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INTRODUCTION

THE discovery of a large and still growing number of
new particles and the varied properties of these parti-
cles have brought into being the group-theory approach
to the study of strongly interacting particles. The sym-
metry SU(3) is particularly important.>?? With it it has
been possible to construct a classification of mesons
and baryons. A brilliant confirmation of the theory was
the discovery of the singlets and octets of pseudoscalar,
vector, and tensor mesons, and the octet JP(1/2') and
the decuplet J P(3/2") of baryons. 33 On the other hand,
the large differences of the masses of particles belong-
ing to the same multiplet indicates that the SU(3) sym-
metry is strongly broken, and this obliges us to look for
a dynamical source of the symmetries. It is helpful to
turn for analogies to nuclear physics, in which the
group-theory approach has long been used with success.

In nuclear physics the source of the symmetries is
quite apparent: all nuclei are constructed from protons
and neutrons, which can be regarded as identical if we
neglect electromagnetic interactions (isotopic symmetry
arises in this way); if we further neglect the spin-spin
and spin-orbit interactions of nucleons, we get the
higher symmetry SU(4),™’ which plays the same role in
nuclei as SU(6)"*®! in elementary particles.

We can try to develop the analogy further, construct-
ing a ‘*quasinuclear’ model of the strongly interacting
particles (which have come to be called hadrons) with
the assumption that all hadrons are composed of a few
fundamental components. The first attempt was made
by Fermi and Yang in 1949.} They pointed out that the
7 meson may be a bound state of a nucleon and an anti-
nucleon. After the discovery of ‘‘strange’’ particles,
Sakata increased the number of fundamental particles
to three, adjoining to the proton and neutron the lambda
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hyperon and the corresponding antibaryon. ) The model
played a useful part in the classification of mesons and
the construction of a theory of the weak interaction. '®’

It turned out later, however, that the Sakata maodel leads
to an incorrect classification of the baryons. Dol gt was
replaced by the octet version of SU(3), H2) which gave

a basis for the successful classification of the mesons
and baryons and even for predictions of the masses of
new particles."’ The discovery of the  was a triumph
of the group-theory approach. On the other hand, purely
theoretically it seems strange that the lower triplet
representations of SU(3) are not realized in nature, the
situation being quite different, for example, from that
for the isotopic symmetry and the rotation group.
Moreover, one does not understand why in SU(3) the
nonets are singled out for the mesons and the octets and
decuplets for the baryons.

Owing to this Gell-Mann and Zweig in 1964 raised
the question of the possibility that particles exist which
realize the triplet representation of SU(3) and possess
unusual properties—fractional charge and baryon num-
ber equal to 1/3.""'2) If these particles exist in the
free state, then at least one of them must be stable. Let
us denote by Qp, Qq the isodoublet with strangeness
zero, and by Q, the isosinglet with strangeness —1.
Gell-Mann called them quarks, and Zweig, aces. The
antiquarks are denoted by Q,, Q,, Q)-

If one interprets the observed elementary particles
as compound systems made up of quarks and antiquarks,
it is possible to construct the most economical classi-
fication of the hadrons, and form a sort of ‘‘Mendeleev
table’’ for the elementary particles. In fact, the sim-
plest baryon structure is @ Q-Q, and therefore the
baryons must group themselves into singlets, octets,
and decuplets, since 3 x 3x 3 =1+ 8 + 8 + 10, The
simplets structure of a meson is Q-Q, and consequently,
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Table I. Quantum Numbers of
Quarks and Antiquarks

Quantum
numbers
Q T T3 S B Y
Quarks
2 1 1 14,1
% R N R
1 1 1 1 1
KOO e I s A A B R
1 1 2
I e A B Rl B 1 )
= 2] 1 1 1 1
L A e S A L
= 19 1 1 1 1
N R R B ey
= 1 1 2
SO e N A I B i B

as in the Sakata model,™® the mesons must come to-
gether in nonets—singlets and octets—since 3 X 3* = 1

+ 8. [An intuitive explanation of these resolutions of
products of representations of SU(3) into irreducible
representations is given in the review article™*!.] The
prediction that the mesons are grouped in nonets is in
brilliant agreement with experiment; the existence of
nonets of pseudoscalar and of vector mesons is firmly
established, and that of a nonet of tensor mesons is very
probable. In the case of the baryons the octet 1/2" and
the decuplet 3/2" are completely filled; only some of the
particles are observed in the other multiplets. At pres-
ent there is no definitely known hadron which does not
fit into the systematics constructed on the assumption
that hadrons consist of a minimal number of quarks;
baryons of three quarks, and mesons of a quark and an
antiquark.

Interest in the quark model increased later in con-
nection with the appearance of the group SU(6) and its
generalizations.ts These symmetries, in spite of suc-
cesses in the explanation of the static properties of
hadrons,'™*® are evidently incorrect, since they con-
tradict Lorentz invariance and the conservation of
probability.™*? And it has turned out that the main re-
sults of these symmetries can be derived in a more
traditional quark model,"?! in which symmetries of the
type of SU(6) are only approximate (in exact analogy
with the Wigner theory of the nucleus™?).

There are a great many papers on quark models, but
unfortunately lack of space allows us to deal with only a
few of them. In this review we shall confine ourselves
to the exposition of the simplest nonrelativistic quark
model. This model is based on the assumption that a

Table II. Multiplets of Mesons in the Quark Model
(according to data of®’)

L G JP 5=0 L G JP) S=1

0| (—4T |0-|n (140), K (495) 0 [(—1)TH 1| p (780), K* (890)
7 (549), X, (958) © (780}, ¢ (1019)

1 (=0T 4+ B (1208), K (1360) 1] (=07 |2+ 4,(4300), K (1420)
1 (1400) 7 (1250), 7’ (1500)

1+1 4, (1080), X (1320)
D (1285), E (1420)
O+ sy (1003), K (1100)
(1050}, ¢ (1300)
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strong interaction between the original quarks conserves
their individuality, changing only the parameters of the
quarks, and that the effective gquasiparticles ingide a
hadron {we call them quarks also) interact weakly with
each other and move slowly relative to each other."*!"!
The nonrelativistic nature of the motion of the quarks
inside hadrons allows the application of the usual
methods of atomic physics, and this makes it easy to
construct a more complete systematics of hadrons of
the type of L-S§ coupling, taking into account the spins
and orbital angular momentum of the quarks. For ex-
ample, for mesons the quark model (like any composite
model based on a triplet of fermions) predicts both the
ordinary parity P and also the G parity in agreement
with experiment. Moreover, for the lowest states with
orbital angular momentum zero it has been possible to
explain some properties of hadrons. For the excited
states of hadrons, because the experimental situation is
unclear, we can assert only that the quark-model classi-
fication of the hadrons does not contradict the experi-
mental results.

Using the methods of atomic physics, with the quark
model we can not only rather easily explain the mass
splitting of the hadrons within a multiplet, 2 but also
connect the mass differences of particles belonging to
different multiplets of SU(3)!'%:*** (for example, the
octet 1/2" and the decuplet 3/2"), in agreement with ex-
periment. There has been an equally successful explana-
tion of the electromagnetic mass differences of had-
rons. ™’ We point out that in symmetries higher than
SU(3) there are actually no predictions, since there are
too many parameters in the mass formulas.

The quark model has achieved great success in the
explanation of the electromagnetic properties of hadrons.
In particular, the theory predicts the magnetic moments
of baryons (see Table VI) in good agreement with ex-
periment. [For example, pp/iy =—3/2 (theory),® 15!
and the experimental value of this ratio is —1.46]. The
magnetic moment p o, of the radiative decay differs
from the theoretical value by a factor 1.28. The predic-
tions derived for the form-factors are also not in con-
tradiction with experiment (see Tables VII, VIII), %%
All of these results do not follow from SU(3).

If we assume that the radius of a quark is less than
that of a hadron, we get from the quark model the equa-
tion G%(t) = G&(t)/up,u“ where G%(t) and G{\’d(t) are the
Sachs electric and magnetic form-factors of the nucleon.
This result is in good agreement with experiment over
a wide range of momentum transfers, #!!

In semileptonic weak interactions the quark model
explains the well known selection rules: AT =1 in
strangeness-conserving decays and AT = '%, AS = AQ
= 1 in decays which do not conserve strangeness. To
get a description of semileptonic decays in the quark
model which agrees with experiment®’ it suffices to
fix the parameters of the 8 decay of quarks and the
Cabibbo angle®? (see Table X). As compared with
SU(3), for the semileptonic processes now observed the
quark model predicts a definite F/D ratio in the decays
of the octet 1/2% and gives a connection between the de-
cays of the decuplet 3/2" and the octet 1/2" in agreement
with experiment.®) We note that the selection rules
are not peculiar to the quark model; they hold in any
model in which the hadrons are composed of three
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fermions and in which the weak interaction can be des-

cribed as the decay of one fermion.t® A nontrivial pre-
diction follows for the axial form-factor of the nucleon:
FA(t)/GA = G%(t), if, as before, we assume that the size

of quarks is much smaller than that of nucleons. This
last relation is also not in contradiction with experi-
ment. %

The quark model allows us to explain some features
of the scattering of high-energy hadrons, if we assume
that the scattering of two particles reduces to a single
scattering of the quarks of which the particles are
composed. For this it is in any case necessary that the
quarks be nonrelativistic inside the hadron and that they
be much smaller than the hadron. On these assumptions
one gets, for example, ‘‘selection rules’’ for the scat-
tering of high- ener%y hadrons (see Chap. VI): |AQ| < 1,
IAT| = 1, |AS| = 1."%%2%) The mixing angles (cf. Chap.
1) for the nonets 07, 17, 2%, as determined from experi-
ments on the scattering of hadrons at high energies, ?®!
are not in contradiction with the values calculated from
the masses of known particles."®*"?*! The quark model
gives a less satisfactory description of the reactions
P(0) + N(1/2") — P(0") + N5(3/2"). Here P(07) denotes a
meson of the octet 0”. In this case the predictions for
the spin correlations are rather good (cf. Chap. IX), but
those for the differential cross sections are poorer.
For the reaction 7" + p =1 + A™ the cross section is
isotropic at p; = 8 GeV/c," instead of having a mini-
mum at 0°. The inequality of the differential cross sec-
tions for the reactions 7” +p— 71’ +nand 7* + p — 7°
+ A™ is violated by about a factor 1.5, with energy re-
lease Q = 3 GeV.

If we assume that the scattering amplitude of quarks
depends only weakly on the momentum transfer, the
main shape of the differential cross section is a univer-
sal function and is the same as the electromagnetic
form-factor of the proton'®? (see Table XV).

A useful feature of the quark model is that in it it is
easy to take into account breaking of SU(3); we have
only to suppose that the parameters of Q) are different
from those of Q, and Qy."**>*®! This is very impor-
tant, since SU(3) symmetry is strongly broken in the
interaction of hadrons.**!

Interesting results are obtained on the assumption
that the original parameters of the quarks are renorm-
alized identically in mesons and in baryons. By means
of the hypothesis of an equal gain of mass in mesons
and in baryons Zweig explained the larger part of the
mass difference of particles forming a single SU(3)
multiplet, and derived formulas for the mass difference
of mesons and baryons which turned out to be in good
agreement with experiment.*?? The breaking of SU(3)
in the spin-spin interaction of quarks is also of a uni-
versal character."®) If the mass renormalization of
the quarks is the same in mesons and in baryons, the
ratio of the central masses of baryons and mesons
must be 1.5, and experiment gives the value 1.8 (cf.
Chap. II). Equality of the magnetic moments of quarks
in mesons and in baryons allows us to express the width
of the radiative decay w — 7° + y in terms of the mag-
netic moment of the proton. The theoretical value of
this width is 1.2 MeV, ™’ and the experimental value is
I =1.15 + 0.25 MeV.?7 If we assume that the amplitude
for scattering of quarks by quarks (or antiquarks) does
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not depend much on whether the quark belongs to a
meson or a nucleon, then in the Pomeranchuk limit
Opp/Inp = 3/2.%%) This last result is valid only if
baryons consist of three quarks. Let us assume that at
the largest energies now achieved with accelerators

and Oqp are not very different from the Pomeran-
cﬁuk 11m1t then experiment gives 2c; p/(crn +p t97_p)
=1.58 + 0.05.%%7 All of the relations which are derived
from the hypothesis that the quark parameters are the
same in mesons and in baryons are not understandable
outside of the quark model, and it is undoubtedly inter-
esting that they agree with experiment.

One of the serious shortcomings of the approach in
which quarks are regarded as actually existing particles
is, of course, the fact that they have so far not been ob-
served in the free state. Various possibilities for ob-
serving quarks have been discussed in detail in the
review®®!, We shall present new results. Experiments
with accelerators give a lower limit of 5 GeV on the
mass of the quark.“” If, indeed, we suppose that the
cross section for quark production is depressed because
there are many competing channels, the experimental
lower limit is much lower: m, = 3 GeV."® If we be-
lieve the arguments based on the statistical model, it is
also hard to observe quark production in cosmic rays. ™%
Searches for quarks in cosmic rays give as an upper
limit on the flux of quarks I =< 107° quark cm™ sec™
sr. ¥ Probably it is easier to look for so-called
relic or residual quarks, preserved as a result of the
evolution of the Universe. The value predicted from the
model of a ‘“‘hot”’ universe for the most probable ratio
of the number of residual quarks to the number of nuc-
leons is 107'°~107'3, 11 Experimentally the upper limit
on the number of quarks in graphite is 107,%»*3) Thig
sharp disagreement with the theory may be due to an
unfortunate choice of material. ®"?

The main shortcoming of the quark model is that it
contains logical difficulties. For example, from the
point of view of S-matrix theory, if the binding energy
of the quarks is large it is natural to expect that other
virtual states (7 mesons, nucleon pairs, etc.) should
play an important part, and including these could radic-
ally change all of the results; on the other hand, in our
opinion the absence of quarks in the free state is not an
argument against the model, since possibly quarks are
quasiparticles of the type of phonons and excitons in
solids. It is curious that M. Gell-Mann, one of the
‘‘discoverers’’ of quarks, regards them as quasiparti-
cles.™! Most, and perhaps all, of the results presented
in this review can be explained by the presence of quasi-
particles with an effective mass of the order of 300 MeV.
This value of the effective mass of a quark is deter-
mined from the magnetic moment of the proton.t™

The main difficulty in interpreting quarks as quasi-
particles is of course the fact that the mechanism by
which they arise is unknown. But our not understanding
the causes of the existence of such unusual quasiparti-
cles is indeed not surprising, since their appearance
may be caused only by collective effects of virtual
states. In the present inadequately developed state of
S-matrix theory it is not excluded that the existence of
quarks as quasiparticles may not lead to any contradic-
tions. Moreover, the presence of quasiparticle-quarks
does not contradict the widely held view that the strongly
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interacting particles are equally nonelementary. In our
opinion, the impossibility of proving the existence of
quasiparticle-quarks will not discredit the scheme as
long as the model does not lose its heuristic value and
its ability to explain experiments.

The purpose of this review is to acquaint the reader
with the naive nonrelativistic quark model. The only
requirement for an understanding of a large part of this
paper is familiarity with the fundamentals of quantum
mechanics. Remarks less easily accessible are those
devoted to comparison of the predictions of the quark
model with the symmetries. The writers have tried to
give a brief explanation of the groups SU(3), SU(6), and
SU(6)w, but this is clearly insufficient for the under-
standing of some chapters (for example, Chap. X), and
a more detailed knowledge of group theory is needed,
for example, in the discussions of'’**’, For the con-
venience of readers we give in Appendix II a table which
lists the predictions of the quark model and the hypo-
theses which are necessary for them.

I. THE NONRELATIVISTIC QUARK MODEL AND THE
CLASSIFICATION OF HADRONS

The basis of the model is the hypothesis that all
hadrons consist of a few primeval particles, which have
a fractional charge Q and a baryon number B equal to
1/3.11112) Eollowing Gell-Mann, we shall call these
particles quarks."! The quarks Q,, Q, form an iso-
topic doublet with strangeness S = & and the quark Q,
is an isosinglet with S = —1. Assuming that the Gell-
Mann-Nighijima formula

S4B
3

Q=T;5+

holds for quarks, we can find the charges of the quarks.
(The sum S + B is usually called the hypercharge Y.)
Table I lists the quantum numbers of the quarks and
antiquarks.

An additional hypothesis needed for the validity of
most of the applications is that the strong interaction
between quarks, which is responsible for the occurrence
of bound states (i.e., mesons and baryons), preserves
the individuality of the quarks, and only changes their
parameters, and that inside a hadron the quarks inter-
act weakly with each other and are nonrelativistic there.
In the framework of quantum mechanics the possibility
of such a picture can be explained with the example of
a heavy quark which is at the bottom of a broad poten-
tial well."**") In this case the ratio of the momentum
of the quark in the well to its mass i5 a small quantity.
(The condition for the quark to be nonrelativistic in the
potential well is MR > 1, where M is the mass of the
quark and R is the radius of the well.) In what follows,
unless otherwise specified, the term ‘‘quark’ is used
only to refer to a quark which is inside a hadron.

If furthermore the forces between quarks are func-
tions of the distance only, when other interactions are
neglected (for example, spin-spin and spin-orbit inter-
actions) we can put the wave function of a hadron in the
form of the product of a coordinate part and a unitary-
spin part (the analog of the charge-spin wave function
in the Wigner model), which allows us to construct a
classification of hadrons of the type of L-S coupling. *°
This sort of simple picture facilitates the intuitive in-

]
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terpretation of the broken symmetries SU(3), SU(6), and
so on. In fact, if we assume that the forces between
quarks do not depend on the charge and the strangeness,
there is symmetry with respect to permutations of the
quarks—SU(3) symmetry. If, on the other hand, the in-
teraction potential does not depend on the spin, SU(6)
symmetry holds. The dimension of the symmetry group
is obviously determined by the dimension of the funda-
mental multiplet from which the particles are construc-
ted and all of whose components have identical proper-
ties: in SU(3), the triplet Qp, Qq> Q) and in SU(6), the
sextet Qp}, Qph Qnt> Qpis Qats Quy (the arrows denote
the spin projection). If, however, the quark Q, interacts
differently from the quarks Qp and Q, then SU(3) is
broken. The spin-spin and spin-orbit interactions in
turn lead to breaking of SU(6). We can try to take the
breaking of SU(3) and the spin-spin and spin-orbit inter-
actions into account with perturbation theory. The
smallness of the parameter in the perturbation-theory
expansion assures the consistency of the scheme and
(in the framework of the quark model) explains how
symmetries of the type of SU(6) arise.

Let us proceed to the classification of hadrons. We
begin with the mesons. It is natural to assume, in the
spirit of Fermi and Yang, that the mesons are bound
states of a quark and an antiquark. This at once fixes
the parity P = (—<1)L'*! and the G parity G = 1)L +5+T
of a meson."®! We first study the lowest state with the
orbital angular momentum L = 0. It is obvious that,
when the spin-spin interaction is neglected, the spin
singlet and triplet are degenerate as to their masses;
consequently, the quark model predicts the existence of
nine pseudoscalar and nine vector mesons, in agreement
with experiment.® That the mesons are grouped in
nonets follows simply from the fact that the system
‘“quark + antiquark’ has precisely nine charge states.
The concrete form of the unitary-spin part of the wave
function is given in Appendix I. It is obvious that for
bosons with L # 0 the unitary-spin wave function is the
same as for bosons with L = 0. Since L and S add vec-
torially, there is a degeneracy with respect to J. Table
II lists the mesons with L = 0 and L = 1.

An important feature of this scheme is that in each
nonet there are two particles having identical values
T =S = 0. This is important in dealing with the mass
splittings. Only the nonets 07, 17, 27, and, possibly, 17
are filled®™’; in other multiplets only some of the parti-
cles are at present observed, and the masses of the
others have been estimated by means of the hypothesis
of the increasing of the Q,-quark’s mass (the methods
in question are explained in Chap. II). The absence of
these resonances is perhaps explained by the fact that
resonances with large values of L are more weakly
produced, and that furthermore for given L the states
with large values of J have larger statistical weights.
A further indication in favor of the classification of
mesons developed above after the type of L-S coupling
is that the mixing parameters (see Chap. II) are nearly
equal for the nonets 17 and 2*. A possible objection to
this particular way of filling in the table is that the
values of JP are unreliable for all the mesons except
the nonets 07, 17, and, probably, 2*. The table we have
written out includes only some of the observed reson-
ances (but all of them reliable!); we shall not discuss

{451
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the others in this review, since their quantum numbers
JP are not known. In principle resonances are possible
in a system of two quarks and two antiquarks.™”’ So far,
however, not a single meson has been discovered with
QI > 1, IT| > 1, |S| > 1, although there are some, not
too reliable, indications of the existence of resonances
with T = 3/2 and § = 2.%?

The quark model also allows us to construct a syste-
matics of the baryon resonances. It is simplest to con-
struct baryons with three quarks. Let us first study the
lowest state with L = 0. In this case there exist three
types of unitary spin wave-function factors, which have
definite symmetries with respect to permutations of the
quarks: ‘I'[Otﬁv] (20)—completely antisymmetric,
¥oB, vy (70), of mixed symmetry corresponding to the

| [48]
3

Young scheme [~ , and \I/{a By} (56)—completely

symmetric. It can be shown that ‘II{O!.B?’} includes 8 par-

ticles with spin 1/2 and 10 with spin 3/2. The quark
structure of this function is given in Appendix I. If the
quarks are fermions, then according to the Pauli prin-
ciple the coordinate part of the wave function corre-
sponding to ‘I’{aﬁy} (56) must be antisymmetric with

respect to permutations of the quarks, which is unusual
for the wave function of a lowest state. The simplest
way to avoid the difficulties associated with the choice
of \It{aﬁy} (56) for the description of the ground state of

the baryon is to ascribe to the quark a new quantum
number, with respect to which the wave function will be
antisymmetric.*®>**? This hypothesis is equivalent to
increasing the number of quarks to nine, and conse~
quently predicts particles which have not been observed
experimentally. It has been suggested that the Fermi
statistics be abandoned for the quarks.™®’ (We note that
all of the results given in this review are independent
of the concrete form of the coordinate part of the wave
function, even of its symmetry.) One can try to solve
these problems by the introduction of many-particle
forces. ™!

Still another attempt has been discussed in the liter-
ature; its authors reject the ‘‘nuclear’” model of the
baryon in favor of an atomic model: the quarks move
in an attractive central potential around a nucleus,
which is an SU(3) singlet, and the two-particle forces
between the quarks are repulsive.'®? Then the special
position of ‘Il{aﬁy} has a simple analog in the form of

Hund’s rule, which explains the filling of the electron
shells of atoms."®’ If we go further, we can replace the
nucleus with a system of a quark and an antiquark, and
we arrive at a model in which the baryons are bound
states in a system of four quarks and one antiq[uark,
after the fashion of the methane molecule CH,.™®’ This
last scheme lets us escape both from the difficulty with
the special position of \Il{a Bv} (56) and from the intro-

duction of a new particle, the nucleus, which is neces-
sary in the atomic model. Among disadvantages of the
last model we must mention that it predicts not yet ob-
served baryons with values of Q and Y larger than unity,
although there are some indications of the existence of
a baryon with Q = Y = 2 in the elastic scattering of K
by protons.®? Hereafter in this review we shall postu-
late that the wave function of the hadron is \Il[a 8y] (56),
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since the most interesting applications of the quark
model are associated with this wave function.

There are too many possibilities for the higher
resonances in the quark model: ‘I’[aﬁy] (20), ‘1'013, v (70),

or a classification of the type of Russell-Saunders coup-
ling. [45)

The possibility that the spectra of baryon resonances
are of the pure rotational type has been discussed in 7,
The author was even able to predict the parity of the
first excited states with L = 1, since the state of lowest
energy will be that corresponding to rotation around an
axis perpendicular to the plane in which the three parti-
cles lie. The unitary-spin wave function of such an ex-
cited state will also be ‘If{aﬁy} (56), and the systematics

of the baryons with L = 1 is the same as that obtained
on the basis of the idea of L-~S coupling."® Unfortu-
nately, an actual choice between the various schemes
for classifying the baryon resonances is at present im-
possible, owing to the inadequacy of the experimental
data, and therefore we shall confine ourselves in this
review to the study of the multiplet with L = 0.
Accordingly, in the quark model (as in the Sakata
model™® *) the mesons must be grouped into nonets,
and in the case of nonrelativistic motion of the quarks
it is natural to expect the appearance of nonets of me-
sons with high spins. For the baryons the model pre-
dicts the existence of octets and decuplets. We note that
the existence of singlets is also not forbidden, since
'I’[CYBY] (20) and ‘I’ozB, y (70) include the following repre-

sentations of SU(8): 1(3/2) + 8(1/2) and 1(1/2) + 8(1/2)
+ 8(3/2) +10(1/2) (the spin of the particles is shown in
parentheses). In the explanation of the spectrum of
baryons the nonrelativistic quark model encounters
definite difficulties, since the coordinate part of the
wave function of the lowest state must be antisymmetric
with respect to permutations of the quarks. There is at
present no convincing explanation of this in the frame-
work of the nonrelativistic quark model.

It is interesting to compare the classification of
hadrons which arises in the quark model with the as-
signments of the various symmetries. As compared
with SU(3) the simplest type of quark model predicts
(in agreement with experiment) the minimal number of
hadrons: nonets for mesons, octets and decuplets for
baryons. In the symmetries SU(6), SU(6)yy, and U(6, 6)
it follows automatically from the existence of particles
with large spin that there must exist particles with
large isotopic spin, since in these symmetries the spin
and the isotopic spin come in on the same footing. This
is the main contradiction between SU(6), SU(6)y, and
U(6, 6) and experiment. | By the way, it is shown in®*?,
in the framework of SU(6}y, that these resonances are
hard to observe, since the usual decay channels are
suppressed.] In the quark model the spin is different
from the isotopic spin owing to the presence of an orbi-
tal angular momentum, and consequently there is no
necessity for multiply charged resonances to exist.

II. MASS FORMULAS IN THE QUARK MODEL

In the preceding chapter a systematics of hadrons
has been constructed on the assumption that the forces
between quarks depend only on the distance and that the
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quarks Qp, Qn, Q) have identical properties. Actually
there are also spin-spin and spin-orbit interactions be-
tween quarks; moreover, it can be seen from the analy-
sis of experiments that the mass of the quark Q; must
be different from that of Qp and Q,, and that Q) must
interact differently. All of these interactions can be
included only with perturbation theory.

Let us proceed to the study of the mass differences
of particles which have L = 0 (the other quantum num-
bers are different for the different particles). We at
first neglect the electromagnetic interaction, which
gives mass corrections of the order of 10 MeV, whereas
the actual mass differences are of the order of hundreds
of MeV. We begin with the baryons, with quantum num-
bers JP = 1/2%, 3/2". It is easy to write the Hamiltonian
responsible for the appearance of the mass differen-
ces®1;

Hi=ag+65 218 |+dy g (Maltm),

n>m

(2.1)

where uj = (1 — @gSi)vi, Sj is the strangeness operator
of the quark, and ¢; is the Pauli spin matrix.

This form of the Hamiltonian corresponds to the as-
sumption that the quark Qy is heavier than Qp and Qp
by the amount cp,*? and that by definition it interacts
more weakly. apg and cg Zs Sj describe the contribution
to the mass which does not depend on the spin, and
dp(uiu2) describes the spin-spin interaction, with allow-
ance for the weaker interaction of the quark Q) . Using
the wave functions given in Appendix I, one can derive
the mass formulas.'™) We shall proceed differently;
from known particle masses we shall calculate the
parameters of the Hamiltonian, and then the masses of
the other particles. There is the best agreement with
experiment for ag = 1083 MeV, cg = 180 MeV,
dg = 270 MeV, ap = 0.42."%7 Table III shows the com-
parison of the predictions of this model with experi-
ment. "%

By means of four parameters we have correlated the
masses of eight particles. There is good enough agree-
ment with experiment. We can estimate the parameter
of the perturbation-theory expansion by taking it equal
to the ratio of the errors of the mass formula to the
mass differences in the multiplet. It turns out of the
order of 1/10, which assures the consistency of the
scheme.

It is obvious that the same methods as for the baryons
can be used for the mass differences of the mesons, with
the important exception that in the derivation of the
mass formulas for mesons we must also allow for the
annihilation interaction, i.e., for the possibility of vir-
tual transitions of the type pp — AX, nn, etc."®) Let us
write down the Hamiltonian of this sort of interaction:

Table III. Comparison of Baryon
Masses in the Quark Model with
Experiment (according to™®)

i Mtheor> | Mexps . Mtheor, | Mexp,
Pacticle | "yov | Mev || Particle | eS| MoV
N 928 939 A 1238 1238

z 1195 1193 Iy 1375 1385

A 1108 1115 =1 1520 1530
=} 1340 1317 Qs 1875 1675
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1 1
szz.fs 1 1 1“&1
1—fs 1B (1)

The summation is taken over the spin operators.
The fact that the interaction of the quark Q, is weaker
is taken into account in H; and H;. It is easy to see how
H, acts on a state with T =S = 0:

PpomN g,
ve /

It has already been pointed out in Chap. I that the
nonet contains two isotopic singlets with T = Y = 0. The
presence of two completely degenerate states requires
that a change of structure of the wave function be taken
into account,™® and this explains why the mass formu-
las that follow from SU(3) are only poorly satisfied for
mesons (cf., e.g., the review!?),

The actual particles will no longer belong to a defi-
nite representation of SU(3). It is convenient to describe
this,[3£a]1ct by introducing the concept of a mixing parame-
ter :

1—B,
(2.2)

Hy|ngy=H,

Ry= —o;8in0-4w5c088, Ry=w,c0s0 -+ wgsin .

Here the Rj are the wave functions of the actual par-
ticles, and\wl, wg are the initial particles belonging to
definite SU(3) multiplets (w, to the singlet and ws to the
octet). For the nonet 1° the mixing in the quark model is
of an intuitive form: one of the particles, R; = ¢, con-
sists only of strange guarks, and the other, R; = w, only
of nonstrange quarks, @ = (QpQp + Qu@y)/2"2. 4" In the
language of the annihilation matrix H this means that the
matrix elements of H. that correspond to transitions
QY — QpQ'p, QnQp in the triplet state are strongly sup-
pressed. It follows from this that ¢ must decay mainly
into KK, and w into 37, which is in good agreement with
experiment.'*”? It is easy to see that this sort of struc-
ture of ¢, w corresponds to

tg Oy = 1 .

1/9

For the nonet 0™ there is no such intuitive interpre-
tation of the mixing effect. The quantity tan 8y can be
calculated from the mass formulas, which in the non-
relativistic quark model are most naturally written in
terms of the masses, not their squares, for mesons as
well as for baryons. For the nonet 0° we have tg fp =
—1/4.0%

The complete Hamiltonian responsible for the ap-
pearance of mass differences among mesons is of the
form

H=ay+ ey 2| 8i |+ dar (apo) + Ho. (2.3)

The best agreement with experiment is achieved

for &7

ay =598 MeV,
fo=580 MeV,

ey =180 MeV,
a=0.42,

dy =620 MeV,
B=0.75.

Comparing these values with the analogous ones de-
termined from the known baryon masses, we get
cCM =CB= ¢, @y = aB = «, which is evidence that the
increase of mass of the quark Q, as compared with the
quarks Qp, Q is the same in mesons and in baryons, "
and that the breaking of SU(3) in the spin-spin interac-
tion is of universal character."®® Equality of the other
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Table IV. Masses of
Mesons in the Quark
Model (according

1
to (181 )

Parti- | Mtheor Mexps
cle MeV MeV
n 133 137
K 490 494
) 753 780
K* 868 890
P 1010 1020
@ 753 780

parameters in the Hamiltonians (2.1) and (2.3) is hard
to expect, owing to the different structures of mesons
and baryons. The universality of the breaking of SU(3)
(cM = ¢B, @M = @B) is characteristic for the quark
model only, and lies outside the framework of the sym-
metries. This is the first example of a general phenom-
enon: the interaction between quarks is so constructed
that it renormalizes the parameters of the quarks in the
same way in mesons and in baryons. In this sense it is
curious that ag/ap = 1.8 is not very different from the
value 3/2,%%! which would be expected if the quark mass
is renormalized in the same way in mesons as in
baryons.

The theoretical predictions are compared with ex-
periment in Table IV. It is curious that the main part
of the mass difference within a single SU(3) multiplet
is due to the increased mass of the quark Q.

If we assume that the quark structure of ¢ ig known
from independent arguments (for example, from decays),
that the increase of mass of the quark Q) is the same
in mesons and baryons, and that the weakening of the
interaction of the quark Q, in the spin-orbit interaction
is universal (i.e., that o is the same for mesons and
baryons), then by means of six parameters—ag, ap, ¢,
dR, dpp, a—we have correlated the masses of 14 parti-
cles——(Tr, K): (P, K*, @, w)’ (N; Z, A, E); (A’ 257 567 95),
and the agreement between the relations so obtained
and experiment is not bad.

In an analogous way, in the quark model we can der-
ive relations between the electromagnetic mass differ-
ences of hadrons, taking into account the Coulomb
interaction of quarks, the increased mass of the quark
Q as compared with Q,, and the interaction between
the magnetic moments of quarks.[“] All of the predic-
tions, and in particular the relations connecting the
electromagnetic mass differences of particles belonging
to the octet and the decuplet, which are peculiar to the
quark model, are not in contradiction with experiment,
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but owing to the large experimental errors no more
definite conclusions can be drawn. We note that for the
octet 1/2" the relations obtained in the quark model are
the same as in SU(3) (see the review!®!). For purposes
of completeness we give Table V, in which the theoreti-
cal predictions are compared with experiment.®®! The
experimental data are taken from 7,

So far we have studied the relations between the
masses of particles having L = 0. If it is reasonable to
classify mesons after the type of L-8 coupling [and a
fact favoring this is that the change of boson mass with
change of L is of the order of the mass difference of
particles in the same SU(3) multiplet; see Table 1],
then we can correlate the masses of bosons that have
different J with the same L and S."%} The simplest way
to remove the degeneracy in J is to include a spin-orbit
interaction of the form ag, (L*S). Assuming that ag,
depends only on L, we can calculate the masses of the
nonet 0° in terms of the known masses of mesons with
JP = 1", 2" (see Table 1I):

e (0%) = 3m(1+);m(2+) .
Substituting mAz(z*) = 1.306 = 0.008 GeV, mAI(l*) =1.079
+ 0.008 GeV, we calculate the mass of a particle with
T=1,3P =0" m(0") = 0.965 = 0.016 GeV. This agrees
with the masses of the known particles 7y (1003) and
6 (965).") Unfortunately, the J¥ values are not known
for these mesons.

As we have seen in this chapter, in the quark model
the problem of accounting for the mass difference of
hadrons is solved rather simply, in exact analogy with
atomic and nuclear physics and in agreement with ex-
periment. At the same time, in the symmetries higher
than SU(3)—-SU(6), SU(6)yy, and so on—there is actually
no uniform method for deriving mass formulas, since
such theories contain too many parameters.

The success of the application of perturbation theory
to the calculation of mass differences in the quark
model, in spite of the fact that these differences are
large and the perturbation-theory expansion parameter
is small, perhaps indicates that actually the mass differ-
ences are small, in some sense of the word, for exam-
ple in comparison with the large mass of the free quark.

III. ELECTROMAGNETIC PROPERTIES OF HADRONS

In the study of the electromagnetic properties of
hadrons it is assumed that the Hamiltonian for the inter-
action of the electromagnetic field with the particle can
be written as the sum of the Hamiltonians for the inter-
action of the electromagnetic field with the quarks of
which the hadron is composed, i.e.,

Table V. Electromagnetic Mass Differences of Baryons in
the Quark Model

Electromagnetic Electromagnetic X
mass Mtheor, MeV | mexp, MeV mass Mtheor MeV | meyg, MeV
difference difference
n—p 1,3 %) 1,3 A-— AT+ 3,9 7,9+6,8
2-—3Z0 4,8%) 4,8 AP At++ 0,89 0,45,4- 0,85
Z-—3+ 7,9%) 7,9 23 1,3
R és 6.5 Iy —2f 4,31 5,8+3,9
Au——A_H _0,'41 ’ g5 —2% 3,01 4,943,0
*The mass differences n — p, £~ — X0, &~ — Z+ are taken from experiment, and the others
are predicted. The experimental data are taken from [3].
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Hom = Z H™. (3.1)
Here the summation is over the quarks that belong to
the particle.

We shall concern ourselves first with the electro-
magnetic properties of the octet 1/2% and the decuplet
3/2". The allowed transitions for the vertexp —p + ¥
are EO, the charge form-factor of the nucleon, and M1,
the magnetic form-factor; for the radiative decay
A(3/2") — p + y only the M1 transition is allowed (E2 is
impossible for two reasons: first, because the orbital
angular momenta of A and p are zero, and second, be-
cause the spin functions of A and p are orthogonal [563).
From the meson photoproduction reaction y + p — A"
— 7° + p one gets for the ratio A(E2)/A(M1) the value
0.02 + 0.01 or less,”™? which does not contradict the
model.

With the approximation that SU(3) symmetry holds,
and using the wave functions given in Appendix I, we get
for the electric (Sachs) form-factor of nucleons the re-
sult®®’

G () =QF (1) (3.2)

for all momentum transfers allowed in the model (pre-
cisely the same prediction is obviously obtained for the
charge form-factors of the meson). This result is evi-
dent without detailed calculation, since the operator for
the EO transition is proportional to the charges of the
quarks and does not contain the spin operators. There-
fore the quark model predicts that the charge form-
factors of neutral particles are equal to zero. From
experiments on the scattering of electrons by neutrons
it is known that the electric form-factor of the neutron
is approximately equal to zero,®®? which agrees with
the quark model.

Let us now consider the M1 transition. For it

H (M) =3 (2

rmqu

Li+p;) Tkel, (3.3)*

i

where k and € are the momentum and polarization vec-
tor of the y-ray quantum, and L; and pj are the orbital
angular momentum and magnetic moment of the i-th
quark. The first term in (3.3) does not contribute to the
M1 transition because the total orbital angular momen-
tum of the hadron is zero. The contribution of the sec-
ond term is easily calculated. It is given by

(a| H (M1)| b
= §00 o ra) ey (o av Coa (4, 2, B[S |4, 2.3))) 1k e,
(3.4)

where a and b are the initial and final particles and x is
the unitary-spin part of the wave function. If for the
nonstrange quarks we assume [j = uey where e; is the
charge of the quark [we note that when SU(3) holds this
follows at once from the fact that the electromagnetic
current in the quark model transforms according to the
octet representation of SU(3)], then after some simple
calculations (cf., e.g.,®®?) we get the ratio of the mag-
netic moments of the proton and neutron
Hp 3

—_—— e,

R (3.5)

*Ike) =k Xe.
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Table VI. Magnetic

Moments of Parti-

cles in the Quark

Model (according
to®7)

Magnetic Moment
Par-
ticle | theory | experiment
p 279 2.79
n —1.86 —1.91
A —0.93] -0.73+0.16
p 2.7% 2.320.6
0 0.93
== | -093
=0 —1.86
2= | -093
Q- | -279

and for the magnetic transition in the decay A — p +
we have
2 12
Wap = —3— Wp-

(3.6)

The first relation agrees well with the experimental
values ju, = 2.79, u, =—1.91, or “p/“n =—1.46; ex-
perimentally ™"’ the second ratio differs by a factor
1.28 + 0.02 from the prediction of the quark model.

The values of the magnetic moments of the baryons
when there is SU(3) symmetry are shown in Table VI.
As is well known, these relations were first derived"®’
in SU(6) symmetry with the additional assumption that
the electromagnetic current transforms according to
the regular representation of that group.

In the quark model relations of the type (3.5), (3.6)
are found also for momentum transfers which are not
zero but are sufficiently small that the motion of the
quarks can be regarded as nonrelativistic as before and
the structure of the hadron is not changed. These pre-
dictions are in agreement with experiment. For exam-
ple, the relation

G (k?) 3
G
holds well over a wide range of k* (Table VII). The
correspondence between the form-factor for the mag-
netic transition A* — p + y and the magnetic (Sachs)
form-factor of the proton, which according to the model
are connected by the relation

(3.7)

Gap=2V2 65 k), (3.8)

can be tested by studying the process of electroproduc-
tion of Ag; (1238)"*! (Fig. 1). Taking GAp(kz) from the

Table VII. Comparison with Experiment of the
Predictions of the Quark Model for the Elec-
tromagnetic Form-factors (G% = Gﬁ/[/“p

= Gyp/1p) (according to®"?)

G 1) Gn
M M
@ (GeVio)? ok [ W
0.389 0.4240.017 | 0.409-£0,007 | 0.445:£0.021
0.623 0.28100,024 | 0.286=0.006 | 0.310%0.023
0.857 0.1830.026 | 0.228+0.005 | 0.21830.028
147 0.47T9-92 1 0155:0.04 | 04770014
1.75 0.404 1002 1 0,089540.005 | 0.120:-0.024
2.92 0.0010.004 | 0,049--0.006 «<0.052
3.59 0.0040.02 | 0.032520.0033 £0.036
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Table VIII. Comparison with Experiment of the Pre-
dictions of the Quark Model for the Form-factor of
the Magnetic Transition A —~ p

[GAp(kz)]/(Z3 2/3 ptp) = G%I(kz)//.tp (according to™*°?)

B2, F? 2 5 8 12
Cap () 1.040.45 | 0.760.1
Vil . . . 76:£0.10 0.60-£0,05 0.43+0.03
Gy (k2)
0.81 0.61 0.48 0.36
Mp
a2, g2 16 30 &5 100
Gan® g aes0.08 | 0.2tx0
VT . . .210,03 0,10::0,02 0.03::0.01
GY (k2)
0.28 0.16 0.09 0.03
Kp

experimental data and comparing it with G&(kz), we see

that the quark model has made a fairly good prediction
of the quantity Gpp(k®) and its behavior as the momen-
tum transfer ranges from 2 F? to 100 F* (Table VIII).
As is well known, (3.7) and (3.8) were first derived by
the use of SU(6)y symmetry and the additional assump-
tion that the electromagnetic current transforms accord-
ing to the regular representation of that group {(3.1)
in™7? and (3.8) in**1}.

If it is further assumed that the form-factors of the
quarks themselves depend only weakly on the momen-
tum transfer (i.e., that the radius of the quark is much
smaller than the radius of the hadron), then in the quark
model"®? the quantities G%(kz) and G{\)&(kz) will be equal

[cf. (3.4)], where G%(kz) and G&(kz) are the Sachs elec-

tric and magnetic form-factors of the proton.'™! This
result is in good agreement with experiment, 213 much
better agreement than should be expected from such a
rough model (see Table VII).

An important feature of the quark model is that in it
the breaking of SU(3) associated with the difference be-
tween the masses of strange and nonstrange quarks and
with the weaker interaction of the strange quark (cf.
Chap. II), which leads to a difference between the mag-
netic moments of the quarks @, and Q,, is uniquely
taken into account. Relations between the electromag-
netic parameters of hadrons which take into account the
preaking of SU(3) are given in"*"®?,

Let us now pass on to the radiative decays of vector
mesons (V— P + 7). For these only the M1 transi-
tion is allowed. In the study of radiative decays of vec-
tor mesons in the quark model we encounter a new
situation: owing to the large mass difference between
vector and pseudoscalar mesons the pseudoscalar meson
is relativistic, and therefore it is necessary to separate
out kinematic factors. (We recall that we are regarding
the quarks inside a hadron as nonrelativistic, and here
we are separating out the motion of the pseudoscalar
meson as a whole.) The quark model gives the correct
quantity pjf in the relativistic expression for the matrix
element of the transition
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e VB

Y V2g02ps2kg
Here q, p, and k are the momenta of the vector meson,
the pseudoscalar meson, and the photon, and eVande
are the polarization vectors of the vector meson and the
photon. The coefficients in (3.3) are chosen so that in
the nonrelativistic approximation ujf would have the
meaning of the magnetic moment of the transition. For
the decay probability we get the formula

(3.9)

(21847) Eapyeen epgyke.

Tiny= % nirk®;

here k is the momentum of the particles which are
formed. Taking the experimental value for T, . ;0 +y
we calculate the probabilities of the other radiative de-
cays (see Table VI). In the calculation it was assumed
that ¢ consists only of strange quarks, and w of non-
strange quarks (in accordance with the results of Chap.
II), and 7 is a pure octet state.

It can be seen from Table VI that all of the decays
are strongly suppressed in relation to w — 7° + v (by an
order of magnitude); i.e., for the decays ofp, K', and ¢
the quark model actually gives the same results as the
hypothesis of the conservation of A-parity.'® In this
sense it is curious that ¢ — 7° + y is forbidden and that
@ — 1 + y has a comparatively large value.

All of the results obtained in this chapter are based
essentially only on a knowledge of the unitary-spin part
of the hadron wave function and on the additivity of the
electromagnetic interactions of the quarks making up a
particle. If in addition we assume that the magnetic
moments of the quarks are renormalized in the same
way inside mesons and baryons, we can connect the de-
cay width I',, . z° , ., with the magnetic moment of the
proton and get good agreement with experiment.®’ It is
not hard to calculate p .70, v using the unitary-spin
wave functions of Appendix I

1 -, = - = 1 — — — -
00 = (P4py + nany 4 PyPt 1), M0 = (PP — RNy — PiPt M),
MHo-no = WRp <m° Z €0} l TC°> =
Bp /= === =
=5 A Ptpy T mny +pypr Mt ) TP1PyFPypt) +

2, -, = o [ 8
+§('Wu+'u"f)>= - {§+—§j—} = tip,

that is,
(3.10)

Ho-rno = [tp-

Since pp = 2.79 e/2mp, we can calculate 'y 70, 4. It
is found that I'y) — 7° 4, is about 1.2 MeV, which agrees
well with the experimental value™ T'y, .70,

= (1.15 = 0.25) MeV. This last prediction is probably
one of the most serious successes of the quark

FIG. 1. Process of electroproduc-
tion of the isobar Az 3.
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Table IX. Predictions of the Quark Model for
Radiative Decays of Vector Mesons

I T
Reaction r,Mev |F % Reaction r, MeV |F %
tot tot
@ —> 10y 1.154:0.25%){ 10 K*: > Kty 0.067 Q.145
="My 0.61-10-2 0.05 K*0 —» KOy 0.264 0.5
pE — n+,0y | 0.115 0.07 ¢ Ny 0.278 7
P8 My 0.043 0.031 ¢ —> 1% 0 0
*The experimental value is taken from[3].

model.®! It is very important, since it emphasizes
the common nature of mesons and baryons.

Let us list the main features of the application of the
quark model to the description of the electromagnetic
properties of hadrons.

1. All of the predictions of the model (Table IX),

. : 2 — p 2
with the exception of GIE’:(k ) GM(k )/up and o

= Hps also follow from the group SU(6)y. We recall that
3U(6)y assumes that the interaction of the particles is
invariant with respect to simultaneous transformation
of the group SU(3) and rotation of the spin around the
direction of the momentum.®? Therefore the only proc-
esses that are invariant with respect to SU(6)y; are
those characterized by a single momentum, for exam-
ple two-particle decays (including also electromagnetic
vertices) or amplitudes for scattering of two particles
by an angle of zero or 180°.

2. It explaing the fact that the (Sachs) electric and
magnetic form-factors of the proton are equal, GB (k%
=GR )/ £

M p

3. The quark model allows us to get relations be-
tween the electromagnetic properties of mesons and
baryons (“w——ﬂo = up).

The last two points are especially interesting, since
at present they cannot be derived from other models.

In conclusion we can assert that the quark model
gives a description of the electromagnetic properties
of hadrons in good agreement with experiment.

IV. WEAK INTERACTIONS OF HADRONS

In this chapter we shall show that the nonrelativistic
quark model gives a natural explanation of some pecul-
iarities of semileptonic weak interactions, i.e., proces-
ses of the type of the 8 decay of the neutron. We shall
not deal with purely leptonic and nonleptonic processes
in this review, since the study of these processes re-
quires new hypotheses which do not follow directly from
the nonrelativistic quark model.

The application of the quark model to weak interac-
tions is based on the fundamental hypothesis that the
radius of the weak interaction is much smaller than the
average distance between quarks in a hadron. If this is
so, to first order in the weak interaction the amplitude
for scattering of a lepton by a hadron is equal to the
sum of the amplitudes for its scattering by the quarks
(Fig. 2). It is further assumed that the Hamiltonian of
the weak interaction of a quark with leptons is of the
form

(22]

H=6/V2{(J)§l.+c.c.), (4.1)

where o and 8 are quark (antiquark) indices,
lu = ‘ﬁyu(l — vs)u is the leptonic current, and (J“)g is
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v ¢
FIG. 2. Inelastic scattering v e Z ><
of a neutrino by a baryon in \/ -

the quark model. 7 I 8 8

the hadronic current, which in the Cabibbo scheme is
given by 3]

0 Ji cos8 JE sing
{(Vfy=| JiTcoso 0 0 , 4.2)
J ,If+ sin® 0 0 )

where the indices 7* and K* are convenient for denoting
the quantum numbers carried by the current (J #)g’ and

8 is the Cabibbo angle. According to Cabibbo®?! the ap-
pearance of 8 in (4.2) follows from the fact that the weak
interaction singles out a definite direction in SU(3)
space, in analogy with the singling out of charged parti-
cles in electrodynamics, and of strange hadrons in the
breaking of SU(3). Then the strangeness-conserving
hadronic current comes in with a factor cos 4, and the
strangeness-changing current with the factor sin 6. The
presence of sin 6 in the quark model can be explained by
the weakening of the interaction of the quark Q) in the
strong interaction (cf. Chaps. II and IIT). ®* There are
no visible reasons for the appearance of cos 8, and its
existence is not firmly established experimentally,
since the contribution of cos 6 to the probhability of 8
decay is of the order of the radiation corrections, which
we cannot take into account rigorously at present (for
more details, cf., e.g.,’?). In Eq. (4.1) J,, is the quark
current, given by

(Ju)f = Yo (Py) {f1¥n + f20un (Py— P2)a + €1Vu¥s + 22V5(P1 — P2)u) s (P2)-
(4.3)

Here f), fz, g1, gz are unknown functions of t = (p — pz),
and for t = 0 we have £,(0) = 1.

The hypothesis of conserved vector current,®’
which is equivalent to the assumption that the electro-
magnetic and ‘‘weak’ vector currents are different
components of the same isotopic vector, allows us to
express {; and f, in terms of the electromagnetic and
magnetic form-factors of the quark, and consequently,
in terms of these quantities for the nucleon (cf., e.g.,'*?).
Only g; and g; remain unknown. If we assume that the
proper form-factor g(t) of the quark depends only
weakly on the momentum transfer t [for g»(t) this last
hypothesis is probably less satisfactory, since the
7-meson pole contributes to gy(t)], the axial form-fac-
tor of the nucleon is equal to the electric form-factor:

ot
This last prediction is not in contradiction with experi-
ment, ®*!

It is not hard to see that for SU(3) symmetry the
quark current has the same quantum numbers (Q, S, T)
as the nonet of mesons consisting of a quark and an
antiquark, and transforms under SU(3) like a singlet
and an octet. Because there are no neutral compon-
ents'®’ [this fact is already reflected in (4.2)], only
charged currents having the quantum numbers of
7* and K* mesons take part in the weak interactions.
Obviously, owing to the additivity of the quark currents,
the total hadronic current, equal to the sum of the quark
currents, has these same properties, i.e., the total
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Table X. Semileptonic Decays
in the Quark Model (according

tO [57])

Decay ‘ Theory Experiment

n—>p 1 1

A—p 0.95.1073 (1+-0.1).1073
I-—>n 1.2-40°% [ (1.392:0.2)-10-3
E-—>A | 0.67-40°% (2.44-1.4). 1073
Z-— A | 0.63.1073 | (0.754-0.28).10-3
Q- — 30 5-1078

hadronic current transforms according to the octet
representation of SU(3). This is usually postulated in
treatments of the weak interactions outside the quark
model (see the review!®’). From the octet character of
the hadronic current there follow the selection rules:

1. In strangeness-conserving semileptonic processes
(the current J;:) the selection ‘‘rule’’ AT = 1 must hold.
2. In strangeness-changing semileptonic processes
(the current JKi) the selection ‘“rules’”” AT =Y, AS = AQ

must hold.

These selection rules are valid in any model in which
hadrons are constructed from three fermions and in
which the weak interaction occurs as a decay of one
fermion. ®*®? The predictions are in good agreement
with experiment, %!

If we suppose that G is known from the decay of the
muon, sin 6 from leptonic decays, and G from g decay,
then, neglecting the contribution of the pseudoscalar,
we can describe all semileptonic decays of hyperons in
a way in agreement with experiment (Table X). As com-
pared with the phenomenological approach, in which the
octet character of the SU(3) transformation of the
hadronic current is assumed, for the semileptonic de-
cays of the octet 1/2" the quark model gives an addi-
tional condition, fixing the ratio F/D for the matrix ele-
ment of the axial current. For the reaction y +p — u
+ A the theory predicts all of the parameters, since

J(Af—sny)y = — 215/2 J (py —> ny) mag, @)
J(Af—n)a= —25V2 J (pr—>n3)as

where J( )y A is the matrix element of the hadronic

vector (axial) current. These relations have been com-
pared in detail with experiment in'®’, They are not in
contradiction with experiment.

All of these predictions, except FA(t)/GA = C%(t),

can also be derived by means of the group approach in
the framework of SU(6)yy, "’ but in SU(6)y, one needs,
besides a knowledge of the spin-spin part of the wave
function, the additional assumption that the hadronic
current transforms according to a representation®™®’
that group. Therefore in some sense the quark model
can be taken as a reason for believing that SU(6) sym-
metry is effective in semileptonic processes.

of

V. SCATTERING OF HIGH~-ENERGY PARTICLES
(DESCRIPTION OF THE MODEL)

As we have seen in the preceding chapters, the static
properties of hadrons can be rather easily understood
in the nonrelativistic quark model. The correctness of
the relations between form-factors for nonzero momen-
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FIG 3. High-energy scattering of a meson by a baryon in the quark
model. A straight line represents a quark, a wavy line an antiquark.

tum transfers is still stronger evidence in favor of the
quark model, with quarks interacting weakly inside the
hadrons. We may suppose that characteristic conse-
quences of the quark structure of the particles will
manifest themselves in the scattering of hadrons.

In the region of low and moderate energies it is hard
to get results without specific assumptions which are
beyond the scope of the naive quark model (but see!®1),
On the other hand, we may hope that when the momentum
of the incident particles is much larger than the mo-
menta of the quarks inside a hadron, the main contribu-
tion to the amplitude will come from single scattering
of a quark of one particle by a (]:luark (or antiquark) of
the other particle (Fig. 3).?>?°7 We can explain the
possibility of such an approximation with a simple ex-
ample. Let us suppose that the quarks—heavy parti-
cles—are at the bottom of a broad potential well; then
they will be nonrelativistic inside the well (owing to
the large mass of the quarks and the width of the well).
If the size of the quark and the range of the interaction
of a quark of one hadron with a quark (or antiquark) of
another is much smaller than the average distance be-
tween the quarks in a particle (the width of the well),
then at small momentum transfers the main contribution
is from single scattering of a quark of one particle by
a quark (or antiquark) of the other, subject to the con-
dition that the momentum of the colliding particles is
much larger than that of a quark inside the well.”®? We
recall that we are regarding the quarks as nonrelativis-
tic only inside the particle, and the particles themselves
are ultrarelativistic. In the framework of this picture
the corrections to the sum of the quark amplitudes fall
off with increasing energy, or are of the order of the
ratio of the range of the interaction of the quarks to the
width of the well. Here the physical meaning of the ap-
proximation is obviously different from that in the prob-
lem of deuteron-deuteron scattering, ®® since during
the interaction the quark is inside the well, and because
of its great depth edge effects are unimportant. The
quark amplitudes in terms of which the scattering am-
plitude for high-energy particles is expressed are na-
turally very different from the amplitudes for scattering
of free quarks (if such exist!).

We note that the hypotheses that have been stated
suffice for the derivation of several predictions. For
example, the selection rules and relations between the
elements of the density matrix follow solely from the
unitary-spin structure of the quark-quark scattering
amplitude. For most applications, however, it is neces-
sary to make the further assumption that at large ener-
gies, when the momentum of the incident particle is
much larger than the momentum of a quark inside a
hadron, we can neglect the dependence of the quark-
quark scattering amplitude on the momenta of the quarks
inside the particles. Then the scattering amplitude for
high-energy hadrons is of the form
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D )=FaO)Fa(®) 3 Min(squ 1)
152&,":[65(1'

(5.1)

In this expression all of the notations correspond to
Fig. 3; s = (p; + p2)® is the square of the energy of the
colliding particles in the center-of-mass system,

t = (p1 — pi)® is the square of the momentum transfer
(with sign reversed), and

Fap(t)= S W3 (ryrars) o0, (rrg) dt,  Ay= (Pa— Pblu

Fyp(t) characterizes the probability that the quark
remains inside the hadron after the scattering. Since in
the quark model the coordinate part of the wave function
for a definite sort of particle {mesons or baryons) is
the same if there is SU(3) symmetry, Fap(t) is a uni-
versal function: Fyau(t) = F(t). If we also assume that
the radius of a quark is much smaller than that of a
hadron, then F(t) is equal to the electric (Sachs)™®?
form-factor of the proton (see Chap. III), i.e., F(t)
= GIE’:(t) for small momentum transfers, as long as the
structure of the quark remains unimportant. larJ
Mli{m(sq, t) is the amplitude for scattering of a quark by

a quark (or an antiquark). We write it in the two-com-
ponent form, assuming that the effective potential is
sufficiently smooth:

M = a+b(610,) ¢ (6; + 62, ¥) +d(0k)(0:k)

(5.2)
+ e (oym) (o;m) + f (6, — 03, V),
where
[nn’) _ n—ny _ n+tn’
VETm Pl ET e

n is the unit vector along the momentum of the incident
particle, and n’ is that for the scattered particle; a, b,
¢, e, f are matrices in charge space. If we assume that
the quarks are identical [which corresponds to the sym-
metry SU(3)], then f = 0, and each term in (5.2) can be
written more conveniently in charge space, for example

a=a'l 4 a" (hjhsy),

where I is the unit matrix and Aj are the eight unitary-
spin matrices. ™’

VI. MAIN CONSEQUENCES OF THE QUARK MODEL
FOR THE SCATTERING OF HIGH- ENERGY
HADRONS

Before proceeding to a detailed comparison of the
predictions of the model with experiment, we give our
attention to those results that can be derived without
complicated calculations.

At high energies and small momentum transfers the
model forbids (in good agreement with experiment) re-
actions in which the changes of the charge, the hyper-
charge, and the isotopic spin of the initial particles do
not satisfy the ‘‘rules” ]aQ| = 1, AT =1, AY = 1.%%]
This is due to the fact that the system quark + antiquark
does not contain states with |Q{ > 2, T> 1,and |Y|{> 1
(see Table I). Beginning at 6—8 GeV/c the cross sec-
tions for forbidden reactions such as K'p — 7" Z¢
(1aQl = Qg — Q! = 2) and K'p —~ Z77" (|AQ]| = 2) are an
order of magnitude smaller than those for the corre-
sponding allowed reactions [K'p — 7”25 and
Kp—X'm (|AQ| = 0)]. The differential cross sections
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have been measured for some reactions which are for-
bidden in the model. They show a distinct minimum at
the angle 0°.0%!

The fact that the predictions of the model are well
satisfied experimentally is to some extent a verification
of the assumptions that have been made, and moreover
enables us to judge the energy value above which it is
reasonable to compare the model with experiment. The
model clearly does not work if the momentum of the
incident hadron is less than 4 to 6 GeV/c. (For exam-
ple, in the reaction K™p — K"=~ there is a forward peak
for pg = 3.5 GeV/c. %)

The only exception is the annihilation processes, for
which at P =7 GeV/c the forbidden process
pp — == (las] = 2) has an appreciable cross section,
and it is isotropic.!™? This clearly means that the
asymptotic behavior for annihilation processes begins
at higher energies.

2. Reactions of the type

a+N— M, +N (Ny), (6.1)

where M, is a pair (Q,Q,) are forbidden in this

model,"™? since in the range of applicability of the

hypothesis that the amplitudes are ‘“additive’’ the only
allowed reactions are those in which there is a change
of the properties of only one quark in a hadron, and this
‘‘rule’” does not hold for the case (6.1).

The weakening of the interaction of the quark Q,
leads to a change of the structure of boson wave func-
tions, which it is convenient to describe by introducing
a mixing parameter (see Chap. II). By this means we
can express M, in terms of the physical particles and
state the forbiddenness of (6.1) in a more convenient
form:

o p—gn) _ 0(aTp > @AY 1—V21goy\2 (6.2)
TP on o p>es ) \11 )30y )’ )
a(@p—>Xo) _ o(ntp XAt _(1—VBtg0p)\* 6.3
o(n=p—>mn)  o(atp—>nAtY) '_(lﬂ/?tgep)' (6.3)

Here ¢ and w belong to the nonet 17, and X° and 7 to
the nonet 07; 6y and 6 p are the corresponding mixing
angles.

The relations (6.2), (6.2) allow us to determine the
mixing angle independent of the mass formulas, and
even to find its sign! For example, the fact that the
cross section for production of the ¢ meson is small in
comparison with that for production of the w meson,

g {x"p—pA*) =10 ub at 3.65 GeV/c

while

0 (0 p - ©A™) = (650 2= 100) b at 3.6 GeV/c

and

400 ub at p = 4.0 GeV/c

indicates that ¢ consists mainly of strange quarks (this
is in good agreement with the mass formulas and the
absence of decay of ¢ into 3w).

The relation (6.3) is still more interesting; it allows
us to test the idea of mixing in relation to the nonet 0.
If the L-S coupling type of classification is correct for
the higher boson resonances, we can try to apply the
model to processes in which these mesons are pro-
duced. In particular, for the nonets 2" and 1* we get
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a(n‘p—»f’ﬂ)=(1—-1/§%89T)2 (6.4)
o p—fon) 1+ 2g6y)’
d(ﬂ‘p—-»En)z_(i—-]/itga)z (6.5)
o p—Dn)  \14+7V31g8])"

where 6 and 6 are the mixing angles in the nonets 2°
and 1*. The relations (6.4) are of great interest, since
they are an independent check of the quark structure of
the nonets 2* and 1°. It is stated in®®’ that an analysis
of the experiments on the scattering of particles made
by means of Eqgs. (6.2)—(6.4) gives values of 6 p, Oy,
and ¢ that are comparable with the mixing angles ex-
pected from the masses of the nonets, with 6 p < 0,

8y > 0, as expected in the quark model."*

3. Another important prediction relates to reactions
in which there is a pseudoscalar meson in the initial
and final states. For example, P + N— P + N (Ny),
where P denotes the nonet of mesons with J¥ = 0~ and
Ng the decuplet JP = 3/2", Because the spin of the
meson P is zero we have (PloqIP) = 0, and consequently
only part of the quark-quark (or quark-antiquark) scat-
tering amplitude contributes to this reaction, namely
the terms a and c(o;Vv) [cf. (5.1), (5.2)], and these ampli-
tudes must be averaged over the nucleon wave functions
(the index i refers to a quark belonging to the nucleon).
Because the spins of N and Ny are different, for the
reaction P + N — P + Ng only the term c{ov) remains,
and the amplitude with spin reversal in reactions
P + N — P + N is also expressible in terms of this
quantity. This makes it possible to derive a number of
interesting relations'™’:

25 do

299 (atp—0A) = 2 L0 (rp > 1A,

T&mar

fl
Lo (wp—aom)

dofl _ 25 do ,__ 25 d
S p - r) = G (Up A = T G (w'p > nAT),
f — —
40~ (&p—Eon) =292 (5-p - Bons), (6.6)
fl
20 (Krp—>Kon) =2 3 (K*p— KoA™),
deft _ 1 d ~ -
o (p )= 23 J

Here dol!/dt is the differential cross section which
comes from the amplitude with spin reversal. Two con-
clusions follow from the relations (6.6):

a) The cross sections for all processes of the type
P + N — P + Ng must approach zero for small scatter-
ing angles ¢ like sin® #/2, owing to the properties of the
amplitudes with spin reversal for the reactions P + N
— P +N.

A minimum of this sort is observed in the reaction
7'p — 7°A™* 31 at pr ~ 6—8 GeV/c.®! In the reaction
7'p ~ A" at p; = 8 GeV/c there is no minimum in the
scattering at small angles,[”] but on the other hand
there is no forward peak, the cross section being iso-
tropic. Possibly this is evidence that the asymptotic
behavior has not yet been reached for this reaction.

b) A comparison of (6.6) with experiment is possible
only with the additional hypothesis that the main contri-
bution to the differential cross section for 7p — #°n is
from the amplitude with change of helicity (there is
evidence in favor of this hypothesis in the absence of a
minimum at the angle 0° in this reaction®?). A study
of the differential cross sections for the reactions
77p — 7°n and ¢*p — 7°A™ shows that there is a qualita-
tive correspondence between them, in the positions of
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the maxima and minima. In the Regge-pole model this
sort of correspondence is due to the fact that these re-
actions occur only through the exchange of a reggeized
p meson. Comparison of the top relation at the maxi-
mum for t = 0.1 (GeV/c)® shows that it agrees to
50-percent accuracy.

4. If we assume that the amplitude for scattering of
a bound quark by a quark (or antiquark) does not depend
much on whether the quark (or antiquark) belongs to a
meson or to a baryon, then in the high-energy limit,
where the Pomeranchuk theorem holds, there is a con-
nection between the meson-baryon and baryon-baryon
total cross sections. From a simple counting of the
number of quark amplitudes one easily gets”*! opp = 9a,
ogp = 6a, Oy = 4a, where a is the total cross section for
scattering of a quark by a quark (or antiquark), in the
limit where the Pomeranchuk theorem holds. From this
it follows that

Oppe0npi0an=9:6:4.
If we assume that at the largest energies now attainable
Opp and ogp do not differ much from the Pomeranchuk
limit, then this prediction is in fair agreement with ex-
periment"®*’

9p

2 —1.58 4 0.05.

Oap

When the total cross sections are processed by means
of the Regge-pole model, the ratio of the contributions
of the vacuum pole to these cross sections is

1.8 + 0.02.") We note that the connection of the
baryon-baryon and meson-baryon cross sections is not
understandable outside the framework of the quark
model, and therefore the fact that the last relation
agrees with experiment is a serious argument in favor
of the quark structure of hadrons.

VII. RELATIONS BETWEEN TOTAL CROSS SECTIONS

We shall now proceed to a systematic comparison of
the predictions of the model with experiment. Every-
where in what follows we shall assume that the quarks
Qp and Q) interact in the same way (i.e., there is iso-
topic invariance of the strong interaction), and the quark
Q) interacts differently, i.e., in the quark model there
is a unique type of breaking of SU(3) in the interac-
tion. [32,60,613

The simplest problem is the study of the elastic
scattering amplitude at zero angle, which is connected
with the total cross section by the optical theorem.
Since the optical theorem involves the imaginary part
of the forward scattering amplitude, summed over the
spins, the total cross section does not depend on the
spin interaction of the quarks. Therefore the calcula-
tion of the relations between total cross sections is ex-~
tremely simple: it reduces to counting the numbers of
different quark amplitudes. For example, for the scat-
tering of a 7 meson by a proton we have

Sp Im A%fs (£ = 0) = (030n) (@20} | (0p05) (C5Q205) | .1)
=2(0p051 QpQ0) + 2{Qu0r | Qu0r) + (0n0n | OuFr) + (@50 | Q100>

In a similar way we can express the cross sections
for other processes in terms of the cross sections for
scattering of quarks:
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o{*p) = 2a(pp) 4 2a (pn) + a (pn) + a (nn),
o(rp) = 2a (pn) + 24 (pp) +a (nn) +a (np),
o (K'p) =2 (pp) +-a (pr) + 20 (p) + a (),
6 (K"p)=2a (pp)+a(pn)+2a (Ap) +a (An),
o (K°p) = 2a (pn) +a (nn) 4 24 (hp) +a (An),
o (K°) =2a (pn) + a(nn) 4 2a (Ap) + a (An).
If isotopic invariance [a(pp) = a(nn), a(Ap) = a(An)] is
assumed, there is obviously only one valid relation'®??

(7.2)

(7.3)

Owing to the isotopic invariance of the strong interac-
tions

0 (K"p)—a (K°p)—a (K*p)+0(K°p) =0 (p)—0 (*p).

o (K%)=o0(K*n), o (K°)=0(K™n),

and since o(K'n) and o (K ™n) are measured experimen-
tally we express (7.3) in terms of these cross sections:

(7.4)

This equation is in agreement with experiment within
the limits of experimental error (Table XI; the experi-
mental data are taken from©%7),

If SU(3) symmetry holds in the interaction of the
quarks there are other predictions.®3*®) They are not
given here, since from the point of view of all present-
day models the experimental data on total cross sections
indicate serious breaking of unitary symmetry. In the
Regge-pole model this breaking manifests itself in the
necessity of introducing mixing parameters for the vec-
tor and tensor reggeons. ®’**! In the quark model

a(p)talp) _ 9 (K7p)+0 (K*n)—0 (np) (7.5)
a(pryta(pn) 20 @ =0 (v p)+3[0 (Kny— o (K7 p)] *

[0 (K~p)—o (K™ n)]+ [0 (K*n)—o (K*p)] =0 (n"p)—c (77p).

In exact SU(3) the right member must be equal to unity.
Experimentally, when the energy of the incident particle
is 18 GeV/c the value of this ratio is 0.6 = 0.1. The
same relations are retained for the total scattering
cross sections for vector mesons, and furthermore
Otot(TN) = oiot(oN), since the quark amplitudes that

contribute to otgt(pN) are the same as those for o¢ot(7N).

For the baryon-baryon and baryon-antibaryon total
cross sections one does not get a single relation whose
experimental testing would be possible in the immediate
future. All of the relations are written out in®*?®) and
we may refer the reader to those papers.

If we assume that the amplitude for scattering of a
guark by a quark (or an antigquark) does not depend on
the nature of the hadron to which the quark belongs, we
can get relations between the meson-baryon and baryon-
baryon total cross sections which are characteristic of
this model alone. Namely, not assuming SU(3) symme-
try, we have®®?%%

Table XI. Comparison of the Experimental
Results with the Relation
O (n~p)—0 (ntp)==[0 (K~p)—0 (K"n)]+-[o (K*n)—0 (K*p)]

a(n"p)—alatp), [6(K p)—a (K n)l+
v, GeV/e mb Ha & n)—o (K Fp)], mb
6 2.32:0.5 2.841.2
8 2.430.5 42414
10 1.7+0.5 24411
12 1.7+0.5 1.741.4
14 1.5+0.5 1.5+10.1
16 1.7+0.5 1.4+1.5
18 1.5+0.5 2.2+2.4
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(0 (BP)+ 0 (pP) = - [0 (*p) + 6 (xp)]

+ [0 (K*p)+0(Kp)~0 (K'm)~0 (Km),  (7.6)
o (pp)—0o(pn) =0 (K*p)—0 (K*n), (7.7)
o (pp)—0 (pn) =0 (K"p) — 0 (K"n). (1.8)

The derivation of these relations is simple if we note
that
o (pp)=4a(pp)+ 4a(pn)+a (nn),

o (5p) = 4a (pp) -+ 2a.(pn) + 2 (pn) + a (nh). (7.9)

The relation (7.6) agrees with experiment to 20 percent
(Table XII), and the left and right members of (7.7) and
(7.8) are close to zero, their differences being of the
order of the experimental errors.

In comparing (7.6)—(7.8) with experiment we must
remember that baryons and mesons consist of different
numbers of quarks and have different masses. There-
fore, strictly speaking, one must compare the right and
left members of (7.6)— (7.8) at different energies, so
that the quark amplitudes may depend on the same in-
variants (sq, see Fig. 3). For example, if we assume
that hadrons consist of weakly bound quarks with effec-
tive mass of the order of 300 MeV, we must compare
the right and left members of the relations (7.6)—(7.8) at

Spp 3

Sap 2

Therefore it is most reasonable to make the compari-
sons for (7.6)—(7.8) at the highest possible energy, for
which we can hope that the quark amplitudes do not de-
pend much on energy. Unfortunately, at attainable ener-
gies o(pp) changes considerably with increasing energy,
so that, strictly speaking, present energies are not
sufficient for the testing of these relations. In the limit
in which the Pomeranchuk theorem holds (7.6) takes the

form

olpp) __ 3

Tap) 2 (7.10)
This relation has already been discussed in the preced-
ing chapter. We note that in this model the relation of %]
for the Pomeranchuk limits,

2
Oap == OnaUpp,

is satisfied, since

From this it is easy to calculate the Pomeranchuk limit
for oy (077 = 14.6 mb).

Table XII. Comparison with Experiment of
the Relation

01 (pD) +07 (§P) =5 [0 (x*P) + 07 (v P)) +5-[or (K )

+ o7 (K-p)—0q (K+n)—or (K-n)] (according to'*®7)

320op(x o) +op(a )1+
- 1 -

p.GeVjc | opler)itap(Ep), mb] 3 O K P 40, (KTp)~
—0p(K¥n)—ap (K n)], mb

6 99.9:+1.7 82.9+1.4

8 96.41.4 82.5+1.4

12 91.1-+1.5 77.94:1.4

14 89.9:+1.5 75.24:1.4

16 87.9:1.4 73,4+1,5

18 89.0+4.2 72,83-1.6
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Table XIII. Table of Values of Cross
Sections of Bound Quarks

P »
\ 10GeV/¢| iGGeV/c\ 10GeV/c| 16 GeV/(]

a(ppy| 4.3 4.3 |l a(pn) 3.3 3.15
alpn)y | 4.4 4.3 | a(ph) 3 2.95
a(pp) 5.2 4.5 a (ph) 1.5 1.4

Using the expressions (7.2) and (7.9) and the known
total cross sections, ™! we can calculate the cross sec-
tions for scattering of a bound quark by a quark (or an
antiquark). A set of these quantities is given in Table
XIII, for values 10 and 16 GeV/c of the momentum of the
incident particle. It can be seen that a(pp) = a(pn)—i.e.,
the imaginary part of the charge-transfer amplitude is
small (but this is not true of the real part, as was as-
sumed in®'7). An important feature of the data of Table
XIII is the large difference between a(p)) and a(p}), on
one hand, and a(pn) and a(pf), on the other, which is
evidence of a serious breaking of SU(3) symmetry in the
interaction of quarks. This strong breaking of SU(3)
symmetry is not surprising; in the mass analyses of
Chap. II we saw that SU(3) is seriously broken in spin-
spin and annihilation interactions of quarks."®’ In this
sense it is curious that the quark model enables us to
derive without the use of SU(3) symmetry predictions
which are usually derived by means of SU(3) [for exam-
ple, (7.3)].

We note that for the real parts of the scattering am-
plitudes, averaged over the spins of the incident parti-
cles, we get the same relations as for the total cross
sections.”®? Assuming that for high-energy scattering
at zero angle the contribution of the amplitude with spin
reversal is small, and that charge transfer can be
neglected, we get the experimentally verified equation

(ReA(pp))-+(Re 4 (pp)) __ 3 (7.11)

(Re (u*p))+(Re(mp) 2 °
It is convenient to use (7.10) to write (7.11) in the form

9 (pp)
*2 % 5 (pp) =1
cc.n+p"’a:t—p !

where o = Re A/Im A. Experimentally
app= —0.22 + 0,05, o o= 40,07 40,032 or 0,02 40,032,

petp -+ Op= — 0,28 - 0,05.

Because of the difficulty which arises from the impossi-
bility of unambiguously separating off the electromag-
netic corrections to the high-energy scattering ampli-
tude, two values are given for app. ™’ It can be seen
that (7.12) is not in contradiction with experiment.

(7.12)

[e1.

VIII. RELATIONS BETWEEN THE DIFFERENTIAL
CROSS SECTIONS FOR INELASTIC REACTIONS

It is a much more complicated matter to study with
the quark model the relations between the differential
cross sections for inelastic reactions. This is primarily
due to the fact that the spin-spin and spin-orbit interac-
tions of the quarks become important. Furthermore, for
scattering at nonzero angles it is necessary to take the
form-factors of the particles into account [cf. Eq. (5.1)].

There exists, however, a whole class of relations
which do not depend on any additional assumptions and
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follow simply from the fact that reactions in which
values of AS, AQ, and AT larger than unity are trans-
ferred in the t channel are forbidden.

For example, the reaction 7°p — 7°A” is forbidden
by these ‘‘rules’’ (the charge transfer is two units).
From this there at once follows a connection between
the isotopic amplitudes (there are two of them in this
reaction), which gives the following relations between
the cross sections!"*!:

o (ntp — ntAY) =—.—§—c (rtp — n0AH) (8.1)
=0 {n"p— n"A*)= 20 (n"p —> mOA?). )
All of the predictions similar to this one are written
out in'®?, At p; = 8 GeV/c we know only the cross sec-
tions *%7

o (n*p — 70AT) = (0,12 + 0,02) mb

o{atp—>ntAt) = (0.08 + 0'04) mb

0.03
These values agree with (8.1) within the limits of ex-
perimental error.

More interesting relations follow from the quark
model for reactions in which vector mesons are pro-
duced™’:

a(Kp—@A)=0(n"p—> K*A),

¢ (Kp— oA) =06 (K p-— p°A). (8.2)

The known experimental data for these reactions are at
not too high energies, and the errors are large. At
PK = 3 GeV/c,o(Kp— @A) = (40 + 8) b, and at
py = 2.7 GeV/c, o(n'p — K°*A) = (53 + 8) ub; at
4.1 GeV/c, 0(Kp — p°A) = (41 + 17) ub, and
0(K'p— wA) = (41 + 15) ub; accordingly, (8.2) is not
in contradiction with experiment.

Similar relations can be written for the nonet 0~ (and
in general for any nonet of mesons consisting of a quark
and an antiquark):

g (K p—nA)+o (K p—X°A)=0(n"p—> K°'A)+ 0 (K p—>noA),
o (p—> 1) 4 6 (n"p—>nn) + o (a"p — Xn)
=0 (K +n—K°)+o(Kp—>K°n),
O'(Jt+p'—>ﬂ0A++)+0'(ﬂ+p‘——>nA++)+U(ﬂ+p—5XOA++)
=30 (Kp—>K'A% + ¢ (K*p— K°A+).
(8.3)
All of these equations can not as yet be derived from
hypotheses other than the quark model, and therefore it
is very important to verify them. Unfortunately, be-
cause of our present ignorance of the cross sections for
the production of X° these relations cannot be tested.
Besides the equations we have given, which in gen-

eral connect the differential cross sections for scatter-
ing at any angle ¢, further consequences for scattering
at zero angle appear in the model.®*! This can be
easily understood if we note that for zero scattering
angle the terms responsible for the spin-orbit interac-
tion drop out of Eq. (5.2):

e trp—remy =
L2 (Kp—>MA) (M'=X® or m),

(p—> KOA),

do - 1
(B p— M) =+
29 (K-p—s vz = 2 9 (k- -A (8.4)
o (K°p =3 g En—h), .
d _ 25 @

r (VP> p7) = 37 G (3 —> AT,
do

%‘:— (np—>wn)= —222— ar (T p—>wA*),
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If we make the further assumption that SU(3) symme-
try holds in the strong interactions, there is a much
larger number of relations between the differential
cross sections.?*®%1 gince at present these relations
cannot be tested at sufficiently high energies, they are
not given here. We note only that with SU(3) symmetry
in the quark model the relations between the differential
cross sections for zero-angle scattering of particles
belonging to the same SU(3) multiplet agree exactly with
the predictions of SU(6). In this sense it is a matter of
interest to test the relations (8.4), since their existence
when there is violation of SU(3) is natural only in the
quark model.

The relations most characteristic of the quark model
are those between baryon-baryon and meson-baryon
cross sections. As in the case of the total cross sec-
tions, to derive them it is necessary to assume that the
amplitude for the scattering of a quark by a quark (or
antiquark) do not depend much on what sort of hadron
the quark belongs to. We give examples of such rela-
tions, which are derived in'® without the assumption
that there are any symmetries higher than the isotopic
symmetry:

o (1p—> K°A) =0 (pp—> TNy ——5 0 (pp > AA),
o (wp—> K"A) =1 0 (p—> 53A),
a(n*p-eK*Z*)—}—%G(n*p%K**E*):a(pp?%f*Z*), (8.5)

o (K*p—> KOA*) 4 22 6 (K*p—> K9*A™) =6 (pp—> nA*),

o (Kp—s K"A*) = 2 ¢ (pp—> AIA™), )

In comparing the theory of inelastic processes with
experiment it is necessary to include corrections which
arise because the masses of the colliding particles are
different. The fact that the hypothesis that the coordin-
ate part of the wave function of a hadron depends only
weakly on its mass is successful in explaining the elec-
tromagnetic properties of hadrons gives us the hope that
here, as in the case of the decay w — 7°v, it is sufficient
to take only the kinematics into account.

Probably it is most natural to compare the cross
sections for the same energy release Q and the same
sum of kinetic energies of the emerging particles, since
this quantity takes the thresholds of the reactions into
account correctly.™? For the same reason it is neces-
sary to separate off a phase-volume factor F = pg/spy
(where p; and pg are the initial and final momenta of the
hadrons in the center-of-mass system) from the cross
sections in the standard way,"™’ since the relations
were derived for the squares of the matrix elements.

In the quark model, besides these corrections which are
customary with the symmetries, one further correction
is necessary, which is due to the fact that the scattering
amplitude contains the form-factors F(t) [ef. Eq. (5.1)],
which are different for mesons and for baryons. It is
hard to make these corrections exactly.

In the literature ™’ there has been discussion of the
consequences of the additional hypothesis that the de-
pendence of the quark amplitudes on the momentum
transfer t is weak (a polynomial), and that all of the
strong (exponential) dependence on the momentum trans-
fer is due to the form-factor F(t) of the particle. For
the differential cross sections it is then predicted that
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FIG. 4.Behavior of the quantities d"%t(”’) / [d"—'zi—”’—) o and
[G‘é(t)] 4 as functions of the momentum transfer t. The solid line
shows the behavior of _d_"elli([ﬂ/ [fﬂ%iﬂ"_)],hg for p=12.8 GeV/c; the
points are values of [G%(t)] 4.

they have the same main dependence on the momentum
transfer t, and that this dependence is the same as for
the electromagnetic form-factor of the hadron'’; this
is reminiscent of the droplet model of Yang and Wu, 1#%?
This prediction is in agreement with the known differ-
ential cross section for pp scattering™’ (see Fig. 4,
which is taken from'®?).

Observed deviations from a universal t-dependence
of the differential cross sections in inelastic reactions
are on this hypothesis explained by the presence of a
kinematic dependence of the quark amplitudes on t.
| For example, the maximum at t = 0.1 (GeV/c)® in the
reaction 7 p — 7°n is explained by the large value of the
amplitude with spin reversal, which is proportional to
{—t)'’* at small scattering angles.]

Within the framework of these last assumptions we
can take F(t) into account by dividing the cross section
by eAt, using a value of A which is different for baryon-
baryon and for meson-baryon scattering and is taken
from experiment. After such a procedure we are deal-
ing essentially only with the quark amplitudes. 1t is
guite clear that the errors incurred here by neglecting
the polynomial dependence of the quark amplitudes on
/2, and also the large experimental errors, can be
rather impressive. Moreover, as before there is still
a theoretical uncertainty in the quark model, as to the
choice of energies for the comparison of the right and
left members of the relations (8.5). We have already
discussed this in some detail. Essentially we have only
one rigorous relation between the meson-baryon and
the baryon-baryon cross sections, namely the ratio of
the total cross sections in the Pomeranchuk limit. In
spite of this, the comparison with experiment made in
for Q from 0.4 to 0.8 GeV shows that all of the relations
are not in contradiction with experiment, except the in-
equality o(7"p — K% < (2/3)0(pp — AA), which follows
from (8.5). For it the left member is experimentally
twice the right member (but the @ s are small,
~0.4—-0.6 GeV).

Relations between the zero-angle scattering cross
sections for meson-baryon and baryon-baryon reactions

(831
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are of interest, especially because there has recently
appeared a paper'™? in which it is asserted that rela-
tions of this type are seriously violated. First of all we
note that the equations of!®! are valid only for scatter-
ing at angle 0° and with neglect of the spin-spin interac-
tion [the amplitudes b and d in Eq. (5.2)] . Actually it is
necessary to take the spin into account, as we shall see
in what follows.
We write out some relations for scattering at 0°

angle:

—:—t- 6 (pn —> np) :ia (K*n — K°) + Ega“"%‘o (K*'n — K*p),

o (Kp—> Kon)+ 22

(m* p—>K*Z+)+—8—1-~d-U(“ p

o(p;?——'» mT): -6 (K” p — K*n),

U(pp—> AR) :Tdﬁ— — K*3H),

70(pn—>np)+gc7(pp—> nn) ==

=to(n P—>ﬂ“n)+3 o (np — )+

as

+ ii % [7;(7(“+P —> pA* +)+—dt— a(ntp — @A)l

(8.6)

In order to get the results of®®?, one must neglect in

(8.6) the cross sections for production of vector mesons.

Only the last relation can be compared with experiment.
At 8 GeV/c the right member is about three times the
left member. It can be seen from the analysis of the
experiment that the main contribution to the right mem-
ber is from the term (d/dt)o(7*p — p°A"™), which is dif-
ferent from zero only because of the presence of the
spin- spin interaction [the amplitudes b and d in Eq.
(5.2)] . The too large value of (d/dt)(m*'p — p°aA*") is
possibly due to the fact that this differential cross sec-
tion is known only for large values t = —0.05 (GeV/c)?,
where the spin-orbit interaction not included in (8.6)
may be important. For example, the differential cross
section for the reaction 7° + p — p” + p falls by a factor
three when the momentum transfer is decreased from

t =—0.05 (GeV/c)’ to t =—0.02 (GeV/c)’. Therefore it
is not clear at present whether or not (8.6) is in contra-
diction with experiment.

IX. THE DENSITY MATRIX

In this chapter we shall consider the properties of
the density matrix of a particle with spin S in the quark
model,

« Zph xd“‘;. M (AA )*
Pupr = Ab)* , (9.1)

Zhohph, xd“’x Ad <Ax

where At)\g are helicity amplitudes.™’ Since ﬁ““f is
expressed in terms of the quark amplitudes, by com-
paring it with experiment one can get more detailed in-
formation in regard to the nature of the interaction of
quarks at high energies.“’s] There is a different quan-
tity which is more convenient for comparison with ex-
periment

Pmm (¥p) = Zpp dfnu (— %) Fguu'

dmrye (— o). (9.2)

Here m and m’ are projections of the spin of particle b
(see Fig. 3) in the direction of the motion of the initial
particle a in the system in which b is at rest. ¥, is the
angle between the momenta p, and +pq in this system.
For forward scattering the two matrices are equal,
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(74,89) 1

since in this case ¥, = 0 and d (0) =0mpu-

the quark model it is simplest to calculate D1t be-
cause if we consider only single scattering of a quark

of one particle by a quark of the other particle the quark
amplitudes are additive.

The relations between elements of the density matrix
are free from many kinematic uncertainties, in particu-
lar from the need to take the phase-space volume into
account. Moreover, all of the predictions refer to a
single reaction, so that there are no effects of mass
differences and no question as to the s and t values at
which the relations are to be compared.

The most interesting processes from the point of
view of the model are those of scattering of pseudo-
scalar mesons by nucleons with the %)roduction of a par-
ticle belonging to the decuplet with J* = 3,/2": P + N
— P + Nj. For these reactions the quark model predicts
all of the elements of the density matrix at all angles
(permissible in the model)™®*:

3 0 V3 0
10 1 0 V3
e 9.3
Pun i V?’ 0 N 0 ( )
0 V3 o 3

The comparison with experiment is shown in Table XIV,
taken from ™! and'¥!, It can be seen that in general
(9.3) agrees fairly well with experiment, although the
energies are clearly not high enough, especially for
K'p — K°A"™. Since the cross section for a reaction of
this type must approach zero for 4 — 0 (cf. Chap. VI),
the value of the density matrix at ¢ = 0 can be due to a
large extent to corrections to the model. For greater
definiteness one must make the comparison for scatter-
ing at large angles, where the main parts of the matrix
elements are those calculated from the model.

An important consequence of the quark model for the
reactions P + N — P(V) + N(Ng) is that the elements
6“ s are real.’®J As an example let us consider the
density matrix for the reaction 7p — pNg. First, any
helicity change larger than unity is forbidden in the
model, and therefore Ag‘/g,_l/g = (0. Second, the ampli-
tudes responsible for a change of the helicity for only
one pair of particles in the t channel are equal to zero
[this can be seen from Eq. (5.2) and the fact that the
spins of the particles are different]. Consequently,

- g 0
Al 12=ATHh 1p=Alz, 2= A3, 1,2=0;
and furthermore

q —1 Q 4-
V3AN s, 2= 430 120 V342 12=45]2, 112,

since

V3 (Nits2)04 | Note)=(Npgs2)0- | Nopssa).
Then, 1f we write Al/z 12 = F, A-1/2 12 = B/21/2 A—L/Z 1/2

C/21 2 we get for the density matrices of the p and A
produced in this reaction

2(1BE+{CH 0 2Re BC*
{ém=—,‘v—( 0 2|Fp2 0 ) (9.4)
jcp

2 Re BC* 0 2(Bp+
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{Pu) =
SaBp-iep 0 V/3Re BC* 0
A0 PP (BEFICR) 0 0 i
Y 3Re B 0 FRriqBEsicy o
0 0 O F0BRHCP
(9.5)

The elements of the density matrix can be calculated in
analogous ways for the other reactions.

The comparison with experiment can be made only at
comparatively small energies. It shows that for all of
the processes the forbidden matrix elements u' are
in fact small in comparison with some of the aﬁowed
elements. On the other hand, some elements which were
predicted to be different from zero are as small as the
forbidden elements, which indicates that some quark
amplitudes are small at the energies attained so far.
For example, in the reaction 7'p — pA™ the element poo
is much larger than all the other elements of the den-
sity matrix. For p; = 8 GeV/c and ¢ = 0%°7: pge = 0.77
+0.04,p1,-1 =—0.031+ 0.02, p1o =—0.124 + 0.03. The
experimental data do not correspond to an exactly zero
angle, since p,, -1 and p o are different from zero. It can
be seen from the comparison of (9.4), (9.5) with experi-
ment that F >> B (i.e. the dominant amplitude for the
scattering of a quark by a quark (or antiquark) is
a(0y’, 05’). This is in good agreement with the large
value of pgo in the reactions np — pp, 7p — wA, K'p
— KA™ when the momentum of the incident particle is
of the order of 8 GeV/c.®%]

The study of the density matrix in the quark model
probably indicates that spin effects are important in the
scattering of high-energy hadrons at small angles in
inelastic processes. To reach more reliable conclusions
we need to measure ﬁuﬂf at smaller angles.

X. COLLISIONS OF HIGH-ENERGY HADRONS (RELA-
TIONS BETWEEN THE NONRELATIVISTIC QUARK
MODEL AND OTHER THEORIES)

We shall first discuss the connection of the quark
model with higher symmetries of the type of the
collinear group SU(6)yw (see Chap. III). We shall not
consider higher symmetries of the type of U(6, 6), since
they are in contradiction with unitarity.*! From the
point of view of the quark model there are no reasons
to expect that the interactions of high-energy particles
will be SU(6)yy invariant. We recall that the successes
of SU(6)yy symmetry in explaining the static properties
of hadrons in the quark model are due precisely to the
nonrelativistic character of the motions of quarks in-
side hadrons, and in the problem now considered quarks
belonging to different particles are relativistic with
respect to each other. This last remark is all the more
interesting, because it is well known that a number of
predictions of SU(6)yyy symmetry relating to the scatter-
ing of hadrons are in complete contradiction with ex-
periment.®®*% We give examples below which demon-
strate the degree of violation of SU(6)yy symmetry in
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Table XIV. Comparison with Experiment of Values of the
Spin Density Matrix in the Quark Model

Reaction Puv Theory Experiment
8 GeVfc: 4 GeV/c:
P33 0.375 0.22 40,06 0,40+0,06
N > A 03, _1 0.215 0.1324:0.07 0.214+0.08
P31 0 0.0664-0.0 —0.03:£0.07
3 GeV/e:
Paz 0.375 .284-0,06
Ktp > KOAT+ 03, 1 0.215 0.21+0.05
P34 0 0.0420.,05
5.5GeV/c: 4,5 GeV/e:
P33 0.375 0.30+0,15 0.353-0,09
Ko - Zgn~ 03,1 0.215 0.25+0.06 0.1640,11
D3t 0 0.00+0.15 0.16+0,14

the interactions (at ¢ = 0):

2 5O (K hp—>K* +p) = 50 (K +p—K*+4a%);  (10.1)

experimentally, at Q = 1.42 GeV, the left side is equal
to (200 £ 70) ub/sr, and at Q = 1.12 GeV the right side
is (1720 + 200) ub/sr;

32 d _ - d _ -
5 gt E+p—> K" p)=—g (K +p— K'4n);

(10.2)
at Q = 0.95 GeV the left member of (10.2) is equal to
(1408 + 213) ub/sr, and at Q = 0.97 GeV the right mem-
ber was found to be (142 + 20) ub/sr. Of course there
is a large uncertainty in the experimental determination
of the differential cross section for scattering at zero
angle, but this cannot completely alter the situation.
Inclusion of breaking of SU(3) symmetry also does not
save the situation, since the relations (10.1) and (10.2)
follow from the subgroup SU(6)yw — SU(4)w, which does
not bear on the breaking of SU(3)y. All of these rela-
tions are absent in the quark model. The absence of
SU(6)y symmetry manifests itself formally in the fact
that in the amplitude (5.1), (5.2) for the scattering of a
quark by a quark (or an antiguark) the functions occurr-
ing with the spin matrices are not connected with each
other. It is all the more interesting that the predictions
of the quark model, given in the preceding chapters, are
in much better agreement with experiment.

If we neglect the breaking of SU(3) symmetry, it is
obvious that many results of the quark model which
connect reactions of the scattering of particles belong-
ing to the same SU(3) multiplet can be derived from the
more usual hypothesis that certain nonets of reggeized
mesons are dominant in the t channel.?®™! This re-
mark relates to the ‘‘rules” [AQ| =<1, |AV| =<1, |[AT|
=< 1 (cf. Chap. VI), and also to the Johnson-Treiman re-
lations for the total cross sections.™ If, on the other
hand, one takes SU(3) breaking into account it is already
hard to relate the predictions of the quark model to
other models. In this sense the most interesting results
of the quark model are those relating to reactions in
which neutral mesons are produced, Eqs. (6.2)—(6.5).
The study of these reactions provides a test of values
of the mixing parameters as determined from the mass
formulas."™’ The relations (6.2)—(6.5) have been com-
pared with experiment in®®!, and it was found that they
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are not in contradiction with experiment.

From an analysis of the density matrix for the reac-
tions T +p—p +p, ™" +p—7° + A™, it can be seen that
spin effects must be taken into account (the quantity poeo
is large). It was the neglect of the quark spins that led
the authors of ®? to the conclusion that the quark model
does not agree with experiment. We note without proof
that if we assume that the main contribution to the am-
plitude for scattering of a quark by a quark (or an anti-
quark) is given by reggeized mesons,'””’ agreement with
experiment requires the introduction of reggeons with
Py =—1, which are not usually used in the analysis of
experiments [Pr = (-1}, where j is the spin and 7 is
the intrinsic parity of the reggeon] .

An important feature of the quark model is the possi-
bility of connecting the cross sections for scattering of
mesons by nucleons with nucleon-nucleon cross sec-
tions (Chaps. VI, VII), which cannot be done with other
models. These predictions are not in contradiction with
experiment, and the most rigorous of them, op /onp
= 3/2, agrees with experiment. This last relation is
especially interesting, since it brings out the very sim-
ple quark structure of baryons, showing that a nucleon
consists of three quarks.

We have so far in effect assumed that the forces be-
tween quarks are mainly pair forces. If, on the other
hand, we start from the hypothesis that the stability of
the structure of a baryon is a consequence of the domin-
ance of three-particle forces, then in the scattering of
hadrons we have as before pair forces acting between
quarks and antiquarks, but the forces between quarks
are of three-particle type, i.e., the main contribution to
the scattering is from diagrams of the type of Fig. 5.

In this latter case we can get a relation between the
nucleon-nucleon and meson-nucleon cross sections'®’®?
Gtot (107 P) + Gt ()
=—;— [0tot (PP) + Otot (p1)} + % [0tot (pP) + 010t (p1)]. (10.3)

If we assume that the dependence of the cross sec-
tions on the energy of the incident particle is weak, the
two sides of (10.3) can be compared at the same energy,
and then (10.3) is satisfied to 5—10 percent accuracy.
Inclusion of the kinematics makes the agreement worse,
about 20 percent, so that the situation is the same as
for (8.5).

We must count among the shortcomings of this ap-
proximation its unnaturalness at large energies, for
which the cross sections are close to their Pomeran-
chuk limits. With this sort of model it is hard to under-
stand the similarity of the forward-scattering peaks for

the reactions'’
p+p—p+p, pHP—>DP+p

Accordingly, we have shown that a considerable part
of the predictions of the quark model does not follow

E3 z r %
'
~ b
)3/\= 2 l+ L
7 7
2 gF 4
FIG. 5. Scattering of a meson by a baryon in the quark model, if

three-particle forces between quarks are dominant. A straight line repre-
sents a quark, a wavy line an antiquark.
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from the theories known at present, and if the agree-
ment with experiment persists as the experimental data
are made more precise—and, most important of all, as
the energies of the colliding particles are increased—
this will be a serious argument in favor of the quark
structure of hadrons.

X1. CONCLUSION

With the appearance of the quark model an unusual
situation has arisen in elementary-particle physics. On
one hand, the quark model, which is essentially based
only on the intuitive picture that mesons consist of two,
and baryons of three, independent particles, explains the
experiments quite satisfactorily. As can be seen from
this review, the agreement with experiment is consider-
ably better than could have been expected. The search
for free quarks, however, has been without result so far.
On the other hand, a consistent application of the non-
relativistic quark model encounters deep difficulties: it
is not understood why heavy free quarks retain their
individuality inside a hadron and play the main role in
its structure; we do not understand how to explain the
antisymmetry of the coordinate part of the wave function
of the ground state of a baryon; it is not clear whether
the hypotheses which have to be made to obtain the re-
sults can be reconciled with each other (for example,
the point nature of a quark with the presence of a
““meson coating’’ on it, and the nonrelativistic proper-
ties with the large binding energy). If we regard quarks
as ‘‘quasiparticles’’ which do not exist outside the
hadron, some of these difficulties automatically drop
out. At present, however, we do not have even a crude
physical idea about the formation of quasiparticles with
a fractional charge. In spite of these difficulties, the
writers would like to point out that the assumption of
quarks as point nonrelativistic quasiparticles is clearly
the most economical expression of the hypotheses that
must be made to achieve results which agree with ex-
periment. It may be hoped that the situation will become
clearer in the next few years through the rapid accumu-
lation of experimental data. If the predictions of the
quark model are confirmed as the experiments are im-
proved, the quark model will possibly be the phenom-
enological basis of the future theory of the strong inter-
actions.

WHAT SHOULD BE MEASURED AND WHY

1. The most important task is experiments on the
observation of quarks, using accelerators at higher and
higher energies. These will make it possible to set a
more accurate lower limit on the mass of the quark.
Equally interesting, though less unambiguous, are
searches for so-called ‘‘residual’’ quarks, since a
raising (sic!) of the upper limit for the number of
quarks in the space surrounding us may throw light both
on the nature of quarks and on the consistency of cos-
mological models. The same purpose can be served by
a raising of the upper limit for the quark flux in cosmic
rays.

2. The observation of new particles and of their
spins, parities, and masses would make possible a much
more accurate systematics of hadrons, and would per-
haps establish the nature of the forces between quarks.
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It seems to us that the development, and perhaps also
the demolition, of the model will be due to the discovery
of new particles. It is especially important to look for
multiply charged resonances with large Q, T, and Y.

3. More accurate measurements of the magnetic
moments of baryons will allow a test of an important
property of the quark model—the additivity of the quark
amplitudes. These same remarks also apply to semi-
leptonic weak interactions and radiative decays of vec-
tor mesons.

4. A decrease of the error in the measurement of the
axial form-factor of the nucleon will allow a test of the
fundamental hypothesis that the size of the quarks is
much smaller than that of a nucleon. In this case at
small momentum transfers FA(t)/GA = C%(t); here

G%(t) is the Sachs electric form-factor of the proton

and Fj(t) is the axial form-factor.

5. Measurement of the differential cross sections
for inelastic processes at higher and higher energies
would allow independent test of the quark model. The
most interesting processes are those of production of
the 3/2" decuplet in the scattering of a pseudoscalar
meson by a nucleon: P(07) + N — P(07) + N5(3/2"). Here
the model completely predicts the density matrix, even
for scattering by nonzero angles, and at the angle 0°
there should be a minimum of the differential cross sec-
tion.

6. A knowledge of the cross section for production of
X° at large energies in reactions of the type 7~ + p — x°
+n would allow an independent test of the idea of the
grouping of the 0" mesons into a nonet. An analogous
remark is also valid in the case of production of f; in the
reaction 7~ + p — fy + n, which will make it possible to
determine whether the model can be applied to the pro-
duction of baryon resonances with L # 0.

7. Measurement of the spin-flip amplitude for reac-
tions of the type of 7 + p— 7" +n, 7~ +p — N + n, and
so on, will permit a test of the important prediction of
the quark model that connects these amplitudes with the
scattering cross sections for processes of the type
P(07) + N— P(0") + N5 (3/2").

8. Measurement of total cross sections at ever
higher energies will permit a test of a fundamental pre-
diction of the quark model: the ratio °pp/°np =3/21in

the Pomeranchuk limit. This relation is important be-
cause it fixes the three-quark structure of baryons.

Measurements of differential cross sections for
inelastic reactions at angle 0° will permit tests of re-
lations connecting the cross sections for scattering of
mesons by nucleons and of nucleons by nucleons, and
consequently will give us more accurate knowledge
about the structure of hadrons.

APPENDIX 1
HADRON WAVE FUNCTIONS IN THE QUARK MODEL

We here display the unitary-spin parts of hadron
wave functions in the quark model for the lowest multi-
plets. Their structure is completely determined by
giving the quantum numbers: the spin J, its projection
J, along the axis of quantization, the isotopic spin T,
its projection T;, the hypercharge Y, and in addition to
these, for baryons, the symmetry of ‘I’aBY (o, B, v are
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quark indices) with respect to permutations of the
quarks. For convenience in writing the formulas we
have adopted the notations:
D Qpp=1% Q=17 Quy=2% Q,, =27, Q;=3% @, =3, Q=1
2) @ (if k) = QiQ;0r 1+ Q;QiQx + Q;QrQ; + Qi Q5 +QrQ;Q; +0QrQ:Q;,

@ (iik) = QiQi0r + QiQrQ: +QrQ:Q:y @ (i) = Q1Q 0,

| D (R |2 =6, | @ik} |2=3, |® Gi)[2=1.

The introduction of the function ®(ij, k) considerably
simplifies the calculation. This is easy to understand,
since any one-particle operator in the unitary-spin
space reduces to a permutation of the quarks. For ex-
ample, the effect of the operator for changing the spin
of the particle, J. = : 0{ (where the index i corresponds

to a quark), is trivial: 17, 27, 3~ — 1%, 2*) 3. Therefore
we give here only the hadron wave functions with the
maximum value of the projection of the spin along the
axis of quantization.

The wave functions of 7 and X’ in the nonet 0~ are
written on the assumption that ¢ is a pure singlet with
respect to SU(3). Since, however, 7, X (w, @) have the

1. Baryons (the octet 1/27)

‘Mass,

Particle| "¢ Y T T3 Jz Wave function
1
938.2 1 172 | 4-1/2 172} ——= (20 (11, 1+, 27)—O® (1F, 2%, 17)
P / -1/2 |+ 31/2( ( )
o | (=1 - -
939.5 1 172 | =172 --1/2) =2 (2D (2%, 24, 1) — D (1%, 2, 2
n 23 VZ( ( ) { )

1
I+ 111895 Q 1 +1 —— (20 (11, 1%, 3y — @ (1+, 3+, 17
1 3 1/2( ( ) ( »

20 126 | o | 1| 0 [+t2f @D —oa 32—
— B (243
1
5= luers | o | o1 | -1 |12 - o @ters) —o @
7 +1/ 3V2( ( ) ( )]
1
A 56| 0 ] 0 | 0 |wlp| —— (@ (1%, 3+, 2)— @ 2+, 3+, 1-
ZVS( ( ) ( )}
Z0 13147 | =1 | 472 | 172|152 g;vg(zmwt 3+, 1) — @ (1%, 3%, 37)

;Lv%tzw (3%, 3%, 2 —@ (2%, 3%, 3)

t

- 1321.2 | -1 12 | —1/215-172

2. Baryons (the decuplet 3/2%)

Paticle | M&% | v | 7 | T | 0 Wave function
AtE 1236.0 1| 32 [+3/2]43/2 @ (1%, 1%, 1)
1
A+ 1236.0 1| 372 |-b1/2(372 —— D+, 1, 2
/ V! ( )
1
A0 1236.0 1 32 | ~1/2]-432 Wq>(1+, 2+, 2%)
A= 1236 1| 32 | ~3/2|-+3/2 @ (2+, 2+, 2F
1
b7y 1385 0 1] +1 |32 —— (1%, 1%, 3
V3 )
=3 1383 0 1 0 |32 -1—_a>(1+, 2+, 3+)
e
=5 1385 0 | —1 |32 = @2+, 2%, 39
3
=3 1530 —1 | 172 | +1,2]+372 —L_(D(ﬁ, 3+, 34)
V3
- _ ; 1
E5 1530 —1 172 —1/2| =372 —— @2+, 3+, 3+
V3 ( )
Q- 1674 -2 0 0 |32 @ (3+, 3+, 34)
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3. Mesons (the nonet 0-) Appendix I(Continued)
Mass, T T ; The quatk model
. A v . y
Particle MeV 3 z Wave function Prediction 5U (3) S%U(é‘;)‘ basic Compaison With
w ’ experiment
assumptions
i = -
+ —= (172t — 112~
n 139.6 0 1 +t 0 Vz ( ) Classification of Hadrons
1 P - = Existence of Yes, but it is Yes Yes |Quarks nonrel- Existence of
70 135 0 1 0 0 2 (1*17 427 =242 —171%) octet 1/2% and not understood ativistic, unitary- [ octet 1/2%
decuplet 3/2% why the masses spin part of wave| and *}1‘3‘7“11'1?'t
1 WP with nearly are nearly equal function sym- 3/2* firmly
- 139,6 0 1 —1 0 V—Z (2¥1~-—2-1%) equal masses metric established
K+ 494 1| 172 |42 0 L (1+3~—1-3%
V2 Mass formulas
1 Connection be~ Yes, if we as- Yes, if we Yes | The quarks are Agrees (see
Ko 498 1 1/2 | =172 © —_— (2'§+ — 2+3) tween masses sume that assume nonrelativistic Table I1I)
! V2 of particles be- the breaking | a definite
1 longing to the of SU(3) law of
- -7 7o same represen- transforms transform-
K 494 |t | 172 [ —t2| 0O Vi e tation of SU(3) | like the ation of
eighth com- the mass
- 1 = = ponent of an | operator
Ko 498 —1 1/2 |+172] O 3 (3t2-—3-2%) octet under
V SU(6). The
1 minimal law
550 0 == ()4 (2*2)~—2(3437)- 35 leads to
1 0{ 0| ¢ s @h+En—26%) Teads
_ _ _ ment with
— (1711 — (27242 (3734) experiment
1 Connection be- No The same Yes The same Agrees (see
X0 960 0 0 0 0 — (41— 4 245 |- 3+3-— tween masses Tables I11
Ve ( + + of particles and V)
_ belonging to
— -1+ —2-2+—3-3%) different rep-
resentations of
(SU3)
Relation between No The same | Yes The same Not in con-
electromagnetic tradiction
mass differences (see Table V)
4. Mesons (the nonet 1-) g and de-
. R Connection be- No No Yes | Mass increase Agrees (see
Particle 1&:3’ ¥ T Ts o Wave function tween differ- of strange Chap. IT)
ences of baryons quark is same in
_ and of mesons mesons and
ot 760 1 +1 41| —t2h baryons
p® 760 1 0 ) 41 A (1+1+ — 2434 Electromagnetic properties
_% 153 3 No Yes, if the Yes | Quarks nonrel- Agrees,
o 760 0 1 -1 +1 | 2¥1+ T electromag- atjvistic, uni- Bp
*+ +3+ netic current taryspin wave —— == —1.46
X 8%0 L2 ) +2 0 +1 (18 - transforms ac-| function of bn
K*0 830 1] 1/2 | —172 | 41 | —2#3* cording to the baryon
K+ 890 1 1/2 —1/2 +1 | — 3+1+ regular repre- symmetric
. B semtation of
K*o 890 -1 | 12 4172 0 +1 13 12 SUGW
) 783 0 0 0 1 | —= (1+{+ - 242+ _2 VZ No The same Yes The same Differs by
- VI (4202 Bap=—3—1p factor 1.28
P 1020 ol o 0 41| 348+ Gn ()=0 No The same | Yes The same Agrees within
limits of
ertor
Gh (8 3 No The same | Yes The same Agrees (see
T T Table VII
. CATIE e VI
Appendix I1 Gap®)
=Gk () No The same | Yes The same Agrees (see
The quark model 2Va i Table VIII)
" : 3
Prediction 8U (3) SSLP(%(;)‘:V basic ! Cog‘;;:ﬁ:no:n‘twth
assumptions G}," (t) No No Yes Also assumed Agrees up to
GL (1) =—" that1g €rmaq | 3 (GeV/c)?
. . P ! I
Classification of hadrons (se¢ Table XID
! Relations between | Except for con- |Yes, if we Yes k } | Noti tr
Existence of | Yes, butitisnot| Yes | Yes )The structure with|The existence of twee:n wid:hs of ecﬁ(}:’l between as;me that %;:;stsicn one d(i,ctznc z();ea-
nonets of not understood with the smallest | nonets 07,172 tadiative decays decays of the electro- Table IX)
mesons why other rep- number of quarks | is firmly estab- of vector me;; s and Z.). Thf magnetic cur-
resentations is realized lished, and the .
are not realized existence of 0 electromagnetic | rent trans-
and 1* messons current then | forms accord-
is probable transforms with | ing to the rep-|
the octet repre- | resentation
sentation of 35
Existence of The same Yes Yes The same The existence of SU3)
singlets, octets, the octet %+ andq
and decuplets the decuplet 3/2 B =p No No Yes .| The magnetic Predicted,
of baryons is firmly estab- w~ P moments of the
lished quarks are the T'{o—
o same in mesons +y) =
Classification of No No Yes | Itisprobably |Agreement (see and in baryons =1.2 MeV;
mesons after the necessary that | Table 11} experimentally,
i e :
3 lativisti exp =
diction of parity nonrelativistic = (Y 154
and G parity $0.25) MeV
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Appendix II(Continued) Appendix II (Continued)
The quark model The quark model Comparison with
i ith} - SU (8), .
Prediction sU @ F& basi o " Prediction sU® U by olse | experiment
assumptions
Semileptonic weak interactions Scattering of high-energy particles .
Selection rules: | Yes, if the cur-  [Yes, if the cur—‘l Yes |Hadrons consist of] Good o:(pp) _ 3 No No Yes | The same, and Experimentally
ifl AS =0, | rent transforms | rent trans three fermions agreement{4¢} | ot (ap) 2 the scattering ““mf
then AT = 1- according to forms accord- and the decay is amplitudesare | 1.58 £0.05
if |AS l'_i the representa- | ing to the due to the decay f°l: t;‘ii:\‘;:'s‘e““‘ equal for qt;:r(:(s
— - tion 35 (sic epresenta- of one quark chul in a meson
then A’ATS - /Azo o 35 (sc) | xeprese 4 in abaryon
| . 0t (pp)+ 0z (pp) No No Yes The same Is satisfied to
F 2 No The same Yes '|The same; quarks | Not in contra- 3 20 percent ac-
D7 | are nonrelativis- | diction (Table =5 [0t (ww*p) curacy (see
| tic X Lor Table XII)
J (A+ - nLly No The same Yes | The same; quarks | Not in contra- 1 ¢
! b are nonrelativis | diction[66] [0t (K*p)
2
o * +o00 (Kp)]
5 G {&7p
XT By - nyly No — gl (K4
+
T oe (&)
__2y2
=—==
X T4 Py = ny) %G(p;_’ iy No No Yes The same \;:)t)[:\a‘:leed‘itfze
F,a® .y No No Yes The<same; I:ijtt@ ct;rztm d Chap. VIl
. E® tq Lrhad iction[24] =5
—0 - KO,
Scattering of high-energy particles X ol 2’; M Kon)
Selection rules in t | Yes, if we assume No Yes |Quarks nonrela- | Good agreement -+ 5
channel of reac- main contribu- tivistic, Hypothe—‘ (see Chap. VI)} _
tion: tion is from ex- sis that single X 0(K—p ~ KOn)
AQ| <1, ] AT} c}}ange of x:ionet ! ;c‘:laatltzr:)x;gozt; a and other equations
e
<1, (AVige I%egggngseu hadron by a {see Chap, VIII)
quark of the
other dominates
same quantum numbers, when SU(3) is broken these
o (- - Ryn No No Yes |  The same Agrees with the part1cle:'s undergo recoxllstructlon. In .partlcular, for the
G (U p — Ron) 1 mixing parame- nonet 1” one of the particles, ¢, consists only of strange
ter de i
~ (1—V.5:tg 1‘})2 e | quarks, and the other, w, of nonstrange quarks; then,
14 V2tg 0/’ formulas obviously,
where R and R,
are particles with P 30—1VE bR
T=Y=0,and 8 om0y Vo= Vo0t /T
is the mixing 3 13 1 3 98
angle — —
a o Py~ n”nL) No No Yes The same Disagrees by _ QpQp+Qn»n 5 1
dt factor 1.5 T 95 ¢ g‘“‘i‘i‘ﬁms,
25
-8 where
X %%(n‘p — 70A0) _ _ _ _ _ _
0p0p+0n0n+0k0l Opop"‘QnQn—'ZQAQA
Minimum at No Yes Yes The same Does not agree O = V§ ) g = Vé .
angle 0° for re- | xith thefbe—
actions of the avior of the . . .
type np > 7A differential cross| 1t can be seen from this that the mixing parameter for
section fox the nonet 1 (see Chapter II) is given by tgQ,, = 1/22,
(see Chap VIII)
Spin density matrix No No Yes | The same Not in contrs- M. Gell-Mann, Report CTSL-20, 1961.
for reaction diction (see 2 B
> nA Table XIV) Y. Ne’eman, Nuclear Phys. 26, 222 (1961).
3
A. H. Rosenfeld et al., Revs. Mod. Phys. 39, 1
o; (K+p) Yes, if we as- Yes, but to- | Yes The same See Table XIV (1 967) ’ ’
—o¢ (K p) sume that the gether with il
=0 (tp) reactiongoes | the follow- E. Wigner, Phys. Rev. 51, 106 (1937).
_ e ex- . : .
—ot ((:' +p) d’,’me of e ®F. Giirsey and L. Radicatti, Phys. Rev. Letters 13,
I
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tensor mesons (1965). H. J. Lipkin and S. Meshkov, Phys. Rev. Letters
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T pure F coupling{ gether with . conservation limits of etror s :
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