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1. INTRODUCTION: SURVEY OF RECENT
DEVELOPMENTS

1.1. Experimental developments

Much has happened in particle physics in the last
five years, in particular in our experimental knowledge
of weak interactions and of hadrons, i.e., of particles
which experience the strong interaction. Regarding
the former, the great event has of course been the ex-
perimental discovery in 1973 of a new type of weak in-
teraction, the so-called neutral-current weak interac-
t i o n / 1[ l ]

Concerningthe hadrons, the notion that they are com-
posite objects containing quarks confined by some type
of gluon field has gained great support from its success
in giving a simple and unified description of many
phenomena, ranging from hadron spectroscopy and
purely hadronic reactions to deep inelastic lepton-
hadron scattering [ 2 ] and e* e~ annihilation into had-
rons/ 3 1

New metastable hadrons were discovered and their
properties are explainable by postulating a new hadronic
quantum number called charm, analogous to strange-
ness. The resulting picture is basically simple in
terms of quarks. In addition to the three usual quarks
(often denoted by u for "up", d for "down" and s for
"strange><2)) one introduces a fourth quark, c for
"charmed". [ 4 ]

The existence of charm turns out to be related in a
deep way to the properties of the neutral-current
weak interaction, in particular to its property to con-
serve strangeness. The weak couplings of the four
quarks give a very elegant explanation for this, as was
in fact predicted theoretically before the experimental
discovery of charm/ 5 '

In addition to these developments which fit in a rather
coherent picture of particles and interactions, one

l vThis paper was first issued in English as a CERN preprint
dated 17 May, 1977 from which it was translated into
Russian for Usp. Fiz. Nauk by I. M. Dremin. The present
English text has been supplied by the author as document
CERN/DG-3 dated 20 October, 1977, and is not being
published in English elsewhere.

2 )The Russian translator pointed out that s is often associated
with the word "sideways".

must mention various experimental facts and indica-
tions showing that this picture is still incomplete. The
two main categories of phenomena of this type are:

i) the evidence for the production of what seem to be
new leptons of mass ~1.9 GeV in e* e~ annihilation at
center-of-mass energy around 4 GeV and above,[el and
of μ+ μ~ resonances of mass ~9.5 GeV in 400 GeV pro-
ton-nucleus collisions; [ τ 1 (ii) the existence of very
narrow meson resonances in the 2 GeV mass range
which seem to be explainable as narrow baryon-anti-
baryon states or through related extensions of the
quark model/8 ' Finally, one should mention the ab-
normal hadronic collisions producing secondaries with
high transverse momentum/9' Although they are usu-
ally regarded to be due to the action of point-like con-
stituents of the hadrons, they have not yet been studied
and understood sufficiently well to lead to any definite
conclusion on the validity or otherwise of this interpre-
tation.

1.2. Theoretical developments

Progress has also been important on the theoretical
side, although the work on which it is based was done
over a long period of some 25 years, starting with the
formulation of the first non-abelian gauge field theory
in 1954.[ lo] As far as established theoretical results
are concerned (as opposed to theoretical speculations
or models), the most important ones are undoubtedly
the concept of spontaneous symmetry breaking and the
fact that it provides a mechanism to generate masses
for the gauge fields/111 the proof of renormalizability
for nonabelian gauge theories/ 1 2 1 and the discovery that
these theories are asymptotically free/1 3 1 i.e. that the
effective coupling strength approaches zero for proces-
ses with increasing momentum transfers (for space-
like four-momenta).

This remarkable renaissance of quantum field theory
was paralleled by a vast amount of speculative work,
to which it gave a theoretical basis. The most frutiful
developments concern unified gauge theories for weak
and electromagnetic interactions/1 4·1 5 ' For the weak
interactions such theories found support from their
prediction of neutral currents with coupling strengths
compatible with the ones observed in high energy neu-
trino reactions, and from the elegant way in which they
incorporate the charm quantum number. No fully sat-
isfactory scheme is yet known, however, and impor-
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tant experimental results are still missing. One class
may become availible in the near future; it concerns
the parity violation effects induced by the neutral-
current weak interaction in optical transitions of atoms.
The other, more crucial experiments concern the pre-
dicted existence of bosons mediating the weak interac-
tions, with masses probably in the range 50 to 100
GeV. The standard Weinberg-Salam model/1 4 1 with the
mixing angle θν fixed by the measured rate of neutral
current interactions (sin2», =*0.24-0.37) predicts
w» ± =* 60 - 7 5 GeV, w2 o ^ 80 - 100 GeV for the masses
of the charged and neutral intermediate bosons re-
spectively. These predictions are model dependent but
the masses are probably too high for the intermediate
bosons to be produced with existing accelerators.

For the strong interactions many theorists favor a
scheme where quarks interact with gluon fields of non-
abelian gauge type, both the quarks and the gluon fields
carrying a new set of SU(3) quantum numbers intro-
duced long ago [ l 5 i and now called color. This scheme,
usually referred to as Quantum Chromodynamics, has
the property of asymptotic freedom and is therefore a
good candidate to account for the phenomenological
success of the quark model. There is in addition a
widespread hope that it could explain quark confine-
ment, but so far without much theoretical foundation.

2. INTERNAL STRUCTURE OF HADRONS AS
PROBED BY LEPTONS

2.1. Deep inelastic lepton-nucleon scattering

After its initial success for the classification of had-
rons, the quark model achieved new results of sur-
prising simplicity in providing a common description
of deep inelastic collisions of electrons, neutrinos and
antineutrinos with nucleons:3'

(2.1.1)

Consider a collision where the lepton deposits an ener-
gy Qo and a momentum Q onto the nucleon Ν which gets
into an excited state N* of effective mass PP(Fig. 1).
Measuring the distribution of the scattered lepton in
angle and energy gives information on the following
space-time correlation function between currents

= J dlx cxp ( /μ (χ) /„ (0)) v . (2.1.2)

The quantity ; μ(*) is the current density operator rele-
vant to the lepton-hadron interaction considered in
(2.1.1), i.e., the electromagnetic current for the elec-
tron scattering processes, or the charged weak cur-
rent for the neutrino and antineutrino scattering pro-
cesses νμ +N- μ+Ν*. The expectation value {ju(x)
ju(0))N is taken for the initial nucleon state.

The deep inelastic region of scattering is the region
where both Q2 = -QQU = | Q | 2 - Q\ and W2 are large

Ν* (mass W)

FIG. 1. Kinematics of inelastic electron-nucleon scattering.
The particle exchanged is a virtual photon γ.

compared to m% ~1 GeV2; it begins already at Q2,
W* -a 3 GeV2 (we take units with H= c = 1 and denote the
nucleon mass by »%, we also note that Q2 is always
positive for kinematic reasons). The first important
experimental finding, made initially at SLAC for elec-
trons and at CERN for neutrinos, is that Auu does not
decrease when Q2 and W2 become much larger than
m%. From Eq. (2.1.2) this means that ϋμ(χ))υ(0% has
a distribution in space-time which cannot be smooth
and must have some form of sharp ridges. The sim-
plest interpretation is to say that the charge pertaining
to the current ίβ(χ) is distributed in grains of size much
smaller than m~/ =* 2 x 10"14 cm. Under this interpreta-
tion the most natural assumption is to identify these
grains with the quarks and to see to what degree the re-
sulting very simple picture can account for the facts.
We proceed with a brief review of where one stands to-
day in this line of analysis (we do not consider other
lines, e.g. the one based on generalizations of vector
meson dominance).

2.2. Valence quarks in deep inelastic scattering

The most elementary assumptions one can now make
are the following:

Al. The current j^x) in Eq. (2.1.1) is the one pro-
duced by the so-called valence quarks; these are the
quarks which according to the original quark model are
the constituents of the nucleon (two κ quarks and one d
quark for the proton, two d and one u for the neutron—
for mesons the valence quarks would be a quark and an
antiquark).

A2. The quarks are treated as free Dirac particles
of spin i and their masses are neglected. According
to the standard quark model, the currents for the u and
d quarks are

(2.2.1)

(2.2.2)/μ" = —j= cos θεκγμ (1 — v5) d+herm. conjugate

The superscript em refers to the electromagnetic cur-
rent, cw to the charged weak current, and the nota-
tion u, d is used for the Dirac wave functions. The
coupling constants are

e = ]/4jta, a = 1/137—Sommerfeld constant

G = 10'6/n»J = Fermi constant (mp = proton

cos" 9C = 0.95, 9C = Cabibbo angle

3'Also the muon scattering process μ + .ΛΓ—μ +Ν* falls In this
category, but it is entirely similar to e + N-~e+N*.

proton mass)

The approximation then consists, for electron-nucleon
scattering, in calculating by means of (2.2.1) the elas-
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tic processes (Fig. 2)

d. (2.2.3;

For the neutrino and antineutrino cases, one calculates
by means of (2.2.2) the two-body processes

νμ -*μ + u, νμ+ϋ-+μ* + <ί. (2.2.4)

To carry out these calculations one must specify the
four-momenta of the quarks for a given four-momentum
of the nucleon. Here again one uses a very simple
approximation:

A3. The four-momentum of.the nucleon being Ρμ, the
four-momenta of the quarks qlf qZ)... are approximated
by *ι -Ρμ» *2 -Ρμ j · · · where the numbers xu %,... can vary
hvthe interval 0 < xt < 1. That this makes sense when
the mass W of the final hadronic system N* is very
large can be seen by going to the coordinate system
where N* is at rest and noting that the four-momentum
of the incident nucleon is there very large

c />0-|P|«

Also the four-momenta of the quarks are then large and
it is reasonable to neglect their mass, their binding
energy and their transverse momentum in the nucleon.
The quark four-momenta then have the same direction
as Ρμ in four-momentum space and can be written as

Under these assumptions, the distributions of the
outgoing leptons in the reactions (2.2.3-4), —and
therefore (by assumption A2.) those in the original
reactions (2.1.1) —, can be entirely calculated in terms
of the probability distributions pt(xt) for the momentum
fractions xt of the valence quarks in the nucleon. For
the differential cross section άσ/dQ2 one has simply

(2.2.5)

where the da{(xt)/dQ2 are the cross sections for the
processes (2.2.3-4) calculated for incident momentum
XjPM of the quark. The distribution in W2 can be cal-
culated by noting that W2/Q2 fixes the value of the
momentum fraction χ of the particular quark which is
scattered. Indeed, one has by definition

W* = «?μ + PJ~ .or 2<?μΡμ = Q3 + Π",

where the nucleon mass term has been neglected
(remember that Q2 is defined as -ζ>μζ>μ). On the other
hand, the processes (2.2.3-4) with masses neglected
give

3 quarks
—- hadrons

FIG. 2. Illustration of approximation A2 for deep inelastic
electron-nucleon scattering.

«?μ + ϊΡμ) 1 = 0 ΟΓ 2*<?μΡμ = Ο"·

Hence

= Q» + W and dl

<P+m · (2.2.6)

This gives for the double differential cross section ex-
pressing the distribution of the outgoing lepton

UpiW* .3.
i

- Pi (*)» (2.2.7)

with the sum running over the three valence quarks and
with χ determined by the first equation (2.2.6).

It is remarkable that the simple valence quark
scheme just described is capable of accounting to a
considerable extent for the experimental data, and this
is why deep inelastic scattering has provided strong
additional support to the quark_inodel. The scheme
works quite well for

0.25 when
(2.2.8)

Its most striking success is that it accounts simultan-
eously for the double differential cross section d2a/
dQ2dW2 of all three reactions (2.1.1), with the same
probability distributions pt(x) for which reasonable
shapes are found. The scheme has shortcomings,
however, which will now be summarized.

Si. The main shortcoming occurs at #SO.25 where
the cross sections are too large to be described in
terms of the three valence quarks. What happens is
that the data at small χ are incompatible with (2.2.7)
when one takes into account the normalization of the
probability distributions

(2.19)

In fact the behavior of the data for fixed Q2 and in-
creasing W2 (i.e. * - 0 ) suggests that if one wants to
describe them with an equation of the shape (2.2.7) one
should have p{ oc x~l

 a t small x, in contradiction with
(2.2.9).

S2. The second shortcoming of the scheme is that
the electron scattering data, which are more accurate
than the neutrino data, require the introduction of a
weak Q2-dependence in the probability distributions
Pi(x). This so-called scaling violation is confirmed by
the very high Q2 data obtained at Fermilab in deep
inelastic muon scattering μ + ΛΓ— μ. + Ν* which measures
the same hadronic properties as the electron process

These shortcomings will be discussed in the next sub-
section.

2.3. Scaling violation and further nucleon constituents

That the simple valence quark scheme of subsection
2.2 could not be more than a first approximation was
not only shown a posteriori by the experimental facts,
but was also expected on theoretical grounds. This
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holds in particular for assumption A2 which cannot be
strictly correct, since the most striking property of
quarks is of course that they have never been produced
as free particles, and they must therefore be assumed
to remain confined in hadrons by a very strong
confinement force. This contradicts assumption A2 and
implies that shortcoming S2 is bound to exist. What is
remarkable is not that scaling violation occurs, but that
it is a rather small effect and that it appears to be the
same in electron and neutrino reactions. Quarks be-
have approximately as free particles for the short
space and time intervals which are probed in deep in-
elastic processes, the confinement force becoming im-
portant only over larger space and time intervals. The
main manifestation of the confinement force is there-
fore expected to occur in what happens to the hadronic
system N* at a later time, i.e., after the lepton has ex-
cited it by hitting a quark qt of the initial nucleon: the
confinement force must prevent ij from escaping as a
single quark and must force it to combine with newly
created quarks and antiquarks so that N* is composed
only of ordinary hadrons (with quark composition qq~
for mesons, qqq for baryons and q~q~q~ for antibaryons).
We shall return to the scaling violation after discussing
the shortcoming SI which is quantitatively more im-
portant.

The simplest interpretation of SI is that leptons in-
teract with more than the three valence quarks and that
these additional effects are concentrated at small
values of

Q' (2.3.1)

The conventional view is that the nucleon contains in
addition to the valence quarks a set of quark-antiquark
pairs, each pair being approximately in a singlet state
so as to save the main rule of the original quark model
that the quantum numbers of the hadrons are carried
by the valence quarks. For deep inelastic scattering
the quarks and antiquarks in this so-called sea of
quark-antiquark pairs are again treated according to
assumption A2, and the fact that the additional scatter-
ing is concentrated at small χ implies that each of
them carries only a small fraction xPu of the nucleon
momentum Eq. (2.2.6) can be applied to each of them).
Eq. (2.2.7) is now to be read differently. The sum
should run over each_type of quark (u, d, s, c) and each
type of antiquark (M, df s, Z), and each term contains the
distribution /><(#) for the corresponding type of quark or
antiquark. For the strange and charmed quarks, eqs.
(2.2.1-2) are to be supplemented by

(2.3.2)

( 2 3 3 )

( Y 5 ) ]
+ henn. conjugate.

The assignments for the charmed quark are those of
Ref. 5 and successfully account for the properties of
charmed particles so far discovered. They are less
well established, of course, than those for the familiar
u, d and s quarks.

A simple and popular choice of the functions pi(x) is
in terms of two distributions, Ρ,*\(.χ) for valence quarks
and PKi(x) for sea quarks and antiquarks. It reads

Pu = 2i\ai + Ps«a. Pd = P**i + P*ta for protons

Pu = Aral + Psea. Pi = ^A·al + Psea for MUtTOnS

Pi = P3 = p, = P; = pc = Ρΐ — ρκι for protons and neutrons

One may also prefer to put pc =p^ = 0, as was of
course done before the discovery of charm. Only Pval

is subject to a normalization condition:

which ensures that the number of valence quarks in
the nucleon is 3. The total number of q and q of given
type in the sea is given by

1

2 f P.ea (X) dx.

Very reasonable fits to the data are obtained with the
above choices. They reveal that PXi is concentrated
toward small χ and grows like x~l for x~0, corre-
sponding to a non-vanishing value of d2a/dQ2dW2 in
this limit. They also show that the total amount of
four-momentum carried by all quarks and antiquarks
in the nucleon, which is given by ΧΡμ with

Λ '= Σ = 3 j xPy,,{x)dx + n [ xP,M(x)dx, η = 6 or 8

is of the order of half the nucleon four-momentum Ρ μ ,
i.e. X=*0.5, and most of it is contributed by the valence
quarks.

This is an important finding. Even when all the
deep inelastic scattering is attributed toquarks and
antiquarks in the nucleon, —and we shall argue below
that this assumption is rather extreme—, these q and
q do not account for more than half of the nucleon con-
tents. The usual conjecture in this respect is to say
that the other half of the nucleon consists of gluons,
i.e. of quanta of the mesonic "glue field" supposed to
confine the quarks. Such gluons are assumed not to
have any direct interaction with leptons, i.e. not to
contribute to the currents jf,m and fj1, so that they give
no contribution to the cross sections d2a/dQ2dW2.

One has thereby constructed a picture of the nucleon
which, on the face of it, requires three sets of con-
stituents, namely the valence quarks, the quark-anti-
quark sea and the gluons. One should remember, how-
ever, that gluons and quarks must interact, since the
former confine the latter. Consequently, the presence
of an important gluon component in the nucleon implies
the presence of virtual qq pairs by the virtual transi-
tions

gluon « qq.

Hence the above picture can be reformulated by saying
that the nucleon basically consists of the three valence
quarks and a cloud of gluons, the latter contributing to
lepton scattering by quark-antiquark pair creation
(Fig. 3).
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3 quarks f =

• gluons
— hadrons

FIG. 3. Contribution of quark-antiquark pairs to deep in-
elastic electron-nucleon scattering. The dashed lines
represent gluons.

This formulation also avoids an artifical feature of
the more conventional picture which claims that all
qq effects in deep inelastic lepton scattering are due to
qq pairs pre-existing in the nucleon. For example, the
latter picture is not easily maintained for diffraction
dissociation processes of the type

e-

+ N- • V + N,
- μ + w^ .
. + Ν -» V + Ν,

(2.3.4)

in which the virtual photon γ or weak intermediate bo-
son W dissociates diffractively into a meson state V.
From our knowledge of diffraction dissociation we ex-
pect that the process (2.3.4) will occur at non-vanishing
but small x = Q2/(Q2 + W2) even when Q2 is large, and
that it will produce meson states V in a mass range
my s Q. It is obviously more natural to say that the
hadron V is composed of a qq pair which has been
created out of the virtual photon or weak intermediate
boson by a diffractive process in the nucleon gluon
field, rather than to claim that the qq of the V pre-ex-
isted in the nucleon as part of the latter's sea of
quarks and antiquarks.

We now turn to the question of scaling in deep inelas-
tic lepton nucleon scattering. In our elementary formu-
lation it is the question of the validity of Eq. (2.2.7)
with the sum running over all types of quarks and anti-
quarks and with the />,(*) independent of Q2. Experi-
mentally, one finds that for increasing Q2 the p{{x)
slowly increase for small x (roughly #s0.2) and slowly
decrease for larger x. It is remarkable that this form
of scaling violation is qualitatively predicted by Quan-
tum Chromodynamics, the variations with Q2 at fixed
χ being logarithmic. It can also be understood on the
basis of intuitive arguments. At small χ the lepton
scattering involves virtual qq pairs, and it is natural
that more such pairs get active as one probes smaller
dimensions by increasing Q2. At larger χ the valence
quarks do most of the scattering, and their number is
fixed. But for a given x their scattering strength is
expected to decrease as Q2 increases. This can be
made plausible in two essentially equivalent ways. Due
to its interaction with the gluon field, the quark has a
form factor which decreases as Q2 increases. One can
also say that larger Q2 probe smaller dimensions,
hence "barer" components of the quark. The barer
the component, the smaller is its four-momentum, the
rest of the four-momentum residing in the gluon cloud
of the quark. The net effect is that the bare valence

quarks appear at smaller χ for larger Q2. Since for a
given Q2 their distribution pi(x) is a decreasing function
of x, it implies that Pt(x) decreases for increasing <?2

at fixed x. This way of reasoning also suggests that
for increasing Q2 the assumption A3 presumably gets
violated to a certain degree, in the sense that the com-
ponents of the quark momentum transverse to the nu-
cleon may no longer be negligible.

This ends our discussion of the quark-gluon picture
of internal hadron structure as derived from the study
of deep inelastic lepton scattering on nucleons. Before
turning to problems of the strong interactions, we
briefly consider another way of studying hadrons with
leptons, which has recently revealed an extraordinary
fruitfulness.

2.4. Electron-positron annihilation into hadrons

The process e+e~ - hadrons, which had been known
for some time to give very useful information on the
neutral vector mesons, has become at higher energies
an unbelievably rich source of new experimental facts.
This occurred at center-of-mass energies above 3
GeV, accessible with the e*e~ storage rings SPEAR at
SLAC and DORIS at DESY. In addition to the j / φ vec-
tor meson of mass 3.095 GeV and width 69 ± 15 keV,
also found at Brookhaven,U] the SPEAR ring led to the
discovery of many other particles, including charmed
mesons M and, very probably, a new lepton.[6]

We here briefly mention some general features of
e*e~ annihilation into hadrons which are of direct im-
portance for the quark-gluon picture of hadron struc-
ture. The basic assumption relating these annihilation
processes to quarks is closely similar to assumption
A2 of subsection 2.2. It can be formulated as follows:

A4. e*e~ annihilation into hadrons proceeds through
a first step where the e*e~ pair annihilates into a
quark-antiquark pair, the quark and antiquark behaving
as free Dirac particles (Fig. 4).

This assumption is subject to the limitations already
mentioned for A2 at the beginning of subsection 2.3. In
particular, once the quark and antiquark have been
created and separate from each other, the action of
the confinement force must become very strong and
produce additional qq pairs so as to ensure that the
final state be composed only of hadrons (mainly
mesons).

One feature of e*e~ annihilation data supporting this
picture is that, at the highest energies measured (the
SPEAR data extend to center-of-mass energy ~8 GeV),
the hadrons produced have a momentum distribution

hadrons

FIG. 4. The mechanism of assumption A4 for e*e" annihilation
into hadrons. y is a virtual photon.
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which, in each collision, has an elongated shape often
referred to as jet structure. This is as expected if the
hadrons are produced with limited values of their mo-
mentum components perpendicular to the direction of
the qq pair originally created in the annihilation. The
distribution of the angle θ between the latter direction
(which is also the jet direction) and the incident direc-
tion of the e*e~ pair is compatible with the simple foriv

(2.4.1)
iicos9 • l + cos29.

This is the form calculated for annihilation through a
single virtual photon

>-hadrons. (2.4.2)

A second consequence of assumption A4 is that the
ratio of the total annihilation cross sections into had-
rons and muon pairs

• virt -*hadrons)

σ («•«- ->- virt — μ > " )

should have at high energy the value

(2.4.3)

(2.4.4)

where the sum rules over all types of quarks and the
Q{ are their electric charges. Experimentally R is
-2.5 for center-of-mass energies 2.5s£cm s3.5 GeV
and is ~5.5 at Eom £4.5 GeV, i.e., above the threshold
region for production of charmed particles and new
leptons (the value R ~ 5.5 contains the contribution of
the new leptons). These values cannot be understood
if the types of quarks are only u, d, s, and c (with
charges - j , f, - i and f respectively), because one
has then R =2 (-Ϊ) 2 +(f)2 = f below the threshold and
• R = | + ( | ) 2 + l = 2 f above (in the latter value we have
included the new leptons as one term in (2.4.4) with
Q = D.

The usual interpretation for the higher R values is in
terms of the additional SU(3) quantum number of
color.fl5] It says that each of the so-called quark
"flavors" u, d, s, c has three color states. This gives
Λ=3χ f = 3 below and Λ=3χ 1̂ - + 1 = 4 j above the
threshold, the latter value again including one unit for
the new lepton contribution. We see that the u, d, s
quarks with color give a satisfactory R value below the
threshold, but that the addition of just the c quark with
color and one new lepton is insufficient to account for
the increase of the R value through the threshold re-
gion, a discrepancy which is not yet resolved.

These considerations illustrate how informative
e*e~ annihilation turned out to be for uncovering aspects
of hadron physics which are very hard to extract from
the more conventional collision processes involving
hadrons as incident particles. In fact, the development
of hadron physics in the last twenty years has revealed
a remarkable degree of complementarity between had-
ron-hadron collisions, lepton-hadron collisions and
e*e~ annihilation in providing the experimental informa-
tion on which our present conceptions of hadron struc-
ture are based. The extensive body of knowledge now

existing on hadron spectroscopy and hadron dynamics
resulted mainly from the experimental work on had-
ron-hadron reactions, and led to the SU(3) classification
of hadrons and to the formulation of the quark model.
It took the work on deep inelastic electron-nucleon and
neutrino-nucleon scattering to extract a more precise
picture of the structure of nucleons and of the proper-
ties to be attributed to the quarks. As to e*e~ annihila-
tion, it turned out to be by far the most effective way
of producing the heavy hadronic states related to the
new quantum number of charm, and the only way so
far to produce the new lepton of mass 1.9 GeV.

3. STRONG INTERACTIONS

3.1. General considerations

The new concept of a composite structure of had-
rons with quarks and gluons as constituents leads to
far-reaching consequences for strong interaction phy-
sics. The strong interactions as they are classically
observed in reactions between hadrons are presumably
manifestations of the same strong force which also
confines quarks and gluons in the hadrons themselves.
The general picture which many physicists now regard
as the most plausible one for the strong interactions
can be described by invoking analogies and differences

with electrodynamics. They are summarized in Table
I and commented upon below under the specific but un-
proven assumption that the SU(3) group of color is an
invariance group of the strong interactions.

Property I goes back to the original work of Green-
berg [ l 5 ] in which quarks are attributed two sets of
quantum numbers, q =<lty, one / related to what is now
called flavor (/ =u, dt s, c) and the second γ related to
what is now called color (y = 1, 2, 3). Hadrons are either
mesons, baryons or antibaryons, according to the
three ways of making color singlets:

mesons: Σ ? Ι # Ϊ .

bartons:

antibaryons:

with: crr.r» fully antisymmetric and ε123= 1.

The small distance part of Π is supposed to be re-
lated to the asymptotic freedom property of the gluon
field, i.e. of the strong analogue of the photon field.
This property holds for the non-abelian gauge field of

TABLE I.

ΥΥ'Ύ"

Strong interactions

(Chromodynamics)

I. Color, a set of eight charge operators Qa with the
commutation rules of the SU(3) Lie algebra.

II. Confinement force between systems which do not
have all QQ zero, should be weak at small distances
and grow strong at larger distances.

III. Hadronic system, is a color singlet, i.e. has all
Qa zero.

IV.Strong force between hadronic systems.

Electromagnetic interactions

(Electrodynamics)

Electric charge, a single charge operator

Q.

Coulomb force between systems which
have non-zero charge Q, depends as
1/Λ on the distance R between the
systems.

Electrically neutral system (Q = 0).

Van der Wools force between electrically
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Yang-Mills type [ l o ] belonging to the SU(3) group of
color. The gluon field has then eight components, one
for each charge Qt. The large distance part of II is
related to the crucial question of confinement on which
very little is known. Confinement could be absolute but
need not be; in fact, we shall argue below that, due to
the low value of the meson masses, even a moderately
strong confinement force might suffice to make single
quark production very unlikely (see subsection 3.5).

Properties ΠΙ and IV make it clear how complicated
the strong interaction dynamics of hadrons is likely to
be. Just as interatomic and intermolecular interactions
are intricate manifestations of electrodynamics, re-
quiring ad hoc concepts and approximations to become
physically understandable, strong interactions between
hadrons are likely to be complicated and indirect mani-
festations of the basic strong interaction laws. The
theoretical schemes developed to describe them (Regge
model and Reggeon field theory, dual resonance model
and dual theory) cannot be expected to reveal the basic
laws in any straightforward way. Rather than trying to
transform these essentially phenomenological schemes
into full-fledged theories, hadron physics now tends to
concentrate more on bridging the gap between the new
concepts of quark-gluon structure and what is observ-
able in hadronic reactions. This is clearly attempted in
most studies of high transverse momentum collisions,
although without too many conclusive results so far
(see subsection 3.4). The same trend becomes also
apparent in recent work on high energy hadron-hadron
collisions of the normal, low pT type, which will be
our next topic.

3.2. Low transverse momentum collisions of hadrons

on hadrons

Whereas hadron-hadron collisions at ceriter-of-mass
energies ECM up to a few GeV are mostly dominated by
the production and decay of a small number of familiar
resonances, the situation changes for ECM s 5 GeV
where the most common collisions produce an increas-
ing number of secondaries, all of which have small
values of their transverse momentum pT. The latter is
defined as the projection of the momentum vector on a
plane perpendicular to the so-called longitudinal direc-
tion, which is the incident direction taken in the labora-
tory frame or in the CM frame, both definitions being
equivalent (CM =center-of-mass). In contrast, the
longitudinal momenta pL (defined as the projections of
the momenta on the longitudinal direction) have a wide
distribution extending over the whole range allowed by
energy-momentum conservation. A useful alternative
for expressing this distribution is in terms of the
(longitudinal) rapidity, which is a dimensionless var-
iable defined by the equation

us=—ln—•—-f o .Z. l

with vL the projection of the velocity on the longitudinal
direction (remember that c = 1 in our units). The
rapidity depends on the frame of reference, but it
transforms additively

F,

/

Ρ

FIG. 5. The general shape of the rapidity distribution of
secondaries of proton-proton collisions at very high energy.

y -*• y + constant

when one starts from the CM frame and applies a Lor-
entz transformation in the longitudinal direction (the
Lorentz transformation from the CM frame to the
laboratory frame is of this type).

At very high energy, ECM ζ 20 GeV, the rapidity dis-
tribution of secondaries takes the qualitative shape de- ;
picted in Fig. 5 for the case of proton-proton colli-
sions, where j ^ and y2 are the rapidities of the incident
particles and the three regions marked Flt Ρ and F2

have a qualitatively simple behavior. The so-called
fragmentation regions Fl and F2 vary little as Ecu in-
creases, both in their shape and in their width Ay =* 2;
they are believed to contain secondaries which originate
from an approximately energy independent excitation
or "fragmentation" of the incident particles. The so-
called plateau region P, which is absent for ECM< 20
GeV, is rather flat and grows slowly in height when
ECMincreases. Its length is - y2-yi-2A;y=sy2 - 5 Ί - 4
and grows as In £C M+constant at large ECM.

The secondaries in the plateau region are mainly
pions and show short-range correlations extending over
rapidity intervals of order ~2. A crude description of
these correlations can be obtained by assuming that the
pions are produced in uncorrelated clusters. There is
growing evidence that many of the pions are decay pro-
ducts of familiar meson resonances but it is not known
what are the correlations between the latter.

In addition to a few pions, the fragmentation regions
usually contain a nucleon if the corresponding incident
particle was a nucleon, or a strange hadron if the
corresponding incident particle carried strangeness.
This is a manifestation of a property known as the
leading particle effect, which seems to have general
validity. It says that the most important quantum num-
bers of the incident hadrons are usually found back in
the corresponding fragmentation regions, ensuring a
high degree of overall "neutrality" for the plateau
region.

While the inelastic collisions of the above general
class account for more than half of the total cross
section, there are hadron-hadron collisions of lower
multiplicity which have also a large cross section.
They are firstly the elastic collisions where both had-
rons emerge unchanged except for a small deflection of
the direction of flight in the CM system, and secondly
the so-called diffraction dissociation collisions where
one of the incident hardons, -or less frequently both-,
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undergoes an excitation which extends to increasingly
high masses as the incident energy £CM increases. Al-
so here the secondaries have mostly low pT.

For these two classes of collisions, the most natural
interpretation is in terms of the familiar phenomenon
of diffraction or shadow scattering. While this is
straightforward for elastic scattering, the phenomenon
of diffraction dissociation, i.e. inelastic diffraction, is
of more specific interest for hadron dynamics. The
reason is that the inelastic diffraction cross section for
hadronic collisions is found experimentally to be quite
large in the high energy range (20 s ECM s 60 GeV),
where a rather clear empirical separation is observed
between diffraction dissociation and the remaining in-
elastic collisions (the latter are often referred to as
non-diffractive collisions).

3.3. Quarks and gluons in lowp r collisions

The question of how to account for the main charac-
teristics of low pT collisions in terms of quarks and
gluons is being investigated by many people, and it
should be acknowledged that one is far from any con-
sensus on the most promising approach. The subject is
typically a "soft" one (as is for example also the
study of nuclear reactions), both experimentally—the
phenomena are complex and it is hard to say a priori
what are their most relevant features-, and theore-
tically—theoretical work usually relies more on
guesses than on unambiguous derivations. None of this
is very surprising if one accepts the general considera-
tions of section 3.1, nor can one expect to find an easy
road to the solution.

On the experimental side, it is very likely that com-
prehensive information is required not only on hadron-
hadron collisions, but also on the hadronic systems
produced in deep inelastic lepton-hadron scattering and
in high energy e*e~ annihilation. One can indeed ex-
pect that a great deal could be learned from compari-
sons between these processes which involve quarks and
gluons in very different manners. Unfortunately, our
knowledge of the two classes of lepton-induced processes
is still primitive, and it is difficult to reach for them
the high values of the hadronically relevant energy
variable which are required for propercomparisonsto
be made.

As an example of such comparative work we men-
tion a study of mean charged hadron multiplicites («)
for hadron-hadron, photon-hadron, lepton-hadron and
e*e~ collisions/161 It concludes that in) tends to be-
come independent of the nature of the incident particles
when the hadronic energy is sufficiently high. Although
this result is still affected by the limited energy range
and the large uncertainty of available data on photon-
and lepton-induced collisions, it gives a nice illustra-
tion of what can be learned from the type of comparison
under discussion. Thus, there are theoretical schemes
which predict that (n) is twice as large for hadron-
hadron than for lepton-induced processes at high ener-
gy, and the data may rather soon become good enough
to exclude this possibility. Other instructive compari-
sons deal with the leading particle effect and the dis-

tribution of momenta and rapidities of the hadrons pro-
duced in the various types of collisions.

If on the experimental side we tend to lack informa-
tion, the theoretical situation is marked by a plethora
of models and schemes which all succeed in reproduc-
ing more or less the main trends of the data. Many
schemes are mathematically involved, all contain a
lot of flexibility, and the situation changes too rapidly
to make a systematic review worthwhile. We shall try
to sketch a few general features according to which the
various schemes can be classified.

We start with the most ambitious aim of a genuine
strong interaction theory based on Quantum Chromody-
namics (QCD). The facts that QCD is renormalizable
and that it is asymptotically free are of little help in
the low pT situation, all the more so that one does not
know how to derive from QCD the confinement property
which is empirically the dominant feature of the
strong interaction. Since perturbation theory can
certainly not be applied in low pT processes (it is ap-
plicable at large Q2 where asymptotic freedom holds),
one needs another approximation scheme. G. 't Hooft
has proposed an expansion in 1/NC with Ne =3 denotes
the number of colors/171 It has a remarkable resem-
blance to the dual loop expansion of dual theory. This
bridge between QCD and dual theory can be broad-
ened1-181 by making contact with the topological expan-
sion of dual theory/191 which is a \/Nf expansion with
Nf being the effective number of flavors active at low
pT, and the closely related dual unitarization
scheme/201 Despite their formal interest and their
ability to incorporate the qualitative properties of the
data, such expansion schemes are still subject to many
uncertainties and variations, in particular on the way
of incorporating the baryons.

At a less ambitious level, many authors have pro-
posed phenomenological pictures of hadrons and of had-
ron collisions in terms of quarks and gluons. This line
of work in fact goes back to the original parton models,
which adopted a crudely descriptive approach to the
empirical facts, in terms of partons which were pre-
sumed to be quarks but could also be other objects.
The present trend is to attribute an increasingly im-
portant role to the gluons in the dynamics of low pT

collisions, either invoking specifically the color prop-
erty of the single gluons of QCD/21'221 or at a less spe-
cific but perhaps less model-dependent level where
hadrons are viewed as composites of valence quarks
embedded in a gluon cloud (see subsection 2.3). Des-
pite its generality, the latter concept of "quark-glue
structure" of hadrons can lead to a qualitative but
simple and intuitive picture of various hadron reac-
tions, as will be reviewed in the remaining part of this
subsection.

In view of the property that the main quantum num-
bers of hadrons are carried by their valence quarks,
the leading particle effect of common hadronic colli-
sions suggests that in such collisions the valence
quarks tend to fly through with smaller loss of incident
momentum than the gluon clouds. This leads one to
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assume that the most important process in such colli-
sions is the strong interaction of the gluon cloud of one
incident hadron with the gluon cloud of the other, the
color-singlet set of valence quarks of each incident
hadron flying through and retaining most of its fraction
of incident momentum.

This qualitative view is supported by the following

empirical fact. The mean fraction of the momentum

of an incident hadron carried by its set of valence

quarks is known from the deep inelastic lepton experi-

ments to be about \, and the mean incident hadron mo-

mentum fraction estimated to be carried out of a had-

ron-hadron collision by the leading particles happens to

be also ~ | . In the simplest approximation, one is led

to assume that the incident momentum fraction χ car-

ried out of the collision by each leading particle is

roughly equal to the sum Σχ, of the valence quark mo-

mentum fractions xi in the corresponding incident had-

ron. Taking the nucleon case and introducing the joint

probability distribution g(xix2x^ of the momentum

fractions xt of the three valence quarks, one can then

express the distribution / (#) of the leading particle

momentum fraction in terms of g:

)—) 1—x2 — x3)dxtdxidz3. (3.3.1)

the integration extending over the region

T: x1 > 0, x, > 0, z, > 0, X! + x1 -f i, < 1. (3.3.2)

But the valence quark distributions Pi(x) of subsection

2.2 are themselves related to g by

g(Xi, x,,x3)o(x— xi)dxldx,dx3. (o.o.i)

τ

One thereby obtains a remarkable link between the

leading particle spectrum of common hadron collisions

and the valence quark part (i.e. the χ ί θ . 3 part) of deep

inelastic lepton scattering, and it can be shown1·231 that

it fits well with the experimental shapes of / (*) and

the />,(*).

We mentioned in subsection 3.2 the three regions ob-

served in the rapidity distribution of secondaries of

general inelastic collisions at high energy, namely the

two fragmentation regions F1 and F2 separated by the

plateau region P. A simple relation of these regions

to the quark-glue picture sketched above suggests it-

self naturally. The regions Fx and F2 would be the

phase space regions mainly populated by the leading

particles and the additional mesons which originate

from the "hadronisation" of the sets of valence quarks.

On the other hand, the hadronisation of the gluons radi-
ated out of the collision of the two incident gluon clouds
wouldpopulate the plateau region P. This gluon cloud
collision would presumably be of a type characteristic

of nonlinear field theories (QCD is such a theory), the

qualitative properties of which were derived long ago

under the name of hydrodynamical models of high ener-

gy collisions.1241 It is interesting to note that the main

difficulty with such models in the past was their inabil-

ity to reproduce the strong leading particle effects ob-

served experimentally, a difficulty now resolved by the

realization that these effects can be attributed to the

valence quarks.

The hadronisation of the gluons mentioned above is

expected to proceed dominantly by production of low

mass qq pairs. The most common hadrons in the plat-

eau region will therefore be the familiar mesons, but

one expects on statistical grounds (spin multiplicity

factor 2J +1) that the vector mesons will be more abun-

dant than the pseudoscalar ones. This is supported by

recent experiments/251 As to the fact that most had-

ronic secondaries are produced with low pT in all three

region Fu F2, P, it is undoubtedly a manifestation of

the very general law of dominance of low over high

momentum transfers in strong interaction processes.

The quark-glue picture of hadronic collisions has
also interesting consequences for diffraction scatter-
ing, elastic and inelastic.[2el The reason is as follows.
For a given collision energy and a given impact para-
meter of the two incident hadrons, their two gluon
clouds have a whole spectrum of collision energies and
impact parameters, corresponding to the fact that the
gluon cloud of each hadron carries a variable fraction
xt of the hadron momentum and has a variable impact
vector b, with respect to the hadron itself. Consequent-
ly, for a given collision energy £CM and impact para-
meter b of the two incident hadrons, the elastic scat-
tering amplitude of the two gluon clouds has a whole
spectrum of values. This in turn implies for the had-
rons the existence of inelastic diffraction (diffraction
dissociation) in addition to ordinary elastic diffraction
scattering, the basic formula for the hadron-hadron
cross sections at given impact parameter being

o<\(B. Ecu)"(it)1. (3.3.4)

(3.3.5)

Here t, is the imaginary part of the elastic scattering
amplitude of the two gluon clouds, its real part being
neglected. The bar indicates the average over the
variables xt, h, of each gluon cloud in its own hadron,
for given values b, ECM of the hadron-hadron collision.

By analyzing the proton-proton data on elastic scat-
tering and diffraction dissociation along the above
lines, one is led to interesting conclusions on the gluon
cloud absorptive amplitude tt can be approximately
described by a gaussian with a flattening at the maxi-
mum (i.e. at small /3), the unitarity limit of tg = l (full
absorption) being reached at 0 = 0. The width of the
gaussian slowly increases with energy. These features
correspond to the following observed properties of
proton-proton collisions in the energy range 10 GeV
S EcU S 60 GeV:

i) the total cross section increases (this relates to
the widening of the gaussian);

ii) the diffraction dissociation cross section is large
(this relates to the xe, bt distributions of the gluon
clouds in the hadrons and to the fact that t, is fully ab-
sorptive at 0 = 0);
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iii) the proton-proton absorptive amplitude at zero
impact parameter (b = 0) remains practically constant
at a value which is smaller than the unitarity limit
(that this is so despite an increasing cross section is
due to the spread in bt of the gluon cloud inside the
proton);

iv) the proton-proton elastic scattering shows a dif-
fraction minimum at a momentum transfer Δ = 1.14 G<v
which is large compared to the mean proton radius R,
in the sense that RA^ 5 » 1 (this feature is related to
the flattening of tt at small values of β).

We end this review of quarks and gluons in low pT

hadronic collisions by a brief remark on a further class
of such processes, namely the low multiplicity colli-
sions with exchange of hadronic quantum numbers (iso-
spin, strangeness, baryon number). Although they
have cross sections decreasing with energy, these col-
lisions have been extensively studied. They are usually
described by diagrams involving meson or baryon ex-
change, the quark lines forming a planar diagram
(planar means: without lines crossing each other when
the diagram is drawn in a plane). It is interesting to
note that in all cases of planar quark diagrams the pro-
cess involves annihilation of a quark and an antiquark
present in the incident hadrons, and qq creation to
build up the outgoing hadrons. It is probably in this
fashion that gluons play an important role in such colli-
sions, see also Ref. 21, but little work has yet been
done along this line.

3.4. High transverse momentum collisions of hadrons
on hadrons

We now come to the abnormal hadron-hadron colli-
sions producing secondaries with high pT discovered in
1973 at the CERN Intersecting Storage Rings (energy
range 20 s ECM s 60 GeV). Whereas the average pT of
secondaries produced in normal collisions is of order
350 MeV/e, secondaries with pT as high as 8 GeV/c
have been seen for £CM ^ 30 GeV. At £ C M =; 30 GeV the
production cross section of secondaries is about 5x 107

times smaller for pT ~5 GeV/c than for pT^0.5 GeV/e.
The same ratio is only 5x 106 at £CM ~ 6 0 GeV due to an
increase by a factor 10 of the cross section at pT = 5
GeV/c. The high pT collisions must therefore be re-
garded as exceptional processes with a cross section
which is small but increases rapidly with incident en-
ergy. [91

Much experimental work has already been devoted to
these collisions, mainly at the ISR, and remarkable
qualitative features begin to emerge. It appears that a
collision in which a very high pT secondary has been de-
tected also contains a few other secondaries with ab-
normally high pT (but considerably lower than the pT

first detected), and that the high pT secondaries are
grouped in two "jets" on opposite sides of the line of
flight of the incident particles. The other secondaries
seem to have properties largely similar to those of
ordinary, low pT collisions (see Fig. 6). An important
fact is that wide distributions are observed for the
polar angles elt θζ of the two high pT jets with respect

to the line of flight of the incident particles in the CM
system. In particular, the jets do not come back to
back, i.e. ft, is usually different from η- θν As to the
azimuthal angles 0U θ2 of the two jets, present experi-
mental indications are that the distribution of \θι - θ2 \
peaks at π, but this needs confirmation.

The two latter properties give support to the type of
interpretation most commonly accepted for high pT

collisions. One imagines that they are due to a large-
angle elastic (or quasi-elastic) collision between a
constituent (perhaps a quark?) of the'first incident
hadron carrying a variable fraction x1 of the latter's
momentum, and a constituent of the second incident
hadron also carrying a variable momentum fraction x2.
After their large-angle collision, these constituents
are supposed to produce by " hadronisation" the two
high pT jets on azimuthally opposite sides of the inci-
dent direction, their polar angles 9lt ft, reflecting the
values of the incident momenta of the constituents, i.e.
of the momentum fractions xu x2. After having "lost"
the scattered constituents, the incident hadrons would
fly through and give rise to the low pT secondaries of
the collision.

Further information comes from the recent study of
collisions experimentally selected by the property that
the total pT (vector sum) of several detected second-
aries is large. [ 2 7 1 In the range above 3 GeV/c, the dis-
tribution of this total pT is found to have the same shape
as for the pT of a single secondary, but the cross sec-
tion at given pT is much larger, by more than a factor
100 at pT^ 5 GeV/c (this Fermilab experiment was
carried out at ECM » 20 GeV). In contrast, previous
experiments selected collisions by requiring one single
secondary to have a high value of pT and it was this
value of pT which was used to define the cross section
and to plot the pT distribution. Comparisons between
the two typeslsf experiments will clearly be instructive.

Further questions to be investigated concern the ac-
tual number of high/>r jets per high/>r collision (is it
always 2 or does it vary?), the actual distribution in
\θί - Θ2\, the momentum distribution of the secondaries
contained in a high pT jet (how does it compare with the

FIG. 6. A high pT collision in momentum space. The broken
lines represent the momentum vectors of the normal, low pT

secondaries. The full lines are those of the high pT second-
aries. The momenta of the incident particles (not shown) are
horizontal.
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momentum distribution of low pT secondaries, and with
that of the hadronic secondaries in high energy e*e~ an-
nihilation?), the flow of hadronic quantum numbers in
high pT collisions, etc.

All such information will probably be needed to test
the general interpretation of high pT collisions sketched
above and, if it is confirmed, to make it more precise.
One may then perhaps get closer to the answer to the
obvious question: can the constituents which scatter in
such collisions be identified with the quarks? It is now
indeed recognized that this question is much more dif-
ficult than originally thought, being obscured by many
uncertainties concerning quark-quark collisions, the
hadronisation of quarks escaping from hadrons, and tl
role of gluons in strong interaction processes.

3.5. Further remarks on quark confinement

We end our discussion of the strong interactions by
returning to the fundamental question of quark confine-
ment, and we try to comment on it in simple physical
terms. Ever since the quark hypothesis was proposed
in 1964, experiments to detect single quarks have been
going on. Despite many searches, no quark has ever
been found to emerge from high energy collisions. One
has looked for fractional charges in bulk matter, and a
recent publication1281 presents for the first time a posi-
tive indication for the existence of fragments of matter
with electric charge ± i . Obviously, for the quark pic-
ture of hadrons to be valid, there must therefore be
strong confinement forces to prevent copious production
of single quarks, but it may be hazardous to postulate
that confinement should be absolute.

The point we want to make is that there is a natural
relation between the tendency of quarks to remain con-
fined and the low values of the masses of the most com-
mon mesons (qq systems). The reasoning goes as fol-
lows. Take a hadron Η at rest and imagine that one of
its quarks, -call it q0-, receives at time t = 0 a large
amount of momentum and energy in a hard collision
process, thereby acquiring a high rapidity y 0 » 1 with
respect to H. At first, the quark q0 flies rather freely
inside the hadron Η with a velocity tanhy0 very close to
the velocity of light (tanhy0 =*1). At a time t~R0 with
Ro of the order of the hadron radius, i? 0 ~l<r 1 3 cm, q0

reaches the hadron edge and tries to escape. This is
when the confinement force starts to act and presumably
becomes rapidly strong. It will decrease the rapidity
of q0 from y0 to a lower value y'o, as part of the kinetic
energy of q0 is transformed into excitation energy of the
gluon field. As soon as this excitation energy grows to
a moderate value, say 1 GeV in the rest frame of H, it
can be dissipated through creation, near the location of
q0, of a quark-antiquark pair qlq2 with rapidities y 1 (y 2

Taking the case where ql and q2 move in the direction
of qB with rapidities yl-&l and y 2 >y l t we have a sit-
uation where the quark ql can fill the hole left in Η and
thereby transform Η into a (moderately excited) hadron.
As to q2 and q0, they are near each other in space and
move in the same direction with rapidities y2 <: 1 and

y'o» 1, but y'o being smaller thany0. The q2q0 system
can be regarded as a meson of rapidity y2 in which the
quark q0 has been accelerated to rapidity y'o. The rapid-
ity y'o. The rapidity gap ?£ -3>2 of q2q0 is smaller than
the original gap between Η and q0. At a time t2 2R0 the
separation between q0 and q2 will again have grown
enough for the confinement force to become strong and
reduce the rapidity gap yj -y 2 to a smaller value yj -y 2,
thereby providing enough excitation energy of the gluon
field to create a further pair qjj4 with \y3 -y 41 ~ 1. If
3>3<3>4, the quark can form a meson with q2, and one is
left with the pair q4q0 whose rapidity gap is now only
yl -yv The process can obviously continue until an
antiquark qn has been created with a rapidity close to
the rapidity left for q0, so that q$0 can form a meson.
The overall effect is that a meson jet has been formed
in the wake of the quark q0 which is itself contained in
the leading meson of the jet (Fig. 7).

While the detailed process just sketched for the for-
mation of the meson jet is of course only one among
various possibilities (the pair qjl2 could also be formed
with rapidities 3Ί,y2 up to y'o, and similarly for further
pairs), the dynamical principle would always be the
same: as soon as quark separation builds up an exci-
tation energy of the gluon field which reaches ~ 1 GeV
in a volume of diameter ~Ra in some reference frame,
this excitation can lead to creation of a low mass qq
pair with low rapidity in this reference frame. In terms
of color, the qq pair creation achieves local neutrali-
zation of color and thereby reduces the excitation of the
gluon field. This general process presumably is active
both in deep inelastic lepton-hadron scattering (where
one quark of the hadron is hit by the scattering) and in
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e*e" annihilation into hadrons (where the annihilation
first produces a qq pair with large rapidity separation).
It suggests three general properties of the meson jets
to which it gives rise:

i) the mesons have a uniform rapidity distribution
along the jet axis, except for end effects concentrated
in rapidity intervals of order 1 or 2;

ii) only these end effects depend on the quark and had-
ron (or quark and antiquark) from which the jet initiated;

iii) the mesons produced in the jet are a statistical
mixture of low mass qq states and the common vector
mesons must therefore be more numerous among them
than the pseudoscalar ones.

We recall in passing that the last property is also ex-
pected, - and indeed observed-, for the mesons produced
in the central plateau region of low/>r hadron-hadron
collisions (subsections 3.2 and 3.3).

Returning to the problem of quark confinement, we
comment briefly on the question of how large the con-
finement force becomes when a quark is removed from
a hadron and separated from it by large distances ii
» i? 0 ~ 10"13 cm. Depending on whether the confinement
potential VC(R) becomes infinite or remains finite for
R — °° one will have absolute or limited confinement of
quarks. In our way of looking at the confinement prob-
lem, the answer to this question hardly matters for
what actually happens in most collisions. The reason is
that whenever Vc grows to a moderate value of ~ 1 GeV,
it is automatically reduced by ^9 pair creation. Further-
more, since the distance R of quark separation will not
grow faster than the velocity of light, dR/dt<\, there
should always be enough time for this reduction of the
confinement potential to take place.

Consequently, under the assumption that VCCR) remains
finite for Λ — °° but becomes large compared to 1 GeV,
the probability of producing free quarks in high energy
collisions is expected to be extremely small. The only
likely way to liberate quarks in the latter case would
seem to be through the action of other very energetic
effects capable of disturbing the qq pair creation mech-
anism described above. Under the big bang hypothesis
such effects might conceivably have occurred in the very
early phases of the expansion of the universe, when the
densities of matter and energy were very high. The
phenomenon of quark separation in such a hot hadronic
medium would indeed be very different from what we
picture it to be in the vacuum surrounding the micro-
scopic collision volumes where man-made high energy
processes take place. If these considerations are cor-
rect, it would be in bulk matter rather than in elementary
particle collisions that the best chance might exist to
find single quarks.

4. CONCLUDING REMARKS

In the preceding paragraphs we surveyed in general
terms how high energy reactions involving hadrons are

being analysed in terms of the quark-glue picture. This
analysis has been remarkably successful in deep in-
elastic scattering of electrons, muons and neutrinos on
nucleons. To these results must be added the impressive
achievements of the quark model in hadron spectroscopy.
In the latter field, the by now familiar spectroscopy
based on the up, down and strange quarks has been sup-
plemented in the last three years by the amazingly suc-
cessful description of the charmed particles by means
of just one additional quark, the charmed quark c. The
model turns out to work beautifully both for the "hidden
charm" mesons of the φ family (quark composition cc)
and for the charmed mesons (quark composition cq and
qc with q=u,d,s).

Other problems are still open. The description of
purely hadronic collisions in terms of the quark-glue
picture has not yet reached the stage where one can say
which are the dynamical mechanisms at work. Various
possibilities are still under investigation, but the trend
goes in the direction of attributing an important role to
the gluon field in the purely hadronic processes. This
may be an interesting line, because hadron spectroscopy
and deep inelastic lepton-hadron reactions give much
less information about the gluon field than about the
quarks. It would indeed be desirable to find a class of
experimentally accessible processes where gluons would
manifest themselves in some characteristic way, and
such a class might exist among hadronic reactions at
high energy.1·29-1

The confinement problem is another unsolved ques-
tion. To the considerations on quark confinement in the
previous section, we add first the remark that there is
also a confinement problem for gluons, the nature of
which depends on one's theoretical views concerning the
gluon field. An additional point to be kept in mind is
that the traditional quantum number assignments to
quarks (baryon number j , electric charges f and -£),
although the simplest, are not the only ones possible.
At the cost of complications, one could assign integer
baryon number and electric charge to the quarks, which
would make it possible to allow their decay into baryons
and mesons. Single quarks could then be produced as
heavy unstable baryonic states forming SU(3) triplets.
Our considerations of subsection 3.5 could again apply,
leading us to expect at least partial confinement, but the
search for free quarks would be totally different. It
would be the search for a triplet of baryonic resonances
rather than for stable states of fractional charge. In
this connection, it is interesting that astrophysical
arguments have recently been advanced in favor of in-
teger charge quarks.1-301

This reference to astrophysics leads us to our closing
remark. With the authors of Ref. 30, we note that if
present views on quarks and gluons are correct, they
have important consequences for the early phases of the
evolution of the Universe under the "hot big bang" the-
ory. This theory says that when the age of the Universe
was in the range i=*10"10 to ΙΟ"' sec, the temperature
was Τ =*(Gt2TUi « 100 to 10 GeV (G = 6 x 1(T39 GeV2

= Newton's gravitational constant) and the density (pro-
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portional to Τ4) was «10 2 7 to 1023^cm"3, i.e. much larger
than the nuclear density of 2.8 x 1014g· cm"3. Under the
quark-gluon model, hadrons would not be expected to
exist at such densities, one would rather expect matter
to be a hot fluid composed of quarks, antiquarks and
gluons with a large number of quarks and antiquarks per
cubic Fermi (NT39 cm3). As this early Universe expands,
a transition should take place to a phase dominated by
baryons, i.e. by 3-quark systems, and the modalities
of this transition may be of importance for the well
known but difficult questions of finding satisfactory ex-
planations for the formation of galaxies and for matter-
antimatter separation. We therefore conclude that the
dynamics of quarks and gluons may eventually turn out
to matter not only for particle physics, but also for a
better understanding of the early evolution and present
state of the Universe.
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