 a 

do, 

dxdy " ? fj ( x ) dy 
j = 1 , 2,.. type of 

parton 

where x is the fraction of the nucléon mo

mentum carried by the interacting quark. This 

x coincides, in inclusive reactions/with the 

Bjorken x defined above. 

In the quark model the nucléon consists of 

3 valence quarks and a qq sea of all flavours. 

The distribution functions of quarks inside 

a proton are called u (x), d(x), s(x), c(x), 

b(x), û(x), d(x), I(x), c (x) , b(x). In our 

energy region 30 < E < 200 GeV, the charmed 

and bottom sea, c(x) and b(x) is probably 

negligible. If the sea is SU3 symmetric, then 

u(x) = d(x) = s(x). Since the nucléon has no 

strangeness, strange quarks are only present 

in the sea, and s(x) = I(x). For the u-quark 

distribution, on the other hand, two valence 

quarks are present in the proton (u u d): 

/(u(x) - G(x)) dx = 2 

Similarly for the d quark 

/(d(x) - d(x)) dx = 1 

and for the s quark 

/(s(x) - s(x) ) dx = 0 

Since the neutron consists of (ddu), the 

neutron distributions can be obtained from 

proton distributions by exchanging u •«-»• d. 

-*• <r 

The scattering is therefore isotropic 

in the center-of-mass angle 6*,i.e. 

there is a flat distribution in cos 6*. 

Since cos 6* is related to the Bjorken 

scaling variable y by the relation 

y = -j (1-cos 8*) , this leads to a 

flat distribution in y between 0 and 1. 

In particular, scattering by 180°(y=1) 

is possible. 

ii) for neutrino-antiquark scattering, the 

spins add up to J = 1 : 

• > - * -

here obviously scattering by 180 is 

not possible because the total angular 

momentum would have to flip from 

J = -1 to J = +1 ; therefore, the cross 
z z 

section for 6* = 180 or y = 1 vanishes. 

For 8* = 0 or y = 0 the cross section 

equals the one for neutrino quark 

scattering. The y dependence between 

y = 0 and y = 1 turns out to be of the 

form (1-y) 2 because of J = 1. 

iii) the scattering of antineutrinos from 

quarks resembles vq, i.e. a (1-y) 2-

distribution is obtained, and Up i-s 

equivalent to vq, i.e.we get a flat 

distribution. 

This consideration together with the strength 

of the different hadronic currents in the 

G.I.M. model can be used to calculate the 

individual neutrino-quark cross-sections. 
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Some of these are listed in Table IV. 

Table IV 

Neutrino-quark cross-sections 

do/dy in units of 

reaction G 2ME /IT v' 

v+d •*• y - + u d(x)2 X COS 2 e 
v+s -*• y + u s(x)2 x sin 2 

ec 
v+s -*• y + c s(x) 2 X COS 2 e 
v+d -»• y + c d(x)2 x sin 2 e 

e c d-y)
2 

9 C (1-Y) 2 

v+u + y + d û(x) 2 X COS 2 

e 

e c d-y)
2 

9 C (1-Y) 2 v+u -»• y + s 5(x)2 x sin 2 

e 

e c d-y)
2 

9 C (1-Y) 2 

+ 
v+u •*• y 

+ d J(x) 2 x cos 2 6 c (1-y) 2 

e c d-y)
z 

e c 

v+u •*• y + s i(x) 2 x sin 2 

6 c (1-y) 2 

e c d-y)
z 

e c 
-,- + 
v+s •+ y 

+ c i(x) 2 x cos 2 

6 c (1-y) 2 

e c d-y)
z 

e c 
v+d -+ y + c ï(x)2 x sin 2 

6 c (1-y) 2 

e c d-y)
z 

e c 

v+d * y 

v+I + y 

+ 

+ C
I 

C
I 

î(x)2 
3(x) 2 

x cos 2 

x sïn2" 

e 
c 

"e 
c 

4.6. y dependence for isoscalar targets 

Neglecting terms of order sin29 , we obtain 

from table IV: 

H vN 
f j ^ = c0x (u+d+2s+(u+d) (1-y)

2) 

, vN 
§§3y- = aQx ((u+d) (1-y)

2+ (u+d+2s)) 

The shape of the y-distributions therefore 

is a sum of a flat component and a compo

nent decreasing with y according to (1-y) 2. 

This form we obtain also from the general 

expression in sect. 4.3 if the Callan-Gross 

relation holds, i.e. if F 2(x)=2xFi(x). 

This Callan-Gross relation can be derived 

if the partons (quarks) have spin-y and if 

they have no primordial transverse momen

tum inside the nucléon. Then 

d a ' ' v v 2 v 2 1 
— = ° { o - y + t>) F 2< x > ±(y- 2 ) x F 3 ( * n d x d y " 0 

which leads t o 

*2l_ = 0 { (P2-*F3) + ( 1 _ y ) 2 1E2+*EJLL } 

dxdy 

d a v

 = a 

dxdy o 
{ J F ^ x Z i i ( 1 _ y ) 2 + (F?+xF3), } 

da 
By comparing the two forms of -, . we ob

t a i n for neu t r inos (F9-XF3) _ x ( u + ^ + 2 s ) 

(F^+xF^) 
2 

and defining the function 
q(x) = x(u(x) + d(x) + s (x) ) ,we get 

F2 = x(u+û+d+d+s+s) = q(x) + q(x) 

-XF3 = x(d+u+2s-u-d) = q-q + x2s 

Similarly for antineutrinos 

F 2! = q + q = F 2

V 

-xF 3

v = q - q - x2l 

4.7. Questions to be answered by experiment 

A. 

A. 1 

Space-time structure of hadronic char

ged current 

Total cross-section ratio 

Integrating the Cross-sections for iso

scalar targets over y and x we obtain 

A.2 

{/x (u+d+2s)dx + 1 /x(u+3)dx} 

v = a (4-/x(u+d)dx + fx (5+3+2s) dx} 
0 i' ' A 

Defining the numbers: 

Q = /x(u+d+s)dx 

Q = /x(u+d+s)dx 

S = /xs(x)dx 

the cross-section ratio becomes : 

R = 
1 Q-S + 3 
3 

(Q+S) 
Q+S + 1 (Q-S) 

I 1 + 2 
3 

1 - •£ 

(Q+S) 
(Q+Q) 

1er 

x(u+d) 

1Q+QT 

In particular, if there would be no sea 
— — 1 

(Q=S=0) , then R = •=•. A measurement of R 

is sensitive to the antiquark contents 

of the nucléon, and this measurement 

is independent of the one of the y distri

butions and can be used as a consistency 

check. 

y distributions 

In order to analyze the y distributions, 

we can assume the Callan-Gross relation 

and extract the flat and the decreasing 

parts of the y distribution for neutri

no and antineutrino reactions. With the 

definitions of Q, Q and S above, we ob

tain then from antineutrino data the quan

tity (Q+S)/(Q+Q), from neutrino data we 

get (Q-S)/(Q+Q), and combining the two 

informations, we obtain Q/(Q+Q) which 

is the fraction of momentum carried by 

the sea antiquarks in the nucléon. 
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A.3.Test of Callan-Gross relation 

If this relation is not valid, we get 

(1-y) terms in the y distributions in 

the following way 

do vN <jŷ  = a Q( J(q+xs)dx + q Ldx (1-y) + 
/(q-xs)dx (1-y) 2) 

da vN dy~ • °0(/<q-xs)dx (1-y) 2 + / q ^ x (1-y) 

+ /(q+xs)dx) 

Experimentally, one can then fit the two 

y distributions with these 3 components 

and obtain the magnitude of the violation 

of the Callan-Gross relation: 

JqTi (x) dx = /(F,-2XFT) 
J(q+q)dx |2xF!dx 

A.4.Test of charge symmetry 

Such a test can be done at y = 0, where 

only F 2 contributes to the cross-section 

and therefore 

8 — — — A 

= a x{^(u+d+s) + -js } 
+ ^xi } = 3 % (q(x) 

Scaling violations 

In asymptotically free field theories 

(e.g. QCD), the strong coupling constant 

a becomes smaller with Q2->°° 

12 TT 

••> (33-2Nf)ln Cfz) 

is the number of flavours, and 

" (Q2> -
Q2-

where N, 

asymptotic freedom occurs for N,<16. 

This logarithmic decrease of a (Q2) 

causes logarithmic scale violations in 

the structure functions. In particular, 

the moments of these structure functions 

vary in a way calculable by QCD. These 

moments are defined as 
1 

M (N, Q 2 ) : = / d x x N ~ 2 F ' ( x , Q 2 ) w i t h 

a | _ d o I 

dy Iy=0 dy 'y=0 

This test can be done only if absolute 

cross-sections are measured. 

B. Quark structure of nucléon 

B.l.The fraction of momentum carried by all 

quarks and antiquarks can be measured 

by using the relation 

/(q+5) dx = /F2(x)dx = 1 §2 , 

If this number is smaller than unity, 

then something else has to exist inside 

the nucléon.' 

B.2.Assuming Callan-Gross, we can determine 

the structure functions F2(x,Q 2) and 

xF 3(x,Q
2); integrating over y, we obtain: 

vN 

F{= xF!, F2= and Fi= xF, 

1 rdo 
A l dx 

dov 

dx 
-} = o x {u+d+2s+u+d+2s + 

° I 
•j(u+d+u+d) } 

= o Q {| F 2(x)+ |x (s+s)} 

i do vN do vN 

dx 1x~ (u+d+2s) = o x{u+d+2s 

•j (û+d-u-d) } 

3°o l 2 J 

The structure function of the sea quarks 

can be obtained from the cross-sections 

in this way: 
vN 

I(3^£-
KK dx 

§5-)=o x{u+d+3(u+d+2s) dx o l 

(u+d+2s)-(u+d)l} 

The Q 2 dependence of these moments in 

QCD is given by 

M, (N, Q 2) = C N (In xl")~dN 

N where the C are computable constants, 

A is one common free parameter of the 

theory, and d N are the anomalous di

mensions of the renormalization group 
4 2 N 1 

d„ = ^ - ^ {1- ̂ rrry • 4 I - } N 33-2N, N(N+1) f »i«-r./ } = 2 j 

Qualitatively, in QCD quarks loose mo

mentum by gluon bremsstrahlung, and 

therefore the structure functions F 2 

(x, Q 2) and F 3(x, Q
2) shrink in x with 

increasing Q 2. Also with increasing Q 2 

the production of qq pairs via gluons 

becomes stronger, such that the fraction 

of sea quarks rises with Q 2. 

These effects should be observable in 

the Q z range from 2 - 200 GeV 2 accessible 

to neutrino experiments. It has to be 

kept in mind that asymptotic freedom 

requires Q 2 to be much larger than the 

square of any relevant mass involved. 
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Experimental results 

Total cross-sections 25) . Already the early measurements using 
the Gargamelle heavy liquid bubble cham
ber exposed to low energy (2-10 GeV) 
wide band neutrino and antineutrino beams 
from the CERN PS showed the linear rise 
of both v and v total cross-sections with 
neutrino energy (Fig.20) and therefore 
supported the conjecture of scaling and 
of a point-like substructure in the 
nucléon. The data are from 1.4 x 10 
pictures taken with a freon filled cham
ber, and above E v=2 GeV there are 2490 
neutrino and 1700 antineutrino events. 

Results for neutrino energies above 
20 GeV are available now from three high-

26) energy experiments done by the BEBC , 16) 27) CITFR and CDHS groups. 
Some information concerning these ex
periments is collected in table V. 

Table V. 
Expt. Beam Events Flux deter

V V mination 
BEBC NBB 1120 270 yflux,Cer 
CITFR NBB 

(di
chro
matic) 

18000 12000 charg.part. 
flux, Cer 

CDHS NBB 23000 6200 BCT, Cer, 
vi flux 

Figure 20 
The slopes o/E„ are 

TO 9 
% N / E v = ( 0 - 7 2 ± 0 - 0 5 ) 1 0 cin /GeV 
a-N/E =(0.29 ± 0.02)10 cm2/GeV 
where the errors do not include the 
systematic uncertainties estimated to 
be around ^ 10 %. The cross-section 
ratio is quoted to be 
R = o-„/a „ = 0.40 ± 0.02 

vN' vN 

The main problem of this measurement is 
the determination of the neutrino flux. 
The methods used by the groups differ, 
but the main points are 
i) a measurement of the charged particle 

flux entering the decay pipe per in
cident proton, for neutrino and anti
neutrino beam settings; this is done 
by the beam-current-transformer 
(BCT) during the run for the CDHS 
experiment, while the CITF group 
did a special survey experiment at 
low proton intensity. 

ii)a measurement of the beam composition, 
i.e. the K~/ir- and p/K /TT ratios 
done with threshold Cerenkov counters 

An alternative to method i) used by the 
BEBC group consists in determining the 
flux of decay muons inside the iron 
shielding at depths larger than 30 m. 

Results of these experiments on the to
tal cross-sections per nucléon for neu
trinos and antineutrinos are shown in 
fig. 21 . The measured slopes o/E are 
given in table VI. 

The high-energy data are consistent with 
each other and with no energy variation 
of the slopes. If one takes into account 
the low-energy Gargamelle point, there 
is an indication for a decrease of the 
neutrino slope with neutrino energy, 
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while the antineutrino slope is still compa

tible with being constant. 

^ 0.7 
<9 

~E 0.6 
LHI 

s

s 0.5 

* 

+ - * fî t—^t 

M+±*±-

A BEBC/GGM 

+ CALTECH 

• CDHS 

150 200 

E..Ï [<5»"] 

Figure 21 

This phenomenon can also be seen by con-

v' v sidering the cross-section ratio R 

Fig. 22 is a semilogarithmic plot of R for 

two of the experiments. 

According to the values quoted in Table VI, 

this ratio seems to be higher in the energy 

domain 30 - 200 GeV than at 2 - 10 GeV. 

Table VI. 

Slopes and ratios of total cross-sections: 

3. x 10 3 8cm 2 GeV"1 

3 4 5 10 20 30 40 50 100 200 GeV 

In E v 

Figure 22 

According to the relation given in 

4.7.A.1, this corresponds to an increase 

of the quark sea component with E 

(and therefore with Q 2 ) , in line with 

the expectation from QCD. 

A.2 y distributions 

A large deviation from scaling behaviour 

(high y anomaly) had been found earlier 
2 8} 

by the HPWF group '. This was not con-
29) 

firmed by recent experiments from CDHS , 

CITFR 3 0 >and BEBC 3 1 ). We only discuss 

here the recent results.Important features 

for a measurement of y distributions are 

a uniform muon acceptance up to the 

Energy (GeV) GGM CITFR BEBC CDHS 

2 - 1 0 0.72 ± 0.05 

20 - 100 0.61 ± 0.02 0.61 ± 0.04 0.62 ± 0.04 a 

100 - 200 0.62 ± 0.03 0.55 ± 0.04 0.63 ± 0.05 

2 - 1 0 0.29 ± 0.02 

20 - 100 0.28 ± 0.01 0.25 ± 0.02 0.30 + 0.02 a-
V 

100 - 200 0.34 ±0.03 0.32 ± 0.04 0.31 ± 0.04 

2 - 1 0 0.40 ±0.02 

20 - 100 0.48 ± 0.05 0.48 ± 0.025 a- , v/a 
' V 

100 - 200 0.49 ± 0.05 
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largest scattering angles (large y) and 
a precise hadron energy calibration. A 
useful check can be done in a NB beam, 
where the neutrino energy reconstructed 
from the vertex position has to agree 
with the sum of E + E, .. vi had. 
As an example, fig.23 shows the y distri-

27) bution from the CDHS group in the 
energy range 30 - 200 GeV. The v distri
bution is consistent with being the sum 
of a flat distribution with a small 
(1 - y ) 2 admixture from scattering off 
antiquarks, and the v distribution is 
predominantly (1 - y ) 2 with a small con
stant admixture. The shape of these 
distribution does not change very much 
with neutrino energy, as can be seen by 
comparing the distribution for the ener
gy range 30 - 90 GeV in fig.24 with that 
for the energy range 90 - 200 Gev in 
fig.25. This fact can also be seen by 
displaying the first moments of the 
distributions, the average (y) , as a 
function of neutrino energy, which are 
compatible with no energy dependence, 
but allow for a mild increase with ener
gy as required by QCD.(Fig.26) 

Figure 24 
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If we analyze the y distributions shown 
in the simple Quark-Parton-Model, i.e. 
assuming the Callan-Gross relation, we 
obtain from the flat and (1 - y ) 2 parts 
the antiguark contents (4.7.A.2). 
The results (preliminary) of the CDHS 
group are: 

Q + S 
• 

From v 

From v 

From_v 
and v 

and 

= 0.16 ± 0.02 
Q + Q 

= 0.08 ± 0.04 
Q + Q 

= 0.12 + 0.025 
Q + Q 

_Q _ 0.76 ± 0.05 
Q + Q 

The last result means that valence 
quarks carry 76 % of the total quark 
momentum at these enerqies, and sea 
quarks account for the rest. The frac
tion of sea quark momentum in v reac
tions, (Q + S ) / (Q + Q) , can also be 
obtained as a function of neutrino 
energy. This is shown in fig. 27, 
where it appears that the data are com
patible with the kind of increase of the 
sea demanded by QCD. 

100 150 
E v [GeV] 

02 

i \J^ 
^ - ' " " 

i 

0.1 

1 

A=( 
A=( 

1 1 

13 GeV 

).7 GeV 

I 
10 20 50 100 200 

E v [GeVj 

Figure 27 

.3 Test of Callan-Gross relation 
An analysis of the y distributions in
cluding (1 - y) terms can in principle 
give the magnitude of deviations from 
this relation. Fig. 28 shows the quan
tity A = 2 x Fi/F 2 as a function of 
In Q 2 from BEBC and GGM data 3 1 ). 

2,0 

I 

I ' 

i 

II 
: 

! 
1 

1 

• 0<x<0.l 
o Ql<x<0,2 
A 0,2<x<0,4 

: x 0.4<X< 1,0 

-<A>O.96±0.09 ~ 

1 I 

: 

I 

: Ml 
I 

1 

• 0<x<0.l 
o Ql<x<0,2 
A 0,2<x<0,4 

: x 0.4<X< 1,0 

-<A>O.96±0.09 ~ 

1 
0.1 10 100 

Figure 28 
The mean value of A extracted is 

<A> = 0.96 ± 0.20 (0.09) 
where the figure in brackets is the sta
tistical error. A similar result from 
the CITFIT ' group was reported 

<A> = 0.83 ± 0.09 
A preliminary analysis of the CDHS group 
(neqlecting for the moment the radiative 
corrections) gives 

Figure 26 
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raw 
0.95 

q(x) -\- (1 - x) 6.7 ± 0.5 

However, radiative corrections will affect 

this result because they predominantly 

occur at low y. 

For the moment the experiments are 

not conclusive as to whether A is exact

ly equal to 1 as assumed by the Callan-

Gross rule or A differs from unity. QCD 

would predict A < 1 for finite Q 2, but 

A •+ 1 for Q 2 •+• •». 

A. 4 Test of charge symmetry 

The equality of differential v and v 

cross-sections at y = o (4.7.A.4) has 

been tested in several experiments and 

has been established at the 5 - 10 % 

level. E.g. the CITFR group obtains 

this equality within 5 %, and the CDHS 

groupr ' quotes 

dy (1.05+0.07) da
1 

|y=o dy |y=o 

B.1 Fraction of quark momentum 

The absolute differential cross-section 

at y = o can be used for a determination 

of the fractional momentum carried by 

the quark constituents of the nucléon 

(4.7.B.1). As an example, the CDHS group 

obtains 

-} J (q+q) dx = / F2(x)dx = 0.45+0.03 

o o 

in agreement with the GGM result at 

lower energies (0.51 ± 0.06). This means 

that half of the nucléon momentum is 

carried by objects different from quarks, 

which can be identified with the 8 gluons 

in QCD mediating the strong color force. 

B.2 Structure functions 

Using normalized v and v cross-sections, 

we can integrate over y and extract the 

structure functions F 2(x) from a
v+a v. 

xFo from a V - a v and q(x) from 3a v-a v 

(see 4.7.B.2). 

From the CDHS data between 30 and 200 GeV 

one obtains then the x-distributions 

shown in fig.29, normalized arbitrarily 

to i 
JF 2 (x)dx = 1 . 
o 

These shapes can be fitted with powers 
27) of (1 - x ) , and the result is 

q(x) - q (x) *> /x. (1 - x) 3.5 ± 0.5 

Similar shapes are obtained by the BEBC 

group, viz. 

,+2.4 

3D 

q(x) <v- (1 - x) 4 , 9-1.7 

q(x) * (1 - x) for x > 0.3 

Figure 29 

It appears therefore that the qq sea 

is compressed very much at low x, while 

valence quarks have higher fractional 

momentum. This can also be seen by con

sidering v and v data at y > 0.8 (Fig.30). 

For the v data mainly the sea quarks 

contribute, and the fall-off is very steep, 
7 

like ^ (1 - x) , while for the v data 

valence quarks dominate, and the distri

bution is much wider (<x) = 0.22 compared 

to <x> = 0.12 for v data). The sea seen 

in these v reactions is 

û (x) + 3 (x) + 2 I (x) , 

and it therefore remarkable that the 

s(x) sea seen in single charm production 

(dimuon events 

v + s-t-jt + c (-• y-v) ) 

has approximately the same shape (1 - x) 

in the CDHS data. 
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Scaling violations 

If we now want to see wether the struc

ture functions obtained in this way vary 

with Q 2, or, as a reflection of this, 

with E , we have to repeat the analysis 

in different E bins. 

Before doing this, we can look at an 

average quantity as a test of scaling,the 

ratio <Q 2>/E = 2M <x y> , which is 

independent of energy if scaling holds. 

Fig. 31 shows data on this quantity from 

several experiments. Taking the low 

energy GGM points together with the 

data at high energy (E > 30 GeV), one 

obtains a definite decrease of <Q 2)/E 

which is compatible with the scaling 

deviations expected from QCD. From the 

high energy data alone it is not possible 

to draw such a conclusion. 

311 
This fact was utilized by the BEBC group ' 

in a very thoughtful way. They used BEBC 

neon data from the NBB exposure in the 

interval 20 - 200 GeV and GGM data from 

a low energy WBB run ( 2 - 1 0 GeV). 

The data sample contains 110O v and 

250 v events from BEBC, and 3000 v 

and 2000 v events from GGM. The GGM 

data reach down to a Q 2 ôÉ 0.1 GeV 2, 

while the highest Q 2 values of BEBC 

events are 100 GeV 2. 

After integrating over y, the data are 

binned in (x, Q 2) intervals, and the 

structure functions F2(x, Q 2) (from the 

sum of normalized v and v data) and 

xF 3(x, Q
2) (from the difference a^-a") 

are obtained. The results for F 2(x, Q
2) 

are shown in fig.32 together with data 

from inelastic electron-deuteron scatte-
9 

ring from SLAC multiplied with •?, where 
5 D 

•̂  is the sum of the squares of the 

charges of u and d quarks. The agreement 

of these three sets of data is quite 

remarkable, and, taken together, they 

clearly indicate the presence of scaling 

violations: F 2 is increasing with Q 2 

at low x (x < 0.1), and decreasing with 

Q 2 at large x (x > 0.4). This is qua

litatively the behaviour expected from 

QCD. 

Using the GGM data for large x and the 

BEBC data for small x, the BEBC authors 

then integrate over x, and the resulting 

JF 2(x, Q
2)dx is shown in fig.33 as a 

o 
function of In Q 2. Quasi-elastic events 

are included in this integral, such that 

the main part of the decrease of the 

integral is due to these elastic events. 

The value of /F 2dx at the highest 

Q 2 % 15 GeV 2 is = 0.45, very near to 

the asymptotic value for 4 flavours in 

QCD, which is 0.43. 

A similar analysis has been done for 

XF3, and the result can be seen in 

fig. 34. Again the quasi-elastic con

tribution has to be subtracted. The 

integral /xF3dx falls with Q 2, and 

at the highest Q 2 = 15 GeV 2 it is still 

far from the anticipated asymptotic value 

zero. 

The observed scale violations correspond 

to a shrinking F 2 (x) with increasing Q
2. 

Since the average Q 2 is connected to 

the neutrino energy E , this corres

ponds to a shrinking of x distributions 

with increasing E v. This can be seen 

from fig.35, where parametrisations of 

data on F 2(x) for different energies are 

shown. The shrinking is small, bur obser

vable even in the high energy region bet

ween 30 and 200 GeV, as can be seen from 

fig.36 with preliminary CDHS data. 

The most instructive plot again is the 

structure function F 2 (x, Q
2) as a function 

of Q 2 for different x bins (Fig.37). 
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Scale breaking is evident, and its 
size is consistent with the one observed 
in ep and yp scattering. 
A quantitative comparison of these 
scaling violations with QCD can be per
formed by extracting the moments of the 
structure functions defined in 4.7.C. 
If one takes the logarithm of two 
different moments of the same struc
ture function, e.g. XF3, then for the 
asymptotic values of QCD, 

In M 3 (N1, Q 2) = const + ̂ - In M3(N,Q2) 
aN 

such that in a double - logarithmic 
graph we expect a straight line with 
a predicted slope dNi/d . Fig.38 shows 
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Figure 37 
results from the ABCLOS - Collaboration 
using BEBC and GGM data in the way 
described above. The integration of the 
moments of the structure function for 
fixed Q 2 uses BEBC and GGM data in different 
kinematical regions. The results are 
in complete agreement with a functional 
dependence as given above, and the 
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Figure 38 

slopes obtained are: 
Experiment 

d 6/d 4 1.29 ± 0.06 
d 5/d 3 1.50 ± 0.08 

QCD 
1 .290 
1 .456 

d 7/d 3 1.84 ± 0.020 1.760 
This probably constitutes the first 
quantitative test of QCD independent 
of the free parameter A. 
A determination of this parameter has 
also been undertaken by the ABCLOS -
group using the Q2-dependence of mo
ments of XF3. If one takes a moment 
M 3(N, Q 2) to the power - 1/dN, then 

[M3(N, Q 2)]" 1 / dN = const (In Q 2-ln A 2) 
and such a plot for even and odd moments 
of xF 3 (Fig. 39) indeed shows such beha
viour for Q 2 > 1 GeV 2. It is not clear 
wether the extrapolation of such a 
straight line in order to obtain the 
intercept Q 2 = A 2 is permitted. If this 
procedure is correct, then A comes out 
around 0.7 GeV. 

We can summarize this chapter by stating 
i) charged-current reactions are re

markably well described by the 
simple quark parton model 

ii) in the energy domain up to 200 GeV 
the scattering is mainly due to 

left-handed quarks; valence quarks 
dominate, but the magnitude, shape 
and composition of the qq - sea are 
measured 

iii) scaling violations exist, and quan
titative comparisons with QCD can be 
made 

Nachtmann moments of xF. 

(a) Even moments 

- • 
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Figure 39 

5. Neutral current reactions 

5.1 v -e scattering 
This is probably the cleanest example of a 
neutral current interaction, and the first 

7) one to be discovered , in spite of its 
enormously small cross-section. 

If we assume the neutral lepton current to 
be composed of V and A currents, then this 
current is given by 
NC — — 

K = v e (1-Y 5)Y a v e + v y(1- Y 5> Y a v y 

+ C y(i y a e + v ya v) 

+ C A(ë Y5 Y a e + il Y5 Y a V) 

and the neutral current Lagranian is 
NC - NC = _G_ NC 

The kinematics of the ve process is ana
logous to the neutrino-quark scattering 
(sect.4.5) . 
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In terms of the c m . scattering angle 9*, 

we have 

E e = 2 (1 

e E v 

y = 

- cos e*) 

sin 6* 

1-cos 9* 

(1-cos 9*)/2 

The characteristic feature of the reaction 

is the very small laboratory angle of the 

electron relative to the neutrino direction 

(e < 5° for E = 10 GeV and cos 9* > 0.85). 
e v 

The cross-section for this scattering pro

cess between two point-like objects has 

to be proportional to the center-of-mass 

energy squared, s = 2m E . 

As a function of the strength of V and A 

coupling of the electron current, the cross-

section comes out 

do" 
dy 

Û2Ï 
dy 

G 2m E 
e v 

2 ir 

G 2 m e E v 

{ (Cv-cA)
: ( C v + C A )

2 ( 1 - y ) 2 } 

2 IT 
{ { C v - C A )

2 ( 1 - y ) 2 + ( C V + C A )
2 } 

This is in line with our earlier observation 

that a V - A current between two left-

handed fermions results in a flat y distri

bution. One can designate the left-handed 

and right-handed couplings by 

*L = C V 
C A ; g R C V + C A 

,8) 
In the Weinberg-Salam model, the neutral 

current is a sum of the neutral component 

j 3 of the normal V - A current and the 
a . em 

electromagnetic current 3 

J a a 
2 sin 2 6 W j a 

em 

where the electromagnetic current is a pure 

vector 

2 sin 26 
W 

1/2. The only free parameter 

W 

j a = e yae + „ t a V 

This model leads to C v = 1/2 

and C • 

here is the Weinberg mixing angle 9 

which has to be determined from experiment. 

The expected v e cross-sections as a func

tion of this angle are shown in fig.40. 

For s i n 2 9 = 0 , we have pure V - A coupling, 
w 

and a(v e)/a(v e)=3 because of the diffe

rent y distributions, while for sin 29 =0.25, 

o(v e) = a(v ye). 

0,1 0,2 0,3 0,4 0,5 0,6 

Sin2 8w 

0,7 0,8 

Figure 40 

Experiments on these processes have been done 
5ii 34) 
'•"' and the Aachen-Pado"= J '• 

,35) ; 

by the G G M 1 J J ' and the Aachen-Padova" " groups 

at the CERN PS and by the GGM2"'and BNL-Co-

lumbia 3 6 >groups at high energy.The neutrino 

energy spectra at the PS are shown in fig.41, 

and the AC-PD detector in fig.42. It con

sists of a spark chamber array of 1 cm Al 

plates, 2 x 2 m 2 large, with a total mass 

of 30 tons and a fiducial mass of 19 tons. 

Electromagnetic showers are identified by 

their longitudinal development sampled 

every 1/9 radiation length, and the energy 

measurement is done by spark counting. 

Results on the cross-sections are given 

in table VII. 

Table VII 

Evt. Backgr. - -42 0 -1 
E 10 cm 2GeV 
V 

Exp. 

V 

V 

10 

8 

4.2 

3.4 

1.1±0.6 

2.4±1.1 
AC-PD 

V 

V 

1 

3 

0.5+0.3 

0.44±0.13 

<2.3 

1-°-0.9 

GGM 1 

V 10 0.2+0.2 7 fl+4-1 

7- 8-3.1 
GGM 2 

V 11 0.7±0.7 1.8±0.8 BNL-Col 
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The low-energy experiments are in fair 
agreement with the Weinberg-Salam model, 
they prefer a value sin2e = 0.38 ± 0.10, 
still in agreement with the value 0.25 
found in inclusive neutral current reactions; 
they also agree with V + A or pure V or A 
(Fig.43). However, a serious surprise comes 
from the GGM2 result, which is incompatible 
with the Weinberg-Salam model if sin 26=0.25, 

V e — 

Figure 44 
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or gives sin 29 u > 0.74 with 90 % confidence 

if this parameter is left free. There is no 

explanation at the moment for this discre

pancy, which becomes evident in fig.44, 

where the values of C and C A allowed by 

different experiments (including v e 

scattering datar are given by shaded areas, 

and the area allowed by the GGM2 experiment 

does not overlap with the one given by all 

other experiments. 

Very recently, another measurement of the 

v e~ cross-section at high energies 
v 

has given a result in agreement with the 

Weinberg-Salam model. It comes from a 

BNL-Columbia group 'working with a heavy 

(64 at %) neon-hydrogen mixture in the FNAL 

15'chamber. From 11 events, a cross-section 

of |(1.8±0.8) 10~ 4 2cm 2/GeV | E v and a 

Weinberg angle around sin26 = 0.2 is ob

tained. The exposure has 4 times more sen

sitivity than the GGM 2 experiment, and 

the results are mutually inconsistent. 

5.2 Inclusive inelastic neutral current 

scattering on isoscalar targets 

5.2.1 Phenomenology 

If the neutral hadronic current is assumed 

to be composed of V and A parts and diagonal 

in the quarks, we obtain in the G.I.M. 

schema 

10) 

J a

N C = 5 (x) Y a(C v

U+C A

UY 5) u (x) 

+ c (x) V a(C v

u+C A

U7 5> c (x) 

- d (x) Y a ( C v

d + C A

d

Y 5 ) d (x) 

- I (x) Y a ( C v

d + C A

d

Y 5 ) s (x) 

Neglecting A S = 1 transitions, we get 

the neutrino quark cross-sections from neu

tral currents (Table VIII) which are 

shightly more complicated than the ones 

from charged currents (Table IV) because 

of the presence of right-handed and left-

handed couplings. 

Table VIII 

Reaction 

V +U-+V +U 
V V 

v +d->-v +d 
U V 

v +u-»-v +u 
V V 

v +d-*'v +d 
U V 

da/dy in units of G 2ME x cos 28 /2TT J v c 

(C v

u - C A

u ) 2

+ ( C v

u + C A

u ) 2 ( 1 - y ) 2 

. d _ C

 â \ 2 + f r &+r d , 2 n _ ^ 2 (C,7"-Ca")
2+(Cv"+CA")

2(1-y) 

( C v

u

+ C A

u ) 2

+ ( C v

U - C A

u ) 2 ( 1 - y ) 2 

( C v

d + C v

d ) 2

+ ( C v

d - C A

d ) 2 ( 1 - y ) 2 

For the Weinberg-Salam-Model, the coupling 

constants are 

„ u 1 C U = 1 - i •5in2fl 
C V 2 I S l n 8 W 

C d = - 1 + 4 s i n 2 6 „ c d 

"A 

"A.. V 2 3 "••-" " W 

The inclusive cross-sections can then be 

calculated, and in analogy to the CC case, 

one obtains y distributions consisting of 

a flat and a (1-y) 2 component. If we assume 
9 = 0 and neglect the contributions from 

the strange sea, then the quark distribution 

is q(x) = (u(x)+d(x))and we obtain 

d 2 o v 

dxdy 

d 2 C T

v 

dxdy 

° 0

 { g

L

 + % ( 1 - y ) 2 } 

a o { g L (1-y) 2 + g R } 

where the "left-handed" component for v comes 

from scattering off quarks with a left-

handed coupling or scattering off anti-

quarks with a right-handed coupling: 

g L = q(x)g~+ q(x)g 

^R 

and 

4 g" 

4 g^ 

q(x)g + q(x)g 

(C,; 

U, 2 ) z+ (c,; 

( c v

u

+ c A

u ) 2 + ( c v

d

+ c A

d ) 2 

With the Weinberg-Salam values for the 

couplings, one obtains 

g" = 1 - s i n 2 e w + | s in*e w 

ï + = 4 sin-e 
w 

Integrating over y we have 

. vN 
| j — = o0(g"q+g q+(g q+g'q)/3) 

Neglecting the sea contribution 

dSf- = aQq(g +g /3) 

= «a(i - sin2fl + |2 sin"e w) 
27 

and the ratio 
„vN, '(NC) 

a v N(CC) 
= I " s i n 2 e

w

+ If s i n X 
= 0.30 for sin 26 w. = 0.25 

Similarly for antineutrinos 
_vN 

R- = 
v 

'(NC) 

a^(CC) 
1 - s i n 2 6 w + | ° s in*e w 

0.39 for s i n 2 6 w = 0.25 
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5.2.2 Measurement of the NC/CC cross-

section ratio on isoscalar targets 

After the discovery of inclusive hadronic 
7) neutral currents, the most important question 

was a precise measurement of the Weinberg 

angle 8„. Important for such a measurement 

is a clean neutral current event sample, 

which can be achieved by a detector with 

large muon acceptance for suppression of 

CC events, and a large event sample. A 

narrow band beam gives kinematical con

straints which are very helpful in the ana

lysis. 

The main problem of the analysis is the 

separation of charged current (CC) and 

neutral current (NC) events. As an example, 
3 8} 

the CITF 'group used a criterion based on 

the total length of an event in their 

steel detector, from the vertex up to the 

last signal of the event, called "penetra

tion". Such a penetration curve is given 

in fig.45, for neutrino and antineutrino 

events. Events penetrating more than 20 

collision lenghts of iron are CC events, 

but one can see an excess of events at 

short penetration length due to NC events. 

The experimental task now consists in extra

polating the CC background below the peak 

at short penetrations. This corresponds 

to an extrapolation in the y distribution 

of CC events from large y to y = 1. We 

know from the studies of CC interactions 

that these y distributions are nearly flat 

for v interactions and also approximately 

flat in the high y domain for v interactions 

because of scattering from the qq sea. 
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This extrapolation therefore poses no 

serious systematic problems if it is based 

on an experimental CC event sample with 

penetrations of 3-5 m iron (20 to 35 inter

action lenghts). 

The amount of CC background to be subtracted 

clearly depends on the muon acceptance of 

the apparatus, and the penetration curve of 

the CDHS 'experiment, fig 46, shows a 

signal-to-background ratio of 10 : 1 rather 

than 2 :1 in the CITF Neutrino events. 

JT 
NEUTRINO EVENTS WITH E„>12GeV 

J / 
COSMIC MUON 
BACKGROUND 

240 360 480 

LENGTH OF EVENT (cm IRON) 

600 

£300 
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3 

J l 
r* l 

ANTINEUTRINO EVENTS WITH E„>12GeV 

r 
g COSMIC MUON 
g BACKGROUND 

Figure 45 

240 360 

LENGTH OF EVENT (cm IRON) 

Figure 46 

Another source of background in these 

narrow band beam experiments comes from 

wide-band beam background, i.e., from neu

trinos originating from ir/K-decays (or 

from new prompt sources of neutrinos) 
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upstream of the momentum-defining collimator 

in the beam. This background was determined 

in these experiments by taking data with the 

collimator closed and subtracting them on 

a statistical basis. 

A summary of the most recent experimental 

results on the cross-section ratios . 

R = a (NC) fa (CO and 

R- = a- (NC)/a- (CC) and the values of 0 8 

sin26.7 derived from them is given in 
w R 7 0.7 

table IX.Fig. 47 shows R and R- compared 

to the prediction of the Weinberg-Salam-
0.6 

model. It can be seen that all these recent 

experiments agree reasonably well with each 
05 

other and with the Weinberg-Salam model. 

The values of sin 29 w are displayed separate-
Q / 

ly in fig.48. The most precise result is 
that of the CDHS group 

0.3 
sin 26 w = 0.24 + 0.02 

which i s p o i n t i n g t o t h e magic v a l u e 
0.1 0.2 0.3 0.4 0.5 0.6 

0.25 where a(ve) = o (ve) , and the n e u t r a l _ 

e l e c t r o n c u r r e n t i s pure a x i a l v e c t o r . 

Figure 47 

Table IX. shows in add i t ion t h a t R„ and R-

seem t o be l a r g e l y energy-independent b e t 

ween GGM and the high-energy exper iments . 

Table IX. 

Experiment Beam Energy 

(GeV) 

R and R-
V V 

E„ cut-off 
n 

sin 2e w 

GGM 4 0> WBB 2 
II 

R = 0.26 ± 0.04 
V 

R- = 0.39 ± 0.06 
V 

E H > 0 0.32 ± 0.05 

41) HPWF ' WBB 85 

40 

R = 0.29 ± 0.04 
V 

R- = 0.39 ± 0.10 
V 

E R > 4 GeV 0.23 ± 0.06 

„T,m,42) 
CITF NBB 90 

70 

R v = 0.28 ± 0.03 

R- = 0.35 ±. 0.11 
V 

E H > 12 GeV 0.33 ± 0.07 

39) 
CDHS ' NBB 100 

90 

R = 0.293 ± 0.010 
V 

R- = 0.35 ± 0.03 
V 

E„ > 12 GêV 0.24 ± 0.02 

BEBC 4 3 ) 

(Preliminary) 

NBB 100 

90 

R = 0.32 ± 0.04 

R- = 0.38 ± 0.07 

E„ > 15 GeV 0.21 ± 0.04 

(stat.error only) 
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5.2.3 Measurement of the hadron energy 
spectrum in NC reactions 

The variable y = E, /E which is readily cal
culable in CC reactions, is not known pre
cisely in NC reactions because of the mar
ginal measurement accuracy on E even in 
narrow-band beams. It is therefore pre
ferable to use the experimental quantity 
E. directly in order to obtain information 
on the y distributions. 
A study of these E,-distributions has been 
done by the CDHS 'group. E distributions 
of NC and CC events are shown in fig. 49. 
The analysis is done in terms of the ratio 
NC/CC. This reduces systematic errors from 
the hadron energy calibration and from 
resolution effects. The data are divided in 
bins of radial distance of the vertex from 
the center line of the beam, which corresponds 
to a selection of neutrino energy bins. 
Fig.50 shows the results from the CDHS ex
periment. The ratios do not deviate very 
much from unity, which leads to the conclu
sion that the y-distributions of NC and CC 
are rather similar. 
If the v and v data are treated separately, 
and if the y-distributions are parametrized 
by one parameter (<*NC for v and a _ for v) 
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120-160 cm 

m 
DO 200 0 «0 

— e H (o»w — > E H «wv) 
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ffh-
no 2oo o 
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NC 
CC 

1 + o 
(Y) 

Figure 50 

(1 - y ) 2 

NC 

= R 

1 + a c c (1 - y)-
(1 - y ) 2 + â N C 

for v 

for v 
(1 - y ) 2 + a CC 

then, for an assumed value of a_ =0.1, the 
parameters are 

°NC " aCC = ° - 0 9 ± °- 1 8 

NC a c c = 0.10 ± 0.07 
and the deviation of the NC distribution 
from the CC distribution is not significant. 
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5.2.4 Space-time structure of hadronic 
neutral currents 

More information can be obtained of the v 
and v data are analyzed together in the 
framework of the differential cross-sections 
in terms of left-handed and right-handed 
couplings (sect. 5.2.1). Taking into account 
small corrections due to the strange sea 
and to the nonisoscalarity of the Fe target, 44) the CDHS group obtains 

g L = 0.300 ± 0.012 
g R = 0.050 ± O.005 

if a sea (Q + S)/(Q + Q) =0.1 is 
assumed. Taking the value from sect. 4.8 
would modify this result. The result is 
graphically illustrated in fig. 51. 

0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 
*• 

Figure 51 
A similar result has been obtained by the 
CITF group 4 2*: 

g L = 0.199 + 0.023 
g R = 0.110 ± 0.037 

assuming a larger amount of sea, 
(Q + S)/(Q + Q) = 0.17. 
From experiment one can now draw the 
conclusion that a V + A structure or a 
pure V or A structure are excluded for the 
neutral current interaction. In particular, 
this means that the NC must be parity vio
lating (since V and A are present). The 
actual structure is composed of a dominating 
V - A component with a smaller (V + A) 
admixture. 

5.2.5 Outlook 
The neutral current phenomena discovered in 
neutrino interactions should show up also in 
other elementary interactions, e».g. the 
electron-proton or electron-neutron inter
actions. They should therefore be present 
in atomic physics, where their earmark 
compared to the overwhelming electromagnetic 
interaction should be their parity violating 
character. Experiments in atomic physics 
have been done in heavy atoms, e.g.Bi, 
trying to observe the interference of parity 
violating and parity conserving atomic transi
tion amplitudes via an optical rotation of 
polarized Laser light in Bi vapor. Two ex
periments at Oxford 4 5>and Seattle 4 6 )did not 
find the effect at the level predicted by 
the Weinberg-Salam model. If 

PV PC ft 
R = Im (E1 /M1 ) x 10 is the ratio of 
the parity violating and the parity-conser
ving amplitudes, then the upper limits given 
by these experiments are 

R /Rj.1. < 0.25 for Oxford ex' th 
R /IT. < 0.16 for Seattle, ex' th 

Quite recently, there has been a report from 
47 ) an experiment at Novosibirsk, 'which observes 

definitely parity violation in atomic physics 
and quotes R

e x / R
t u = 1-'3 ± 0.4 in agreement 

with Weinberg-Salam. 
The disagreement between these experiments 
has not yet been resolved, but even more 
recently has been a result from a SLAC ex
periment on e - p and e - d scattering with 
longitudinally polarized electrons demon
strating a parity violating interaction of 
the magnitude predicted by the Weinberg-
Salam model. 
If the remaining experimental discrepancies 
in atomic physics and in ve scattering can 
be cleared up, it seems therefore that neu
tral currents will emerge as predicted by 
Weinberg and Salam, with an angle around 
sin 2e = 0.25. 

6. New particle production 

New particles can be recognized in neutrino 
experiments by their decay into leptons. One 
example was the observation of opposite-sign 

48) dimuon events by the HPWF group in 1974 
before t he discovery of the J /I|I - p a r t i c l e . 
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6.1 Dilepton production 
6.1.1 Opposite sign dimuon events 

After the first observation of this type 
of event, further experiments of the HPWF 
group 49)and the CITF 'group gave support 
to the explanation of this process by pro
duction and semileptonic decay of a charmed 
particle. 
The largest sample of kinematically recon-
structured events induced by neutrinos 
and antineutrinos has been obtained by the 

the dimuon signal, we then plot the x distri
butions for neutrino- and antineutrino in
duced events (fig. 54). 

CERN DORTrlUNO HEI0EL6ERO SflCLBY NEUTRINO EXPERIMENT US1 
NEP ' 

RUN/EVENT 2441 25219 ', 
BITCIH 58 

00065 «0007 
67.S 24.9 ' 
520 227 4356 
3.6 2.7 
223 -133 8446 "• 

B I T S 

EHRD 
HADVERT 
EMflO 

HflOVERT 

CDHS g r o u p 51) These data were taken in 
the narrow-band-beam in a neutrino exposure 

17 corresponding to 3 x 10 protons and an 
17 antineutrino exposure of 6 x 10 protons, 

yielding 53 000 charged current events for 
v and 15 000 for v. Fig. 52 shows the 
spatial reconstruction of a dimuon event. 
From the reconstructed vector momenta of 
the two mesons, the neutrino direction and 
the measured hadron energy E, we obtain 
the following kinematical variables: 

VV 
TRRCK NR. X 1 2 
ZVERT 4356.0 4484.0 
XVERT 497.2 500.3 

• - 1S.0 9.0 
YVERT 218.8 206.5 

*- 11.4 8.S 
px - 1 . 6 .6 

• - .2 .1 
PY - 1 . 9 • 6 

• - .2 .1 
P.S10N -23-1 23.6 

• - 1.5 1.7 
CH12/N0 17. /19 11. /19 
HUFLXI 0000034 0000034 

-Vr 

\i2 

the energy of the leading muon, i.e. 
the one carrying the same lepton 
number as the incident (anti)neutrino 
the energy of the non-leading muon 

jk IIUMHtll 
flrllll««t«MMtiT'1t',t 

1 2 3 4 5 6 7 8 9 10 1112 13 14 15 16 17 18 19 

X = ( P v - P y 1 ) 2 / [2M p <E h + 

* = t 
) J Figure 52 

> - y 1 the direction of the hadron shower 
0 the azimuthal angle between the projec

tion of the momenta of p.. and p_ onto 
the plane perpendicular to the neutrino 
direction 

TSH the transverse momentum of v, relative 
to the shower axxs W 

Fig.53 is a scatter plot of E , vs. E _ for 
3 r y1 n2 

neutrino and antineutrino events, showing 
a marked asymmetry between the two muons ; 
the averages (for v) <E )*= (13.7 ± 1 ) GeV and 
(E ..)= (45 ± 2) GeV differ considerably, in 
line with a reaction mechanism where the 
leading \i. is produced at the lepton vertex, 
and the other p, at the hadron vertex. The 
data are contaminated with a background 
where u 7 comes from the decay of TT and K 
mesons in the hadron shower of a charged-
current event. This is calculated to be 
(13 ± 4) % of the events. 
In order to investigate the nature of the 
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Figure 53 
The distribution for antineutrinos is 
shifted towards low x, <x>- = 0.15 ± 0.02 

v 
compared to the neutrino distribution • 
<x> = 0.24 ± 0.01, indicating that for v, 
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the dimuons are produced predominantly off 
the sea quarks. The x distribution for v 
is compatible with a form (1-x)7 which 
agrees with the x distribution of the sea 
as obtained from charged current events. 

In 
"1 

in i -h 

N1N 0 01 0.* 0.6 0.1 14 
JUL 0.2 0.4 0.6 O.S 10 

Figure 54 
Further clarification of the origin of the 
second muon comes from the distributions 
shown in fig.55, where a) is a scatter 
plot of E , vs. the azimuthal angle 0 bet
ween the two muons, and b) its projection 
onto the <f> axis. If the origin of the two 
muons would be 3'the production and decay 
of a new heavy lepton 
L° via v + N •*• L° + X and %,° •* u \T v, 
then one would expect in general a rather 
flat distribution in (f>, independent of E _. 
If on the other hand, the second muon is 
the decay product of a particle produced 
at the hadron vertex, then one expects an 
anticorrelation in 0 between leading JJ-
and the ji_ following the hadron shower di
rection. The most probable 0-angle is then 
180 , i.e. back-to-back emission of the 
two muons in the transverse direction. The 
correlation becomes stronger when E _ in
creases because then y_ and its parent 
carry a larger fraction of the total hadron 
momentum. The data of fig.55 favour clearly 
models with hadronic origin of the second 
muon, and the curves shown are calculated 
according to such a model of charm produc
tion with a fragmentation function 
D(z) <* (1-z)2. 

b) 

Figure 55 
The same conclusion can be drawn from fig.56 
which shows that the transverse momentum of 
the second muon relative to the shower axis 
is small even if E , becomes large. This is 
not so if one plots the transverse momentum 
of il. relative to the v. direction. 
The rates of dimuon production relative to 
charged-current reactions are shown in 
fig.57 together with the experimental de
tection efficiency calculated according to 
the charm production model mentioned above. 
The uncertainty in this model lies in the 
choice of the quark fragmentation function 
D(z). Since D(z) is related to the spectrum 
of E _, we can limit the ranges of possible 
functions D(z). For those fragmentation 
functions compatible with the E _ spectrum 
we find that the corrected cross-section 
ratios R = a (2y)/a (1y) are flat within v 
our neutrino energy range for v and v. 
All of these observations are in agreement 
with the GIM model, where neutrinos can 
produce charm via v + d -»• v~ + c and 
v + s •+ v~+ c with relative rates of 
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sin28 and Ç cos29 (where Ç = /x s(x)dx / 
/x d(x) dx is the amount of strange sea in 
the nucléon), while antineutrinos can only 
produce anticharm from the sea v + I -»• u + c 
with a rate of Ç cos26 . From the measured s c 
dimuon rates R and R- we therefore deduce 

V V the amount of sea, Ç = 0.035 ± 0.01. ' s 
The dimuon production from antineutrinos 
would increase drastically if a right-handed 
b-quark would exist, which was suggested ' 
as an explanation of anomalies in the anti-

28} 
neutrino scattering . In fig.58 the pre
dicted increase in the double ratio D = R-/R 

v' v 
for b-quark masses of 5 GeV and 7 GeV are 
compared to the CDHS data. These results do not 
support the existence of an (ub) R current, 
or if this b quark would exist with m, = 5 GeV, 
then the branching ratio for muonic b-decay 
must be less than 8 % of the one for semi-
leptonic charm decay. 
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Similar results have been reported recently 
by the CITFR group 5 0 ). 



6.1.2 u e events 
Dilepton events, if due to charm, should 
also show up in the variety, since semi-
leptonic decays of D's into u or e should 
be of same strength. This type of event 
can at present only be observed in bubble 
chambers, and has been observed in GGM , 
the FNAL 15'chamber ~ and BEBC . The 
properties of these events are consistent 
with the ones of the (larger) sample of 
u vi~ events in counter experiments, at 
least concerning the two leptons involved. 
However, the bubble chambers are able to 
observe details of the hadronic shower 
produced in the interaction, and are there
fore in a position to check an additional 
prediction of the G.I.M. picture: because 
of the dominance of currents with A S = AC, 
we expect in the case of charm production 
from a d-quark (A C = 1) predominantly the 
production of a s-quark (AS = 1 ) which 
has to show up amongst the final state 
hadrons as a K°, K or hyperon. The cal
culated number of strange particles per 
- + 

v~e event (induced by neutrinos) is 1.5 
c of 
62) 

and the average number of K 's per y e 
event is ( n

Ko) = 0.8 
Experiments are not quite in agreement 
about a value of n 0 . Table X. summarizes 
the results. 

Table X. 

Chamber Filling Rate 
u~e /v~ 

^K°> 

FNAL 15' 
Ref.57,58 

FNAL 15' 
Ref.59 

BEBC 6 1 ) 

Light neon/ 
H2mix 
Heavy neon/ 
H2inix 
Heavy neon/ 
H 2mix 

(0.77±0.3)% 

(0.5±0.15)% 

(0.7±0.3)% 

1 8 4 + 0 - 6 3 

'• -0.53 

0.5±0.2 

1.7±0.7 

(K TT TT ) . A small peak at m = 1.85 GeV is 
seen, indicating the production of the D 
meson in neutrino interactions (Fig.59). 

120 

80 

1 r w A 
w V t \ ' f N | 

The enhancement of K°'s in these y~e samples 
is clear and confirms, at least qualitatively, 
the GIM current. The quantitative discrepan
cies, however, are not yet understood. 

6.1.3 Charmed D meson production 
In one of the bubble chamber experiments, 
it has been possible to see a direct D 
meson signal in the invariant mass 

63) 

1.8 1.9 2.0 
M(K°7r+Tr-)G«V 

Figure 59 
There are 64 events in the D region above 
a background of 180 events, giving the 
peak a statistical significance of more 
than 4 standard deviations. The production 
of the D° followed by its decay into 
K STT +7T" is found to be (0.7 ±0.2) % of 
all charged current neutrino interactions. 
6.2 Trimuon events 

6.2.1 Production- mechanisms 
64). Trimuons were first seen in the CITF *;and 

HPWF 65'experiments. The CDHS collaboration 
has obtained 3 events in the narrow-band 
beam 6 6'and 76 events in the wide-band beam.67> 

Apart from the trivial case of dimuons with 
an additional muon from a pion or Kaon 
decaying in the shower, trimuons may originate 
in several kinds of processes! ' ' 
a) a charged-current interaction with electro

magnetic production of a muon pair, either 
from the outgoing muon or from the in
coming or outgoing quark 
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b) a charged-current interaction with ha-
dronic production of a muon pair, e.g. 
by the decay of a vector meson 

c) a charged-current interaction with 
charm-anticharm production at the 
hadron vertex and subsequent decay of 

70) both c and c to muons 

d) more exotic possibilities involving 
71 ,72) i) a heavy lepton cascade 

ii) a quark cascade and 
iii)lepton-hadron models 73) 

More complete references to theoretical 
work can be found in a review of Barger 74) 

6.2.2 CDHS data 
We then turn to experimental data and we 
consider the largest event sample from the 
CDHS experiment. One example of a trimuon 
event v Fe + u" y~ y +X in the CDHS detector 
exposed to the wide-band beam is shown in 
fig.60 in three 120°views. From the measured 
vector momenta of all three muons, the had
ron energy E, and the neutrino direction 
we can reconstruct the kinematics of the 
event. In particular the total visible ener
gy is E = E . + E _ + E, , + E . A plot of 
3 j r yl y2 yj h 
trimuon event numbers vs. E is shown in 
fig.61 for two different exposures together 
with the corresponding dimuon- and charged-
current rates. The measured ratio R(3y/1y) 
ranges between (1.2+0.3) x 10~ at 50 GeV 
and (9 ± 2) x 10~ 5 at 120 GeV neutrino ener
gy. The energy dependence of the ratio R 
corrected for background from ir/K decay is 
shown in fig.62. The background in the 

Figure 60 

100 ZOO GeV 
Evis 

Figure 61 

ICO 200 GeV 
Evis 
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relative to the direction of the virtual 
W-boson, w = ~v - vi is minimal .Fig. 63 
then illustrates a difference between 
the leading and non-leading y~. Here the 
invariant dimuon masses M and M are 
plotted against the trimuon invariant 
mass M . For M there are two possible 
combinations; the one indicated by a triangle 
is the one between y and y., the one given 
by a dot is the combination of y with the 
non-leading y~. It appears from the data that 
there is little correlation between the lea
ding v. and both y~ and y , while the in
variant mass of y with yl is bounded below 
1.5 GeV, indicating a possible common ori
gin of those two muons. 

50 100 150 200 GeV 
Eyjg 

Figure 62 
trimuon sample due to dimuons with a w or 
K meson of the hadronic cascade decaying 
into (yv) was obtained by measuring the 
TT/K decay rate of hadronic showers pro
duced by pion beams in the same detector. 
One expects 6y" y events and 6.6 
U y y from this background in the total 
sample. The 5 observed v~ v y events are 
compatible with this number, while for the 
y n y events this amounts to a background 
of 8 %. The calculated rates for electro-

68,69,75) _5 
magnetic processes are around (1 to 2)x10 
including experimental cuts, and the charm-
anticharm production is estimated to be 
less than 10 . A simple model on hadronic 
y pair production was made using experi-

76) mental data on dimuon production in » N 
reactions and assuming a resemblence bet
ween the interaction of the virtual W boson 
and this ir - N interaction. The resulting -5 trimuon rate is 2 x 10 
We see that from the rate alone a reliable 
choice between different production mecha
nisms is difficult to make. We therefore 
turn to kinematical properties of the tri
muon events. Since there are two y and one 
Vi in these events, we have to choose the lea-
leading n amongst the two.In analogy to the 
dimuon events, we define here as leading 
muon (y7) the one for which the sum of the 
absolute values of the transverse momenta of 
the other negative muon (v^) a n d t h e posi
tive muon (yj) 

•'*•' 

. * ; * - . - ; • * 

ffifr-j 8 100 2 
M — (GeV) 

Figure 63 

A similar conclusion can be drawn from the 
momentum asymmetries a., = (p.-p, )/(p.+p ) 

IK I K X K 
of pairs (i, k) of muons. While the com
binations (y. v ) and (P 1 p-) are asymme
trical as the one from dimuons, the combi
nation (̂ 2 v ) is symmetrical within the 
experimental error. The invariant masses 
corresponding to these combinations are 
displayed in fig.64. They again show the 
striking difference between the (u~ y +) 
pairing and the other combinations. 
The low values of m (VI_VI ) are of course 
reproduced well by the electromagnetic ,68,69,751 U pair production models and hy the 
experimental data on hadronic y pair 
production which are dominated by p 
production. The leptonic cascade models 
can only reproduce the data if the mass of 
the neutral heavy lepton L Q is around 1.5 GeV, 

71,72) 
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Figure 64 
which means a severe restriction on these 
models. Also the heavy quark cascade models 
with a b-quark mass m, = 4.5 GeV predict 
a higher average invariant mass of this pair 
We conclude from this that less than 10 % 
of the events are due to a heavy quark 
cascade, with 90 % confidence. A more decisive 
test can, as in the case of dimuons,be done 
on the basis of the projections of the muon 
momenta on the plane perpendicular to the neu
trino direction. 
If we then compute the angle A$1 2 3 in this 
plane between the leading v~ and the vec
tor sum of p" and u*, we expect quite diffe
rent distributions for the models in question: 
the electromagnetic models yield a distri
bution in Aq> -, which has enhancements 

A ' o 
at 0° and 180 and a minimum around 90 due 
to the interference of amplitudes from the 
radiation of the leading y1 and the in -
and outgoing quarks. The relative strengths 
of forward and backward radiation differ 
slightly between the models . Lepton 
cascade models yield a rather flat 
distribution in Aq>, while the hadronic 
production will occur predominantly around 
A<p = 180°. Fig. 65 shows distributions accor
ding to several models and the data. Here 

we require that all muons have a transverse 
momentum of at least 200 meV/c relative 
to the neutrino direction in order to im
prove on the resolution in A<p. 

3 0 -

25 -

20 

I 15 

60 events 

Hadronic 
H pair production 

CDHS DATA-

Electromagnetic 
[L pair production 
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60 events survive this cut. The curves are 
normalized to the same event number. It 
appears that the large peak of events around 
180° is well reproduced by the hadronic 
y pair production model, while the compo
nent of events below 60 could be due to 
electromagnetic production. If we fit this 
distribution by a sum of hadronic and elec
tromagnetic production mechanisms, wo ob
tain a rate R (3y/1y) = (0.8 ± 0.5) 10~ 5 

for trimuons of electromagnetic origin and 
R (3y/1y)=(2.2 ± 0.5) 10~ for trimuons 
of hadronic origin. 

Additional information is obtained from the 
distribution of events in pf _,, the 
transverse momentum of the pair (v 2;u 3) re
lative to the shower axis (Fig.66). This 
transverse momentum is, for all but two 
events,below 2.2 GeV/c, which is difficult 
to reconcile with a lepton cascade origin 
of the events, as indicated by the full 
line (for masses m(M~) = 9 GeV and m (L ) 
=1.5 GeV). This leads to an upper limit 
on heavy lepton production: with 90 % CL 
less then 17 % of the trimuons are due to 
such a heavy lepton origin. 

Summing up the CDHS results on trimuons 
y y ) , we find 

A 
/ i 
i \ 
. 'H i 1 
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i) 
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The experimental R (3y/ 1y) rises from 
(1.2 ± 0.3) 10~ 5 at 50 GeV to 
(9.0 ± 2.0) 10~ 5 at 120 GeV neutrino 
energy, where the variation is mostly 
due to the experimental cut of 4.5 GeV 
on muon energies. 
The 76 events can be explained by a sum 
of two mechanisms: internal pair brems-
strahlung with R (3y/ 1y) = (0.8±0.5) 1o" 
and hadronic pair production with R 
(3y/ 1y)= (2.2 ± 0.5) 1 0 - 5 

iii) Upper limits for other mechanisms are: 
- less than 17 % of the events (90 % CL) 
are due to a heavy lepton cascade 
(M~/L ) - less than 10 % of the events 
(90 % CL) are due to a heavy quark 
cascade with m. = 4.5 GeV. 

6.2.3 HPWFR D a t a 6 5 ' 7 7 ) 

These data have been taken in different wide
band beams produced by 400 GeV protons. The 
beam characteristics and event numbers are 
collected in Table XI. 

78) 
There are 13 events from FHPWR in total, 
and the conclusion of this group is that 
a fair fraction of their events cannot be 
due to the conventional mechanisms dis
cussed above. This conclusion was based 
partially on the rate of 3y events of 

-4 5 x 10 per neutrino interaction, which 
is substantially larger than any of the 
rates expected for those conventional 
mechanisms. The most recent rates reported ' 
from this experiment are lower: 

4 R (3y/1y) = (2.6 ± 1.5) 10 E > 100 GeV 
_ v 

= (0.9 + 0.5) 10 ', E > 30 GeV 
They are compatible with the CDHS rates 
and do not, therefore, require unconventio
nal explanations. In addition, Fig. 63 con
tains the effective 2y and 3y masses of 
a subsample of 8 of the 13 events (with 
E > 4,5 GeV in analogy to the CDHS cuts), 
marked by a star. These events fit into 
the distribution of CDHS events. 

Figure 66 
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Table XI. 
Beam Sign 

selection 
of mesons 

Proton 
energy 

Protons 
on target 

No. of 

3y events 

Experiment 

Quadrupole 
tripled beam 

_,_ 2 -

400 GeV 

17 5.8 x 10 6 

HPWFR 
Bare target 
v beam v (+10% v) 400 GeV 1 7 3.3 x 10 1' 6 HPWFR 

Bare target 
v beam v (+3% v) 

400 GeV 

18.8 x 1 0 1 7 1 

HPWFR 

Horn focused 
WBB + plug 

v (+3% v) 350 GeV 17.0 x 1 0 1 7 63 
CDHS 

Horn focused 
WBB + plug 

v (+3% v) 400 GeV 1 7 2.3 x 10 1' 13 

CDHS 

Two super-events (Fig.67), however, have 
attracted considerable interest because 
of their peculiar properties (Nr.119-017991 
and Nr. 281-147196). Their transverse mo
mentum components are shown in fig.68, 
where the numbers in parentheses are the 
muon charge and total momentum. These 
events have the unusual property that 
nearly all of the visible energy is in 
the leptons, very little in the hadrons. 
Since this is so, the transverse momenta 
of the three muons should balance approxi
mately if one y y pair comes from a 
hadronic or electromagnetic origin. 

E„=l3GeV 

EVENT 119-017991 

MUON H0D0SC0PE 

SCALE J o 5m 

- F e C - ) ^ / i SPECTROMETER-] 

* S 10-
uj x 
C/5 — ^Un 

EVENT 281-147196 

MUON H0D0SC0PE 

L1J 
VETO 

COUNTER 

83 GeV /I 
- 73 GeV fl~ 

96 GeV H~ 

SCALE J o 5m 
tm 

K-FeT—f-Liq C—|-FeC-|-/x SPECTROMETER—) 

F i g u r e 67 

(-32) 
pY(GeV/c) 

( - I57) 

I.O 2.0 
(+47) 

---I.O 

I9-0I799I 

Px 
(GeV/c) 

pY(GeV/c) 

28I-I47I96 
Figure 68 
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On the contrary, the events do not show 
such a balance, and additional particles 
(neutrinos?) are required to cure this. 

No satisfactory explanation of these events 
has been found yet, and since their visible 
energy is above 200 GeV, where the neutrino 
flux from the 350 GeV CERN beam becomes 
negligible, the CDHS experiment could have 
seen such events only in their 400 GeV 
run provided they are produced only above 
an energy threshold at 200 GeV. Comparison 
of the fluxes then leads to an expectation 
of one event of this type in the CDHS 
400 GeV run, compatible with the observa
tion of none. 

6.3 Tetralepton events 

In the wide-band neutrino beam exposure 
the CDHS group observed a first example 
of an event with four muons in the final 
state. The computer reconstruction of the 
event is shown in fig.69. Since the number 
of charged-current events in the same ex
posure is estimated (on the basis of a 
sample) to be 3 x 10 events and the dimuon 

3 number " 7 x 10 , this tetramuon event 
-4 

corresponds to a rate of 1.4 x 10 rela
tive to dimuons. The measured parameters 
of the event are contained in table XII. 

Table XII 

Measured quantities of the CDHS tetramuon 

1.Total observed energy 91.4 ± 7.3 GeV 
2.Hadron shower energy 58 ± 7 GeV 
3.Momenta of the muons (GeV/c) 

Muon 1 (+) 
Muon 2 (-) 
Muon 3 (+) 

' Muon 4 (-) 

The largest background contribution comes 
from trimuons with a it + v or K + p decay 
in the hadron shower. For an average 
E h = 28 GeV we expect (1.2 ±0.4) x 10~ 
background tetramuon events from this 
source. 

If we now consider possible origins of the 
event, three conventional processes can be 
invoked (Fig.70):1) charm production 

P P P 
x y z 

0.50 0.20 11.1 
-1.52 -1.69 8.4 
-0.93 -1.12 9.0 
-0.24 -0.63 4.45 



together with electromagnetic v pair pro
duction from the leading u; 2) charm pro
duction together with y pair production in 
the hadron shower; 3) charm-anticharm pro
duction by a charmed quark produced at the 
weak vertex. For the total contribution 
of processes 1) - 3) we estimate a rate 
of 0.2 events. Additional processes invol
ving new particles could include a quark 
cascade with new flavours or a heavy lepton 
cascade with charm production. 

Also the HPWFR group reported about a 
tetramuon event 77) The momenta of the 
four muons are -25, + 10, + 5 and - 5 GeV/c. 
Even more surprisingly, there has been the 
observation of a y e e e event in an anti-

Q 1 \ 

neutrino exposure of the 15' FNAL chamber . 
This event (Fig.71) seems to be compatible 
with charm production and decay into e 
plus a p meson from the hadron vertex 

decaying into e e , though the probability 
of obtaining such a rare process in this 
exposure is very small. 

s 

X^f . 
) ' T - Jk _rZSeP_. 

\ ^^^ 
W+A ^ -

Figure 71 
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1. Scope of the Lectures 

The great interest of the quark parton model is 
that it seems to provide a successful way of relat
ing together a variety of apparently very different 
reactions. In these lectures I review the principal 
applications of the model, which means that I discuss 
the following reactions: 

Deep inelastic scattering of electrons, 
muons and neutrinos 

Production of lepton pairs, J/»J/ and W 
in hadronic collisions 

Electron-positron annihilation 
Large transverse momentum hadronic processes. 

A striking feature of most reactions is supposed 
to be the presence of jets of hadrons in the final 
state. This jet physics is now an important area of 
experimental and theoretical activity, and a large 
part of these lectures is devoted to it. Another 
important area of study nowadays is the modifications 
to the simple parton model expected from the effects 
of quantum chromodynamics (QCD). I shall discuss the 
simple parton model first, since to a very good approx-
mation it seems to be sufficient to describe much of 
the existing data, and then consider some of the 
expected modifications towards the end of the lectures. 

Various of the topics that I discuss are treated 
in much more depth in other lectures at the 1978 CERN 
school. I mention particularly the lectures on QCD 
by De Rujula and the neutrino lectures of Kleinknecht. 

Otherwise, more details on deep inelastic scattering 
may be found in my review article written with 
Osborn, and for more about large transverse momentum 

2 there is a recent article written with Jacob. 

2. Deep Inelastic e and l* Scattering 

I shall assume some familiarity with deep 
inelastic scattering, and I therefore give only a 
reminder about this subject. 

Consider, then, the process 

e \ > - * e X , 
which occurs predominantly through the exchange of a 
single virtual photon: see figure 2.1. We are 

Figure 2.1. Electron or muon scattering through the 
exchange of a virtual photon, which is absorbed by 
the target hadron and causes it to break up. 

interested in those events where the momentum trans-
2 

fer q carried by the photon is large. Then the wave
length of the photon is small and so the interaction 
probes the short-distance structure of the nucléon 
target. Although it is important to explore spin 
effects , I shall confine the discussion to the case 
where both initial particles are unpolarised. 

From the usual Feynman rules, the matrix element 
corresponding to figure 2.1 is 

7ft = [0.(fe')y« *C*>3 1 - / V Ctf»-* X ) , 
where A is the amplitude corresponding to the bubble 
in the figure and describes the interaction of the 
photon with the target. We are interested in the 
squared modulus of the matrix element, summed over the 
possible systems X of final-state hadrons. This has 
the form 

I |mr * L 

Lectures given at the 1978 CERN school of Physics. 

-L. w ^ 
X I (2.2) 

Here, the first factor is the leptonic part, calcul
ated from the terms in square brackets in (2.1), and 
the second factor comes from the photon propagator. 
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These are known factors, so that the experimental 
data give information about w'* v , which corres
ponds to the interaction of the photon with the tar
get nucléon. The term Wf"u is a sum over the had-
ronic systems X of the squared modulus of the ampl
itude A. This is depicted diagrammatically in 
figure 2.2, which shows also how the optical theorem 
relates W' to the imaginary part of the forward 
virtual Compton-scattering amplitude. 

w ,j& • 1 
x 

= 2lw 

Figure 2.2. Definition of w'** in terms of the amp
litude A of (2.1), together with its relation to the 
forward virtual Compton amplitude through the 
optical theorem. 

«M* is a tensor, and it has the decomposi
tion „ 

W " = - (» ' " - ^ - ) w , + 
(r-J^t'XK'-fcitDvt. <2.3) 

Here HL and W_ are two Lorentz scalar functions; 
they depend on the pair of Lorentz scalars q and 
V a P-9, • T o arrive at the decomposition (2.3), 
one needs, in addition to Lorentz invariance, 

(i) parity conservation: this excludes a 
possible term e^*-*"*' 9« \*p ^ 3 » which 
is present in the case of neutrino 
scattering, 

(ii) current conservation: Ou, 
In (2.3), an average is implied over the two possible 
spin configurations of the target proton, as is app
ropriate for experiments in which the proton is un-
polarised. 

Notice that, because it is a momentum transfer, 
q < 0. To get a feeling for the significance of 
Xt = b.O , notice that in the rest frame of the target 
it is equal to Mq°, where q° is the energy carried by 
the virtual photon. It is usual to define 

CJ = QL»/-<C 

Then, because baryon conservation requires that 
fto-*»")2, *%, M*" > where M is the nucléon mass, it 
must be that W > 1. 

If we write 
w, = m*> %*•) 
vW,.= F^,^), ( 2 S ) 

then it is possible to check that both F_ and F_ are 
functions that are dimensionless. Experimentally, it 
is found that to a good approximation.they become 

2 functions only of a) when x> and q are large. This 
is Bjorken scaling. It implies that dependence on any 
fixed dimensional parameter (mass or length) has dis
appeared. 

Figure 2.3 shows data for large cO ; there is 2 very little variation with q . Just how good Bjorken 
scaling is, and what is the nature of the deviations 

0.S 
0.4 
0.3 
0.7. 

O.S 
o.+ 
0.3-
0.1 

o.s 
0.4-
0.3 
0.1 

60 < « < 1(0 
4 • * 

-• 

20<«<.60 

• • • 

10 20 

.9^ (GtV 1) 

Figure 2.3. Data from F_(iO , q ) from the two Fermi-
lab f*^ scattering experiments; see reference 3. The 
errors shown are statistical. 
from it, is an important question in current experi
mental and theoretical research. Discussion of this 
question is obscured by the fact that Bjorken scaling 
is expected to be, at best, an asymptotic property, 

2 valid at rather large values of xf and q . Much of 
the data correspond to only moderate values of these 
variables, and this raises the question whether it is 
meaningful to plot such data in terms of some modified 
variable, say 

CJ- st 3.XJ + 0. 

-<c 

(2.4) 

(2.6) 
where a is some constant parameter. At sufficiently 

2 
large V and q , <»)„_ and W become indistinguish
able, but at small values of OJ existing data seem 
to display Bjorken scaling much better if a is chosen 
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suitably than if W is assumed to be the appropriate 
variable. This is shown in figure 2.4, which shows 

0.4 

Ô.5 

0.4-

0.3 

(O 

0.4-

0.3 

0.2. 
• • . («> 

o.a 
• • • • • i « » ) 

o.z 
• i . .i • i i i 

16 24-

Figure 2.4. Data for F, (<»», ̂  )for (J,,, between 
0.6 and 0.7, where CO,,, is defined by (2.6) with the 
three choices (i) a = 0, (ii) a = M 2, (iii) a = 1.5 
GeV2. 

2 ~i 
the q dependence of data in the range 0.6 <<•>„.< 0.7 

2 for the three choices a = 0, a = M and a = 1.5 2 GeV . With the last choice, there is little depend-2 ence on q , and the question arises whether this is 
significant and has a simple explanation: in terms 

2 of this variable, will the lack of dependence on q 
2 survive up to very much larger values of q ? I will 

return to this question in my last lecture. 

The Parton Model 

To the extent that Bjorken scaling is a valid 
property, so that dependence on any fixed dimens
ional parameter has disappeared, the conclusion is 
that whatever structure in the proton is responsible 
for scattering the photon, it has no size. This 
leads to the picture where the proton is composed 

of pointlike (or, perhaps, almost pointlike) partons. 
The virtual photon then scatters on one of the partons, 
figure 3.1. 

Figure 3.1. Deep Inelastic Scattering in the Parton 
Model. 

Assume that the momentum-space wave function of 
the proton is sufficiently compact that, in a frame 
where the nucléon momentum j> is very large, the mom
entum of each parton is almost parallel to it. That 
is, before it is struck by the virtual photon the 
parton's momentum is approximately x (» , where x is 
some fraction between 0 and 1. Then the energy of 
the parton is (^b* + / A" X) » where yw. is the 
parton mass, and for large b this is approximately 
ac )p° . Hence the whole parton four-momentum is 
almost equal to act . 

Calculating from the Feynman diagram of figure 
3.1 gives 

F x = Q ' x SC=>c- V«o), 
(3.1) 

where Qe is the parton charge. So scaling is obtain
ed, and also CO"' is identified as the fractional mom
entum x of the parton before it is struck. This 
last result is obtained by setting the square (act+o)*" 
of the 4-momentum of the parton after it is struck 
equal to the square of the mass of the parton. 

The result (3.1) for F_ applies whatever the 
spin of the parton,but the corresponding result for 
F, varies according to the spin: 

F = O spin 0 partons 

F, =. i CO Fj. spin \ partons 
(3.2) 

3 
The data are in good, though not exact, agreement 
with the second relation. The prediction (3.2) is 
again an asymptotic one, valid for very large v and 
2 q ; the existing data satisfy it well enough to lead 

us to assume that spin /JL partons are overwhelmingly 
important. The study of how ( F, - \ U F^ ) varies 

2 with q , and the question of whether it goes to zero 
2 at very large q , is important but experimentally 

difficult; existing data do not agree too well with 
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each other. 

Given that the partons have spin Ya., the most na
tural and economical assumption is that they are frac
tionally-charged quarks, since these are already 
believed to be an important component of hadron str
ucture, as a result of spectroscopic considerations. 
This introduces the immediate problem that the parton-
model calculation seems to suppose that the parton 
that is struck by the photon is knocked out of the 
proton while, as far as is known, no fractionally-
charged particles are actually present in the final 
state. The precise resolution of this confinement 
problem is not at all well understood, but it is 
generally believed to be something like this. The 
quark that is knocked out afterwards breaks up into 
a bunch of fragments, at least one of which must 
carry fractional charge. Likewise, among the remaining 
fragments of the proton there must be at least one 
that has fractional charge. See figure 3.2. A 

Figure 3.2. After the parton has been struck by the 
virtual photon, it breaks up into a system of had-
rons. The quark-confining force acts between this 
system and the residual fragments of the target. 

"confining force" acts between these two bunches of 
hadrons, in such a way that the fractionally-charged 
particles in one bunch annihilate those in the other. 
It is assumed, with some experimental support, that 
essentially only the slowest fragments in each bunch 
are affected by the confining force, so that for 
many purposes the presence of the force can be simply 
forgotten. I cannot emphasise too strongly that the 
whole question of confinement is very poorly under
stood, and maybe we are even wrong in believing that 
quarks are always confined. 

The naive parton model, in which the proton is 
thought of as being composed of rather concrete 
quarks in the same way as a nucleus is composed of 
nucléons, is theoretically unsatisfactory. This is 
because the binding is rather strong, so that the 
situation is highly relativistic. For this reason, 
and in order to determine whether more fundamental 

theoretical ideas can confirm the model, it is use
ful to reformulate the model in terms of quantum 
field theory. After all, nowadays field theory is 
widely believed to provide the basis of the dynamics 
of particles in high energy physics. 

The naive parton model calculates the cross sec
tion from the squared matrix element in the left-
hand side of figure 3.3. The optical theorem says 

^ 
A I 

Figure 3.3. Summing the squared modulus of figure 
3.2 over final states, and using the optical theorem, 
gives the "handbag" diagram. 

that when we sum over final states we obtain the 
"handbag" diagram shown in the figure. In order to 
justify Bjorken scaling, it is necessary to estab
lish first that the handbag diagram (with possibly 
some additional internal lines to represent the con
fining force) does indeed dominate in the large y , 

2 large q limit. Then one must also show that the 
handbag diagram really does scale. These questions 
can be examined in particular field-theory models, 
with the nucleon/parton-interaction amplitude T reg
arded as a complete sum of strong-interaction Feyn-
man graphs. 

It is found that scaling is true in V field 
theory. But this theory contains only spin-zero 
particles; in theories that contain spin /^fields, 
necessary to describe quarks and nucléons, scaling 
can be badly broken. The closest that one can get to 
scaling is found in quantum chromodynamics (QCD), 
where the strong interaction is mediated by the exc
hange of spin-one gluons, much as the electromagnetic 
interaction is mediated by the exchange of spin-one 
photons. In QCD scaling is almost satisfied. For 
this reason, QCD plays a central role in present-day 
thinking about strong interactions. But because QCD 
predicts that scaling is almost good, as a first 
approximation it is sensible to pretend that scaling 
really is exact, and then consider the deviations 
from scaling later. 
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Valence and Sea Quarks. 

From the naive parton model, 

T (3.3) 

where the sum is over the various possible flavours 

r = u, d, s, c, ... of the struck parton and Q«. 

denotes the parton charge. From the calculation of 

figure 3.1, it is found that 

•c*-> C*) = JCr, '<*) , 

p(r) 

(3.4) 

where f ' (x) dx is the expectation value of the 

number of partons of flavour r having fractional 

momentum in the interval (x, x+dx). The antiquarkcon-
frl tributions F1- ' (x) are obtained similarly. It 

follows directly that 

£ <Ax F^Voc) = NM 

^ A* F ^ ( x ) = X f " , 

(3.5) 
(r) 

where N is the expected number of partons of flav-
(r) 

our r in the proton and X is the average total 

fractional momentum that they carry. 

Experimental data show that, for the second sum 

rule in (3.5), 

£ ( x C r > -v X e * 1 ) * & • 
rsu,A,s,c ( 3 6 ) 

It is widely believed that the other half of the 

proton's momentum is carried by the gluons. Because 

these are supposed to have zero charge, the virtual 

photon does not couple to them directly. In deep 

inelastic scattering, one can only hope to detect 

their presence indirectly, through them generating 

quark-antiquark pairs which themselves can couple to 

the photon: see figure 3.4. I shall consider this 

Figure 3.4. Gluons in the target hadron can generate 
quark-antiquark pairs, which can couple to the vir
tual photon. 

again in the last lecture, where I discuss also pos

sible more direct ways of establishing the existence 

of gluons. As for the other sum rule in (3.5), 
2 

Regge theory predicts that for small x, where q «V, 
fr) (r) F v •* (x) and F v J (x) should be dominated by pomeron 

exchange and so be essentially constant. The data 

for F, seem to verify this. In consequence, the 

first integral in (3.5) diverges at x = 0. This 

means that the proton contains an infinite number 

of quarks and antiquarks, nearly all having very 

small x so that they contribute little to the total 

momentum. That is, 

„ . .. .j "sea" of infinite number 
Proton = UU.A + _ . _.. , 

of quark-antiquark pairs . 

(3.7) 

The u u d are the "valence" quarks that give the pro

ton its quantum numbers, while the sea has neutral 

quantum numbers. This means that 

N W > . N c l > a j 

N<"_ N c i> = O = I M c o - N I £ E ; 
(3.8) 

and the sea contribution cancels between the two 

terms in each of these four relations. 

Now, for a proton target 

f£v - (^[uc^o + ûf^o] 
+ (-£)*• [Ac*.) +I(x) + s(x)-*-sC*)J 

-+ C > C terms at high energy 

(3.9) 

where I have written 

u(* ) = F̂  C>c> «.be 

Because the strong interactions are charge independ

ent, charge symmetry gives 

rf -. r{" = cux>, F^> = F;° = uu>, 

and similarly for the antiquark contributions. Hence, 

for a neutron target, 

F̂ * = («*[*«•*] + («*[*+* -v s +ij . 
(3.10) 

Now assume (and this may be wrong) that the sea 

is neutral and SUf2) symmetric for each x, so that 

the sea contributions satisfy 

UCaO = tZCac) * Alx) s âfae) s S 6c) 

StSc> =• sCx) =• S^Oc). 

(3.11) 
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(Maybe there is even SU(3) symmetry, so that S = S^ , 
but this is hard to investigate experimentally.) Then 

??- Fx

e A - tCu-O (3.12) 
and only valence quarks contribute to this difference. 
The number sum rule in (3.5) gives, from this, 

j 1 *sK*-F.eM »y> -o (3.13) 

This seems to be satisfied experimentally, though 
precise neutron-target data are not available, if 
only because they necessarily come from deuterium 
targets and the Fermi-motion corrections are very 
large and poorly understood . 

The literature contains many analyses of deep 
inelastic scattering in the valence-quark/sea-quark 

7 picture. Konnachie and I assumed that the valence 
U. and d distributions are the same shape as func
tions of x and so satisfy u(x) = 2d(x) = V(x) . 
Then F*^ - F^1* = ̂ V ( x ) , which may be extracted 
from the data, though there are large error bars. 
Then F^ « V + ^ S + T p S » , so that the 
difference between V(x) and the e ^ data determines 
the sea contribution. Our resulting curves are sket
ched in figure 3.5. Other authors make slightly 
different assumptions and interpret the data in 

o.a -

o-i -

o.i 

0.2. 0.4- O.t 0.» 

Figure 3.5. Valence and sea distributions in the 
nucléon, according to reference 7. 

slightly different ways, and therefore obtain 
slightly different results. But they all agree qual
itatively. The sea contributions are least well 
determined; the only rather sure thing is that they 
are very small for x ^ ^/s . 

There is room for much more work on this, by 
both experimentalists and theorists. Is it true that 
u(x) and d(x) are the same shape as functions of x, 
or does the ratio d(x)/ U.(x) instead vanish as x-»l? 

3 Does u(x) behave like (1-x) as x —•• 1, as many 
8 4 

theorists would like , or is it rather (1-x) ? If 

so, why? Andhow about S(x): some popular choices 
for the power of (1-x) here are 5, 7 or even 10. 
Then there are the Fermi-motion corrections for deut
erium, which I have already mentioned. Lastly, there 
is the theoretical question of whether the decompos
ition "valence + sea", ignoring quantum-mechanical 
interference effects, can make good sense, or at least 
nearly so. 

4. Deep Inelastic Neutrino Scattering. 

Deep inelastic neutrino reactions provide a dir
ect test of the validity of the valence-sea parton 
picture. There are two types of inclusive reaction, 
the charged-current processes 

it Y —»• ̂ u~ + hadrons (ore* + hadrons) 

5J» -* /* + -*• hadrons (ore* •+ hadrons) 
(4.1) 

and the neutral-current processes 

v\> -*• ±> •+ hadrons 
^ L _^, J _̂. hadrons 

(4.2) 
Rather more is known about the charged-current reac
tions than the neutral ones, both theoretically and 
experimentally, so I shall discuss only these. For 
more details, and information also on the neutral-
current processes, see the lectures by Kleinknecht 
at this 1978 CERN School. 

Just as deep inelastic e ory* scattering occurs 
through the exchange of a single virtual photon, neu
trino scattering is believed to be mediated by the 
exchange of a single virtual W (figure 4.1). Accord
ing to whether the incoming particle is a neutrino 

•A. 
Figure 4.1. W exchange in the two reactions (4.1). 

or antineutrino, the W carries charge + or -; this 
is why the reactions are called "charged-current". 
The neutral-current reactions are thought similarly 
to be mediated by a neutral particle, the Z . 

The diagrams of figure 4.1 give contributions 
to the cross-sections that correspond to (2.2): 

3-
(t l-M w) (4.3) 

àAV 

Here, h r is again the leptonic factor; it is diff
erent from the leptonic factor in (2.2) because the 
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W couples in a different way from the photon, but 
it is again known explicitly. The second factor is 
the W-propagator, with g the strength of its coup
ling. If the incident energy E is not so large that 

2 2 
momentum transfers -q comparable with M can be 
achieved, a good approximation to this second fac
tor is 

9L 
2. (4.4) 

where G is the Fermi weak-interaction constant. A 
similar approximation is valid in the analysis of 
UL. -decay or neutron fi-decay, because there the 
momentum transfer is certainly small, and the value 
of G is, of course, well determined from these dec
ays. A remarkable discovery of the high-energy 
neutrino experiments is that the structure of weak 
interactions deduced from the very-low-momentum-
transfer decay processes gives good predictions for 
very much larger momentum transfers. In particular, 
this implies from presently available data that the 
W mass must be rather greater than 20 GeV. 

The third factor in (4.3) describes the hadronic 
part of the interaction. Again, because the W and 
the v have different types of coupling to hadrons, 
this factor is not the same as the corresponding 
one in (2.2). Also, it is not the same for W as 
for W". 

Suppose that the beam energy E is not so large 
2 2 

that -q can be comparable with M . If Bjorken 
scaling is valid, there should then be no depend
ence on any fixed dimensional parameter. The simp
lest consequence of this concerns the total cross 
section CT . To lowest order in the weak inter-

2 actions, <T is proportional to G . The parameter 
G is not dimensionless; to obtain a cross-section 
it must be multiplied by a factor with the dimens
ions of squared momentum. Lorentz invariance demands-
that this factor be a Lorentz scalar, and the only 
available factor is therefore one proportional to 
|». k, where b and k are respectively the 4-momen-
tum of the target proton and of the neutrino. In 
the laboratory frame, b.k = ME, so 

«roc G-*"E. 
(4.5) 

Figure 4.2 shows data for 0"/E for both neutrino 
and antineutrino beams. The result (4.5) seems to 
be verified. 

Corresponding to (2.3), there is an expansion 
of W ^ " : 

(4.6) 

„.« r »038<r/E 

0-6 

O.Z. 

SO 100 ASo 
E (freV) 

Figure 4.2.cT'/E in the two processes (4.1) - data 
of the CDHS collaboration. 

where the terms that I have not written explicitly 
give contributions that are proportional to the muon 
mass, and therefore are small, when w'* is multip
lied by LJUJ, . Notice that the structure (4.6) is 
not identical with (2.3); this is because the weak-
interaction current is not conserved, and there is 
no parity conservation. In the parton model, W., 
W_ and W, are calculated from the diagram of 
figure 3.1, just as for electron or muon scattering. 
The only difference is the coupling at the vertex; 
instead of being determined by the electromagnetic 
current 

(-*• C, <r, fc>.... term s ) , 
(4.7) 

it corresponds to the charged weak hadronic current 

( • . . . . ) , 
(4.8) 

where 0 C is the Cabibbo angle, &c» 15*. If 
the same valence and sea distributions are used in 
this calculation as are extracted from e and u 
scattering, excellent agreement is obtained with 
data from u and v scattering. As an example, 
figure 4.3 shows the quark and antiquark distribut
ions required to fit the data from BEBC. Remember 
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JL_i._i_ 4—*t. 

0.1 0.+ o.t 0.8 

the valence u quarks. Hence a measurement of the 

ratio Fx*'/ Fï, at large x gives directly the 

ratio d(x)/ U(x), with no problems about deuterium 

corrections. In this way, it will be possible to 

settle thequestion whether this ratio is fixed at 

2, or whether it goes to zero as x —#• 1. 

Again, if one wishes to study how a u quark 

materialises into hadrons after it has been ejected 

from the proton by the W, one should look at i>^ 

reactions at large x. Then, unlike in any other 

process, one can be sure that the quark being stud

ied is a U rather than, say, a d or a Û. . I shall 

come back to this later. 

5. Production of lepton pairs. 

One of the most important reactions being activ

ely studied in a number of experiments is 

Figure 4.3. Fractional momentum content in the nuc
léon, as measured at BEBC with -q^ in the range 3 to 
100 GeV^. Notice that the antiquark distribution is 
entirely nonvalence, while the quarks are a mixture 
of valence and sea. Compare the curves in figure 
3.5 (though note that the normalisation of these is 
defined differently). 

that the antiquarks occur only in the sea, and that 

the quarks are the sum of valence and sea terms, and. 

compare this figure with figure 3.5. 

The data of figure 4.3 are on a heavy liquid 

target, so that they average the contributions from 

proton and neutron targets. It is of importance to 

have more data from hydrogen targets. The reason 

for this is that if the Bjorken variable x is large 

enough for the contribution from sea quarks to be 

negligible, then one can be sure that V scattering 

is probing the valence d quark in the proton. (The 

W is absorbed by the d quark and a u. quark is emit

ted. A u. quark cannot absorb the positively charged 

W. See figure 4.4). Similarly, v scattering probes 

H 
(5.1) 

To lowest order in the electric charge, this occurs 

through the production of a virtual photon, 

H» •wJnwu, 

which subsequently decays into the }&)*• or e e 

It is important to distinguish between resonance 

production and continuum production; the two are 

beautifully illustrated in the famous data of 

figure 5.1. I first discuss the continuum. 

(5.2) 
+ -
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Figure 4.4. Dominant contributions to the processes 
(4.1) at large values of x. 

Figure 5.1. Continuum and resonance contributions 
to the reaction (5.1) - data from the Columbia-
Férmilab-Stony Brook collaboration. 
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Let the 4-momentum of the V be q, so thatj^* 

is the invariant mass M-« of the dilepton system. 
2 

Now q is timelike,q > 0, while in the e,ix and»/ 
2 

scattering processes it was spacelike, q < 0. 

Nevertheless, the parton model allows a calculation 

of the dilepton production in terms of the quark 

distributions measured in the scattering processes. 

In the centre-of-mass frame, define Feynman's 

variable 

3C«r s 
longitudinal momentum htf of the dilepton 

its maximum possible value 

(5.3) 

An alternative to x p is the rapidity 

where E is the energy of the dilepton. 

most equal to the pseudorapidity 

(5.4) 

This is al-

0. 
(5.5) 

where 0 is the centre-of-mass frame angle at which 

the dilepton (or,equivalently, the virtual photon) 

emerges. One may choose to work with any one of 

the three dimensionless variables x„, y, <J , together 

with another dimensionless variable "C = 9*"/s > 

or J x a MJH I ^* > where /s is the total 

centre-of-mass energy. 

If there is scaling, so that dependence on fixed 

dimensional parameters disappears for sufficiently 

large M,« and s, then 

clS 
(AJx dbcF 

Of or «AV 
A ' T B <A.£ d t e <*.*) 

a dimensionless function of 

x„ or y or } 
(5.6) 

This is tested by the data in figure 5.2. To the 

extent that the data points lie on a single curve, 

the scaling is verified. 

The Drell-Yan Mechanism. 

In the parton model, the virtual photon in 

(5.2) is produced by the fusion of a quark from one 

of the initial hadrons with an antiquark from the 

other. This is the Drell-Yan mechanism, shown in 

figure 5.3. In this figure, -fc, tfï 3C( j»t and 

-*j,5* =*i-K see the discussion 

to 

x 

f 
i 

• 400 G-eV/c 

A 300 

X 200 

\ 
0.2. O.'i 0.«-

M t t/f» a 

Figure 5.2. Test of scaling of the Drell-Yan cont
inuum in preliminary data from the Columbia-Fermi-
lab-Stony Brook collaboration. The plot is of 
M î * dL*o"/eUï du. at y = 0.2 in proton-
nucleus collisions (logarithmic vertical scale). 

Figure 5.3. The Drell-Yan Mechanism. Additional 
initial and final state interactions are not shown • 
see text and figure 5.4. 

at the beginning of § 3. Hence q sa 0C|^>,+3Crb, 

from which we obtain, asymptotically, 

(S.7) 
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x. and x~. 

For given X and x_, these equations may be solved so 

as to determine x. and x_. In particular, when 

0 = 90" so that x„ = 0, we have x. = x_ = M^ t / J~s . 

That is, production of large dilepton masses probes 

the parton distributions at large fractional momenta 

Other useful formulae are 

3LE /is = 0C| H-3C,. . 

Calculation of the Drell-Yan diagram gives 

(5.8) 

where, in the same notation as (3.3) 

(5.9a) 

F- I Q: [F f r U) F<"W> + F^'eo F*&o]. 
r=u,A,... (5.9b) 

The factor */3 in (5.9a) is a consequence of colour: 

only quarks of the same colour may fuse to form the 

virtual photon, and there is a 1 in 3 chance of them 

having the same colour. 

It must be mentioned that initial and final 

state strong interactions modify the simple Drell-

Yan diagram of figure 5.3. A final-state interact

ion is shown in figure 5.4, resulting in the produc-

Flgure 5.4. A final-state interaction, which mod
ifies the Drell-Yan mechanism. 

tion of additional hadrons. In so far as the "ord

inary" strong interactions are concerned, there is 

a theorem that in the calculation of the inclusive 

cross-section (5.9), where one is not interested in 

the final-state hadrons, there is destructive inter

ference and the effects of the initial and final 

state interactions exactly cancel. That is, one 

may forget them in the calculation of the inclusive 

cross-section (5.9), and pretend that only the simple 

Drell-Yan diagram of figure 5.4 matters. Neverthe

less, they do affect the distribution of hadrons in 

the final state. The theorem applies only to the 

ordinary strong interactions; there must also be 

quark-confining interactions if there are to be no 

fractionally-charged particles in the final state, 

and the effect of these is, of course, not under

stood. The hope is that they also can be ignored 

in the calculation of the inclusive cross-section. 

The Drell-Yan process is of very great importance. 

One reason is that the antiquark distributions enter 

multiplicatively in (5.9), so that the cross-section 

is sensitive to them. Measurements of d.V'/d.Jx Ajt-

give a more accurate determination of the antiquark 

distributions than is possible from lepton scattering, 

where the antiquarks enter additively rather than 

multiplicatively. Figure 5.5 shows the effect of 

10' iî 

cm. CeV* 

Iff 3+ 

-is 

_L_ 
0.2. 0.3 

Figure 5.5. The effect on the Drell-Yan calculation 
of changing the sea distribution in the nucléon 
(from reference 9). The calculations are for 

*«t A V /<A.M£jt ct^. at y = 0. 

changing the shape of the antiquark distribution. 

In comparing data with calculations such as those in 

figure 5.5, remember that most of the data are for 

heavy nuclear targets. Experimentally, it seems 

that cross-sections for massive dilepton production 

are linear in the mass-number A of the target, but 

for a heavy target any small discrepancy from this 

A-dependence can have substantial numerical effect. 

In any case, there is the additional need to correct 

the data for the effects of the Fermi motion of the 

nucléons in the nuclear target, and for secondary 

interactions. The ultimate test of the Drell-Yan 

mechanism will be to use a hydrogen target, adjust 

the parton distributions to give a good fit to the 
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energy variation of the data at fixed x p, and then 
see whether the resulting calculated distributions 
fit the Xp-dependence at each energy. 

Another important feature of the Drell-Yan 
mechanism is that, by changing to a different beam, 
one can use it to measure parton distributions in 
other types of hadron. This is, of course, not 
possible through lepton scattering experiments. 
Notice that if the beam is a (» or a "if , the antiquark 
needed for the fusion can be a valence parton, where
as for a proton beam it has to belong to the sea. 
Hence when the dilepton mass M ^ is large enough for 
x 1 and x_ to be beyond the range of values where the 
sea distribution is appreciable, one expects that 
production for |> or IT beams will be rather greater 
than from a proton beam. 

This is verified in the data of figure 5.6, which 
shows also the results of typical Drell-Yan calcula-

tions, including target corrections. For the pion 
beams, the results of two calculations are shown. 
The solid curves assume parton distributions in the 
pion to be not very different from those shown in 
figure 3.5 for the nucléon; see the solid curves in 
figure 5.7. The dotted curves assume that the par-
ton distributions in the pion are represented by 
the dashed curves in figure 5.7, as is proposed by 

l ^ j 
- ! -

100-X — i r " 

80- • \ + 
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40- \ i-l— 
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Figure 5.7. Valence and sea distributions in the 
pion, as proposed in references 7 (solid curves) 
and 10 (dashed curves). 

Feynman and Field . For reasons that I shall 
return to later, it is of importance to have more 
dilepton production data from pion beams, in order 
to determine which type of parton distribution in 
the pion is more correct. 

Comparing production with TT"* and T"* beams gives 
another useful test of the Drell-Yan mechanism. 
Suppose that the target has equal numbers of protons 
and neutrons, for example carbon, so that it cont
ains equal numbers of U. and d quarks. Take M̂ jj 
large enough to be reasonably sure that contribut
ions from valence partons in both beam and target 
dominate, so that with a "IT+ beam its valence d 
participates in the fusion, and with a ir~ it is the 
valence VA. . Then the cross-section ratio at 
large M ^ should be 

-2 -4 
Figure 5.6. Data from the Omega Beam Dump experiment 
for A l«r/dlM t t «*.acF (in nb/nucleus / GeV) plot
ted against x p for M̂ jj in the range 1.9 to 2.7 GeV. 
The different beams are at 40 GeV/c and the target 
is copper. Calculations by I. Kenyon using the dis
tributions of references 7 (solid curves) and 10 (dot
ted curves). 

o-C-rT) (5.10) 
Data for this ratio are shown in figure 5.8. For a 
hydrogen target, the ratio should be 78 if the rat
io of the quark distributes m(x) and d(x) in the 
proton is equal to 2 at large x. 
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Figure 5.8. Ratio of dimuon production from a car
bon target with ir* and it" beams (Chicago-Princeton 
II). 

6. W Production. 

The Drell-Yan mechanism provides an obvious mec
hanism for the production of the weak-interaction 
vector bosons in hadron-hadron collisions. The vir
tual photon in figure 5.3 is replaced by a W" or a 
Z°, which now couples to the quarks through the weak 
current instead of the electromagnetic current. The 
hope is that the vector boson will be detected throu
gh either its leptonic decay, W -* UM or Z c —*iAfc"", 
or through its hadronic decays. 

In the case of the W", the strength of its coup
ling to quarks is given by (4.4). Gauge theory does 
not enter into that relation. However, in order to 
predict the mass M , and both the mass and the coup
ling of the Z°, it is necessary to assume a specific 
gauge theory. The Salam-Weinberg model gives 

N\ w =» M x c~e w s c-n*/G-^)7l"/s^©w 
= (37. S & e V ) / s U e w -

(6.1) 
Here © w is the Weinberg angle. Data on neutral-
current neutrino reactions find that sin 6yy is some
where between about 0.38 and 0.25, so that M is in 
the region of 60 to 75 GeV, with M- a little higher 

For W production, the formula analogous to (5.9) 

(6.2a) 
where 

(6.2b) 
with 0 t again the Cabibbo angle. Predictions based 
on this formula are shown in figure 6.1. W and Z 

o 
production may be calculated similarly; the results 
are not very different. 

Figure 6.1. Predictions for W production at 
Js = 200 and 600 GeV (Chase and Stirling). 

The cross-sections are expected to be at the nan-
obarn level, which should give a reasonable produc
tion rate in the storage rings now being planned. 
But it is important to discuss the backgrounds that 
may obscure the signal; I return to this later. 

7. J/4» and T Production. 

Mechanisms of the Drell-Yan type have been pro
posed also for the production of the J/l|/ and the! 
in hadronic collisions. There are basically two 
different types of mechanism. The first is the fus
ion of ordinary quarks qq, so as to produce the J/vJ» 
or T with a coupling that is Zweig-violating and 
therefore very small. At least in the case of the 
J/«|» , the strength of this coupling is calculated 
from the observed width of the particle, assuming 
that the hadronic decays occur through a qq inter
mediate state. For |» ̂  collisions, where the q 
involved in the fusion is necessarily non-valence, 
the production rate calculated from the mechanism 
is much less than that which is observed. However, 
for T b and b b collisions the 'q can be a valence 
parton of the beam particle, so that at fairly low 
energy where the fractional momentum x. that is 
required for the q is large the mechanism gives an 
appreciable contribution. One concludes that at 
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fairly low energy the cross-section for J/^ produc

tion from p and IF beams should be rather larger than 

from a proton beam , as is seen in the data of 

figure 7.1. 

o- J -s .* 

0.C 02 04 0-6 0.3 -1-0 

-53 00 02 04 0-6 0-3 10 —3 0- -3 * .» 

Figure 7.1. Data from the Omega Beam Dump experi
ment for d<r/dxp (in nb/nucleus) plotted against x_ 
for J/i|f production with 40 GeV/c beams on a copper 
target. Calculations by I. Kenyon using the model 
of reference 7. 

The other mechanism, which must also be present 

in order to explain the data, involves the fusion of 

a pair of partons whose coupling to the JAJ' or Ï 

does not violate Zweig's rule and therefore is lar

ger. However, both partons are non-valence whatever 

the type of beam, so that the resulting cross-section 

is only appreciable in magnitude when the energy is 

so high that the necessary fractional momenta x. and 

x_ are fairly small (see (5.7)), and the mechanism 

contributes equal production rates for >̂ and |» 

beams. Different authors make different assumptions 

as to the nature of the fusing partons: in the case 
"7 

of J/»!» production some take them to be cc while 
12 

others take them to be a pair of gluons. In either 

case the appropriate shape of the parton distribution 

within the nucléon or pion is chosen by fitting the 

energy variation of the data; see figure 7.2. The 

strength of the coupling of the partons to the J/ty 

is determined from the normalisation of one of the 

data points. The x p dependence of the data at each 

energy then fits very well to the calculations, as 

is illustrated in figure 7.1. 

It is not known at present which of the two gues

ses about the nature of the partons in the second 

mechanism is the right one. The cc" choice has the 

_ / I • 

T ] i 1 i i 
20 30 

Vs (GeV) 

Figure 7.2. Data for |>J> — » J/»|/ + X, with cal
culated curve from reference 7. 

apparent problem that, when a charmed quark is pulled 

out of each beam particle, non-zero charm remains in 

the residual beam fragments. However, final-state 

interactions between the two sets of residual frag

ments can remove the necessity of there being any 

charmed particles in the final state, particularly at 

faiTly low energies where phase space considerations 

predict that production of charmed particles in ass

ociation with the J/v|» is inhibited because of their 

relatively high mass. No strong experimental eviden

ce for such associated production has been found. In 

the case of the gg fusion, the system that is produced 

directly by the fusion has the wrong C-parity. It 

has to be assumed that this is put right by the rad

iation of either a photon or a soft gluon, and evid

ence for the production of photons in association with 

13 
the J/t|/ is indeed found. But it should be noted 

that the cc mechanism can produce states of positive 

C-parity also. 

8. e e Annihilation. 

QED Processes. 

The simplest e e annihilation reaction is 

e e"—*• AA^/AT . This is a pure QED process, with 

just one Feynman graph in lowest order (figure 8.1). 

This graph is easy to calculate, but even without 

calculation one might guess that, when the energy E 

of each colliding beam is much greater than the ele

ctron mass m , the cross-section will not depend on 
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Hadronic Processes. 

The two-photon process leads also to hadron 
production, figure 8.3. The cross-section is cal-

Figure 8.1. Feynman graph for e e —>/*?/*• • 

the masses. Then, from dimensional considerations, 
& ^» »/s , where Js = 2E is the invariant centre-
of-mass energy. Calculation of the Feynman graph 
gives 

C \s* Iz*2" 
3s 

4 2 oc i-»-c*oa-e. 
(8.1) 

Another interesting process that is purely a 
QED process is the two-photon-exchange reaction of 
figure 8.2, e + e " — > e+e"e+e". Evidently, the cross-

Figure 8.2. Feynman graph for e e —*• e e e e 

section for this is proportional to o< , and there
fore it appears to be much smaller than the cross-
section (8.1). However, there is a special feature 
that enhances the contribution from the Feynman gra
ph of figure 8.2. To obtain the cross-section, one 
integrates over the momenta of the particles in the 
final state and in this integration the momentum tra
nsfers qj 2 and <{£ carried by the two photons vary. 
At high E, qj 2 and q 2 can take very small values, 
so that the photon propagators 1/qj2 and 1/qj2 a r e 

very large. The result of the integration is that 

«• c* £ (H E/«.)J 

TO» (8.2) 
Unlike (8.1), this rises with increasing E. 

Figure 8.3. Two-photon process leading to hadronic 
production in the central bubble. 

culated in terms of the total cross-section for yy 
scattering, which may be estimated assuming factor-

14 isable pomeron exchange. The conclusion is that 
even at E = 15 GeV the two-photon process contributes 
more than 95% of the total e e" cross section. Its 
cross section rises slowly with increasing energy, 
unlike the single-photon processes which fall like 
s , and so its relative importance rises very rap
idly with increasing E. Notice that, because the 
dominant contribution arises from small momentum 
transfers q.2 and q-2 , where the photons move in a 
direction almost parallel to the incoming beams, near
ly all the hadrons are produced close to the beam 
directions. However, the chance of there being had
rons produced with large transverse momentum is not 

,. .... 14 negligible 

Most of the interest in hadron production from 
e e colliding beams lies in the one-photon process. 
In the parton model, this corresponds to a diagram 
just like figure 8.1, but with the fjf/jT replaced by 
a quark-antiquark pair. There has to be some final-
state interaction if there are to be no fractionally-
charged particles in the final state, but it is ass
umed that there is unit probability of this occurring, 
so that the cross-section is calculated just from the 
e e —»• qq part of the reaction. Because of the sim
ilarity of the coupling of the photon to ufjuC and 
qq, the prediction then is that 

<r («"••«"-*. /*%*") **=»,4,... 
(8.3) 

where, as usual, 0 is the charge carried by the 
quark of flavour r. The factor of 3 occurs if each 
flavour is found in three colours. For r = u, d, s 
the prediction (8.3) is R = 2, while if c is added 
R rises to 10/3. Data from both SPEAR and PLUTO find 
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that, below the charm threshold, R is just a little 
greater than 2. Above the charm threshold and the 
various structures associated with it, PLUTO finds 
a value for R quite close to 10/3, while SPEAR finds 
it to be about one unit higher. 

ged particles and one neutral; at 5 GeV/c these av
erage multiplicities are nearly doubled. Combining 
these pieces of information, one can sketch scale 
plan drawings of typical jets, as I have done in 
figure 8.5. These jets do not look very jet-like, 

Jets. 

After the q and the q have been produced, each 
materialises as a jet of hadrons. It is assumed 
that the quark-confining interaction between these 
two jets substantially affects only their slowest 
component particles. Since the e e" annihilation 
occurs in the centre-of-mass frame, the intermediate 
virtual photon is at rest, and so the pair of jets 
emerges back-to-back in any direction. At fairly low 
beam energies E, the axis that defines the jet direc
tion is not immediately evident from inspection of the 
event, and it has to be found by a sphericity analy
sis. This analysis amounts to guessing an axis, cal
culating the sum over all the particles of the square 
of the momentum component b_,_ transverse to the axis 
and varying the direction of the axis until this quan
tity is minimised. Distributions of b A relative to 
the axis so chosen are shown in figure 8.4. Notics 

10 
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I! „ 
J I i l_i I i » I 
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Figure 8.4. Distribution of momentum components per
pendicular to jet axis in e +e" annihilation (refer
ence 15). 

that < f»x"> remains close to about 300 MeV/c even 
at large energy. 

This, then, is the operational definition of a 
jet, as deduced from experimental data: a jet is a 
collection of particles whose momentum component per
pendicular to their total momentum vector is limited 
to a few hundred MeV/c. When the total momentum of 
the jet is 2.5 GeV/c, on average one finds two char-

Figure 8.5. Scale drawings of "typical" jets; the 
dashed lines represent neutral particles. 

which is why at low energies the sphericity analysis 
is needed to reveal their presence. However, as the 
energy increases the jet structure begins to become 
apparent to the naked eye; figure 8.6 shows an exam-

V s -

— i * - . » • » 

V s -

'Ve*.... 
RUN 16S09 EVENT U2S 

Figure 8.6. A pair of jets from PLUTO. Each jet 
has E = 4.68 GeV; only charged particles are seen. 

le of a not untypical event at energy 2E = 9.35 GeV. 

When the jet axis has been determined from ev
ent to event, one can ask what is its angular dist-
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ribution relative to the initial e e" beam direct

ions when the events are summed. Because the vir

tual photon has spin 1, the answer must be of the fo

rm 1 + % cos 9 , for some A . If the jets each 

have spin ^ , then ̂  = 1 as in (8.1). For spin 0, 

A = -1. The data give ^ = 0.97 * 0.14, in agree

ment with the expected value for quarks. 

A distribution of some importance is that of z, 

where z is the fractional longitudinal momentum of 

the component particles in the jet. Data from PLUTO 

are shown in figure 8.7, which indicates also the 
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•Figure 8.7. Momentum distribution of charged had-
rons at PLUTO. The dashed line indicates corres
ponding data from SPEAR. The distribution shown 
here is in x = 2 |» / /I; that in z is similar. 

results from SPEAR. Notice that to a good approx

imation there is scaling: the z-distribution varies 

little with energy. Most of the jet components are 

pions, particularly at large values of z. It is 

expected that the quark fragmentation into pions 

near z = 1 is directly related to the distribution 

of quarks within a pion near x = 1. In particular, 

if one goes to a non-zero constant, so should the 

other. Hence the SPEAR data would favour the das

hed curve in figure 5.7 for the valence parton dis

tribution in the pion, while the PLUTO data would 

favour the solid curve in the latter figure. I 

shall return to this later. 

In deep inelastic e, ft. or V scattering, the 

parton that absorbs the virtual V or W is ejected 

and materialises as a jet: see figure 3.2. This 

jet is expected to be similar to those found in e e 

annihilation. Superficially, such a similarity is 

indeed found, but more exact experimental comparison 

is needed. 

Quark Jet Fragmentation. 

There is a widely-held belief that when a quark 

fragments to form a jet of hadrons, the fastest had-

ron tends to be such that it contains the quark as a 

valence quark. For example, a u-quark jet commonly 

contains a fast 1T +, TT° or K , but more rarely a 

fast It" or K". The best way to investigate this 

belief experimentally is in v and v interactions 

on a hydrogen target. I explained that then, when 

Oi is not large, the flavour of the emerging quark 

is known. The available data support the belief, 

but more investigation is needed. 

The question has been studied theoretically in 

a cascade model . Consider, for definiteness, the 

pair of jets produced in e e annihilation. As the 

q and cf separate, a colour field is set up between 

them. It is assumed that this field is such that 

the energy contained in it increases as the q and tf 

separate, so that new qq pairs are created in the 

field. The fragmenting quark meets an antiquark bel

onging to a pair formed in this way, and fuses with 

it to form a meson. The quark that originally bel

onged to the pair then continues on in more or less 

the direction of the initial quark, until it in 

turn meets an antiquark. The process repeats itself 

until almost all the energy is shed, and the remain

ing quark is so slow that it readily fuses with a 

slow antiquark arising elsewhere in the reaction. 

See figure 8.8. The first meson produced in the cas-

Figure 8.8. Cascade model for fragmention of a 
quark into mesons. Eventually, a slow quark rem
ains, which annihilates with a slow antiquark from 
elsewhere in the reaction. 

cade process evidently does contain the original 

quark as a valence quark, but it is not always the 
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fastest meson. Again, the first meson produced may 
be an unstable one, and its decay products can then 
be slower than some of the other mesons produced fur
ther down the chain. So in this model the retention 
of quantum numbers by the fastest hadron in the jet 
is not perfect, though it does occur approximately. 

9. Exclusive Processes at Large t. 

Deep inelastic processes involving leptons are 
associated with a x or W that has very short wave
length. This therefore probes the short-distance, 
structure of the hadrons and that is why the reaction 
mechanisms have the simplicity displayed by the par-
ton model. Purely hadronic reactions in most cases 
are not associated with short-distance effects: when 
two protons collide, their collision is usually a 
glancing one which involves only their outer struc
ture. It is not clear whether the parton model has 
anything simple to say about such collisions, though 
there is a possibility that it may, as I shall dis
cuss later. Rather rarely, however, two protons will 
collide head-on, so that then the interaction does 
directly involve their short-distance structure and 
it may be hoped to have a simple parton-model descri
ption. The way to pick out the events in which there 
has been a head-on collision is to study those that 
contain a large momentum transfer. 

I consider first the exclusive processes at 
large t: 

A + B -* C+T) . 
(9.1) 

Although the theoretical understanding of these is 
not as well-based as in the case of leptonic proces
ses, there is fairly good reason to suppose that, at 
least to a good approximation, the large-t differen
tial cross-section should take the form 

ure 9.1. In that figure, the straight lines actually 

F(e). 
(9.2) 

Here 0 is the centre-of-mass scattering angle and 
the parameter m is fixed. It has been proposed that 

Q 
there is a simple rule that predicts the value of m: 

= r\ft 4 r\% •¥ r\s -n, •» - 2.. 
(9.3) 

where rL, is the number of valence partons in hadron 
H. This rule is called the dimensional counting rule. 
For |ŝ> elastic scattering at large t, the rule pred
icts m = 10. This is well satisfied by data at PS 

2 energies, for -t X. 2.5 GeV , as is shown in fig-

-! 1 — I I I 
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Figure 9.1. }p\> elastic scattering data at PS energ
ies. The straight lines correspond to (9.2) with 
m = 9.7. 

correspond to m = 9.7. In will be interesting to have 
good data for other types of beam, to check whether 
m changes according to the prediction (9.3). 

Figure 9.1 shows data only at PS energies. If 
one plots the energy dependence of dor/dt at fixed t, 
as in figure 9.2, one sees that over the PS energy 

Xoa 4r 
dt L 

• PS 
O FERMILAB 

X I S R 

® 

20 30 40 50 to 
Vs" (GtVj 

Figure 9.2. ̂ f> elastic scattering data at -t = 6 GeV 
(reference 17) . 

range it falls sharply. Data from Fermilab find 
that the fall-off has become more gentle, while over 
the 1RS energy range there is no detectable energy 
variation at all. This suggests that a new dynamical 
mechanism may have become dominant at very high ener
gy-
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A concrete realisation of the dimensional-coun-
ting result, m = 10, is provided by the constituent- ...5 
interchange diagram of figure 9.3a. Here, the prot-

£ i 
w («•> 

Figure 9.3. Models for large t elastic |>t> scatter
ing: (a) constituent interchange; (b) multiple scat
tering. 

ons consist of three quarks, bound together by gluon 
exchange, and they interact by interchanging a quark 

18 between them. It has been known for some time that 
a different kind of mechanism gives instead m = 8, so 
that at any fixed © it should dominate over the con
stituent-interchange mechanism when the energy becomes 
large enough. This mechanism is shown in figure 9.3b: 
each quaTk in one proton scatters at the same angle 
0 on one of the quarks in the other, so that after 
the scatterings the three components of each proton 
are again moving together in a new direction and can 
readily re-combine. If the wide-angle scatterings 
occur through the exchange of a spin-one gluon, and 
if-t is large but « s , one finds that figure 9.3b 
gives 

AK 
(9-4) 

This is independent of s, as are the ISR data. It 
is compared with the t-dependence of the data in fig
ure 9.4. 

10. Inclusive Processes at Large Transverse Momentum. 

Consider the inclusive production of pions at 90°: 

(10.1) 
In the typical reaction, where the protons have only 
glancing collision, the pion has only small transverse 
momentum. At small J»T , the spectrum falls sharply 
with increasing b_ : 

(10.2) 
and it varies rather slowly with energy. However, for 
b T V. 1 GeV/c, when presumably the proton-proton 
collision is more head-on, the spectrum is found 

• <l » 5 3 ISR 

X 400 <kV/c FAML 

•t C&tVV 

Figure 9.4. ^ ^ elastic scattering data from CERN-
Hamburg-Heidelberg-Annecy-Vienna and Cornell-McGill-
Northeastern-Lebedev. The straight line corresponds 
to f 8 . 

to fall much less sharply and at a fixed value of f»T 

there is a marked rise with increasing energy. This 
is seen in the early data of figure 10.1, which shows 
also the extrapolation of the exponential fit (10.2) to 
small- h,data. 

The dynamics of small-|>Thadronic reactions is 
complicated, but the change in the character of the 
spectrum at large ̂  encourages the hope that there 
a new and simple dynamics has set in. It is usual to 
introduce the dimensionless variable 

(10.3) 
together with the centre-of-mass angle 8 at which 
the pion is produced. Then if there is scaling, in 
the sense that there is no dependence on any fixed 
dimensional parameter, one expects 

a<r e7$ - K- * - • " (10.4) 
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Figure 10.1. Early data from CERN-Columbia-Rocker-
feller for n0production at 90°. The straight line 
is an extrapolation of the data at small b T . 

with n = 4. This does not fit existing data. How
ever, the data do fit the form (10.4) with n = 8, so 
that the function F carries dimensions and therefore 
contains some fixed dimensional parameter. This is 
shown in figure 10.2, where it is seen that the 

O.i 

0.01 

o.ooi 

•»i 

0.2. 0.4- 0.6 

Figure 10.2. f>* E d<r/d3|> for ^>y>-»-|r+X at 
90°. The upper points are from the British-Scandin
avian experiment at the ISR, and the lower ones are 
from the Chicago-Princeton experiment at Fermilab. 

0 = 90° data for |»T E d<T/d |> , when plotted against 
x_,, lie on a single curve for a wide range of energ
ies . It is widely believed that experiments at large 
values of j>T and s may show that an n = 4 term is 
also present. There is a hint that this may be so 
in recent data at very large ^ T from the ISR, but 
the situation is far from clear-cut and it will be of 
great interest to explore it further in the new col-
liding-beam facilities that are being planned. 

Most of the recent experimental work on large
ur processes, particularly at the CERN ISR, has 

2 been concerned with the study of correlations . It 
has been found that large-pT events contain an inter
esting jet structure. 

In the ordinary, low p_ events the final-state 
particles are found to emerge in two jets, one in the 
direction of each of the colliding beams. In the 
large-p_ events, these longitudinal "beam fragment" 
jets are still present, but there are in addition 
two transverse jets. One of these contains the high-
P T particle used to trigger the detection apparatus. 
The transverse momentum of the jet on the other side 
approximately balances that of the trigger-side jet, 
but it emerges in a different direction from event 
to event. The characteristic four-jet structure is 
shown in figure 10.3. 

BEAM / 

JET 

^\»<l^r 
• V M ^ 

BEAM 

V 
Figure 10.3. Four-jet structure in high-pj events. 
The two transverse jets have been exaggerated in 
this figure. The longitudinal jets are apparently 
similar to those seen in low-pf events. 

Figure 10.4 shows some of the data that verify 
the existence of the opposite side jet. These data 
are obtained with a 90° trigger pion, having p„ in 
the range 2.5 to 4.5 GeV/c. They plot the rapidity 
difference Au. between pairs of away-side particles, 
for those events in which there are at least two 
such particles having ] P T > 800 MeV/c. This restric
tion is imposed in order to reduce the possibility 
that the two particles belong not to the away-side 
transverse jet but instead to one of the two long
itudinal jets. This possible confusion always exists 
and adds to the difficulty of disentangling the final-
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Figure 10.4. Distribution of rapidity difference 
^(i. of two particles having |>-r>800 MeV/c opposite 
a high |>T trigger pion at 90° (British-French-Scan
dinavian) . 

state structure, but it should be reduced when high

er trigger b T values can be achieved. The clear 

peak seen in the A y distribution at small values 

of ùy, both for the case where the two particles 

have opposite charge and when they have the same ch

arge, is the evidence for the presence of the away-

side jet. It is not clear whether the points having 

large ù y correspond to events where one of the two 

particles still belongs to one of the longitudinal 

jets, or whether they indicate the presence of some 

other structure. But at least it is seen that a sin

gle away-side transverse jet is a prominent feature 

of the data. 

The trigger-side jet. 

Most of the large-pT experiments so far have 

triggered on a single high-^ T particle. This means 

that the trigger selects the special class of high-j»T 

events where the trigger-side jet gives most of its 

momentum to one particle, the trigger particle. Nor

mally, a jet does not choose to fragment into hadrons 

in this way; its momentum is shared more equally am

ong the particles. That is, if one uses a calori

meter trigger and demands a certain b T in the calor

imeter, so that one is triggering on a jet rather 

than a single particle, most of the events will not 

contain any one particle that has particularly large 

b . Because the single-particle trigger biases 

towards the selection of rather unusual events, it 

reduces the magnitude of the cross-section. From a 

simple study of correlation data from the ISR it 

was predicted that the cross-section for a calorime

ter trigger set at a given value of |»T should be some 

2 orders of magnitude greater than for a single par

ticle of the same J>T . This appears to have been 

verified in recent experiments at Fermilab, and so 

the use of calorimeter triggers is likely in the fut

ure to make possible the study of events in which the 

total b T is much higher than up to now. The main 

difficulty will be to design the calorimeter so as to 

accept the whole of the transverse jet, and only the 

transverse jet. 

With a single-particle trigger, most of the tri

gger-side jet momentum is usually given to the trigger 

particle. But occasionally this is not so, and there 

is a second fast particle in the trigger-side jet. 

With a trigger -ir° , a fast 1T +or ir~ is sometimes fou

nd, and plots of the invariant mass of the pair of 

pions show a clear £ signal. From this, it is ded

uced that production of a ç with a given j>T is com

parable with that of a single pion having the same 

b T . However, it is far from true that the trigger-

side jet structure is fully described by the ç : one 

also finds strong correlations between pairs of V e, 

or pairs of pions of the same charge. In fact, in 

the literature there are two main alternative sugges

tions as to the identity of the trigger-side jet: 

(i) it is a fragmenting quark, like an e e jet, and 

(ii) it is a qq system, that is either a TI , a ç , 

an U , and higher meson systems, with also perhaps a 

qq continuum. 

It is not yet known whether either of these 

two suggestions is correct. However, there is one 

problem with the suggestion that the trigger-side jet 

is a fragmenting quark. This is a measurement of the 

total momentum in the trigger-side jet. In order to 

understand this2, let us use the following approxim

ate parametrisation of the cross-section for the 

production of a jet of large transverse momentum 

(integrated over the angle of production): 

. *>-• is 
(10.5) 

It is found that with this parametrisation, A and n 
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are only slowly varying withT^when the energy is 

fixed. Assume that the jet fragmentation function 
+ -

scales, as is approximately found in the e e data 

of figure 8.7. That is, the probability F(z)dz of 

finding a hadron whose fractional longitudinal mom

entum is in the range z to z + dz is a function of 

z only. Then the cross-section for production of 

a particle with large transverse momentum b_is 

= -A. fa* z"-* Fo . 
(10.6) 

This result has two interesting features. First, the 

powers of b and «r are the same; this is the parent-
19 

child-relation . Secondly, the data show that n is 

large, n tf510, so that the factor z n~ in the integ

ral means that values of z close to 1 dominate in the 

integration. This is just the trigger-bias effect: 

most of the jet momentum is given to the trigger par

ticle. The average total momentum in the jet is cal

culated by including an extra factor ï̂ . under the in

tegral (10.6): 

(10.7) 

If the jet is similar to the e e jet, this can be 

calculated from the data for F(z) in figure 8.7. 

The SPEAR data, where F(z) is constant as z->l, give 

an answer close to 1.2 b T , while the DESY data rather 

give an answer closer to 1.5 b . If, on the other 

hand, the jet is a qq system, any value is possible, 

because we have no advance knowledge of the relative 

importance of the different components ~K , p , 03 , 

. . . Figure 10.5 shows data for the total momentum of 

the charged particles accompanying a trigger particle 

of transverse momentum |>T , approximately within a 

cone of half-angle 45° surrounding the trigger par

ticle. The straight-line fit is drawn because (10.7) 

predicts that^P-r^ocJ»,. Some of the detected momen

tum corresponds to particles that do not belong to 

the trigger jet, but rather to the background cont

ributed by the two longitudinal jets. As is indicated 

in figure 10.5, it is assumed that the contribution 

from this background varies little with the trigger 

b_. . After correcting for acceptance and for 

the undetected neutrals, the conclusion then is that 

^ 1 > - r > < |. | b . Hence the proposal that the jet is 

similar to an e e jet is not favoured, even if it 

is not correct to assume that the background is not 

constant. However, this needs more study and it 

would be premature to reach a firm conclusion. 

600 
N\eV/c 

400 

ZOO 

4- 6 
-rawed J»T Cc*v|c) 

Figure 10.5. Total momentum of charged particles 
accompanying trigger particle (British-French-Scan
dinavian) . 

Hard-Scattering Models. 

Most of the theoretical study of large ̂ .incl

usive processes nowadays is within the framework of 

hard-scattering models, figure 10.6. In a sense, the 

statement that a hard-scattering model is appropriate 

TRIGGER PARTICLE 

Figure 10.6. The hard-scattering mechanism. 

is directly equivalent to the statement that the 

final state has the four-jet structure shown in fig

ure 10.3. The transverse jets of figure 10.3 are 

the objects C and D of figure 10.6, and if these are 

to emerge with large transverse momentum they must 

have been produced through a wide-angle scattering of 

some constituent A of one incoming particle on some 

constituent B of the other. The central question, 

whose answer we do not yet know, is what are A, B, C 

and D? 

If one makes the simplest assumptions, the cal

culation of figure 10.6 leads to an inclusive cross-
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section having the structure (10.4). I shall dis
cuss later how these assumptions might be modified, 
so that a different result is obtained. If one uses 
the dimensional-counting rule (9.2) and (9.3) for 
the central wide-angle scattering, one obtains 

in lepton scattering, but it does not fragment. 
Rather, it annihilates with a slow antiquark produced 
in some other part of the interaction. 

12. Backgrounds in W Production. 

qq —*qq, qg - * qg, gg—»gg etc n = 4 
qq" —» MM, qM -T»qM n = 8 , 

(10.8) 
where g denotes a gluon and M a qq system. The 
data strongly favour n = 8, but I shall explain lat
er how perhaps the processes that give n = 4 with 
the simple assumptions might be adapted so as to 
come closer to the data. The interest in this is 
that these processes are all associated with quant
um chromodynamics in a direct way. 

11. The Longitudinal Jets. 

The large b Tevent structure of figure 10.3 con
tains a pair of longitudinal beam-fragmentation jets, 
in addition to the transverse jets. A pair of beam-
fragmentation jets is a feature also of small-^proc
esses. Because such processes do not involve any hard 
scattering, it in not clear whether they have any sim
ple parton-model description. However, the literature 
contains several apparently very successful calcula
tions of beam fragmentation in parton-model pictures, 
so that even if we are not able to give these calcul
ations any fundamental justification they are worth 
considering seriously. 

Perhaps the most obvious calculation does not 
work: it gives too few fast hadrons, compared with 
experimental data. In this approach, the quarks 
are supposed to be distributed in the beam particle 
with the longitudinal momentum distributions meas
ured in deep inelastic lepton scattering, and they 
then fragment into hadrons with the fragmentation 
functions measured in e e annihilation. The lit-

20 
erature contains two apparently different modifi
cations of this approach. Each seems rather succes
sful, but they cannot both be correct. 

In the first picture, the quark again fragments 
as in e e" annihilation, but instead of being given 
a variable fractional longitudinal momentum within 
the beam particle it is assumed to take almost all 
its momentum. The excuse for this assumption is 
that then the other constituents of the beam par
ticle must be moving rather slowly, and this is said 
to be necessary in order that there may be an appr
eciable interaction with the target. In the second 
picture, the quark is given the longitudinal momen
tum distribution within the beam particle as measur-

Figure 12.1 shows data for the production of 
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'Figure 12.1. "Direct" electron production. The cur
ves show contributions from various sources (refere
nce 19). 

direct electron production (with contributions from 
decay of pions subtracted out), compared with produc
tion of pions at the same transverse momentum. As is 
indicated in the figure, these electrons are thought 
to be produced from a variety of sources, mostly rat
her uninteresting ones. It is not clear whether there 
is also a substantial signal from some more interest
ing origin, such as charmed-particle production. The 
ratio e/lt is seen to be at the 10 level, and this 
is found to be the case also for the ratio /A./TT . 
The direct muon production will provide a background 
in experiments that aim to detect the W through its 
decay W — > v . v . 

The W is expected to decay through the simple 
vertex Feynman graph of figure 12.2. The coupling 
at the vertex is g, given in(4.4), and the fermion 
lines are M.V for the leptonic decay (or •*»), and a 
quark-antiquark pair in the case of a hadronic decay. 
Each diagram gives a readily calculable contribution 
to the width of the W, so the partial width into any 
channel is known, but the total number of channels 
available for W decay is not known. Considering only 
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tyt) , e if and four quark flavours gives 

? 
toUl 

(12.1) 
but this estimate omits the heavy lepton x , the new 
quark that constitutes the X > a n d a H the other 
new quark flavours that will surely be found to have 
mass less than ̂ M , that is less than 30 to 40 GeV. 
So the estimate (12.1) could well be too large by a 
factor of 2 or more. 

w 

Figure 2.2. W decay; the coupling is either to lep-
tons or to quarks. 

Using the branching ratio (12.1) and convoluting 
the W -*u.i» decay distribution with a W production 
calculation such as is shown in figure 6.1, the muon 
signal at 90° is as is shown in figure 12.3. There 

+0 50 60 
h (GtV/c) 

Figure 12.3. Production of muons at 90° via a W, for 
three possible values of M , in ^ collisions at 
Js = 400 GeV. The dashed curve represents the esti
mated background from direct muons (reference 21). 
is a peak at ^ T = a M„; the shape of the rise to this 
peak is determined mainly by the longitudinal momen
tum distribution of the W predicted from the Drell-
Yan production mechanism, while the right-hand side 
of the peak has a fall-off largely determined by the 
total width of the W. If the total width is twice 
as much as is assumed in (12.1), the peak in figure 
12.3 is correspondingly wider and 'A- the height. 

The calculation has included no transverse momentum 
for the W; there might well be several GeV/c of trans
verse momentum, which would smudge out the peak. The 
dotted line in figure 12.3 is an estimate of the back
ground from direct muon production, assuming that M/TT 

-4 
remains at about 10 and making what is in this con
text the most pessimistic prediction about pion prod
uction at these large values of |>T and S , namely 
that the value of n in (10.4) has changed to 4. 
Figure 12.3 encourages the hope that the W may be 
readily detectable from the muon signal alone; if it 
is not, things can be improved by using a hadron calo
rimeter opposite to the muon detector, so as to pick 
out those events where the large transverse momentum 
of the muon is balanced on the other side by an undet
ected neutrino instead of the hadron jet expected in 
the case of the background muons. 

In the case of the hadronic decays of the W, the 
quarks in figure 12.2 fragment into hadrons and a 
pair of jets is expected exactly similar to those 
seen in e e~ annihilation. However, from what we 
know about jet production in ordinary large |»T reac
tions it is expected that the background of jets will 
swamp the signal from the W, even if n = 4 in (10.4) 
has not yet been reached. But perhaps it will be pos
sible to establish the presence of the W from a peak 
in the invariant mass distribution of the combined 
pair of transverse jets. 

13. Breaking of Bjorken Scaling. 

In the various reactions that I have discussed, 
scaling seems to be a remarkably good feature of the 
data. Nevertheless, there are clear deviations from 
scaling, as is seen in the deep inelastic muon and 
neutrino scattering data shown in figures 2.3 and 

2 13.1. At small x, F_ rises slowly with increasing -q , 
while at large x it falls. 
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Figure 13.1. Measurements of F_(x,q ) in neutrino 
scattering (CDHS collaboration). 
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Mass Effects. 

A large part of the deviations from scaling is 
due to parton mass effects. As I shall now explain, 
unfortunately we do not know how to calculate these 
mass effects at all exactly, so that we cannot be 
sure how much of the breaking of scaling has a more 
interesting dynamical origin. 

Consider the simple parton model that eventually 
is supposed to scale at large enough values of y 

2 and -q (figure 13.2). The question that must be 

Figure 13.2. Quark parton model for deep inelastic 
scattering. 0* is the squared invariant mass of the 
quark jet before the confining force begins to act. 

answered is how this scaling is approached, so that 
one needs to calculate the next-to-leading order con
tribution, which contributes terms of order V* to 

22 F_(x). It is found that, correct to terms of 
-I order y , the contribution from figure 13.2 is 

found essentially by replacing x by 

(13.1) 
where M is the mass of the target hadron and <<8">is 
the average value of the squared invariant mass of 
the quark jet. That is, F. is constant at fixed 5 • 
Notice that this result is correct only up to terms 
in y , which may not be good enough for a complet
ely accurate analysis of present data. But there is 
a more serious problem that it takes account only of 
the impulse-approximation contribution of figure 13.2. 
In the scaling parton model, this contribution is the 
only one that survives in the ultimate scaling limit, 
and in leading order it satisfies the current-conser
vation conditions q.»W ̂  = W * q„ = 0. But in non-
leading orders it does not, so that in non-leading 
orders there must be contributions from other, more 
complicated diagrams. We have no idea of how to cal
culate these. 

If we assume that nevertheless the variable y prov
ides at least an approximate description of the mass 
effects, we explain a large part of the deviations 
from scaling. Notice that we must consider the con

tribution from each quark flavour separately, becau
se < w > varies with the flavour. We do not under
stand the effects of the quark-confining forces, but 
presumably ^«"> describes the mass of the fragmen
ting quark before the confining force has had a chance 
to act, and so fur u and d quarks it is less than 

2 (350 MeV) . These quarks dominate F_ for x large, 
where only the valence contributions matter. Hence 
for large x, \ifi x - xTl /2y . So if F is fixed 
5 , the large x part of the plot of F against x 

approaches the ultimate scaling curve from the left 
2 as v or -q increases. Taking account of the shape 

of the curve, this means that, at fixed large x, F-
decreases with increasing -q . As we have seen in 
figures 2.4 and 13.1, the data do show a decrease 
of F_ at fixed large x. Near x = 0, \& x +<o>/2»/, 
so that the variation is in the opposite direction, 
as also is seen in the data. The variation resulting 
from heavy quarks can be particularly rapid, until 
values of V » their squared mass <o"> are reached. 
It is an interesting question how much of the rise 
seen at small x is due to the contribution from char
med quarks. Notice that a charmed quark may contri
bute to F without any charmed particles appearing in 
the final state; just as the final-state interaction 
that must be added to figure 13.1 anihilates frac
tional charge, so also it may annihilate charm. Indeed, 
there is a kinematic incentive for it to do so, until 
V becomes very large, because charmed particles are 
relatively massive. 

QCD Effects. 

Once the mass effects are subtracted out (if 
only we knew how to do this), the remaining scale-
breaking is interpreted as coming about because the 

2 wavelength of the virtual photon decreases as -q 
increases, and so structure in the partons themselves 
is progressively revealed. 

A concrete model in which this occurs is provided 
by quantum chromodynamics . Rather as in quantum 
electrodynamics the force is transmitted by the spin-
one photon, in QCD it is transmitted by the spin-one 
gluon. However, while the photon couples to charge 
but itself carries no charge, the gluon couples to 
colour and does carry colour. Consequently, in QCD 
there is a three-gluon vertex which has no analogue 
in QED, so that there are vital differences between 
the two theories. 

The theory contains a bare coupling between glu-
ons and quarks, figure 13.3a. This is dressed by var
ious insertions; some of the lowest-order ones are 
shown in figure 13.3b. The various terms must be 

- 112 -



(o.) 

k>~ 

(•*> 

(c) 

Figure 13.3. The quark-gluon vertex: a) the bare 
vertex, b) some lowest-order corrections to it, c) 
the complete vertex. 

summed and then the sum is renormalised, resulting in 

an effective strong-interaction "fine-structure cons

tant" « s , figure 13.3c, that varies when the squared 

mass of any of its three legs is varied. Because of 

the presence in figure 13.3b of the term that con

tains the three-gluon coupling, o( s decreases to zero 

when any of its legs is taken far off shell. For 

this reason, the theory is said to be "asymptotically 

free". Legs being far off shell correspond to inter

actions at short distance, and the smallness of o( 4 

in this situation allows the strong-interaction eff

ects at short distance to be calculated in perturba

tion theory. 

A quark may radiate a gluon, which then fragmen

ts to form a jet of hadrons. In deep inelastic e or 

U. scattering, this may happen before the quark ab

sorbs the virtual photon, as in figure 13.4a. This 

"^H -ce 
J& 

c<o 

Figure 13.4. 
13.2. 

Ceo <cj> 

Low-order QCD corrections to figure 

means that the fractional momentum probed by the photon 

is reduced, some of it having already been radiated 

away by the gluon. So the curve F_(x) is shifted to 

., and the more so the larger the left in the x plot 
2 

the value of -q . Once again, the effect at fixed 

large x is to decrease F_ with increasing -q . Anot

her possible QCD effect is shown in figure 13.4b. 

Here a gluon constituent of the target hadron couples 

to a quark-antiquark pair. Because the gluon has 

zero charge, it cannot absorb the virtual photon 

directly, but the photon can couple to the qq" pair. 

This pair production occurs mainly at small values 
2 

of x, and there it produces a rise in F_ as -q in
creases . 

Another QCD effect is that a quark may radiate 

a gluon before it fragments to form a jet of hadrons. 

This can occur in deep inelastic scattering, as shown 

in figure 13.4c. It turns out that the interference 

between this diagram and that of figure 13.4a also 

contributes to the breaking of scaling. The radiation 

of a gluon before the quark fragments can also occur 

in the e e annihilation diagram, as in figure 13.5a. 

t»ï 
I2..5 

Figure 13.5. Corrections to the simple parton model 
for e e~ annihilation. 

Another QCD modification to the basic parton e e~ 

mechanism involves an internal virtual gluon, shown 

in figure 13.5b. This gives a modification to the 

ratio R of (8.3), which to lowest order in « becomes, 

up to some theoretical uncertainties, 

(13.2) 

The expression for 0< s obtained from a sum of 

diagrams such as is shown in figure 13.3, and subs

equent renormalisation, is 

«s = 
12-rr 

-.2 .. 

A 5 X^GlVA"-

(13.3) 

Here Q* is the squared 4-momentum of whichever leg 

in the diagram of figure 13.3c is being taken off-

shell, and A is a parameter that cannot be calcul

ated. It would be helpful to have a direct physical int

erpretation of the mass-scale set by. A (or'the length-

scale set b y \ ~ ) , but none seems to have been given 

yet. It is usually supposed that A * 500 MeV. This 
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comes from fits to the scale-breaking in deep inelas
tic e or AH scattering. However, because of the prob
lem of how correctly to allow for the mass effects, 
and because, particularly at small x, the scale break
ing obtained from the diagrams of figure 13.4 is 
sensitive to the shape of the unknown distribution 
of gluons in the hadron, this value for A cannot be 
accepted as final. Figure 13.6 illustrates the res
ults of one particular calculation of F_. With 
l\ = 500 MeV, «<j $s '/3 in the range 10 GeV^ Q 2< 
50 Gevf so that afc/ir #10% and the QCD effect in 
(13.2) is actually rather small. 

0.+ A* 300 MeV 
A « 500 MeV 

one has, for example log Q log x Q 2 = log (Q2 

const.). Thus while in e e annihilation it seems 
2 rather natural to identify Q = s, the theoretical 

work cannot show that it should not rather be, say, 
Q = a s. Asymptotically it makes no difference 
but at present values of s it does matter which choi

ce is made. 

Drell-Yan in QCD. 

The Drell-Yan formula (5.9) was initially der
ived assuming that the parton distributions scale and 
so are functions of x only. If the e or A* scattering 
experiments find that there is also a variation with 
2 q , one might guess that this variation should be ref-

2 lected in (5.9). In deep inelastic scattering, q 
2 is a momentum transfer and so q < 0, while in the 

2 Drell-Yan process the large variable is. M|^ > 0. 
Perhaps the obvious guess is to insert into the 
Drell-Yan formula the deep inelastic scattering data 
obtained at q -M' It, . In so far as the QCD effects 
are concerned, this has been verified to lowest order 
in 0C5 and to leading order in logarithms. So again 
there is the problem whether one should not really 
have for example q = - i M, t , or some other choice 
that is equivalent to leading order in logarithm. 
Asymptotically it makes no difference, but at pres
ently accessible values of M«. the different choices 
do give large numerical differences. In addition, 
the mass effects in deep inelastic scattering and the 
Drell-Yan process are certainly different, but cannot 
really be calculated in either case. Figure 13.7, 

0-a. 0.+ 0.6 0.* 

Figure 13.6. The effect of QCD corrections to 
fUC*»4!2)- A t small x the curves are sensitive to 
the shape of the unknown distribution of gluons in 
the proton. (Reference 23). 

Notice that, except in deep inelastic scatter
ing where there is an alternative, operator formalism 
not based directly on individual perturbation-theory 
diagrams, there is always a problem in how to iden-

2 tify Q with the external variables in a reaction. 
Theoretical manipulations work to leading order in 
logarithms, and the problem is that to leading order 

Y\ 

x* M u/s 

Figure 13.7. Predictions for scale-breaking effects 
in continuum dilepton production (reference 24). 
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which shows predictions for scale-breaking in the 
Drell-Yan process, should be viewed with these dif
ficulties in mind. 

14. The Transverse Momentum of Partons. 

The transverse momentum of large-M., lepton pai
rs produced in proton-nucleus collisions is measured 
to be surprisingly large: see figure 14.1. The tran-

< A T > 
12.00 

?oo 

400 

* + 

X 

• 
2.O0 GeV/c 
400 GtV /c 

10 15 M « (G-eV) 

Figure 14.1. Average transverse momentum of dilep-
tons produced in proton-nucleus collisions. Data 
from Columbia-Fermilab-Stony Brook, calculations from 
reference 24 

verse momentum of the dilepton is equal to that of 
the virtual photon. In the Drell-Yan mechanism, this 
is in turn equal to the sum of the transverse momenta 
of the quark and antiquark that fuse to form the 
photon. Since the sum here is a vector sum, 
q_ = k T 1 + k„-, and the relative orientation of k„. 
and k _ is presumably random, one has < %}r^ = 

(fc-ri^ + Ol-Ti^ • Assuming that the average transverse 
momenta of the quark and the antiquark are equal, 
each must therefore be equal to ^9-r? / $2 & 850 
MeV/c. 

Part of this transverse momentum can originate 
from the QCD effects shown in figure 14.2. In these 

w v ^ ~ < 

diagrams, the large q_ of the dilepton is balanced, 
at least partly, by a gluon jet or a quark jet reco
iling with transverse momentum in the opposite dir
ection. Calculations find that the observed ̂ qJ> is 
too large for all of it to be balanced by the recoil
ing quark or gluon jets. That is, the quark or gluon 
constituents in the hadron wave function must have 
some "primordial" transverse momentum before the QCD 
effects occur. It is not known how large this primor
dial component should be expected to be. It probably 
varies with the fractional longitudinal momentum x 
of the constituent. One does not really know how to 
combine it with the transverse momentum generated by 
the QCD effects; the calculations shown in figure 
14.1 simply add on a constant 500 MeV/c to the QCD-
generated contributions. 

This is a rather typical problem encountered in 
trying to compare the predictions of QCD with experi
ment. Although asymptotic freedom makes it possible 
to calculate the short-distance effects in a strong 
interaction by perturbation theory, in most cases 
there are parts of any reaction that do not depend on 
short-distance structure. These cannot be calculated 
by perturbation theory, and their effects can well 
swamp the ones that can be calculated. 

<Z5 

15. QCD and Large |»T . 

± 
Figure 14.2. QCD corrections to Drell-Yan mechanism. 

In the hard scattering diagram of figure 10.6, 
an obvious choice for the central wide-angle scatt
ering is qq —>• qq. If it is assumed (i) that this 
occurs through the exchange of a single gluon with 
constant coupling, (ii) that the distributions of 
quarks in the initial hadrons scale, (iii) that the 
fragmentation functions of the quarks into hadrons 
scale, and (iv) that the quarks have negligible tran
sverse momentum before they scatter each other, one 
obtains (10.4) with n = 4. If each of the assump
tions (i) to (iv) is relaxed, the qq scattering dia
gram provides a much better fit to the data, which 
prefer the value n = 8. 

With present knowledge, relaxing each of the 
four assumptions introduces a considerable amount of 
arbitrariness into the calculation. It has been 

25 shown that in QCD the assumptions (i), (ii) and 
(iii) should be modified so that the constant coup
ling of the gluon is replaced by the "running" coup
ling (13.3), and the quark distributions and frag
mentation functions should be replaced by the non-
scaling ones as measured in lepton scattering and 
e e annihilation. (In the latter case, the break-
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ing of scaling is predicted but not yet seen.) 
There are the usual problems about mass effects and 

2 
how to identify Q with the variables in the diag
ram. When the modifications to the assumptions 
(i) and (iii) are made, the contribution from the 
mechanism no longer takes the simple form (10.4) 
with a fixed value of n. However, it is useful to 
talk in terms of the resulting effective value of n. 

25 According to the calculations of Field , using the 
running coupling changes n from 4 to 4.9, introduc
ing breaking of scaling into the quark distribut
ions changes n from 4.9 to 5.2, and breaking the 
scaling of the quark fragmentation changes n from 
5.2 to 5.9. 

In the framework of the hard-scattering model, 
the large- J»t cross-section is small because the 
central wide-angle scattering cross-section is sma
ll. However, if the constitutentsA and B in figure 
10.6 have transverse momentum before the scattering, 
and if this is aligned towards the trigger, the 
central scattering does not have to be through such 
a wide angle and so the magnitude of the cross-sec
tion is enhanced. Field finds that putting in an 
average transverse momentum of 850 MeV/c for each 
quark before the scattering changes the effective 
value of n from 5.7 to 7.1. Further, the calcula
ted magnitude of the cross-section then fits data 
well for f» T^ 6 GeV/c. 

To improve the fit for smaller values of J» , 
contributions from other choices for the central 
scattering are included. In QCD, natural choices 
are qg -» qg, gg -*• gg, qq ->gg and vice versa, 
where g denotes a gluon. Expected sizes for dif
ferent contributions are shown in figure 15.1. 
When all the contributions are added together, ag
reement with the data is surprisingly good, though 
certainly not perfect. However, I must stress ag
ain that there are several arbitrary ingredients 
in the calculation. 

Finally, I mention direct photon production at 
large J»T (that is, photons that do not come from 
the decay of a Tr0or other particle). In QCD, this 
can be calculated from the diagrams of figure 14.2 
by replacing the virtual photon with its attached 
leptons by a real, high b photon. Predictions are 
shown in figure 15.2, together with a representat
ion of data for TV* production. The V production 
is expected to be rather large. Similar predict
ions have been made in some other models; see for 
example figure 15.3. The "data" in that figure 
should probably be interpreted as upper limits, 
because of the great difficulty of the experiment. 

\0-*> 

10" 

10' 

ICT 

\0'ir- a-s--***- w n v 

4 - 6 8" 10 12. 
(>T C&cV/c) 

Figure 15.1. Contributions of different hard scatter
ings to 90° pion production at Js =53 GeV (referen
ce 27) . 
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Figure 15.2. QCD predictions for direct photon prod
uction at 90° with Js = 53 GeV, and data forir'prod-
uction (reference 24). 
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Figure 15.3. Direct photon production. Data from 
CERN 412, predict ion from reference 28. 
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16. Conclusions. 

The most striking feature of the quark parton 
model is how well it seems to agree with experiment, 
even in its simplest version. It is important to 
try and achieve understanding of quark confinement, 
and of its effects on the structure of final states, 
but it seems that these effects may be fairly simple. 

Quantum chromodynamics provides the only full 
field theory of strong interactions available at 
present, and the immediate future will see much work 
towards trying to establish its connection with exp
eriment. This is not straightforward, because only 
certain quantities in the theory may be calculated 
in perturbation theory, and it is not easy in the 
data to separate these from those that can not be 
calculated. However, with a theory that makes pre
dictions for such a wide range of different reactions 
there is the exciting prospect that, by working clos
ely together, experimentalists and theorists can 
gradually piece together a complete picture of inter
actions at high energy and short distance. 
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