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ABSTRACT 

Selected topics illustrate results obtained at CERN, mostly during the 
first half of 1981. The report deals first with the development of facilities for 
antiproton accumulation and acceleration, and for colliding beams of 
antiprotons and protons. Other developments of accelerators and of particle 
detectors are also presented. An outline is then given of the current 
understanding of the constituents of matter and of the forces acting between 
them. This framework is used for the presentation of CERN's experimental 
results. The topics covered include tests of the quark-parton model, 
properties of the new particles containing charm or beauty quarks, studies of 
the structure of the nucléon, tests of quantum chromodynamics (QCD), and 
investigations of the weak interaction. 
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1. INTRODUCTION 
First of all, let me remind you of the wide range of energy and the variety of physics covered by the 

activities of CERN. Starting at the 1 eV level, we are in the domain of atomic physics where effects such as 
vacuum polarization are being studied. Rising to the MeV level, we enter the field of nuclear physics where the 
isotope separator ISOLDE at the 600 MeV Synchro-cyclotron (SC) performs pioneering work and where ion 
beams such as 1 2C are experimented with. At the 1-10 GeV level we are dealing with hadron physics because 
there the nucléons and mesons still behave as entities; phenomena such as diffractive scattering can be 
studied and hyperon beams are used. At the highest energies, 100 GeV and beyond, we can observe the 
fundamental processes involving the interaction between quarks and leptons. CERN is also participating in 
an experiment looking for die decay of the proton. If this is found, it could provide information relevant to the 
grand unification energy scale of about 1015 GeV. 

This short review cannot cover all the results in these fields. For more details of any particular activity, 
die written Progress Report submitted to the CERN Council1' and describing the results obtained by 
various groups should be consulted. 

It is worth recalling that about 80 experiments in various stages are going on at CERN in all these 
fields, with some 1600 physicists engaged in experiments carried out by collaborations involving about 160 
institutions from outside CERN, such as national laboratories and universities, 130 of which are based in 
the Member States. 

2. RECENT DEVELOPMENT OF CERN FACILITIES 
The principal facilities provided by CERN for this research are shown on the plan of the CERN site in 

Fig. 1. The 28 GeV Proton Synchrotron (PS), with its injector system—the proton linac and the 

Fig. 1 Plan of the CERN Meyrin and Prévessin sites showing the accelerators and the main experimental areas. 
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booster—has become the heart of the whole complicated network of accelerators. Apart from the 600 MeV 
SC, which after almost 25 years of operation is still engaged in very interesting research, the PS has to 
provide the particles for all the other installations, such as the Intersecting Storage Rings (ISR) and, above 
all, the 400 GeV Super Proton Synchrotron, the SPS. So far, the latter has only been used as a fixed-target 
machine delivering particle beams to the West Area, location of the BEBC bubble chamber, various neutrino 
experiments, as well as the Omega spectrometer and other experiments in the West Hall, or to the three 
North experimental areas where a variety of experiments can be performed. 

2.1 The antiproton project 
During its recent 12-month shutdown, the SPS has been converted from a pure accelerator into a 

storage ring to enable it to store protons and antiprotons. It is planned to observe collisions between protons 
and antiprotons in two new experimental areas, installed below ground in the long straight sections LSS4 and 
LSS5 of the SPS. To make this possible and to obtain antiprotons (which, being antimatter, have to be 
produced artificially in high-energy collisions) in sufficient quantities for use in a storage ring, it became 
necessary not only to convert the SPS but also to provide an entire antiproton storage and injection system 
with its beam lines and transfer tunnels, as shown in the enlarged section of the site plan (Fig. 2). The heart of 
this system is the Antiproton Accumulator ring (AA), a novel device which makes it possible to accumulate 
the antiprotons which can be produced in only relatively small numbers in a given time. After production the 
antiprotons have widely differing energies and directions of flight. In order to use as many antiprotons as 
possible, the A A ring also homogenizes their energies and directions: they are "cooled". 

The complete system works as follows: The PS accelerates protons to 26 GeV; these are then made to 
hit a target, where antiprotons are produced with an average momentum of 3.5 GeV/c. These are collected in 
the A A, where the novel technique of "stochastic cooling", a CERN invention, is being applied for the first 

Fig. 2 Site layout of the antiproton facility. The Antiproton Accumulator (AA) and the complex network of transfer 
tunnels were completed during the 1980 shutdown of the 400 GeV Super Proton Synchrotron (SPS). 
Antiprotons produced by 26 GeV/c protons from the Proton Synchrotron (PS) striking a target are "cooled" 
and stored at 3.5 GeV/c in A A. Stacks of antiprotons are then sent to the PS, where they are accelerated to 26 
GeV/c travelling in the opposite direction to normal proton acceleration. They can then be transferred to the 
SPS or the Intersecting Storage Rings (ISR) for colliding beam experiments. LEAR is the Low-Energy 
Antiproton Ring under construction at the PS for experiments with near zero momentum antiprotons. 
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time. Once a sufficient quantity of antiprotons has been collected in the AA, there are several possibilities of 
using them. They may be sent via a loop to the PS, which accelerates them to 26 GeV for transfer either to 
i) the ÏSR, or it) the SPS. A third possibility is due to be realised in «boat two years from now, when the PS will 
be employed to decelerate the antiprotons from 3.5 GeV/e to almost zero momentum. These very low energy 
antiprotons will then he used in a small storage ring—the Low-Energy Antiproton Ring (LEAR) now under 
construction—-for a variety of interesting expérimente, including atomic physics. 

This unique source of antiprotons and its complicated storage and transfer system have now been 
commissioned and are working. The achievement of the various phases of the project can be summarized as 
follows; 

The ÂÂ ring was to be completed within two years. In fact, the first beam was obtained just one day 
short of the second anniversary of the project approval date. The cost was kept within the budget figure of 
about 55 MSF and covered the successful adoption of the novel principle of stochastic cooling. 

The second part of the project» comprising the conversion of the SPS. the installation of the complex of 
transfer me injection lines, and the construction of the two large underground experimental areas, was 
completed m less than three years as planned, at a cost of 90 MSF. Here there was an overshoot of a few 
percent in expenditure owing Jo unavoidable modifications to the experimental areas, and to a higher than 
average cost variation index for this contract. The long shutdown of the SPS ended on 30 April 1981 as 
planned, and absorbed an effort of about ÎÔ0O man years to implement all these changes ~ a far from small 
operation. 

This is one more «ample of the ability of CERM to carry oat major projects within the given budgets 
and fee allocated Erne, 

The first proton-antiproton collisions ta the ISR were observed on 7 April 1981, enabling physics 
exprintentation to start soon after. 

Let me give yoo some details of the commissioning of the ISR for antiprotons, because it illustrates the 
typical way in which such tasks are tackled at CE1M. The aecniaalation of antiprotons ta the ÂÀ ring takes 
some time beawse, at tie soiaiital PS intensity of 10" protons oa the target, the storage rate achieved so far 
is 5,2 X 10* astiprotons/tiour, This is a factor of 5 lower than anticipated» but several parameters have still 
to be optimized, ft takes about one day to obtain between 1 and 5 X 10 ,f l antiprotons, a stack fat enough to be 
transferred'to the ISR or the SPS, With only six polies of these very precious antiprotons» ali the transfer 
and injection channels at the PS were set up in March, From 2 to 4 April, stacking of antiprotons ta the ISR 
was tried oat successfully with the aim of reaching a first, rather low laminosity of about l # s cmr* s™"' using 
only 13 pulses of antipotons. So the entire complicated setting-up procédure was carried out with about 
1,5 X 10" antiprotons» which represents aboat 1% of the normal intensity of one proton pulse at the PS. 
Such an achievement woaîd not have been possible without the high compétence and quality of CERN 
engineers. 

On 7 April the irst physics run at the ISR started, and on the last run» on 29 May, 450 fth of 
antiprotons were made to collide with 12 À of protons at a luminosity of 4 X 10** cm™* s~l and with particles 
circulating for about 100 hours. Although there is sdll some way to go before the hoped for luminosity of 
10W cm"2 s - î is reached, the Irst pp experiments hate been launched. 

One of the earliest pictures of 26 + 26 GeV pp collisions—the highest energy op collisions ever 
observed—is shown in Fig, 3 and was obtained in experiment R7Û3/T (Bonn-Brussels-
Cambridge-CERN-Stoclcholm Collaboration) in a streamer chamber ultimately destined for SPS 
experiment UAS®, A few days ago the data analysis of experiment K2ÏI (Louvain-Northwestern 
Collaboration)1* gave as the Irst interesting results for pp scattering at such high collision energies (Fig. 4). 
This experiment uses the so-called Roman pots, counters that can be made to approach very closely to 
beams that are well defined» as in this case, enabling extremely small scattering angles to be measured, The 
total pp cross-section of 44.4 mb agrees within errors with die value of 42.4 mb for pp collisions at 
these énergies, which is in agreement with predictions by some asymptotic dieories, 

In the meantime, antiprotons bave been transferred and stored in die SPS. Together with protons they 
were accelerated to 270 GeV, and the UA1 experiment at LSS5 observed pp collisions for the first time at 
these high energies on 10 July 1981. The lemtoosity was still quite small, but the pp events could be clearly 
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Fig. 5 Streamer chamber picture, taken at the ISR, of a pp collision at a «cntre-of-mass energy of 52.6 GeV, one of 
U» highest energy pp collisions ever t*servud (Experiment R70.3/T of the Sunn- Brussels 
Cambridge-CF.RN -Stocklutta Collaboration), The chamber is destined fur isse in Experiment VAS ,it the 
SP5 Collider. 
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f i§. 4 Protoa-antiprotuit scattering t t the ISR at I I «rtre-of-masi «serf y of 52,6 €k¥ (Experiment R211 of the 
Lowaia-Northwestera Collaboration). Tie differential cross-section is plotted as a function of the 
four-ffloiaeatuffl tnmsfer squared on a linear «ale (top) and a lûgarithtak scale (bottom). The total pp 
cross-section of (44,4 ± 4,6} mb found, agrees within errors with the value of (42,4 ± 0,2) mb for pp collisions 
at these energies. Toe normalization is dented from the interference between the Coulomb aad the nacîear 
amplitudes. 
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separated from backgroaad i3y tia»-«f»fli|ht measurements (see Fig. 5) #. On the following day» these 
achievements were reported to the High-Energy Physics Coafereace of tie European Physical Society in 
Lisbon, 

Experimentation with complete detectors wii start later this summer. Until then» ftxed*target 
experiments at the SPS are getting beam while mâcha» development for p runs continues. 

Pig, S Evidence for proton-aatlpoton collisions provided by » plot of the timing of pûtes detected in the proton-arm 
and antiproton-ann detectors of SPS Collider experiment UA1 (Aachen-Annecy (LAPP>-BiffKtngha8»«-
CERN-London (QM€)-Par« (Collège «le Fraace)™RîveriMe--Rotw--RBtlwrford Lafe.~Saclay (CEN)» 
Vieaaa Collaboration,) The two-ditaeasicoil plot separates pp collisions from the p-gas and p-gas collisions 
and from random coincidences. 

2,2 Accelerators 
As far as developments at the 1SR are concerned, a so-called low f̂ section has been introduced in the 

interaction region 18 in which additional focusing is provided by superconducting qoadrupoles. With more 
strongly focused beams the chance of particle collisions is increased and a sixfold gain in luminosity, to the 
record figure of 1.2 X 10M cnafV"1, could he obtained for the benefit of the axial-field magnet experiment. 

Interesting new developments have also taken place at the old SC» which was designed and operated 
purely as a 600 MeV proton accelerator. Recently it has become possible to accelerate in tie SC heavy 
nuclei such as JHe to 910 Me Y and "C to 1030 MeV» and some very interesting physics has been the result. 
It is foreseen that the operation of the SC will, in the future, be mainly devoted to the use of the isotope 
separator ISOLDE—a device that is unique in the world—with some time being retained for heavy ion 
physics. 

Duriag its long shutdown the SPS was not only converted into an antiproton storage ring, but its 
characteristics as an accelerator for ixed-target operation were also improved. Whereas up to BOW the SPS 
could not be operated at 450 GeV as & matter of routine, the strengthening of its power supplies will makethis 
possible in future. The number of protons delivered to the experiments has continuously gone up during the 
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Fig. 6 Recced of tie number of protest accelerated per year by tic PS and the SIPS, showing the rapid increase in 
protons amiable for experiments in recent years, 

past yearn (Fig, 6), An additional radichfrecpiency accelerating system hits been installed which will alow the 
intensity to be raised from about 2 X 10" protons per pulse to 3 X 10 u. This increase is also significant in 
view of oar plans for LEP operation. The injection into LEP will slightly lengthen the cycle of the SPS» with a 
consequent reduction of the total number of protons available for the fixed-target programme. The increase 
in Intensity will» however» more than make up for that reduction» so that fixed-target operation will 
nevertheless become more effective. 

2.3 Mmagemaimtmhtaqnmmahmtms 
One should not forget the progressive developments is the detect»» systems of the eiperimeots. In our 

field of research it is typical that about every six or seven years the techniques for detecting and identifying 
the partiel» produced by the Mgh-eaergy inter actions change dramatically» and this todescy coatiaae», as 
the following examples will show. 

. Considerable development is under way for tracking devices and calorimeters. The aim is to achieve 
better momeatam me energy resolution in particular also for «tents with eiaay particles, srin.ce at high 
energies the multiplicities become rather large (> 20). Good examples of what can be done are the detectors 
of UAI mi V A2 which axe just coming into operation for pp physics at the SPS. ISIS, which is part of the 
European Hybrid Spectrometer (IBS), is an easiple of the most recent possibilities of particle 
identification. Unfortunately it is beyond the scope of this review to cover i l l the details of these new 
developments ia particle tracking and identification. I f or a review» see Fligge*1.) 

Ever» with the continuous improvement in the fi,eld of particle detection over the past decades, entirely 
new ideas come to the fore. Bubble chamber physics may undergo a renaissance thanks to the use of optical 
holography. Holography {optical recording by a coherent laser beam) makes it possible to improve the 
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resolution in track recording, since the depth of field is to a great extent decoupled from the resolution of 
the bubble images. In conventional photography a track resolution of R J> 30 (ira with a depth of field of 
D ;> 5 mm was achieved. With holography, D could be increased by a factor of 103 to 104and R could be 
brought down to a few microns. Very encouraging results have been obtained with small prototype chambers, 
both for liquid H 2 and heavy liquids. The higher resolutions in bubble location are very important for the 
measurement of very short lifetimes. Indeed some interesting results have already been achieved in the case 
of charm particles, where, for instance, D± and D° lifetimes in the range 10~1 3 to 1 0 - 1 2 s were measured in 
experiment N A16 6 ) , corresponding to flight lengths of about 10 //m. 

An electronic device which would make it possible to measure the flight path of very short-lived particles 
has been developed in the form of semiconducting microstrips7>. On a silicon substrate, strips about 20 ft 
thick allow measurement of the charge deposited by particles traversing the strip. If such devices are used as 
active targets, a resolution of about 50 /mi could be obtained. Hence lifetimes of charm and beauty particles 
could be measured at rates comparable to those of scintillation counters. Such an experiment is planned for 
the Omega spectrometer. 

Another new development is that of ring-imaging Cerenkov counters8'. The photons emitted by a 
particle into a light cone are focused on a ring and detected by electronic means. Different techniques and 
radiators are being tried, and encouraging results have been obtained, giving rise to expectations that a 
higher precision in determining the velocity of relativistic particles may be achieved. 

The great interest in SPS fixed-target physics is based on the availability of secondary beams of 
particles which cannot be accelerated directly to energies of several hundred GeV. Hence the further 
development of such secondary beams is rather important. Some promising proposals have been made for 
obtaining pure antiproton beams. An interesting method has been realized for experiment NA12 9 ) to 
produce a pure electron beam up to energies of 300 GeV. This is the highest-energy electron beam achieved 
so far. In order to separate the electrons from hadrons, one used the fact that electrons lose energy by 
synchrotron radiation when they are bent in a magnetic field, whereas hadrons keep their full energy. By 
developing proper beam optics, a separation factor of more than 105 could be obtained. The purity of the 
electron beam is very high (Fig. 7). 

e~, 300 GeV 

1 
.. A _ . 

0 100 200 300 
Energy GeV 

Fig. 7 Lead-glass pulse-height plot of a very pure electron beam of up to 300 GeV, the highest energy electron beam 
achieved so far. To separate the electrons from hadrons, the beam optics specially developed for experiment 
NA12 (IHEP-IISN-LAPP Collaboration) uses the fact that only the electrons lose energy through 
synchrotron radiation when they are bent in a magnetic field. A separation factor of more than 105 has been 
obtained. 
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3. CONSTITUENTS OF MATTER AND FORCES 
Before quoting some of the recent physics results obtained at CERN, I wish to establish the general 

frame within which these results should be seen. 

3.1 Quarks and leptons 
One of the main tasks we have set ourselves is to search for the ultimate constituents of matter, and 

there we have reached the following situation: We now believe that matter is made up of two families of 
particles, the quarks and the leptons. The distinction between them is that the quarks feel the nuclear 
force—or better, the strong interaction—whereas the leptons are subject only to the electromagnetic and 
weak forces and not to the strong force. This system of particles (see Fig. 8) replaces, in a way, the old 

"PERIODIC SYSTEM" OF ELEMENTARY PARTICLES 

QUARKS 

ELECTRIC 
CHARGE 
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Fig. 8 The "periodic system" of elementary particles showing the two families, the quarks and the leptons, which are 
thought to be the fundamental constituents of matter. They are all fermions, having spin equal to 1/2, and their 
masses increase from left to right in the diagram. The t (top or truth) quark has not yet been found. 

periodic system of the atoms and the later table of so-called elementary particles, and like those systems it 
displays a lot of internal symmetries and relations between different particles. In effect, our picture of the 
ultimate constituents of matter has become much simpler now than it was ten years ago when we were faced 
with hundreds of "elementary" particles. The two families which are now thought to be the fundamental 
constituents of matter, all have spin 1/2 and are therefore fermions. However, a basic question remains 
unanswered. One place in the table is still vacant: the top (or truth) quark has not yet been found. The 
existence of such a sixth quark is required by the symmetry between lepton and quark numbers, and it 
should have the charge 2/3 e. The situation was similar in the case of the periodic table of elements when 
chemists were able to predict the existence of missing elements which were indeed found later. Most 
physicists are convinced that the t quark exists, and at one time it was hoped to find it at PETRA. 
Experiments showed, however, that it did not lie within the available energy range and was therefore heavier 
than originally expected. If PETRA and PEP, whose energies are due to be somewhat increased in the coming 
years, fail to find it, then LEP will be able to detect the top quark or show that it is not there. 

Within each of the two families we distinguish three sets of pairs of particles (the ones in a vertical 
column), and the open question is: Are there only three of them and, if so, why? Although some theoretical 
arguments prove that there should be at least three, and some cosmological observations indicate that there 
are no more than four, only experiments will tell us how many exist. A more immediate task is to investigate 
the properties of the known quarks and the bound states formed by quarks by virtue of the strong force they 
feel. 

Another question concerns the masses of these particles. In the table of Fig. 8 the particles increase in 
mass from left to right, and one of our tasks is to determine the precise masses so that any systematic 
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regularity can be found. Ultimately we want to understand why particles have masses and what are the rules 
governing the manifestation of these masses in nature. In this context, for instance, the question recently 
arose, whether neutrinos have no mass or only a very small one. Experiments to check this are in 
preparation at CERN. 

Are these quarks and leptons really the ultimate constituents of matter or, if one tries hard enough at 
higher energies, can they be broken up into even smaller particles? There is some speculation that quarks 
and leptons are made up of smaller entities, sometimes called preons, rishons, etc. Then, of course, the 
fundamental question can be posed again: Is it possible to disintegrate particles into ever smaller ones 
indefinitely? There are experimental and theoretical indications that we are approaching a fundamental limit. 
The fact that no free quarks could be produced even at the highest energies which led to the concept of "quark 
confinement" (see below) might therefore be one of the most important discoveries in physics. But only 
further experimentation will enable us to tell whether we have reached such a limit set by a fundamental 
principle or whether there is another deeper layer of matter. 

3.2 Forces in nature—can they be unified? 
A further basic problem is that of the forces. The four forces in nature that are known to us (see Fig. 9) 

are (in order of strength): i) the nuclear or strong force binding together protons and neutrons in the 
nucleus; ii) the electromagnetic force which is responsible for the stability of atoms (and gives us light, 
radio, and TV); iii) the weak force accounting for the radioactive ̂ -decay of nuclei and playing an important 
role in energy production in the sun; and iv) gravitation, which makes the apple fall and moves the planets 
around the sun. What we want to know is why there are these four forces in nature, neither more nor less, and 
whether they can perhaps be unified to one ultimate fundamental force which would explain everything from 
microcosm to macrocosm. 

This has been the dream of physicists for a long time and, in the last century, one of the big advances 
was the discovery that the electric and magnetic forces could be unified into a single electromagnetic force. 
Now we are just taking the step of uniting the electromagnetic force with the weak force—the electroweak 
force—thanks to the Standard Model, a theory developed by Glashow, Salam and Weinberg for which they 
were awarded the Nobel Prize in 1979. A number of experimental findings support that theory, at least at its 
low-energy limit. However, the final proof of the Standard Model or, maybe, a variant of it, is still outstanding 

THE FORCES IN NATURE 

TYPE INTENSITY OF FORCES (Decreasing order) BINDING PARTICLE (Field quantum) OCCURS IN 
STRONG NUCLEAR FORCE -x- 1 GLUONS (no mass) ATOMIC NUCLEUS 

ELECTROMAGNETIC FORCE 1000 PHOTON (no mass) ATOMIC SHELL 
APPLIC. OF ELECTRICITY 

WEAK NUCLEAR FORCE 1 
100000 

BOSONS Z ° , W + , W-
( heavy) 

RADIOACTIVE BETA 
DECAY 

GRAVITATION •v 1 0 " GRAVIT0N? HEAVENLY BODIES 

THE EXCHANGE OF PARTICLES IS RESPONSIBLE FOR THE FORCES 

Fig. 9 The four forces in nature. One aim of physicists is to find a way of unifying these forces into one fundamental 
force which could account for all phenomena in the universe. 
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and many more experiments will be needed. We hope that LEP will enable us to take a conclusive step 
towards this goal, as will become clear from the following. 

One reason why it seems possible that all these forces can be united is that the mechanism producing 
the forces seems to be the same for all four. What happens is that the constituents of matter shown in Fig. 8 
exchange another kind of particle, the so-called gauge bosons which mediate and produce the forces between 
the constituents. The various forces are different because the mediating, binding particles differ. The best 
known of them all is the photon, the light quantum which is the binding particle of the electromagnetic force. 
Two years ago at PETRA the binding particle for the strong interaction, the gluon, was found. What is still 
outstanding is the direct detection of the binding particles for the weak force, the intermediate bosons W* 
and Z°. The prediction of the Standard Model is that they are about 100 times heavier than the proton, so 
they could not be produced with our present machines. Maybe they will appear for the first time in 
proton-antiproton collisions here at the SPS in the next months but, in any case, their detailed investigation 
will only become possible with the aid of LEP. 

Apart from this unification, many questions concerning the weak force remain to be answered. The 
force is supposed to act in the same way between all quarks and leptons. Our present experimental evidence 
mostly concerns the u and d quarks, and the universality of the interaction still has to be proved. In 
particular we would like to measure the strength of interaction for each type of quark and lepton separately. 

After unifying the weak and electromagnetic forces, the next step could then well be an attempt to unify 
the nuclear force with the other two. This theory of grand unification has already inspired some fundamental 
investigations of proton lifetime, in which CERN is also involved. (As regards gravitation and the graviton, 
any discoveries are likely to be a long way off because that force is so weak and hard to experiment with.) 

3.3 Understanding the strong force 
However, before we can hope to advance towards further unification, we first have to understand the 

strong force itself. A theory of the strong force has been developed in recent years: Quantum Colour (or 
Chromo-) Dynamics (QCD), so called in analogy with Quantum Electro-Dynamics (QED) the gauge field 
theory which governs the electromagnetic interaction. The differences between these two theories and their 
respective interactions are illustrated in Fig. 10. Whereas in the electromagnetic force we have a positive 
charge with its anticharge, the negative one, the strong force exhibits three different charges distinguished by 
the names of colours (blue, green, red), which accounts for the C in QCD. As in electromagnetic theory each 
of these three charges has its own anticharge (antiblue, antigreen, antired). It is easy to form a neutral state in 
the case of the electromagnetic force by combining a positive with a negative charge, as happens in the atom 
where a positive nucleus surrounded by a negative electron cloud results in a neutral atom. With the strong 
force there are two different ways of producing neutral ("white") states. One can combine a colour with its 
anticolour (just as positive with negative), e.g. taking a quark with its antiquark one obtains a "white" state, 
called meson. Or, one can combine three quarks of different colours to produce the neutral (white) state 
known as a baryon: protons and neutrons are such three-quark states. Apparently only colourless (white) 
states can be observed in nature and, as quarks themselves are coloured, this might be the reason why free 
quarks cannot be detected. Is this a fundamental rule or will it be possible—perhaps at higher energies—to 
produce free coloured states such as quarks? These are problems that both the theorists and the 
experimenters must investigate. 

The photon (field quantum) has no electric charge, whereas, in QCD, the gluons carry colour charges 
and are therefore able to interact among themselves. There is another essential difference: the strength of 
the electromagnetic force is determined by the elementary electric charge or, using a dimensionless universal 
constant, by a, the fine structure constant which equals e?/hc « 1/137. In QCD, however, the strong force is 
not constant but changes with energy or the distance between the interacting particles. The higher the energy 
the smaller becomes the coupling constant as; the lower the energy and the wider the particles are apart, the 
stronger will be the coupling. This changing coupling constant may be the reason why individual quarks 
cannot be separated ("quark confinement"). 

For an experimental investigation of the properties of the strong force it is therefore not sufficient to 
determine a s , which changes according to the log law given in Fig. 10, but one has to find the underlying 
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Q' energy 
Perturbation Higher order corrections 
theory Confinement 

Fig. 10 A comparison between Quantum Electrodynamics (QED) and Quantum Chromodynamics (QCD), the 
gauge field theories governing, respectively, the electromagnetic force and the strong force. 

universal constant A which defmes the strength of the colour force. In the present energy range, a s is of the 
order of 0.2, and perturbation theory cannot be applied as readily as in the case of the much smaller a for the 
electromagnetic force. Experiments are therefore needed to test the important higher-order corrections. 

3.4 Testing the quark model 
If the concept is true that all hadrons are made out of quarks, the question poses itself whether all the 

possible "colourless" combinations of known quarks (Fig. 11) can be found in nature, where two different 
kinds of colourless states should exist as explained above: mesons (quark + antiquark), baryons (three 
quarks of different colour). Much information is already available on the mesons, where practically all 
combinations have been seen, although the properties of some of the states are not yet completely known. 
Those in which a quark of a given kind (of a given "flavour") is combined with its own antiquark, the so-called 
particles with hidden flavour, are best observed at electron-positron storage rings. Other mesons with 
"naked flavour", i.e. those consisting of a quark with an antiquark of a different kind, have been seen at 
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QUARK MODEL 

Colourless states 

Meson 

OO 
s 

Do a l l comb ina t ions e x i s t ? 

"Onia" (hidden f lavour) Baryons 

cc charmonium uuc, eus, udc, . . . 

bb bottonium uub, udb, usb, ucb 

t t toponium ubb 

"Naked" f lavour: 

open charm, beauty, 

cû, cd, es 

bû, b3, bi, be 

Fig. 11 The two kinds of colourless state given by the quark model of the hadrons: in mesons, a quark and an 
antiquark are combined; whereas in baryons, three quarks of different "colour" together form a colourless 
state. Some of the possible combinations are given in the list. 

SPEAR (SLAC), PETRA (DESY), and CESR (Cornell). As for the baryons, apart from the states 
containing u, d, and s quarks, such as the proton, the neutron and the hyperons, very little is known about the 
various three-quark combinations which contain charm or beauty quarks. In this field a number of 
interesting experiments are going on, and some of the results will be reviewed now. 

4. PROPERTIES OF NEW PARTICLES 
Among recent results obtained at CERN on new particles containing charm or beauty quarks are the 

measurements of their extremely short lifetimes facilitated by a novel development in experimental 
techniques. Whereas in the past one had experiments using bubble chambers or emulsions, and others 
employing electronic detectors, now the two types are being merged into hybrid system experiments in order 
to combine the high spatial resolution of visual detectors with the possibility of identifying the decay 
particles electronically. For instance, the high-resolution bubble chamber LEBC (Fig. 12), which can cycle 
very rapidly, was combined with an electronic analysis system downstream to form the European Hybrid 
Spectrometer (EHS), as shown in Fig. 13 ; one of its essential parts is the particle identification device ISIS. 
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Fig. 12 Vertical cross-section of the high-resolution bubble chamber LEBC. 
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Fig. 13 Arrangement of the European Hybrid Spectrometer (EHS) for experiment NA16 (Amsterdam - Brussels -
CERN - Madrid - Mons - Nijmegen - Oxford - Padova - Paris - Rome - Rutherford Lab. - Serpukhov -
Stockholm-Strasbourg-Torino-Trieste-Vienna Collaboration) incorporating the LEBC bubble chamber 
upstream of the particle identification device ISIS. In later experiments LEBC will be replaced by the 
rapid-cycling bubble chamber RCBC built by Rutherford Laboratory, and the spectrometer will be extended 
and completed. 

4.1 Charm particles 
An example of tracks observed in LEBC by experiment NA16* ) 6 ) is illustrated in Fig. 14. The particle 

paths from the two decay vertices V 2 and V4 can be seen clearly and, if the bubble chamber information is 
combined with that obtained from the electronic detectors, the reconstructed event can be plotted as shown in 
Fig. 15 with all particles identified and masses calculated. This particular event shows the decays of D° (the 
V 2 vertex) and D°(the V4 vertex). The D° is a combination of charm quark and anti-up quarks, the D° 
combination of anti-charm and up quarks. The D° and D° lifetimes in this event were measured to be 
(2.1 ± 0.1) X 1(T1 3 s and (5.9 ± 0.1) X 1 0 - 1 3 s, respectively. 

•*"»yj » . 

5 mm 
I 

Fig. 14 Decays of a D° (vertex V2) and a D° (vertex V4)—charmed mesons—as recorded in the LEBC 
high-resolution bubble chamber (Experiment NA16). By combining the track chamber data with those 
obtained by the EHS electronic detectors, the whole event can be reconstructed and evaluated (see Fig. 15). 

Amsterdam - Brussels - CERN - Madrid - Mons - Nijmegen - Oxford - Padova - Paris - Rome - Rutherford Lab.-
Serpukhov-Stockholm-Strasbourg-Torino-Trieste-Vienna Collaboration. 
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Fig. 15 Reconstruction of the decays of a D° and a D° meson as measured by the European Hybrid Spectrometer 
EHS incorporating LEBC (Experiment NA16). See also Fig. 14. 

In a BEBC experiment (WA21, Aachen-Bonn-CERN-Munich MPI-Oxford Collaboration) the decay 
of the A c particle (quark composition udc) was observed and its mass determined10'. One such event is 
illustrated in Fig. 16, and the mass is given as 2.285 ± 0.005 GeV. 

V p — fjL A c 7T,+ 

v beam 
Fig. 16 Photograph and explanatory drawing of the production of a charmed baryon Ac in a neutrino interaction in 

BEBC filled with hydrogen (Experiment WA21, Aachen-Bonn-CERN-Munich-Oxford Collaboration). 
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Evidence has been found for the production of the E£ + particle, a uuc combination. The transition 
££ + -* A£n+ has been measured in 150 GeV pBe interactions by experiment N A l l n ) (Amsterdam 
NIKHEF-Bristol-CERN-Cracow-Munich MPI-Rutherford Lab. Collaboration). As evidence, Fig. 17 
shows a scatterplot of K~p^ + mass (Ac) versus K~pn+7i+ mass (Ej +), indicating a mass of 2.44 GeV for the 

£ + . 

MOSS (rCpTT*Tt+) [GeV] 
2.4 2.6 2.8 3.0 

Events /20 McV 
2 4 6 

m(KPTT+TT+) 

Fig. 17 Production of the charmed baryon E j + as revealed in a scatter plot of K~pn+mass (AJ versus K~pK+n+ 

(2J+), giving a mass of 2.44 GeV for the l £ + (Experiment NA11, Amsterdam NIKHEF-
Bristol-CERN-Cracow-Munich MPI-Rutherford Lab. Collaboration). 

Apart from determining the properties of these particles, it is also important to study their production 
mechanisms. The discovery of the large production cross-section for charm particles at high energies may 
turn out to be one of the most important results obtained at the ISR (see Fig. 18) I 2 ) . It could mean that the 
nucléons do not only contain u and d valence quarks but, that with a probability of 1% to 2%,c and c exist in 
the nucléon with a velocity distribution similar to that of the valence quarks rather than that of the sea 
quarks 1 3 '. If this assumption is correct it has important consequences for the interpretation of other 
experiments as will be discussed below. 
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Fig. 18 Compilation of experimental results on the cross-section for the production of charmed particles, plotted 
versus energy in the collision centre-of-mass. The curves are theoretical predictions based on QCD models: 
gluon-gluon fusion or quark-antiquark fusion (Carlson-Suaya) or alternatively, excitation of a charmed 
quark from the sea (Combridge). 

4.2 Beauty particles 
Although mesons with a beauty quark have been found at Cornell, there has so far been no evidence of 

three-quark hadrons with a beauty quark. The first sign of the existence of such a "naked beauty" state may 
have been detected by ISR experiment R415 I 4 ) (Bologna-CERN-Frascati Collaboration) at the CERN 
Split-Field Magnet (SFM). The shaded peak in Fig. 19 is interpreted as being due to a A b (quark content udb) 
which decayed into a proton, a D°, and a n~, with the D° disintegrating as D° -* K~n+. The mass of the A b 

would be 5.4 GeV in agreement with theoretical expectations13'. A similar experiment at the S F M , 6 ) (R416, 
Annecy LAPP-CERN-Collège de France-Dortmund-Heidelberg-Warsaw Collaboration) has not seen 
such a peak. Further careful checks are needed. Already in an earlier ISR experiment17' (R407/408, 
CERN-Collège de France-Heidelberg-Karlsruhe Collaboration) there was an indication of the Ej particle 
(quark content uub), as shown by the peak in the so far unpublished plot of Fig. 20. 

Altogether it looks as if the new field of spectroscopy now opening up is likely to keep us busy for many 
years and will provide valuable information on the quark model and the properties of the strong force binding 
the quarks together. 
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Fig. 19 First indication of the existence of a "naked beauty" particle Ab as detected by ISR experiment R415 
(Bologna-CERN-Frascati Collaboration) at the Split-Field Magnet (SFM). 
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Fig. 20 Unpublished plot with an indication of the existence of the ££ particle (uub) as seen by an early SFM 
experiment at the ISR (R407/408—CERN-Collège de France-Heidelberg-Karlsruhe Collaboration). 
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5. STRUCTURE OF THE NUCLEON 
A fundamental problem since the earliest days of high-energy physics, and still a topic of great current 

interest, is the structure of the nucléons, the protons and neutrons which are the building blocks of the nuclei. 
This structure can best be investigated by scattering leptons such as electrons, muons, or neutrinos on the 
nucléons. For the last 25 years or so, the scattering results have been interpreted as representing a certain 
continuous charge and magnetic moment distribution, the nature of whose carriers, however, was not clear. 
This picture has changed completely in the last few years. We now believe that the proton structure is more 
like that shown in Fig. 21 : the three so-called valence quarks (uud in the proton, udd in the neutron) are held 
together by the binding particles—the gluons, which are the field quanta of the strong force and carry about 
half of the nucléon momentum. There is an additional effect, already familiar to us from QED, which is called 
vacuum polarization. Electron-positron pairs are created out of the vacuum; they exist for a very short time 
and then annihilate again. In QCD this same vacuum polarization process can occur with quarks: a 
quark-antiquark pair can be created briefly, which then disappears again. These pairs are called the "sea 
quarks" and in principle each kind of quark can contribute to this "sea". The structure of the proton is 
therefore not as simple as the earlier parton model would indicate, because, in addition to the three valence 
quarks there are gluons and the sea of quark-antiquark pairs. 

What one would like to find out is how these particles are distributed inside the proton and, as they are in 
motion, what their momentum distributions are, so that these experimental findings can be compared with 
theory. The conviction that this picture of the proton structure is correct is essentially based on the 
information derived from CERN (in particular, neutrino) scattering experiments of the last few 
years—another one of the great achievements of CERN. This new picture of the nucléon is not due to a 
single spectacular discovery but has required many detailed investigations. When their results are put 
together as the pieces in a puzzle, the new picture emerges. 

The structure can be defined by plotting the probability that a quark of a certain momentum may be 
found inside the proton, where it is useful to normalize the momentum p to the possible maximum 

The proton 

muon or 

neutrino 

\ proton Q=l 

9 u-quark Q=2/3 

O d-quark Q=-l/3 

iAy^ gluons 

$ 5 q - q sea 

Fig. 21 The structure of the proton in the quark-parton model: three valence quarks (uud in the proton) are held 
together by gluons and are accompanied by quark-antiquark pairs forming the "sea". The picture shows a 
fast incident muon or neutrino interacting with one of the valence quarks. 
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momentum p m a x in the specific scattering process x = p /p m a x . In this way the so-called structure functions in 
terms of x can be obtained. In order to show the high degree of precision that could be obtained in 
the past years, one example is illustrated in Fig. 22 where the over-all quark and antiquark structure 
functions were derived from neutrino scattering measurements of experiment W A 1 1 8 ) (CDHS: 
CERN-Dortmund-Heidelberg-Saclay Collaboration). The antiquark curve is lower and peaks at low 
momenta because there are fewer antiquarks than quarks, as the contribution from the sea is much less than 
that from the valence quarks. 

So far, structure functions have only been produced for quarks and antiquarks as such, and it has not 
been possible to determine the distributions of each kind of quarks. One might say we have only a black and 
white picture of the nucléon and what we would like is a colour picture or, more precisely, a flavour picture 
where each individual quark—including the c and b quarks—can be identified separately. 
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Fig. 22 The distribution of quarks and antiquarks in the nucléon shown as a function of the ratio x = p/p m a x of the 
momentum p of the quark to its maximum allowed value p m a x . 
Dortmund - Heidelberg - Saclay Collaboration. 

Data from the CERN-
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5.1 Structure functions ofu and d quarks 
In order to separate the structure functions for the u and d valence quarks in the nucléon, it is necessary 

to compare different processes. Information on the structure functions of the u and d valence quarks can be 
derived by combining the results obtained from inelastic scattering of 

vp with epoT/ip [experimentWA21*),BEBC] 
ra with vp [experiment WA25**',BEBC] 
vn with vp [experiment W A l ^ ^ B E B C with TST]. 

In Fig. 23 the ratio of the structure functions for d and u quarks as derived from a comparison of vp and 
lepton scattering is shown as an example I 9 ). In the naïve quark-parton model one would expect this ratio to be 
constant and equal to 1/2 (there are two d quarks and one u quark in a proton). The data show, however, that 
the ratio decreases with increasing x. This is in agreement with QCD, which predicts a value of 0.2 at x = 1. 
The data are also compatible with a diquark model in which one assumes that two of the three valence quarks 
tend to stick together. 
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Fig. 23 Ratio d/u of the d to u quarks in the proton, as derived from a comparison between vp and ep scattering. The 
curves correspond to three theoretical models: a parametrization due to Field and Feynman, two versions of 
a model based on SU(6) breaking and a diquark model. Also shown are the constant value of 0.5 expected 
from an elementary quark-parton model (QPM), and a high-x asymptotic limit of 0.2 predicted by QCD. 

*' Birmingham-Bonn-CERN-London (IC)-Munich-Oxford Collaboration. 
**' Amsterdam-Bergen-Bologna-Padova-Pisa-Saclay-Torino Collaboration. 

***' Bari-Birmingham-Brussels-London (UC)-Palaiseau (Ecole Polytechnique)-Rutherford-Saclay (CEN) Colla
boration. 
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Combining the results of neutrino and antineutrino scattering from deuterium in BEBC (WA25) 2 0 ) 

made it possible not only to determine the structure functions for the valence quarks independently but also 
to obtain the structure functions of the sea quarks, as shown in Figs. 24 and 25. It is interesting to note that 
the structure functions for the valence quarks peak at around x «0.2, which implies that an individual quark 
very rarely takes the full momentum of the proton; this is not surprising since there are three valence quarks. 
However, it also tends to take less than 1/3 of the proton momentum, which indicates that the momentum has 
to be shared with other constituents (sea quarks, gluons). As shown in Fig. 25, the structure functions of 
antiquarks which come from the sea in effect indicate smaller momenta (peaking at x «0) for the sea quarks 
than for the valence quarks. One also notices an asymmetry between the 5 and d quarks of the sea. The full 
curves in Figs. 24 and 25 are theoretical predictions which agree very nicely with the data. 
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Fig. 24 Structure functions for the u and d quarks as obtained from results of an experiment using BEBC filled with 
deuterium, and incident beams of v and v (Amsterdam - Bologna-Padova-Pisa-Saclay-Torino 
Collaboration). 

Fig. 25 Structure functions for the antiquarks. Same experiment as Fig. 24. 
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Fig. 26 The elementary processes (first order of QCD) for: 
a) deep inelastic lepton scattering: a virtual y, radiated by the scattered lepton, interacts with a single quark of 

the target proton. 
b)gluon-photon fusion: a virtual y, radiated by the scattered lepton, and a gluon from the target proton, 

create a charmed quark-antiquark pair, 
c)Drell-Yan process: an antiquark from the antiproton projectile, and a quark from the target proton, 

annihilate into a virtual y, which in turn materializes into a/i+M~ lepton pair. 

5.2 Structure functions of charm quarks 
In lepton scattering processes the leptons are preferentially scattered from u and d quarks and their 

antiquarks. In order to gain information on the heavy quarks (c or b), which can be found in nucléons only 
with probabilities of the order of one percent, more sensitive processes have to be used. Recently, experiment 
NA2 of the European Muon Collaboration (EMC)*) could observe the so-called photon-gluon fusion which 
provided information on the structure function of charm quarks. 

This process is illustrated in Fig. 26. In ordinary lepton scattering (Fig. 26a) the lepton exchanges a 
photon with the quark from which it scatters (in first approximation the other quarks are treated as 
spectators). In the photon-gluon process a quark emits a gluon which collides with the photon and produces 
a quark-antiquark pair (Fig. 26b). If this consists of a c and a c quark, the two charm particles may each 
decay into a lepton (electron or muon) which gives a very good signature for this kind of event, namely three 
leptons in the final state. Thus the EMC experiment could observe the process 

fi+ + Fe -*/i+ + M+ + M~~ + anything, 

*' Annecy (LAPP)-CERN-Freiburg-Hamburg (DESY)-Kiel-Lancaster-Liverpool-Oxford-Rutherford Lab. 
Sheffield-Turin- Wuppertal Collaboration. 
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Fig. 27 The form factor of the charmed quark as measured by the EMC Collaboration [Annecy (LAPP)-

CERN - Freiburg - Hamburg (DES Y) - Kiel - Lancaster - Liverpool - Oxford - Rutherford Lab. - Sheffield -
Turin- Wuppertal Collaboration]. The curves take into account the violation of scaling invariance as 
predicted by QCD. 

from which the form factor of the charm quarks could be obtained21). The still preliminary results are shown 
in Fig. 27 together with predictions from QCD. The detailed interpretation22* appears to indicate that the 
charm quarks do not only come from the quark sea, but that there is a genuine although small charm-quark 
component similar to the valence quarks. 

Similar results were obtained from neutrino scattering experiments (CDHS Collaboration) which 
studied the process 

vN -* JU~ + fi~ + anything. 

5.3 The Drell-Yan process 
Similar information on the quark-parton model as with lepton scattering may be obtained from the 

Drell-Yan process. In principle a quark and an antiquark collide and annihilate into a photon which turns into 
a lepton pair (Fig. 26 c). This process is the "crossed" version of that illustrated in Fig. 26a (one looks at it 
from top to bottom instead of from left to right), and field theory relates the cross-sections of these two 
processes. 

In practice the Drell-Yan mechanism can be studied by making protons collide with protons, 
but—since in this case the only antiquarks available are from the quark sea—the cross-section is quite 
small. Hence it is better to have protons collide with antiprotons or with pions, as in these cases antiquarks 
are present as valence quarks. In fact, a comparison between pp and pp results makes it possible to 
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separate the valence-quark and the sea-quark contributions. In Fig. 28 the form factors for both are shown 
as obtained by experiment N A 3 2 3 ) [CERN-CoUège de France-Orsay (LAL)-Palaiseau (Ecole 
Polytechnique)-Saclay Collaboration]. The curves are the results from neutrino scattering experiments and 
the agreement is clearly excellent. However, in order to achieve such an agreement, the neutrino results had 
to be multiplied by a factor of 2.3. This indicates that the naive quark-parton model, even with first-order 
QCD corrections, is not adequate for describing the data, but higher-order QCD corrections have to be 
taken into account. Indeed, the comparison between lepton scattering experiments and the Drell-Yan 
process provides a powerful tool for studying higher-order QCD processes. 

Fig. 28 The structure functions of the valence quarks (full curve) and of the sum of valence and sea quarks (broken 
curve) as measured by the Drell-Yan process using incident p [CERN-CoUège de France-Orsay 
(LAL)-Palaiseau (Ecole Polytechnique)-Saclay Collaboration]. 

S .4 Structure functions of pions and kaons 
The experiments discussed so far gave information on the quark structure functions inside the proton 

and neutron. It is, however, much more difficult to obtain similar information on quark behaviour inside 
other hadrons, e.g. pions or kaons, since these particles have very short lifetimes and hence cannot be used 
as stationary targets in lepton scattering experiments. 

The situation can, however, be reversed by using the atomic electrons as targets, and scattering 
pions and kaons from them. This was recently done by experiment NA7 2 4 ) (London, Westfield 
College-Southampton-Frascati-Milan-Pisa-Rome-Torino-Trieste Collaboration), and a preliminary 
value of the average charge radius of the pion was determined as (0.68 ± 0.09) fm. 

The pion and kaon structure can also be studied by the Drell-Yan process as described above. This was 
achieved by experiment NA3, studying the process 7tN -• fi+/u~X and KN -> /i+fi~X. Information on the pion 
structure function and on the ratio of the K to the n structure function was obtained. 
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6. TESTS OF QCD 
As was explained under Section 3.3 above, we are very close to having, for the first time, a real theory 

of the strong interaction. Quantum Chromodynamics (QCD) developed in analogy to Quantum 
Electrodynamics (QED)—both are gauge field theories—explains the strong force in terms of gluons 
which can be emitted and absorbed by quarks, just as photons can interact with electric charge. 

6.1 Scaling violations 
The emission and re-absorption of virtual gluons by quarks would lead to a gluon cloud surrounding 

the quarks and would make them appear to be of finite size, even if the "naked" quark behaves as if it were 
point-like. The form factors of electric charge, magnetic moment, or weak interaction distributions depend on 
the recoil momentum q of the scattered lepton and are, in principle, the Fourier transforms of the 
corresponding spatial distributions. For pointlike quarks these form factors F(x,q2) should not depend on 
the recoil momentum q2 [F(q2) « constant] but they may change with other kinematical parameters, e.g. 
x = p/pm a x . This naive partem model expectation is also called "scaling behaviour" of the form factors. 

For some time, however, a scaling violation has been known in neutrino scattering, in charged current 
processes like v + p -» /T+ anything. The most recent data obtained by the CDHS Collaboration25' for the 
form factor F 2 are shown in Fig. 29. For low (fixed) x-values F 2 increases with Q 2 whereas for large values of x 
it decreases. A similar behaviour was found for the weak interaction form factor F 3. 

I I L I I I I I 
1 2 5 10 20 50 100 200 GeV* 

0 ! 

Fig. 29 The form factor of the weak interactions measured by the neutrino experiment WA1 
(CERN-Dortmund-Heidelberg-Saclay Collaboration). The scaling violation predicted by QCD is shown 
by the curves. 
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Fig. 30 The form factor of the electromagnetic interactions measured by the muon scattering experiment NA2 
[EMC Collaboration: Annecy (LAPP) - CERN - Freiburg - Hamburg (DESY) - Kiel - Lancaster -
Liverpool- Oxford - Rutherford Lab.-Sheffield-Turin-Wuppertal]. The scaling violation predicted by 
QCD is shown by the curves. 

Very similar results have recently been obtained from muon scattering by the European Muon 
Collaboration (EMC) 2 7 ), which qualitatively show the same behaviour (see Fig. 30). 

6.2 Determination of A 
This particular kind of scaling violation is in very good agreement with the expectation of QCD. The 

curves in Figs. 29 and 30 are calculated on the basis of QCD and there is only one free parameter that can be 
adjusted so as to fit the data: the agreement between experiment and theory is quite remarkable. 

The free parameter is the strength of the strong force. As explained under Subsection 3.3, the strong 
coupling constant a s determining the interaction strength between quark and gluon is of the order of 0.2 but 
change with energy or momentum transfer. Quantum chromodynamics predicts the relation 

4n 

(ll-^ln(g) 
where N f is the number of quark families participating in the process under investigation, and A is the 
fundamental parameter characterizing the strength of the strong force. From fits as shown in Figs. 29 and 30, 
the parameter A can be obtained. However, since the dependence of as on A is only logarithmic, it is rather 
difficult to evaluate A. Very precise experiments are needed to measure it and to establish the energy 
dependence of as. From recent results a first approximate value of A is obtained, as shown in Table 1. 

Although the values of A agree within still rather large errors, there seems to be a systematic difference 
between the neutrino and muon experiments. One possible explanation22* for this discrepancy could be a 
genuine charm component in the nucléon (see under subsection 5.2) which could lead to a scaling violation in 
muon scattering at larger x values. If this is taken into account, the resulting value of A would be larger, in 
better agreement with the value deduced from neutrino scattering. All that can be said at present is that A has 
a value of the order of 100 MeV, which corresponds to a length of about 2 fm, the fundamental length of the 
strong interaction. 
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Table 1 

Values of the constant A as determined in the experiments 
listed 

Experiment 
(Collaboration) 

Incident 
particle 

Target A 
(MeV) 

WA1(CDHS)25) 
V Fe 2oo!:s 

WA18(CHARM)26) 
V Marble 290 ± 120 ± 100 

NA2(EMC)27) f Fe 90 ± 20 ± 40 

H2 

, n +30+60 
6 0 - 2 0 - 3 0 

NA4(BCDMS)28) V Fe oc+60+90 
" - 4 0 - 7 0 

6.3 Gluon structure functions 
In terms of QCD, there are not only quarks but also gluons floating around in the nucléon, which bind 

the quarks together, and it has recently become possible to determine, for the first time, the momentum 
distribution of the gluon structure functions G(x) by combining results of v and v scattering. The examples 
illustrated in Fig. 31 were obtained in the neutrino scattering experiment WA1 of the CDHS Collaboration25'. 
Qualitatively one notices that the gluons carry an appreciable part of the nucléon momentum (about 50% on 
the average). In addition there is a particular dependence of G(x) on Q 2, i.e. higher energies of the hadronic 
system, the gluon structure function becomes steeper towards the lower momentum end (see Figs. 31a and 
31b). This is exactly as predicted by QCD, because at higher energies the gluon-quark pair cascade 
becomes longer and hence the fraction of momentum for each particle decreases. 

b) 

F (X) 

2.5 
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1.0 
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0 0.1 

Fig. 31 

a) 
1 1 1 1 1 1 1 1 

Q 2 =4.5 GeV 2/c 2 

-\ 
<F2:>= 0.45 -0.02 
< q ^=0.054 

\ \ — QCD-fit to F2»q 

\\ • all measurements projected to 02=4.5GeV2/c2 _ 

-
y G(X) 

1 

2q(X) ^ $ ^ - J C 

02 0.3 0.4 0.5 0.6 07 0.8 

The structure function G(x) of gluons (in the proton) as measured by the neutrino experiment WA1 (CERN-
Dortmund-Heidelberg-Saclay Collaboration) shown together with the form factor F 2 (x)-reflecting the quark 
and antiquark content of the proton—and the antiquark structure function q(x) indicating the antiquark 
content, a) for Q 2 = 4.5 GeV2/c2; b) for Q 2= 22.5 GeV2/c2, showing a steeper behaviour at low momentum 
predicted by QCD. 
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6.4 Gluon bremsstrahlung 
The experiments discussed so far, provided evidence of virtual gluons which are emitted and 

re-absorbed inside the hadrons according to the concepts of QCD. A further interesting proof of QCD would 
be the occurrence of gluon bremsstrahlung in the final state after lepton scattering. The gluon produced 
would, however, disintegrate into a gluon jet, since "coloured" objects do not seem to be observable (see 
Subsection 3.3). Such gluon jets have been observed for the first time in e+e~ annihilation at PETRA, and 
now there is also first evidence for them in muon scattering. 

If a muon is scattered from a proton a quark will be knocked out (see Fig. 26a). Before it disintegrates 
into a quark jet it may emit a bremsstrahlung gluon, which transforms into a gluon jet: 

Apart from the target debris one expects to find two hadron jets in the forward hemisphere of the 
scattering events. Indications for this kind of event are being accumulated by several experiments, but the 
most direct evidence for it has recently been obtained by the European Muon Collaboration29'. In Fig. 32 the 

x . . . ' * , , , , , , , , " " . , / 

P w > 2 G e v 2 

•TX/2 

0.5 
TC/2 

Fig. 32 Evidence for a gluon jet produced in deep inelastic muon scattering. The energy flow transported by the 
secondary hadrons is presented as a polar diagram. For events with a large momentum transfer 
(PTmax > 2 GeV2, full curve) the data show a large lobe (quark fragmentation) and a small lobe (gluon 
fragmentation) as predicted by the Lund QCD-model (full curve). Single jets, by contrast, have almost equal 
lobes (dotted curve). Data from experiment NA2 [EMC: Annecy (LAPP)-CERN- Freiburg-Hamburg 
(DES Y) - Kiel - Lancaster - Liverpool - Oxford - Rutherford Lab. - Sheffield - Turin-Wuppertal]. 

energy flow in the forward hemisphere of the final state after muon scattering is plotted as a function of the 
polar angle. Two lobes can clearly be seen, in agreement with the QCD prediction for gluon bremsstrahlung 
emission. 

6.5 Single-photon emission 
A new way of obtaining more direct information on the gluon distributions inside hadrons and on the 

way gluons fragment, is provided by the observation of single photons emitted in hadron-hadron collisions. 
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Fig. 33 The elementary processes leading to direct photon emission (first order of QCD): 
a)"Compton" scattering: a gluon g interacts with a valence quark q, and a photon y is emitted. 
b) Quark annihilation: an antiquark q and a quark q annihilate, leading to the emission of a gluon g and a 

photon y. 
c) Bremsstrahlung: a photon y is radiated by a quark; here the photon is accompanied by the hadrons 

resulting from the fragmentation of the quark. 

According to QCD, the two diagrams (Figs. 33a and 33b) lead to the emission of single photons which are 
intimately connected with the absorption (a) or emission (b) of a gluon. The first process corresponds to the 
scattering of a gluon from a valence quark where the gluon is transformed into a photon ("Compton" 
scattering). In the second process, a valence quark and a sea quark annihilate, with the production of a 
photon and a gluon. Since the probability for a sea quark to participate in such a process is smaller than for 
valence quarks, one would expect process (a) to predominate. 

Unfortunately, other competing processes exist which emit photons. Quarks can emit bremsstrahlung 
(Fig. 33c), and neutral mesons, such as 7t°and tj, can decay into two photons. Processes (a) and (b) are 
characterized, however, by the fact that the single photon should not be accompanied by any other particle in 
its hemisphere. This provides a useful signature for recognizing single-photon emission. 

Recently, in ISR experiment R108 3 0 ) (CERN-Columbia-Oxford-Rockefeller Collaboration), first 
evidence has been obtained for these QCD processes. In Fig. 34 the ratio of single-photon events to all 
photon events is plotted as a function of the transverse momentum of the trigger photon. The upper part of 
the figure shows the events in which the single photon was accompanied by another particle (hence probably 
originating from bremsstrahlung, as illustrated in Fig. 33c), whereas in the lower part of Fig. 34 are plotted 
the events with an unaccompanied photon [hence coming from processes (a) and (b) of Fig. 33]. In the upper 
graph the experimental points are close to zero, except for the last point, whereas in the bottom graph an 
increase with momentum is evident, which seems to be a clear indication for the first-order QCD processes 
of Figs. 33a and 33b. It is even possible to distinguish between these two processes. In (a) a quark is 
recoiling from the photon, i.e. a charged state, whilst in (b) the recoiling gluon is electrically neutral. One 
should therefore expect the ratio R ± between positive and negative charges in the gluon jet to be about 1, 
whereas for the recoiling quark jet one would expect R+ « 8, because of the charge-squared photon-quark, 
coupling and the different abundances of u and d quarks. Preliminary experimental results indicate that R+ 
has values around 3 for unaccompanied photons—with still very large errors— but it is found to be close 
to 1 for accompanied photons (decay of neutral mesons). This is in agreement with the expectation that 
Compton scattering dominates over annihilation (Figs. 33a and 33b). 

With an improvement of the experimental techniques, the observation of such single-photon events will 
provide a very powerful tool for studying the properties of gluons. 

In summarizing the recent results on the structure of the hadrons and the validity of QCD (Sections 5 
and 6), one could say that a further important step has been taken in determining the structure functions for 
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Fig. 34 a) The fraction of events attributed to direct-photon production as a function of p T t r i g , for those events where 
the trigger was accompanied by a particle in the trigger hemisphere. 

b)The same for those events where the trigger was not accompanied by a particle in the trigger hemisphere. 
(Results from the CERN - Columbia - Oxford - Rockefeller Collaboration.) 

individual species of quarks, and that it has also become possible to obtain first results on the gluon 
distribution in nucléons. In addition, values for the fundamental constant A, which determines the strength 
of the strong interaction, have been found in the region of 100 MeV (see Table 1). Much more remains to be 
done to verify QCD in a quantitative way, and new experimental methods appear to be quite promising. 

7. WEAK INTERACTION 
As explained in Section 3, one of the most exciting achievements would be a unification of the 

electromagnetic force and the weak force. The Standard Model (see Subsection 3.2) represents one very 
important step in this direction. So far, all experiments carried out at the energies now available—the 
so-called low-energy limit—are in agreement with this model, but the crucial tests will have to be performed 
with the pp collider and LEP, particularly to see whether the intermediate bosons W* and Z° exist and have 
the predicted properties. In parallel it will be important, however, to verify as many aspects of the Standard 
Model as possible at the energies available at present. 

Up to now, the majority of experiments were carried out on protons and neutrons which contain 
essentially the u and d quarks. In order to determine whether "universality" holds, it is, however, necessary 
to test it for the other kinds of quarks in order to find out whether the strength and the properties of the 
interaction are the same for the different quark flavours. 

Recently it has become possible to determine the coupling constants for u and d quarks separately, and 
the first indications of the coupling of the s quarks were also obtained. 
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Neutrino scattering experiments in BEBC 3 1 ' measured the ratio of neutral-current to charged-current 
events for hydrogen (isospin 1/2) and Ne (isospin 0). Since these two targets have different contents of u and 
d quarks, a combination of the results of the two experiments makes it possible to determine the coupling 
constants ul and dj2 separately (Fig. 35) whereas, so far, only the sum gj2 = u£ + df2^ 0.3 was known. The 
values of UL and d£ agree nicely with the Standard Model and the weak mixing angle sin 2 0 w =* 0.23 
determined by other experiments. 

Experiment WA18 3 2 ) [CHARM: CERN-Hamburg-Amsterdam-Rome-Moscow (ITEP) Collabora
tion] was able, for the first time, to measure the dependence of the cross-section for neutral-current neutrino 
scattering (v + N -• v + hadrons) as a function of y, the ratio of the energy transferred to hadrons to the total 

ABCMO Collaboration 

b) 
Neon 
ABCLOS 

Collaboration 

0.1 0.2 0.3 

Fig. 35 The combination of the results of a) neutrino interactions in hydrogen (isospinor target) (Aachen-
Bonn-CERN-Munich-Oxford Collaboration) and in neon (isoscalar target) (Aachen-Bonn -
CERN-London-Oxford-Saclay Collaboration) allow separation of the values of the coupling constants 
u£ (to the u quark) and d£ (to the d quark). The predictions of the standard model are shown on the curve 
graduated according to the value of sin20w (0w is the Weinberg angle). 
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energy (see Fig. 36). A fit to the data makes it possible to determine the ratio of the coupling strength between 
strange quarks g s and that of d quarks g d, which was found to be 

ft 
SS 

-2 = 1.39 ± 0.43. 

This first and not yet very precise result is compatible with equality of the coupling constants, and is the 
first indication of the universality of the weak interaction for quarks other than the u and the d (flavour 
universality). 
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Fig. 36 Results on the charged-current (CC) and neutral-current (NC) interactions of v and v used to determine the 
coupling constant of the strange quarks [CHARM Collaboration: CERN-Hamburg-Amsterdam-
Rome - Moscow (ITEP)]. 

8. NUCLEAR PHYSICS 
From the many interesting results obtained in nuclear and atomic physics, I must restrict myself to 

quoting only one example. 
The so-called /^-delayed radioactivity has been a familiar phenomenon for a long time. As shown in 

Fig. 37, what happens is that an excited nucleus emits a fi particle and reaches an excited state of another 
nucleus, which then usually decays to the ground state by emitting a y quantum. If, however, the excitation is 
high enough, then it is also possible that an a particle, a neutron or a proton are emitted from this state, or 
fission might even occur. This radioactivity is /ff-delayed because the particles are only emitted after a time 
equal to the half-life of the /? particle. 
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Fig. 37 Energy levels of /̂ -delayed radioactivity (schematic). The (A, Z) nucleus of the top-level /ff-decays to an 
excited state of another nucleus, which in turn emits either an alpha or neutrons, or protons, or yet fissions, 
and then emits a photon y before reaching the ground state (A, Z T 1). 

In Table 2 the various types of ̂ -delayed particle emission are listed with the names of their discoverers 
and the years when they were found. What has been detected more recently at the ISOLDE isotope separator 
is the emission of two or even three neutrons. This new kind of radioactivity has been observed with the Li, 
Na, and Rb isotopes, given in Table 3 with their respective half-lives. Figure 3 8 3 3 ) shows the decay curve for 
the 2n and 3n decay of u Li . 

Table 2 

Discovery of types of 
beta-delayed particle emission 

Type 

Alphas 

Neutrons 

Protons 

Fission 

2n 

3n 

Discovered by 

Rutherford andWood(1916) 

Roberts, Meyer and Wang (1939) 

Karnaukhov et al. (1963), 
Barton et al. (1963) 

Skobelev(1972) 

Azumaetal.(1979) 
Détrazetal.(1980) 

Azumaetal.(1980) 

Table 3 

Isotopes of Li, Rb and Na produced in 
high-energy reactions and exhibiting 
2n or 3n ^-delayed emission with 
half-lives as measured in the ISOLDE 

isotope separator 

Isotopes Half-Life 
(ms) 

f 2n "Li k 8.6 

*Na 2n 53 

JjNa 2n 17 

JjNa 2n 14.5 

'™Rb 2n 55 
(April 1981) 
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Fig. 38 Beta-delayed multiple neutron radioactivity of "Li: distribution of the time interval between the first and the 
second neutrons for events registered as doubles and triples with a correlation time 6 = 228 fis. The data are 
from a 12-hour run with an average neutron count rate of 22.9 per second. The theoretical curves showing the 
total number of events and the contribution from random events (r) do not represent a fit: they have been 
calculated on an absolute scale. 

9. CONCLUSION 
Unfortunately I could not cover the many other interesting results, e.g. a-a collision in the ISR or total 

cross-section measurements with hyperon beams. In conclusion it should be mentioned that during the last 
12 months or so, no surprising discoveries in high-energy physics have been made anywhere in the world. 
Such sensational events cannot be expected to occur every year. But I hope that I have been able to show you 
that by putting together, with much effort, detailed and, in itself, not very spectacular information, one can 
gain completely new insight into the secrets of nature, so as to better understand the ultimate constituents of 
matter and the forces that act between them. 
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