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INTRODUCTION

In the present review, we shall attempt to answer two
questions: 1) To what extent is it necessary to introduce
into hadron physics a new, color degree of freedom and
2) is it already possible to say something about the
properties about this new degree of freedom and propose
some symmetry for it?

There is no doubt that each individual experimental
fact in the field considered below could also be ex-
plained without invoking the color degree of freedom,
But the naturalness with which many phenomena can be
explained on its basis gives confidence in the existence
of the color degree of freedom.

The entire following treatment will be based on the
quark model: Mesons are regarded as bound states of
a quark and antiquark (¢g) and baryons as bound states
of three quarks (ggq).

We first give the theoretical motivation for proposing
the new—color —degree of freedom for quarks. We then
consider various color models that differ basically from
one another in assuming either fractional or integral
values of the quark charges. In models of the first
type, the color degrees of freedom are not manifested
explicitly in the form of high excited states. One then
uses the expression hidden colov. In models of the
second type, the existence of a large number of new
heavy resonances, including narrow ones, is predicted.
Here, the expression hidden color is used at energies
below the threshold for production of these particles
(or, briefly, below the color threshold), and the ex-
pression manifest color is used at energies above this
threshold, In the literature the following terms are
also used: freezing, unfreezing, and brilliance of color
degrees of freedom,

We shall also discuss the various phenomena in which
color degrees of freedom can be observed, Particular
attention is drawn to the possibility of testing models
with integral and fractional quark charges on the basis
of experiments made below the color threshold. It will
be seen that such a possibility exists, but the experi-
mental data currently available do not permit a unique
choice between these two types of model.

Since color models with integral quark charges pre-
dicted a large number of new heavy resonances, which
must be very narrow on account of conservation of the
color quantum numbers, it appeared natural to identify
some of them with the unexpectedly discovered narrow
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heavy vector mesons J/(3100) (Refs. 1 and 2) and
$"(3700) (Ref. 3). The color interpretation of these par-
ticles will therefore be given. More recently, an al-
ternative explanation of these mesons had been favored:
in the model with a fourth—charmed—quark (see the
reviews Refs. 4 and 5). Nevertheless, interest still at-
taches to a discussion of the color interpretation of the
new mesons. The possibility cannot be excluded that
color resonances will be discovered at still higher en-
ergies, and then the properties ascribed in the color
interpretation to J/¢ and ' will be transferred to the
new resonances. We should however immediately draw
attention to the existence of a different point of view that
regards color symmetry as completely exact and hid-
den. It has been developed in the so-called chromody-
namics. In this review, we shall only touch on this at-
tractive possibility, since it requires its own extensive
analysis. The review is rather at the phenomenological
level.

At the present time it is difficult to judge what will be
the direction of further development of the theory based
on the introduction of color degrees of freedom and how
strongly our ideas about the world of elementary par-
ticles will be changed as a result. I have merely at-
tempted to characterize the present state of the theory.

There are several excellent reviewst®™1?)on this sub-
ject. I have obtained much information from them and
have attempted to emphasize what could serve as basis
for further development of the theory. The present re-
view can be regarded as an introduction to this new
field.

1. MOTIVATION FOR INTRODUCING COLOR
DEGREES OF FREEDOM

The problem of reconciling the spin and statistics of
quarks

The brilliant hypothesis of Gell-Mann!'®? and Zweig*

about the existence of quarks—particles more funda-
mental than the ordinary hadrons, of which the latter
are made—explained from a unified point of view, ad-
mittedly only qualitatively, a vast number of experi-
mental facts, and then was fruitfully developed in the
form of the quark model of hadrons.*®! But from the
very start a certain contradiction was inherent in the
hypothesis: The quarks were assumed to be particles
with spin 3 and must satisfy the Pauli principle, but in
order to construct baryons out of quarks it was neces-
sary to have three identical quarks in one and the same
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_TABLE I. Symmetry of baryon SU(6) multiplets.

Reducti
Multiplet! 8U (6) = SU (a)x:ll} (2) (spin) ::T:,i
20 (1.3/2)+ (8.4/2) ﬁ
56 (8.1/2)+(10.3/2) |
70 (1.1/2)+ (8.4/2) + (8.3/2) -+ (10.4/2) B:l

state. For example, the resonance A .3/2= |4, P,
pt) consists of three p quarks with spins directed up-
ward along the 2z axis. It is natural to expect that the
ground state of a quark within a baryon is an s state.
But then the three quarks are in one and the same
space-—spin state,

In general form, this problem can be formulated as
follows. Consider a fundamental spinor of the group
SU(6) in which the components are determined by the
quark states p, #, A and the spin projections of the quark
onto the z axis indicated by the arrows:

E=Cn b b B & B)=(ph nt A, pi nd, A (1)

Baryon states belong to one of the irreducible represen-
tations of SU(6) into which the direct product of the
three fundamental spinors decomposes:

By X B X 6;= 20+ 56 4 701 70. (2)

Each of the multiplets on the right-hand side is obtained
by a definite Young symmetrization with respect to the
spaces 1, 2, 3 to which the three fundamental spinors
correspond. The symmetries of the multiplets and their
occurrence in the reduction SU(6)= SU(3)x SU(2) (spin)
are given in Table I. All the low-lying baryon states
withspins 1/2 (¢, .#; Z, =, A) and 3/2 (&, =%, =% Q) fit
beautifully into the 56-plet, which is a symmetric
representation. However, the total wave function of
three fermion quarks must be antisymmetric. Three
ways were proposed for overcoming this difficulty:

1) the quark ground state within a baryon is a p, and
not s, state. =201 Then the spatial part of the wave
function can be antisymmetric. An objection to this is
that the nucleon form factor for an antisymmetric func-
tion should have zeros, and this is not observed ex-
perimentally, F'61&191 However, examples were givenof.
antisymmetric wave functions for which the form fac-
tors have no zeros,'® Another objection was that the
resonances corresponding to the 70-plet could not be re-
garded in this case as an L excitation of the gound
state. [ Whatever the truth, one cannot regard the as-
sumption of a ground p state of the quark as natural;

2) quarks satisfy para-Fermi statistics of third rank,
which permits three parafermions to be in one statet?!;

3) quarks have an additional degree of freedom, with
respect to which one can antisymmetrize, [22=241

It soon transpired that the application to quarks of
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para-Fermi statistics is equivalent to application to them
of ordinary Fermi statistics if the quarks have an ad-
ditional internal degree of freedom.!?*%] Thus, the sec-
ond and third assumptions were seen to be equivalent

in a certain sense,

Thus, the symmetry of the baryon 56 -plet gave the
first indication of the existence of a new internal de-
gree of freedom. Gell-Mann et al. ,'*" used for it the
word color, which has now been widely accepted.!’ It is
postulated that each of the quarks can be in one of three
new states, these being designated by a particular color,
for example, red, yellow, and blue.

In what follows, it will be convenient to denote these
colors simply by the numbers ;= 1, 2, 3. The problem
of the quark statistics is then solved by antisymmetriza-
tion with respect to the color degree of freedom. For
example, the A*™ resonance corresponds to the state

3

++ 1
IASZ=.'i,n‘2) = —v-—é- 2

i, J, k=1

el pit, oty pat), (3)

where €4, is the antisymmetric tensor,

Finally, the postulate that there exist three color
quark states provides a simple solution to the problem
of saturation: In nature, three-quark states—baryons —
are realized and there are no stable states with a larger
number of quarks, for example, gqqq, etc,

The rule A/=%

Besides reconciling the spin and statistics of the
quarks, the introduction of the color degree of freedom
can help to solve one further problem®$=%?1 presented by
the existence of the hitherto unexplained rule AI=1% (1
is the isospin) for nonleptonic strangeness-changing
hadron decays, for example, Ks —7*7", Empirically,
such decays take place preferentially with AI=%, where-
as decays with A/ =% take place, roughly speaking, 500
times less often. But the ordinary theory of weak in-
teractions of hadrons predicts approximately the same
probability for such transitions,

Let us suppose that the weak interaction is described
by a Hamiltonian representable in the current X current
product form, the currents being taken at the same
point, In the quark model, they have the form

J.=pv.ang -+ he., (4)
where 7 =ncosg, + A sing, is the “Cabibbo quark”; a=1
—¥;5. The transitions mentioned above are determined
by the cross terms

H ¢ = sin 0, cos 8, (AMuap) (pyuan) + h.e. (5)

In the expression (5), one can interchange the second

Dt is interesting that the analogous expression color groups
has long been used in crystallography to classify magnetic
symmetries (M. Hamermesh, Group Theory and its Applica-
tion to Physical Problems, Addison Wesley, Reading, Mass.
(1962); Russian translation published by Mir, Moscow (1966)).
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(p) and fourth (n) operators, using the Fierz trans-
formation '3 The sign change accompanying the trans-
formation is compensated by the fact that Fermi fields
anticommute, One can write

H,, =sin B, cos 0. [(i-?uap) G'Yu‘m} =+ (T%an) GY»“P)U 2+ hee. (6)

The combination pr+ np is an isovector, and Ap is an
isospinor. Therefore, the Hamiltonian (6) contains the
isospin change 3/2. :

In the presence of a color degree of freedom, one can
write the Hamiltonian of the weak interaction in such
a way that it changes the isospin only by 1 (Ref. 12):

H ¢ =sin 0, cos 6, [(Mivuapic) (pryuani)+ he.] ijniciee (7

The Fierz transformation is now accompanied by the
interchange i’ =j’, which leads to a change of sign, and
we have

H i ==sin B, cos 0, [(xi?uapi‘) (Ej'\’uﬂ"‘f‘}
— (Revuane:) (pyvaapir)) ecpnerrin/2- (8)

Since the combination pn—np is an isoscalar, the Hamil-
tonian (8) only changes the isospin by z. Note that the
Hamiltonian (8) is a color invariant, so that it acts be-
tween ordinary hadron states, which, as we shall see
below, are color singlets. In fact, in color models one
can explain not only the rule AI=3 but also a more
general rule, the so-called octet enhancement, [12+28732

2. COLOR MODELS

Quark charges and two versions of color symmetry

In the original Gell-Mann-Zweig quark scheme®'*!*
the charges of the quarks must be fractional:

ep=2/3; en=—e,=—1/3. (9)

The color scheme permits much greater freedom in the
choice of the quark charges.

Thus, suppose that there are nine color quarks gg;.
The subscript o refers to the SU(3) quark state: a=p,
n, A; the subscript  is the color number: i=1, 2, 3.
We denote the as yet arbitrary quark charges by €4;.

In nature the baryon decaplet is realized, the quark
composition of the members being

Q- (AAA)
Z0* (phh) E* (nAh)
S (pph) 0 (prd) S (nnh)
A% (ppp) A (ppm)  AO(pnm) A" (unm).

This decaplet belongs to the symmetric representation
of SU(3). Since quarks are fermions and the total wave
function of three quarks forming baryons must be anti-
symmetric, so must the color part of the wave function.
Therefore, the color numbers of the quarks in each
member of this decaplet must be different: 27(y, X;, Ag),
and so forth. Equating now the sum of the charges of
such quarks to the hyperon charge, we obtain nine con-
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ditions (not all of them independent). Solving these
conditions, we arrive at the result that the charges of
the nine quarks are determined by three charges:

€piy i:'l' 2» 3, } (10)
eni=epi=ep—1.

The condition
epy €pa - ep3=2 (11)

must also be satisfied. It is interesting that this con-
dition is identical with the condition of neutrality of the
quark world, which also holds for the ordinary Gell -
Mann—-Zweig quarks: The sum of the charges of all
quarks is zero. The antiquarks have opposite charges.

We shall see in what follows that many results do not
depend on the particular values of the charges of the
color quarks but are different for models of ordinary
and color quarks. Other results do depend on the choice
of the quark charges. We shall consider two versions
of color symmetry: with fractional and integral quark
charges.

Model with hidden color and fractional quark charges'**"]

In this model, which derives from Greenberg’s hypo-
thesist?! about application of para-Fermi statistics to
quarks, it is assumed that quarks differing only by their
color enter all interactions completely symmetrically.
Consider as the hadron symmetry group the group

G = SU (3) x SU (3)°, (12)
consisting of the direct product of the ordinary SU(3)
group acting on the unitary space (p, n, ) and the color
group SU(3)¢ acting on the color unitary space (1, 2, 3).
The ordinary hadrons (mesons and baryons) are as-
sumed to be singlets of the color group SU(3)°. Itis
important to note that it is an antisymmetric combination
of three quarks [see (3)] that is an SU(3) singlet, which
makes it possible to have a singlet state together with

complete antisymmetry of the quark wave function of the
baryons.

In the given model, the color symmetry SU(3)° is as- :
sumed exact and to be manifested solely through the
presence of one further internal degree of freedom. The
quantum numbers of quarks that differ by their color
are the same. Hence, since e, =e, =€, it follows
from (11) that the quark charges are fractional:

(13)

ept =€pa=E€p3 =2/3; }

€ni= €ng =e€ny=Er — &z = era=—1/3.

The usual Gell-Mann-Nishijima formula @ =I;+ ¥/2
holds. The electromagnetic current of the quarks has
the structure

T 3 1@ Pevwpi— (W3 Ry —(113) Bim) =i (14)

and is an SU(3) octet and SU(3)° singlet. Because of
this, it cannot excite color degrees of freedom. The
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current (14) is simply the electromagnetic current of
ordinary quarks multiplied by three. Thus, from the
point of view of this model we are always in a singlet
color world, Into this model one can also readily in-
corporate a fourth—charmed—quark and consider the
group SU(4) xSU(3)°.

The assumption that the group SU(3)° is absolutely ex-
act enables one to regard it as a gauge (non-Abelian)
group. Corresponding to the presence in it of eight
generators, there arise eight massless gauge vector
fields forming the color octet 8, With respect to the
ordinary group SU(3), they must all be singlets, Thus,
besides the ordinary photon responsible for electromag-
netic interactions, there occur eight Yang—-Mills color
photons, which are responsible for strong interactions
and are called gluons. In recent years, it has been
shown that non-Abelian gauge groups have the property
of asymptotic freedom—the color charge disappears at
short distances but has finite values at large distances.
The connection between the charges is given by the fol-
lowing formula (see the reviews Refs, 36 and 37):

&% (ro) =€*(r)/[1+ B'e®(r) In (r/rg)], B’ 0. (15)

If 7y~ 0, then for any finite charge e(r) we have elr,)
—0. One can expect that when quarks which exchange
color gluons approach one another the interaction be-
tween them decreases, and in the limit of short dis-
tances they will behave as free particles. To explain
the parton picture of deep inelastic scattering of elec-
trons, muons, and neutrinos on nucleons it is extremely
attractive if at large distances ~1 F between the quarks,
or partons, the interaction between them is strong,
while at the short distances characteristic of deep in-
elastic scattering the interaction is much weaker,

The inverse of the relation (15) shows that with in-
creasing 7 (fixed #,) there comes a time when e2(3) =,
The quarks begin to interact so strongly that they can
never come apart and therefore cannot exist in the free
state, Nor can the massless color gluons exist in the
free state since they carry color charge. This phe-
nomenon has been called infrared slavery.[3%3% Recently,
however, serious objections have been advanced against
this proof since the infrared divergences on which it is
based can be eliminated. [

It must be said that practical conclusions from theo-
ries of this kind must be regarded with caution. The
connection between the charges (15) is in a certain sense
opposite to the corresponding connection for Abelian
gauge groups (for example, in electrodynamics): B<0.
And in this case the zero-charge problem already has
existed for more than 20 years, although the physical
charge of particles is nonzero!

The hypothesis that there exist eight massless gluons
can be used in a practical direction, Assuming a defi-
nite gluon-quark coupling constant o analogous to the
fine structure constant @, one can undertake calcula-
tions of quark levels and their fine structure in com-
plete analogy with electrodynamics. This direction in
the theory of color gluons is now called chromodynam -
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ics. It has yielded interesting results for the mass
spectrum of ordinary hadrons.[51 For example, by in-
troducing an interaction analogous to the Fermi-Breit
interaction for charged Dirac particles, one can explain
the Z-A mass splitting, ete. New mass relations have
been obtained, and these are well satisfied.

Model with manifest color and integral quark charges

Bogolyubov, Struminskii, Tavkhelidze ef al. ,t2% Han
and Nambu,'**? and Miyamoto®?*) pointed out that the arbj-
trariness in the specification of the quark charges (e,,,
i=1, 2, 3) can be used to make all quark charges inte-
gral. There are two variants of color models with in-
tegral quark charges depending or whether or not the
breaking of color symmetry is strong or only electro-
magnetic. Let us consider these models.

The Han—Nambu Model. In the original Han-Nambu
model*®! the group

G—8U(3) x 8U(3") (16)

is postulated as the total hadron symmetry group. It
is assumed further that:

1. The physical SU(3) symmetry is a diagonal sub-
group of G. The SU(3) generators are the direct sums
of the SU(3’) and SU(3"') generators. For example, the
isospin and hypercharge are defined as the sums

L=I+I; Y=Y'4Y amn

The Gell-Mann-Nishijima formula takes the form

Q=5+ Y 2=I+ Y24 I+ Y"2=0' 1" (18)

2. Quarks belong to the (3, 3*) representation of G.
In accordance with (17), the quantum numbers of the
quark nonet can be represented by the Han-Nambu dia-
gram shown in Fig. 1. In this diagram, p,, f;, Ay form
triplets (triangles) of quark SU(3') states with centers at
the points 1, 2, 3, which form an SU(3'*) antitriplet (in-
verted triangle). As can be seen from the Han-Nambu
diagram, the quark nonet decomposes into a singlet and

.3
<

\
=7

FIG. 1. Han—Nambu diagram of the nonet of quark states.
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TABLE II. Quantum numbers of the quark nonet in the Han—
Nambu model.

Parameter | P1 ny 5] P2 n2 A P3 n3 k3
I3 (1] -1 —172 1 0 12 | 172 —i2 0
Y 0 0. —i 0 0 —1 1 1 0
Q 0 | 1 0 0 1 0 0

octet with respect to the physical SU(3) symmetry. 2)
From (17) and (18) we obtain the quantum numbers of the
quark nonet given in Table II Thus, on the basis of
assumptions 1 and 2, the charges and hypercharges of
the quarks come out to be integral automatically. They
correspond to the following choice in (10):
ep=0; epp=ep=1. (19)

3. There exists a superstrong interaction that has
SU(3") symmetry and thus determines the classifica-
tion of the energy levels with respect to the irreducible
SU(3"") representations. The ordinary hadrons are
SU(3'’") singlets.

To justify assumption 3, Nambu put forward the fol-
lowing argument. [4142) He proposed the introduction of
an octet of gauge fields G, (p=1,..., 8), i.e., gluons
interacting with the infinitesimal SU(3'") generators
(currents) of the triplets o) with strength g. For a sys-
tem containing N quarks, the exchange of such fields
between quark pairs leads to the interaction energy

N N N
Vo=g® 3 omom =g 3 am][ 3 aim]2
o=y * B =t P e B
(20)

N
—g* 2 ayfmam2 =g (Cy— NCu)/2,

where o) ™ refers to the n-th quark; C, is the quadratic
Casimir operator:

N N
C.=| 25 a’;‘(n:] [ 2':1 a::m)]_ (21)
For the representation #(l,, I,), it has the value
Ca (ls la) = (B + hila +15) 3+ (b 1) (22)

(For reference: {3}=%(1, 0): Cy=4/3; {1}=2(0, 0): C,
—0; {6}=9(2, 0): C,=10/3; {8} =2(1, 1): C,=3; {10}
— (3, 0): C,=6; {27} = #(2, 2): C,=8.)

It is assumed that the gluons have a large mass and
the dependence of the interaction energy on the co-
ordinates in (20) can be ignored.

The expression for the total energy is obtained by
adding to V the rest mass:

E — (M —Cyyg?2) N 4 g*Cs/2 == Npio+ 8°C2 (I, La)/2, (23)

2To avoid misunderstanding, we emphasize once more that the
states p, n, A refer to the SU(3') space, and not SU(3), which
is a diagonal subgroup of G.
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where [, is the effective mass of a quark within a had-
ron:

Ho =M — Cong®2 = M —2g%3. (24)

It follows from (23) that singlet SU(3'') representations
areground states. Moreover, the condition of stability
of the bound state of N quarks has the form

Vs <0. (25)
For N=3 it follows from (20) that only singlet states—
ordinary baryons—satisfy this condition. All other
three-quark states corresponding to higher representa-
tions mustbe unstable against decay into free quarks =
(Certain exotic states may also be stable: biquarks qq,
biquarks-biantiquarks ggqqg, etc.; these are listed in
Ref. 42.) It may happen, however, that allowance for
the coordinate dependence of the quark interaction po-
tential leads to the presence of van der Waals type
forces, which could ensure stability of some of the
higher states.

On the basis of the data on the cross section of e'e
annihilation (see Sec. 3), Nambu and Han**! suggested
that the threshold for the production of a quark-anti-
quark pair lies in the region 3-4 GeV and that the quark
mass is

M =1.5—2.0 GeV. (26)
Assuming the effective quark mass yy=0. 3 GeV, they
obtained k

g2 =1.8—2.6 GeV. (27

What now happens with the free quarks themselves,
which now have integral electrical charges and hyper-
charges? If they have fractional baryon charges (1/3),
they must be stable. But then why are they not found in
nature? One can, however, like Han and Nambu, as-
sume that the baryon charges are integral. For ex-

ample, one can postulate that the baryon charge is de-
fined as'®**

B=1/3-3" or B=13-21" (28)
Then for the quark triplets
B=(0,0.1) or B=(l.1, — 1) (29)

In the first case, quarks with zero baryon charges could
decay into hadrons, emitting an odd number of leptons
(because of the quark spin 3). They would then have to
have a lepton quantum number (for example, from Ref.
42, L=(1, -1, 0)=-2I4). The third quark with B=1
could go over into a baryon, With the second choice in
(29), quarks with B=+1 could go over into baryons,
and those with B= -1 into antibaryons.

The electromagnetic quark current has the structure
(30)

J :m: Eﬂ’npe £t Es"?ups = "Ii'\‘unl ¥ xl":’ui"iv
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and it can be represented in the form of a decomposition
into irreducible SU(3')x SU(3') representations:

Ti=J, (8, 1)+ J, (1, 8. (31)
Explicitly,
Tu@® 1) =T O+ JE0/y3,; (32)
Ju(l, 8)=—Ji-9_ j0.8 /173 (33)
where
T ™ = e A 0p,/2; (34)

A" are the Gell-Mann matrices for m, n=3, 8 or the
identity matrix for m, n=0. Thus, in the Han~Nambu
model the electromagnetic current contains a color
octet part, and the photon can therefore excite color de-
grees of freedom. The current J(8, 1) is called the cur-
rent of the valence quarks and J(1, 8) is called the color
current,

In this model, the gluons are also charged, and a def-
inite boson part of the electromagnetic current corre-
sponds to them. Its presence must be manifested in a
breaking of the Callan-Gross relation in deep inelastic
scattering of leptons on nucleons at high energies,

There is considerable arbitrariness with regard to
the choice of the weak quark current in the framework
of the Han-Nambu model, Many authorst2% 4~4¢] used this
arbitrariness to eliminate neutral strangeness-changing
weak currents (the selection rule K3 - p*y, K- o,
K—~¢e'e’r). This was done most consistently in Refs.
45, 47, and 48, in which it was assumed that the weak
hadron charges, by analogy with the lepton charges,
form a closed SU(2) algebra:

W*, W =2W% (WO, W*] =+ W, (35)

where W*=(1/2) [ d°xJ} is the integral of the charged
weak current J3 =¥y,(1 -y, )M*. Here, £ is a nine-
component spinor with components q4;; a=p, n,A;i=1,
2, 3 and M is a 9%X9 matrix with nonzero elements cor-
responding to transitions with A@Q==x1 in accordance
with Table II of the quark charges. From the algebra
(35) there follow restrictions on the transition matrix:

(ALY, M7), M*] =+ o+, (36)
and also an expression for the neutral current;
o = ,aM%2; q—1— Vs- (37)

The conditions (36) are such that the weak neutral cur-
rent does not contain components with AS=+1:

(38)

Ti = —ngypuan, —Ayyuah, + PeVuap: + Dsvuaps.
It is interesting that it has the same structure as the
electro-magnetic current (30),

At the present time, a more popular explanation for
the absence of strange neutral currents is the proposal
made by Glashow, Iliopoulos, and Maianit*? that there
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exists a fourth quark with charge @=2/3, baryon charge
B=1/3, isospin [=0, hypercharge ¥ =-1/3, and a new
quantum number—charm C= 1, which for ordinary
quarks is zero. Here, I should merely like to point out
that the Han-Nambu model could overcome this difficulty
by itself! But in it there is a new difficulty connected
with the “threat” of SU(9) symmetry.t5 1f one proceeds
from a unified gauge theory of weak and electromag-
netic SU(2,) interactions, renormalizability of the theory
requires the Lagrangian of the strong interaction to be
invariant under SU(2,). But of the weak currents have
octet parts with respect to both SU(3’) and SU(3'’), in-
variance of the strong Lagrangian with respect to SU(2,)
and SU(3')x SU(3") requires that it be invariant under
the very large chiral group SU(9 L)X SU(9z). One could
attempt to distinguish in a representation of this group

a singlet with respect to SU(3')x Sy(3'’ ), which must not
be an SU(9) singlet. But this cannot be done in a simple
manner,” The presence of the very large symmetry
group SU(9) for the hadron spectrum, with moreover
SU(9) breaking at the level of SU(3) breaking, does not
correspond to reality.

We note that CP nonconservation in the weak interac-
tion can be explained naturally in the framework of the
three-triplet model of Ref, 51, In this model, we have
the selection rules (AY, AQ")=(x1, 0) and (0, +1) and
for ordinary hadrons CP nonconservation will occur in
strangeness-changing nonleptonic processes,

As an example of a weak charged current, we give the
expression chosen by Greenberg and Nelsont!"l:

sl 3 3Ev_uani— > lEzv-,accal

i={, 2, %=p, n,

xeosbe+ [ X pyahi— 3 Zyuaedsing, (39)
=123 a=p, n, A

where ¢, is the Cabibbo angle. This current trans-
forms as (8, 1) + (1, 8) with respect to SU(3')xsu(3'),
but leads to neutral currents containing terms with AQ
=0, |AS| =1,

To end our discussion of the Han-Nambu medel, let
us consider the meson and baryon states that occur in
it. The mesons formed by a bound quark and antiquark
form an 9x9 =81-plet. The baryons, formed by three
bound quarks, form a 9x9x9— 729-plet. These multi-
plets decompose into the following irreducible SU(3')

X SU(3'") representation:

(3. 3% % (3. 3%) = (8. )+ (1. 1)+ (1. 8) + (8. 8); (40)
(3 3) ¢ (3.8) X (3.8) = (1. 1) +-2.(8. 4) +(10. 1) - 2 (1. 8) = (1., 10%)
+2(8. 10%) +2(10. 8)- 4 (8. 8-+ (10. 10%). (41)

Let us consider in more detail the meson states, The
ordinary mesons correspond to an SU(3'') singlet and
have a symmetric triplet structure:

1% = (@i + 02 + 0:33)/ V3. (42)
Here, g; or ¢] take any value in the given SU(3') triplet:
Py, my, Xy, In reality, it is necessary to take combina-

tions in such a way as to form a definite meson state,
for example
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(43)

= ¥ (pp—rn)/VE pt= 3 pin/V3 ete
i=i,2,3 1=4,2.'3
It is important to note that if the treatment is restricted
to ordinary hadrons—SU(3'’') singlets—then the physical
SU(3) symmetry can be assumed to coincide with the
SU(3') component of G, and the color degree of freedom
merely triplicates each quark state (in the case of
baryons, it gives antisymmetrization with respect to the
color index), One can show directly, using Table II,
that states of the type (43) really do have the necessary
quantum numbers I, I;, ¥, @, although the quantum num-
bers of the quarks are “extraordinary” since the quarks
form an SU(3) nonet. We emphasize that the electro-
magnetic current (30) and the weak current (39) remain
extraordinary, and this may be reflected (see Sec. 3) in
certain experiments below the color threshold.

For the 72 new mesonic states corresponding to the
SU(3'") octet we have the following triplet structures:
color isotriplet

|I" =1, [;=0, ¥"=0)= (97— a5}/ V7 (44)
sl B I i o (45)
[I"=1, =1, " =0)=q.q; (46)
color isosinglet
|1 =0, Y*=0) = (g, +qs2: — 2535)/V (47)
two color isodoublets
=12, ;= —1/2, ¥" = —1)=g,35; (48)
" =142, I;=1/2, Y'=—1) =qu0s (49)
and
=12, =112, Y= 1) =i (50)
|I”=1j2, I=—1/2, Y"=1)ZQ:1§2'_ (51)

We emphasize once more that each of these states is
a nonet with respect to SU(3'). The symmetry SU(3') is
identical with the ordinary SU(3) symmetry only for
SU(3") singlet states. For SU(3’') octet states, the
ordinary SU(3) symmetry is a diagonal subgroup of the
group SU(3")xSU(3").

For example, we have five new neutral vector mesons
corresponding to the SU(3'’) octet:

o (=0, '=0)= Y > (ot + oot — 20ta3)/3 V' 2 (52)
ﬂﬂp, n,

og(I'=0,I"=0)= [(pspi-t Pzﬁ:— 2P31—’J)
+ (Tt + ngta — 21g71g) — 2 (Aghy - Aeka — 2Ashs)1/6; (53)
Pl =0,I"=1)= 3 i(a:&,—m@/vra; (54)

a=p, n,
P8 (I' =0, I" = 1) = [(psps— papa) + (maity — Nahs)

—2 (hhy— Ah)1/2V3; (55)

pu'=1,1"=0)= [(P:Fi -+ P!Ez— 2Pa..;a)
—‘(n1;1+n2?12—2n3;3)”2 V§ (56)

The symbols w and p are used here to denote states with
respect to ordinary SU(3) symmetry. The subscripts
1 and 8 indicate whether they belong to the singlet or
octet SU(3') or SU(3'’') representations. In some papers,
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use is made of a different nomenclature (a’, o'’) of the .
states, in which o’ and o'’ take the symbolic values

w, @, p, ete., to designate the states with respect to
SU(3') and SU(3"), for example, pls (I’ =0, I'' =1)
=(wy, p%. Instead of (52)-(56), we shall use linear
combinations that are SU(3) singlet—octet superpositions
analogous to the w and ¢ mesons:

?m =05 @V 45+ sin @Vgg; } (57)
Vo= —sin gV g+ cos gV,

where @ is the angle of SU(3) singlet—octet mixing and

is, in general, different for different mesons. We de-

note the new vector mesons as follows: the tilde indi-

cates that they belong to the SU(3"’) octet; the symbols

w, @, and p, their SU(3) states; the indices B, C, and

D, the three different p mesons that occur in the given

scheme (the index A is asecribed to the ordinary p

meson: p,=p). On the right, we also write the (a’,

a'’) nomenclature. Thus, we have five new neutral vec-

tor mesonst44:

= C0S Po sz + SiNl Puss = (0, 0g);

= — 8in QW45+ COS Puldgs = (P, ©g);
pp(I"=0)=pj, (I' =1, I"=0) = (p°, wg);

pe (I" = 1) = cos @i, -+ sin gp, (I" =1) =(a, 0°);

P (1" =1) = —sin pop%, +c0s pupd, (I" =1) = (@, p°).

191 81

(58)

On the basis of (23) and the estimate (27), we obtain
for the new mesons a mass 3.3-4.5 GeV, which is very
close to the masses of the J/¢ family of resonances ob-
served in e'e” annihilation. ' The color interpretation of
the J/{ mesons will be considered in Sec, 4. Finally,
we note that in the Han—-Nambu model doubly charged
heavy mesons of the type p,#; occur.

In their model in Ref. 23, Han and Nambu made one
further assumption.

4, There exists a medium-~-strong interaction that
breaks SU(3’') and SU(3'') but in such a way that the di-
agonal SU(3) subgroup is not broken, The presence of
such an interaction would have the consequence that
heavy states corresponding to high SU(3'’) representa-
tions would be unstable and that, even if they did not
decay into quarks, they would decay into lower SU(3'’)-
singlet states—ordinary hadrons.

Modification of the Han—Nambu model. Many authors
suggestedt*% 517561 that the ST/(3’) and SU(3'’) breakings in
the Han—Nambu model should occur in such a way that
the SU(27)x U’ and SU(2})xU¥ subgroups remain un-
broken and I’, ¥', I'', and ¥'' stay as good quantum
numbers, Therefore, states corresponding to higher
SU(3'") representations with nonzero color isospin I’
and hypercharge ¥'' would be quasistable against strong
decays into ordinary hadrons. But the states with "’
=0 and ¥" =0 would again be unstable and decay into
ordinary hadrons through the strong interaction. Since
color isospin in this modification of the Han-Nambu
model is a good quantum number, models of this type
are called I°-type models. By analogy with ordinary
SU(3) symmetry, mass formulas were derived under the

- assumption of octet dominance of the SU(3') and SU(3'’)
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TABLE III. Quantum numbers of the quarks in the U°-type
model.

Parameter » ny ] 2 ng hp P3 n3 A3
)

I 142 —472 0 12 —1/2 0 12 —12 0

YA 12 172 —213 183 13 —23 1/3 1/3 —2/3

I5 —1/2 —1/2 —1;2 12 12 12 0 0 0

vé —4B —1B3 —13 | —4/3 —1/3 —1/3 23 —2/3 2.3

Q 0 -1 —1 ‘| 0 0 1 0 0

symmetry breaking, [4451=%1 The properties of the heavy
vector mesons in this modification of the Han-Nambu
model will be considered in detail in Sec. 4.

Model with electvomagnetic breaking of color sym-
metry. The ordinary physical Su(3) symmetry is iden-
tified with the SU(3") symmetry; as in the model with
hidden color (see above), the total hadron symmetry is
taken to bel57-6"

G=SU (3) x SU (3°). (59)
Quarks correspond to the (3, 3%) representation. (In
Refs. 57 and 58, the possibility that the quarks belong
to the (3, 3) representation was discussed.) But in con-
trast to the model with hidden color, the Gell-Mann-
Nishijima formula is generalized in the same way as in
the Han—Nambu model:

Q=L+ ¥/24+ 15 - ¥o2. (60)

The quark charges are integral. But, in contrast to the

. Han-Nambu model, the quarks in this model form an
SU(3) triplet, and not a nonet.® The quantum numbers
of the quarks are given in Table III.

The electromagnetic quark current has the form (30)
and the transformation properties with respect to SU(3)
and SU(3°) given in Eq. (31). Thus, as in the Han—
Nambu model, it has an octet color part, and the photon
can therefore excite color degrees of freedom.

Further, one again assumes the existence of a super-
strong interaction having SU(3°) symmetry, which thus
determines the classification of the energy levels with
respect to the irreducible SU(3°) representations. The
ordinary hadrons are also assumed to be SU(3°) singlets,

But now the important assumption of this model is that
the color SU(3°) symmetry is broken only at the level of
the electromagnetic interaction, 15671 Therefore, all
the higher color states are quasistable and decay into
the low-lying states only through the electromagnetic or
the weak interaction,

In this modification of the Han-Nambu model, the
states are determined by the quantum number of not the
color isospin I°, but the color spin U°. This is called
a U°-type model,

The eigenstates of the spin U° are superpositions of
the states (44) and (47). For example, for vector me-

9The states p, n, A now correspond to the unitary space of the
ordinary SU(3) symmetry; see footnote 2.
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sons

(61)
(62)

ﬁ:VEV(I¢=1)12+V(I°=0);2;
V= —vir=n2syIve—op,

where the symbol V stands for any state w, @, or p® with
respect to the ordinary SU(3) symmetry. Both states
(61) and (62) are degenerate with respect to the mass,
and the degeneracy is lifted only by the electromagnetic
breaking.

Model with discrete S§ symmetry. The model is simi-
lar to the one considered in Refs. 68 and 69, However,
a discrete symmetry—the group of permutations S§ of
the color indices—is taken as color symmeiry, and the
total hadron symmetry group is taken to be

G =80 (3) x S5 (63)

It is interesting that in this model one can formulate a
selection principle for color states, and greatly reduce
their numbert&8,

1) electrical charges are integral and the same as in
the Han—-Nambu model;

2) the physical states must be vectors of irreducible
S§ representations;

3) simultaneously, they must be charge eigenstates,

From this follows a condition determining the allowed
physical states:

[@, #]| physical state= 0, (64)

where ¢ is any permutation in S¢. Tt is easy to see that

(64) is not satisfied for the single-quark state. For ex-
ample, for the symmetric P quark

OF =+ | it Po+ p3) =] pa+ pa)
?&@1220“11*:‘3’2*173):@1"?-Pz)-

It can be shown that the condition (64) selects only
states with quark number that is a multiple of three and
any number of quark-antiquark pairs. The allowed
combinations for mesons and baryons must have the
form

3y

(65)

3
\1 . w
wes B, Vi3 g, (686)
where the coefficients y, and Y e are chosen in such a
way as to obtain irreducible S§ representations. For
the states (65) and (66), 7$=0 and ¥Y°— 0, and the Gell-
Mann-Nishijima formula is satisfied. From this, for
example, it also follows that doubly charged meson
states cannot exist. The model has not been developed

very far as regards its experimental consequences.

Model with orthogonal color group. Tatit™ suggested
that as hadron symmetry group one should consider

G = SU (3) x SO (3). (67)
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The Gell-Mann-Nishijima formula is generalized to

Q=I+Y2+Ls, (68)
where Lg is an SO(3) generator and takes the three val-
ues 1, 0, —1, In this model, the quarks have fractional
charges:

q::(2/3, —1/3, —1/3);
q3:(—1/3, —4/3, —4/3).

g::(5/3, 2/3, 2/3);
} (69)

The Pati-Salam model with four quarks. Pati and
Salam!™ 721 noted the possible existence of a deep sym-
metry of all fundamental fermions—quarks and leptons.
They proposed a scheme with four quarks p, », A, P,
in which the fourth, charmed quark p’ is an isosinglet,
but, in contrast to the ordinary scheme with fractional
charges, they ascribed to all quarks integral charges,
using three color degrees of freedom. The fourth color’
degree of freedom was taken to be the lepton quantum
number. Then all fundamental fermions can be com-
bined as follows:

n ny A n’
Py ;) AL p:' ('70)
P ng Ag 7y’
P=ve Wm=¢ M=W p=wv
The fundamental symmetry group is
G=58U (4) x SU (4. (71)

The fundamental fermions belong to the (4, 4*) repre-
sentation.

On the basis of this symmetry, Pati and Salam at-
tempt to create a unified theory of strong, electromag-
netic, and weak interactions, In such a scheme, the
baryon quantum number is not conserved, and the quarks
can decay into leptons. However, the proton is unstable
only in the sixth order in the constant of the quark de-
cay, and therefore has a long life. In their model, Pati
and Salam also introduce massive gluons, which could
be observed (see Sec. 4).

2. EXPERIMENTAL VERIFICATION OF THE
EXISTENCE OF COLOR DEGREES OF FREEDOM.
MEASUREMENTS OF THE QUARK CHARGES

General comments

Above, we have considered the theoretical arguments
for introducing color degrees of freedom. Let us now
consider the experiments. A rigorous confirmation
would be the direct observation of the predicted excited
color states. At the present time, we do not have such
a direct confirmation (see Sec. 4). We shall therefore
now discuss experiments in which the presence of color
degrees of freedom could appear indirectly even if the
experiments are made at energies below the color
threshold.

Of course, the quark charges are manifested in elec-
tromagnetic effects. We shall classify these effects on
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the basis of the following proposition: If in a given pro-
cess that takes place below the color threshold only one
photon participates, this process can reveal no more
than the actual presence of the color degree of freedom
and cannot distinguish between models with integral and
fractional quark charges.!™ Processes involving at
least two photons are needed to make the distinction.

Suppose that the initial |¢) and final | f) states cor-
respond to the ordinary world of hadrons and leptons,
i.e., are singlets with respect to the color group Su(3).
In models with integral quark charges, the electromag-
netic current contains color-singlet and color-octet
parts:

Jem': Ja' l°+"rl.8"" (72)
If only a single photon participates in the process, the
transition is determined by the matrix element

(I8 (73)
But then only the color-singlet—valence—part of the
electromagnetic current (72) contributes to it, and this

is the same for all color models and is simply the three-
fold current of ordinary quarks, :

But if two photons participate in the process, the

transition is determined by a matrix element of the form
FITT) TNy = 4f | T go Ty ) Ty get T 100D (74)

Since the decomposition of Jj, geX ey, gc into irreducible
representations of SU(3°) contains the singlet representa-
tion (see the Appendix), both parts of the electromagnetic
current (72) will contribute to the matrix element (74).
The color-octet part in models with fractional quark
charges is absent. However this does not mean that in
all processes involving two photons the difference will
be manifested (see the discussion of the processes ™
-2y and 7~ 2y below).

Being guided by this rule, let us now consider defi-
nite processes.
The decays 7° =2y, n—>2y, n "> 2y

The calculation of the probability of the decay

nl— 29 (75)
provided one of the first and most serious arguments

for the existence of a color degree of freedom in
quarks.t™ %1 The calculation of the probability of the
decay (75) is based on the triangle diagram, which leads
to the so-called Adler anomaly in the PCAC (partial con-
servation of axial current) relation when an electro-
magnetic field is included!™;

g 7lk)

¥ Fike)

Adler and Bardean showedt™! that this simple triangle
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diagram is the only one that contributes to the process

(75) in any finite order of renormalizable perturbation

theory, and therefore the calculation made on the basis
of it in the PCAC approximation is exact.

For the width of the decay (75) we obtain the expres-
sion

I (n0 s 29) =2 [W3/(167°F2)] 82, (76)

where a=e’/47~1/137; p is the mass of the 7° meson;
F, is a constant in the PCAC relation and is determined
by the decay 7"~ u'v (| F,| ~95 MeV). The value of S
for the 7 meson, which consists of b and n quarks (and
antiquarks) is given by

8= (ep —e2)/2. (77)

In the model of ordinary quarks (e,=2/3, e,=-1/3)
we have S=1/6. In any three-triplet model it is a con-
sequence of (10) and (11) that

§= ¥ (78)

o 2la (ehi—e2;)/2 =‘£1‘§}2' - epi—3/2 =1/2.

Thus, the presence of three color states of the quarks
increases the width of the decay (75) by a factor 9 com-
pared with the width obtained in the ordinary quark mod-
el. The numerical values of the width are

i A 0.87 eV for ordinary quark model;
Tt Se 2y {7.84 eV for color models.
Comparing the values obtained here with the experi-
mental value 7.92+0.42 eV (Ref. 77), we see brilliant
agreement between it and the theoretical prediction of
the color model. Note that this agreement indicates
the fact that there are precisely three color states.
However, one should bear in mind Drell’s skeptical re-
mark about this calculation!™ to the effect that the
extrapolation used in the derivation of the equation (76)
from zero pion mass to its physical mass (the “soft-
pion approximation”) can readily lead to the loss of a
factor ~3, and then there is no need to introduce color
degrees of freedom in order to reconcile the predic-
tions of the ordinary quark model and the experimental
data,

Why is it that the process (75), which includes two
photons, does not distinguish between the color models
with fractional and integral quark charges? In the mod-
el with fractional quark charges, the amplitude of the
process has the form

(A0 Jg 4o % I 42| 0}, (79)

where Jy,qc is the electromagnetic current (14), and in
models with integral quark charges it has the form

(1] (Tg et Ty o) 0). (80)
The difference between the amplitudes (79) and (80) is

(@) Jg yed ) got Iy gelg g0t (F4 40| O) (81)
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But 7° is a member of the (8, 1°) multiplet. Further,
Jg,16XJy, 5= (8, 8°) does not have a projection onto to the
color singlet; similarly, neither does Ji,50 X}, g (4, ge)®
does not have a projection onto the SU(3) octet, There-
fore, (81) vanishes and the amplitudes (79) and (80) are
equal, (11

A different result is obtained for decay of the SU(3)
singlet: 7ny~2y (Refs. 75 and 79). In this case, the
decay amplitude in the model with integral quark
charges:

G BN gao+ Ty gl 0 =(1; 1175 je+J} | 0)
=2(1; 1°|72 |0y (82)

is twice the amplitude in the model with fractional quark
charges.™!? This must affect the widths of the decays
into two gamma rays of the n and 7’ mesons, which are
singlet-octet mixtures:

1= cos Brga—sin Bny; } (83)
" = sin Bng + cos By,

However, there is an uncertainty associated with the
uncertainty in the ratio Fy/F (F; and F, are constants
analogous to F, and occur in the PCAC relation for g,
and 7, respectively) and the mixing angle 8. To elimi-
nate these uncertainties, Chanowitz["™ suggested that
one should consider simultaneously the decays

mn o =2y (84)

and

N, M = atny. (8 5)
One can calculate such processes in the soft-pion ap-
proximation and from the experimentally determined
ratio!™

T (n— 29)/T (1 — m*ny) = 7.60 + 0,25 (86)
determinet™?
7 g0 —0.12 4 0.016 for fractional quark charges;
(FaFyjtan _{ —0.05 +0.007 for integral quark charges.

For §=-11°, the value which follows from the quadratic
mass formulas, [""1 one obtaingt™!

0.62 =+ 0.083 for fractional quark charges;
) St
Balty= { 0.257 -+ 0.036 for integral quark charges
and for the decay widths

283 4= 21 eV for fractional quark charges;

Ttn—2y) ={ 258 =+ 16 eV for integral quark charges

and

38 + 1 eV for fractional quark charges;

Fr=ay) —
Fin+~aq _{ 32 0.6 eV for integral quark charges.

The experimental data aref’

P(n—2y)=324446eV;: T M—a*ay) =43 +=6eV.
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The last value is obtained by means of (86). The

agreement between Chanowitz’s theoretical predictions'™

and the experimental data is excellent. But at the same
time, the difference between the predictions of the mod-
els with integral and fractional quark charges is so
slight that on the basis of them it is difficult to give
preference to one of these models over the other.
Chanowitz notes, however, that the value of Fg/Fy ob-
tained above for the model with fractional quark charges
is closer to the expected ratio Fy/F;~1 than the same
value for the model with integral quark charges. Thus,
if one takes Fy=F;=F, and §=-11°, for the widths one
obtains the valuest™

379 eV for fractional quark charges;

T(n—2v) ={ 696 eV for integral quark charges

and

I (y = n*ay) =45 eV for both models.

A significantly greater difference between the pre-
dictions of the models with fractional and integral quark
* charges must occur for the decays n' - 2y. Chanowtiz
estimated the ratio for §=—-11 (Ref. 79):

5.4+ 0.2 for fractional quark charges,
Ty Tay), e 2v) = ?
Ol 21) { 0.5 4 0.1 for integral quark charges.
Experimentally, it has not been well measured but the
preliminary value of this ratio lies in the range 9.1
+£2.2 to 17+3, which favors rather the model with frac-
tional quark charges.

The question of the possibility of extrapolating the
physical masses of the 7 and 7' mesons, which are
greater than the 7° meson mass, to zero has an impor-
tant bearing on all this.

Annihilation of e*e into hadrons

On the colliding rings of SPEAR at Stanford the fa-
mous branching ratiot®!:%

R —o (e*e” — hadrons ) ¢ (¢7¢” — 1W1") (37)

has now been measured in a fairly large range of en-
ergies.!™) Its behavior as a function of s=(E, + E.)’
exhibits the following remarkable features: In the in-
terval 2< s<10 GeV’ it is approximately constant and
equal to 2.5+0. 4; for 210 GeV® there commences a
“new resonance region” which may be related to the
production of 3'’, §'’', etc., resonances; for s2 25 GeV?,
a new constant value 5.2 +0.8 is established.

Theoretically, the annihilation e'e” —hadrons is as-
sumed to proceed through a single-photon intermediate
state?:

¢’e” — 7" — hadrons. (88)

Y For a detailed review of the process e*e” —hadrons, see
Ref. 84,
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At asymptotic values s—co in the parton model the in-
termediate photon goes over as a result of a point in-
teraction into a noninteracting parton-antiparton pair,
which then “pulls out” out of the vacuum other parton-
antiparton pairs and is transformed as a result of re-
combination with them into the final hadrons. The con-
tributions from the different originally formed parton
pairs are assumed to be incoherent. This assumption
is equivalent to restricting onself to single-loop dia-
grams when calculating the cross section of the process
(88) in terms of the absorptive part of the photon self-
mass diagram,

Under these assumptions and at asymptotic values, the
following simple constant value is obtained for R:

. o (e*e- — hadrons) 1 3
Re=lim2EC= Mm-S (T +p o) o, (89)
F
where e, is the charge of parton j and o is its spin (0
1
or ).

Making the Bjorken—-Paschos hypothesis that partons
are identical to quarks, we obtain simply

Ru=2 5. (90)
J
The color models give

L= "M S[e;i+2{ep,_1)zl=3.ﬂz}2 =2 (91)

i=1, 2,

For the different models we have:

2/3 for ordinary quarks =10/9 (... +charmed
guark);

2 for color quarks with fractional charges
=10/3 (... +charmed quark);

the same for color quarks with integral charges
below the color threshold;

4 for color quarks with integral charges above
the color threshold (the Han-Nambu model)
=6 (... +charmed quark, Pati—Salam model);

8 for color quarks with fractional charges in
the Tati model above the color threshold.

(92)
Note that this is a single-photon process and there-
fore the model with integral quark charges below the
color threshold leads to the same results as the model
with fractional quark charges.!™ Let us compare the
predictions of the different models with the experimen-
tal R(s)behavior. One might think that the constancy

R=~2.5 in the region up to the “new resonance region”

is due to the establishment of a “first asymptotic re-

gime” in the multiple production of ordinary hadrons.

We then obtain clear evidence in favor of the existence

of the color degree of freedom, Further, if it is as-

sumed that the color threshold lies around s=20-25

GeV?, the model with integral quark charges explains

the rise of R intriguingly and naturally as the establish-

ment of a “second asymptotic regime” when the new,
color hadrons are also produced multiply. The dif-
ference between the predicted asymptotic value R, =4
and the experimental value R= 5.2 can be explained by

A. B. Govorkav 441



the production in e*¢” annihilation of heavy leptons with
mass 1.6-2 GeV (Ref. 85), which can then decay into
ordinary hadrons + one lepton (for example, a new
neutrino). The Pati-Salam model does not require the
last hypothesis: For it, R,=6. It is assumed that in
this energy range quarks with integral charges are
themselves produced. [#1

The alternative model with fractional quark charges
does not give the two-step R(s) behavior since in it the
photon cannot excite higher color states. It gives the
simple doubling of R, obtained in the ordinary quark
model. The second step in the R(s) behavior is explained
by “new physics”: production of charmed particles (R,
=10/3) and heavy leptons, [#7

Deep inelastic processes

Deep inelastic electron—mucleon scattering. The pro-

cess
e-+N — ¢’ - hadrons (93)

in the parton model is treated in the infinite-momentum
frame of the nucleon as a process of elastic scattering
of a virtual photon on each parton, a point particle, with
subsequent recombination of the partons into hadrons, (88
In this model, the well-known structure functions, which
determine the cross section of the process (93) and are
measurable quantities, scale in the asymptotic region
(Bjorken scaling):

for @2, v - oo and fixed

VW3 (Q2, ¥)IMy=F, (z) ]
z = Q%(2M yv),

Wi (0%, v) = F, (z) (04)

where M, is the nucleon mass; v=FE - E' is the energy
(in the laboratory system) of the virtual photon; @?
=4EE’ sin’g/2 is its mass (4 is the scattering angle of
the electron). For partons or quarks, particles with
spin 3, the Callan-Gross relation holds,

F,y (z) =2zF, (z) (95)
and we have the formula
Fy (2) = 3 elzf; (), (96)

i

where f;(x) is the density of the probability that parton
j carries away the fraction x of the nucleon momentum
in the infinite-momentum frame of the nucleon; e; is
the parton charge.

We write u,;(x)=#7,(x). On the basis of isotopic in-
variance for the partons or quarks in the proton and
neutron we deduce

2 (@)

5 @ =u (@ uf )=y &

uj,

(97

2) =u? (z).

_For the proton and neutron, the relation (96) has the form

Fy% (2) =€} [up (2) +u; (2)] + €4 [tn (2) +u= (2)] )

et (s (2) +uz (2)]; [

P} () = €} [un (2) + 05 () + €4 [ (2) + = (2)] J'
+ e [ (2) -+ uz (2)].

(98)
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It is easy to obtain a lower bound for the ratio:

FYF (2)iF}% (@) >eles. (99)
In color models, it is necessary to take the sums over
all quarks of a given species, and we then obtain

il i=i.2:'¥. 3 {ebi [pi () + 25, ()]

+eai [uns (2) +ug, ()] +edi (s (2) +ug, (2)]). (100)

In nucleons, which are color singlets, all colors of a
given quark occur with the same weight 1/3, and there-
fore (100) takes the form

Fi?(2)= 2, b1ty (2) +u; (2)]
+ [‘=122. 3811/3] [#n (2) +uz (2)] + [{21.22‘ v elas3] [ua, (z) +us (2)). (101)

Instead of (99), we obtain

e, (102)

Y @IFf?@> 3 &,/ 3
i=1,2 3 =1, 2,49
It follows from (98) and (101) that the ordinary quark
model, the model of color quarks with fractional
charges, and the model of color quarks with integral
charges, but below the color threshold, lead to the
same structure function

Fy% (2) = (4/9) [u, () + v ()]

+(1/9) [0 (2) 4tz (&) + 1 (2) + 5 (2)], (103)
and (99) has the form[®1
o (z)/F;’g":_(:r) =>1/4. (104)

For the model of color quarks with integral charges
above the color threshold, the structure function in-
creasesti®l,

F37 (0) = 2 (1p (2) + U5 (D)3 [t (@) + s (2) - (2) - uz (@13 (105)
and

FY3A (2)(FYF (1) = 1,2. (108)

The experiments made at SLAC in a wide range of Q%
25Q*S14 GeV?, do not reveal any significant increase
of the structure functions FJ(x) and F1™(x) as @? in-
creases, as should occur in accordance with the model
with integral quark charges above the color threshold.
However, at small x appreciable deviation from Bjorken
scaling was found. ™ Further, the ratio (104) deter-
mined on the basis of the experimental data!®? was found
to be a decreasing function of x: from 1 at x=0to 0.25
at x=1. Around x=0.5 it becomes less than %, Thus,
the deep inelastic electron-nucleon scattering experi-
ments would seem to be against the model with integral
quark charges.

It is, however, necessary to take into account the
kinematic restrictions, If the color degrees of freedom
are to be excited, we must have
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(P+ g = My +2M v — Q= M2, (107)
where P and g are the four momenta of the proton and
virtual photon (g*= - @); M, is the mass characterizing
the color threshold. Manifestation of color degrees of
freedom can be expected only for x values satisfying
the condition

<[4 (M2 —M¥)/T. (108)
For M2=20 GeV’ (see above) and @”=15 GeV?, we obtain
x<0, 45 Thus, we can expect excitation of color de-
grees of freedom only for small x, where Bjorken scal-
ing is violated and the simple parton model is probably
untenable.

In Ref. 92, kinematic restrictions were introduced
into the parton model under the assumption that when new
(for example, color) degrees of freedom are excited
partons with large mass m, are produced, Then the
Bjorken variable must be replaced by

z =z -+mi/(2M < Ey), where y="v/E. (109)

Finally, we mention that Pati and Salam®®*! proposed a
color model in which the contributions from excitation
of the color degrees of freedom by the photonrand a
heavy color gluon interfere and cancel one another in
the asymptotic region. On the basis of the unified gauge
theory of weak and electromagnetic interactions, they
assumed

1) leptons and color singlets;

2) the valence and color currents [see (31)] are gauge
independent.

The first is associated with the weak interaction, the
second with the strong.

Then the basic Lagrangian without spontaneous break-

ing of the gauge invariance can be written in the form
Ly =W (" T3 + VT 0% (110)

where W and V are the weak and strong (gluon) gauge
fields, respectively. Note that with this Lagrangian the
leptons interact by W exchange only with the valence
current and do not interact with the color current. As
a result of spontaneous breaking of the gauge symmetry,
W, and V, are mixed and lead to the appearance of a
massless photon A,, which is a mixture of W3 and V3V,/
2+ V,/8, and to a color massive gauge partner U
orthogonal to the photon. The Pati—-Salam theorem con-
sists of proving that the contributions from 4, and U,
to the interaction of the leptons with the color current
cancel one another asymptotically. In other words, the
interaction of the leptons with the color current due to
the difference between the photon and gluon propagators
disappears asymptotically and the quarks exhibit only
their valence, i.e., fractional charges.

In any case, one can conclude that the experimental
data with regard to the process (93), which is a single-
photon process, do not reject models with integral quark
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charges,

Deep inelastic scattering of neutrinos (antineutyinos) :
on the nucleon. The following process of inelastic scat-
tering of neutrinos or antineutrinos on the nucleon is
analogous to the process (93):

v, v+ N — I+ hadrons, (111)
where I is the corresponding lepton (&, p*, v, ¥), which
in the parton model is regarded as a point interaction of
heavy W* and Z % bosons, which transmit the weak inter-
action with individual partons. One can, however, as-
sume that the interaction of a neutrino with a parton
(quark) is a four-fermion contact interaction:

[I"Tuavl IEJYuﬂnBlJ-' seey (112)

where 7y =cos8n+sinf is the Cabbibo quark.

Now the electromagnetic interaction of a quark is de-
termined by its charge, and the weak interaction of the
quark by its isospin state. Since the connection between
these properties of quarks is different in the different
models, one can attempt, on the basis of data referring
to the processes (93) and (111), to determine a quark
characteristic such as the charge in the framework of
one and the same parton picture.

On the basis of the parton model in the asymptotic
limit @%—w, v—-= (x fixed)® we obtain the following sum
rule (see, for example, Refs. 94 and 95):
23 [ (P @)+ F5" (@) dx, (113)
where G? is the constant of the weak interaction (G
=1.0.107%); ¢*™ is the total cross section for interac-
tion of neutrinos or antineutrinos with the nucleon (pro-
ton or neutron). Further, in accordance with (112), the
model of ordinary Gell-Mann-Zweig quarks gives for
the structure function (for simplicity we assume that
the Cabibbo angle is zero, 8,=0, and we ignore the
contribution of the strange partons 1)

7 (2) = F37 (2) =2 [un (2) F 15 @

2 (114)
F}% (1) = Fy ' (2) =2 [up () +uz () :
Therefore, instead of (113) we can write
WN+JN=§¢jf2;§Lu, (115)
where
:5 fup (2) 115 (@) -+ n (@) 15 (@) 423 E=1. (116)
At the same time, from (98)
(117)

(eHu= S FYN (z) dz,

5We now have v =E, - E;, @*=4E,E;sin’6/2, where 6 is the
emission angle of lepton I.
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where the average charge of the parton for ordinary
quarks is

(€%)=(ep +en)/2="5/18; (118)
F3" is the average function for the nucleon;
=R L, (119)

(In the case of measurements on nuclei, this averaging
occurs automatically.) From (115) and (117) there fol-
lows the relationf?49:

Tt [ Y (@) aof [ gl o | (120)

Obviously, the same result holds in the color model
with fractional charges. However, in the model with in-
tegral quark charges the result is different and depends
on the choice of the weak interaction of the color quarks,
As an example, let us consider the choice (39) of Green-
berg and Nelson. ™% Bearing in mind that each color
state occurs with the same weight 1/3, we obtain for the
structure functionst!®

> F;‘gn (z)= F‘ZJ" (%) =2 |4u, (z)/3+ up (2)/34 411; (#)/3 +uz (z)/3);

: (121)
Fo% @)= (2)= 2 [hty (2)/3+ 10 (21731 duz (2)/3 + u (2)/3].

In the expression (115), we now have ¢ — 5/3. Further,
the average parton charge is determined in accordance
with (101) as

(e%) =

,22 , (ebi €1 /6. (122)

=1,
A simple calculation for the Han-Nambu model gives

(€% 5t =2/5. (123)
The experimental data™7 are compared with the the-
oretical predictions in Fig. 2. The best agreement with
the experiments is given by the models with fractional
quark charges and average charge (118). If one simply
assumes e,=1 and ¢,=0, then the value % obtained for
the left-hand side of (120) is definitely ruled out by the

experiment. But one cannot reject the model with in-

[
g 12
a4 25
=
S
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FIG. 2. Mean square charge of partons determined from com-
parison of the data on deep inelastic scattering of electrons,
neutrinos, and antineutrinos on the nucleon.
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tegral quark charges on this basis. In the example con-
sidered in the framework of this model the value of the
left-hand side of (120) is 2/5, which lies above the ex-
perimental points. But we must again recall the kine-
matic restrictions discussed above, They can have the
consequence that at the energies of the existing electron
beams only small x contribute to the integral in the
numerator of the right-hand side of (120). Effectively,
this reduces the left-hand side of (120). If it is assumed
that in electron—proton collisions color degrees of free-
dom cannot be excited at all, then for the left-hand side
of (120) one can obtain the value 1/6. The experimental
points lie between the two limiting values 2/5 and 1/6
given by the model with integral quark charges. Feld-
man and Matthews'] obtained for the left-hand side

of (120) the value 3/14 in the framework of the variant
of weak color currents that they chose,

Two-photon deep inelastic processes .

Thus, a single-photon deep inelastic process does not
enable one to distinguish between models with integral
and fractional quark charges either below the color
threshold or even above it, because of the kinematic
restrictions at the energies of the existing electron
beams. Of great interest therefore are processes with
more than one photon in which 3 difference between the
models must appear at energies below the color thresh-
old.

Deep inelastic ee scattering.'®] In the parton model,
the process
ét+e—e-et+y* 9" > e+t e+ g+g—+e+e-hadrons (124)
is interpreted as the production of a parton-antiparton
pair in a collision of two virtual photons with subse-

quent recombination of this pair into the hadron final
statel®",

i } Hadrons

The contributions to this state from the individual parton
pairs are assumed to be incohevent. This is equivalent,
in the calculation of the absorptive part of the rectangle
diagram with four photons at the vertices, to allowance
for only the single-loop quark diagrams (see the Ap-
pendix), The caleulation gives for the asymptotic value
the ratio

(125)

__ 1: _O2yx (ee = ee-t hadrons) 4
e e e et
Q200 i

In the various models we obtain the following values for
the asymptotic ratio (125):
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2/9 for ordinary quarks =34/81 (... +charmed
quark); ;

2/3 for color quarks with fractional charges
=34/27 (... +charmed quark);

2 for color quarks with integral charges below
the color threshold=10/3 (... +charmed
quark);

4 for color quarks with integral charges above
the color threshold =6 (... +charmed quark).

(126)
This process has not yet been subjected to experimen-
tal investigation because of its small cross section
~10"% cm? at ~3 GeV (Ref. 97). The cross section de-
creases rapidly for strongly virtual photons because of
the decrease of the photon propagators. However, in
Ref. 98 it was shown to be possible to measure the sum
of the fourth powers of the quark charges in the case
when only one photon is strongly virtual and the other is
near the mass shell,

Deep inelastic Compton effect. This process

v+ N — ¥’ +hadrons (127)
is determined in the parton picture by the diagram for
the scattering of a photon on one and the same parton.
Bjorken and Paschost® found that in the deep inelastic
region the cross sections of the processes (93) and (127)
are related by the simple equation

(@01dQ dE')yy = (V/EE') (@0/d dE")ex [ 3 ¢f/ 2 ef)- (128)
Fl

Depending on the assumptions about the significance of
the statistical background of quark-antiquark pairs
existing in addition to the three valence quarks, one ob-
tains the estimate (see the Appendix)

5, A . .
3 i { 1/9-—4/9 for fractional quark charges; (129)

o 11 for integral quark charges.
]

The process (127) has been investigated experimental-
ly, 1199 and it was found that single-photon events are
much more copious than expected on the basis of a cal-
culation from the data on deep inelastic eN scattering
even under the assumption of integral quark charges.
The most probable explanation for the excess is through
the exchange subprocess g+ —qqy (Ref. 100). But this
subprocess is due probably to the proton structure and
not to the photon—parton interaction.

Thus, the deep inelastic Compton effect is not suitable
for determining the parton charges.

Deep inelastic bremsstrahlung. Brodsky, Gunion,
and Jaffe!1®!] suggested a way of determining the parton
charges on the basis of simultaneous investigation of the
deep inelastic bremsstrahlung by electrons and posi-
trons:

e+ - N — e* - hadrons +7. (130)

The method is based on the fact that the difference be-
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tween the cross sections of the processes (130) is de-
termined by the interference

between Bethe-Heitler (a) and Compton (b) scattering,
which have opposite signs for the electron and positron.
Introducing the corresponding structure factor V(x) for
this difference, Bodsky ef al.!"1 showed that in the
parton model it is proportional to the sum of the cubes
of the parton charges (see the Appendix). From this,
there follow the sum rule

: ‘
V(x) dx= Q=1 for the proton, 0 for the neutron
¢ above the color threshold; (131)
1
j V(x) dx = (5@ + B)/9="/9 for the proton, 2/9 for the
0 neutron below the color

threshold (132)

in models with integral charges of the partons {or
quarks), and

i
j V(x) dv=Q/3 + 2B/9=5/9 for the proton, 2/9 for the
0 neutron (133)

in models with fractional charges of the partons (quarks).
Attempts to determine the parton charges on the basis
of this sum rule have already been made, t021 pyt the
results are as yet ambiguous,

Color interpretation of the J-i) mesons. As we have
seen in Sec. 1, the color models with integral quark
charges predict a large number of heavy resonances of
a completely new type corresponding to higher repre-
sentations of the color symmetry. As we said in the
introduction, after the discovery of the J— mesons it
was very natural to attempt to explain these mesons in
the framework of color symmetry [note that even before
the discovery the possible existence of new narrow
heavy vector mesons had been proposed on the basis of
color symmetry by various authors.t"%% 3 Inparticular,
in Ref. 68 the present author gave the lower bound 1, 5-
9.5 GeV for the masses of these mesons on the basis of
an analysis of the high-energy Compton effect using a
generalized Weinberg sum rule].

However, it has recently become more popular to ex-
plaintheJ — % mesons in the framework of an alternative
scheme with charged quarks as a bound state of one of
these new quarks and antiquarks giving charmoniun.
Confidence in this explanation was strengthened by
the prima facie discovery of charmed D° particles from
their decay into the K and Kmrm systems®®! and D*
particles from their decay into K *r*r* (Ref. 104).9

®Note, however, the attempt in Ref. 118 to interpret D mesons
as diquark color states.
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TABLE IV, Basic properties of the J—y mesons,

Resonance Mass, MeV Tiots MeV Tete keV 6
b (3100) 309843 0.067+0,012 4.84-0.8 0-
P (3700) 3684+4 0.22840.056 2.240.3 o
 (3950) 3950 ? ?
1 (4030) 4030 ? } ~ 200 ? } ~4 ?
1 (4100) 4100 ? ?
P (4410) 4415 33+10 0.4440.14 ?

Let us briefly consider the color interpretation of the
J -y mesons as an historical exercise,

First of all, let us list the properties of the J -3
mesons that will be required in the following discussion
(for detailed references, see Ref, 77):

1) all J—§ mesons are formed in €*e” annihilation
through_ a single-photon-intermediate state, and their
quantum numbers are J7° =1,

2) only two narrow meson resonances have been dis-
covered: J/1(3100) and $(3700). The basic properties
of these mesons are given in Table IV (Refs, 105-107);

3) in €'¢” annihilation in the energy range 4-5 GeV
one observes a complicated structure, (1% we shall re-
gard it as due to some of the broad resonances listed
in Table IV;

4) there exist the strong transitionst1%!
2m,

+
¥(3700) — J 3 (3100) ey

5) among the products of the decay of the Broad reso-
nances, J/$(3100) and $(3700) are not found in appreci-
able numbers;

6) in the cascade y and 2y transitions $(3700) - J/
$(3100) there is evidence of at least three intermediate
levels P,(3300) or (3500), x(3410), x(3530).

The color models with integral charges are divided,
as we have shown in Sec. 1, into two types: with strong
(7°-type) and electromagnetic (U7 ¢-type) breaking of the
color symmetry, The identification of the .J — i mesons
with the vacant states of heavy vector mesons (58) and
(61)-(62) in these schemes is shown in Table V (for the
I°-type, only one of the possible identifications is given).

Below, in estimates, we shall always assume that in
- (57) the angle of the ST(3) singlet-octet mixing is

TABLE V. Identification of J— ¥ mesons with vacant states of
vector mesons in color models with integral quark charges.

Resonance ICtype UC-type
Thp (3100) PR (Ir=1) pri
¥ (3700) | pY (I =1) 0]
¥ (3950) oY (1" =0)
P (4030)? | Exotic state Radial excitations of & and ;
¥ (4100) @ I"=0) possibly doublet states
P (4410) DU =0)
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“ideal”: tang=1/2, Therefore, all p° and w mesons
will consist only of nonstrange p and quarks, and all
the ¢ mesons will consist of strange A quarks,

The production of the vector V meson in e'¢” annihila-
tion through the intermediate single-photon state is de-
termined by the matrix element

0] (0) | V) =eumbf#, (134)
where ¢, is the polarization vector of the photon; f2 /4x
is the constant of the vector meson-photon transition,

I°-type. 14451756 The electromagnetic current (30)
can be written in the form

T= (V812) [(p*+0/2— V T q/3)
+H(=V2Bpe+VIBos—V Ze/3 +/3)1. (135)
It follows that e'e” annihilation could lead to the produc-
tion of four new heavy vector mesons: Pl B, 0, @
Two of them, 52, and 5‘,’,, have nonzero color isospin,
and therefore in the modified Han-Nambu model (see
above) must be narrow, They are identified with J/
#(3100) and ¥(3700), respectively. The two broad reso-
nances @ and @ with zero color isospin are identified
with $(4100) and $(4410). In the limit of exact SU(3')
XSU(3'’) symmetry, one would have the following rela-
tions for the transition constants:

2 1 2 1
-1 - =lept_ :.-l/__.-___._._.
f'ﬁ%'f’s 'fa'f&“— RPE B R

The values obtained from the experimental data arel52

(136)

ﬁft(dmo)/éﬂ =115+ 1.4; fiarothn = 29.7 +4.1;
Feesro/hn =178 & 57

} (137)

and they do not contradict the relations (136). It should
be recalled that the use of thege relations on the mass
shell of the vector mesons has restricted significance,

The fifth heavy vector meson P% does not oceur di-
rectly in the electromagnetic current (135). But it could
be that there is nevertheless a small admixture of the
color singlet 1’ to the color octet 8'" (and vice versal),
Through this slight admixture, ﬁg could be produced in
€'¢” annihilation, [44 Since this meson has zero color
isospin, it must be broad,

The resonance (4030) is explained by Stech and
Marinescul!9 op the basis of the assumed exotic state
which is a 5} + 7 bound state formed from the inter-
mediate single-photon state through the @. The scheme
is attractive in that it provides a natural explanation
of 2) and 5) (because of conservation of the color iso-
spinI'’) in the above list of properties of the J -y
mesons,

The intermediate levels P, and x mentioned under 6)
above can be interpreted as L excitations of J/9(3100)
and as certain new states of the type of the heavy pseudo-
scalar meson 7,, etc., (see, for example, Ref. 52),

The shortcomings of the scheme include its ascription
of isovector properties to J/%(3100) and #(3700), al-
though these last are more probably isoscalars, [107]
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This difficulty could, however, be avoided as follows.
Suppose™®! that the so-called direct decays of J/ $(3100)
and $(3700) into hadrons take place through the electro-
magnetic self-interaction (“tadpole”), which has the
form H(1, I,) by analogy with H(I;, 1) for the electro-
magnetic decay n—3w7. This mechanism would be equiv-
alent to the decay of a fictitious heavy w meson and would
effectively lead to the correct values I®=0".

Without going into detail about the weak interactions
of the new color mesons, let us mention that in the
Feldman—Matthews model!*® there is only one long-lived
heavy meson: the strange heavy meson K¥* with color
isospin I’'=%. The lifetime of this meson is estimated
at about 107" sec, and the mass is around 3.9 GeV.

Uc-type.t5"%91 In models of U°-type, the existence
of six new heavy neutral vector mesons is predicted:
®, @, @, @, Py, P, which are analogous with regard to
their SU(3) properties to the ordinary w, ¢, and o
mesons. The states designated by a tilde and two tildes
are degenerate doublets. This degeneracy is lifted only
by the electromagnetic interaction. All six of these
mesons must be narrow since they can decay into or-
dinary hadrons only electromagnetically.

The electromagnetic current (30) can be rewritten in
the form

T (/52 (0 02—V 293 —2V 303+ VB3, (138)
It can be seen from this that in e"¢” annihilation only the
two narrow resonances w and 93 can be produced. In the
limit of exact SU(3)x SU(3°) symmetry, the ratio for the
vector meson—photon transition constants must be
7= —V2:t (139)
It agrees well with the values (137) obtained from the
experimental data. It is therefore natural to identify
& with J/¢(3100) and ¢ with $(3700). The decays of &,

@, and B° with emission of a photon must satisfy the
selection rulesf¥

B Py X {1} 0=0, X=n 0\ ...5 (140)
P — X ({19}, I°=17), X=n°, Ai, As, ... (141)
In the limit of exact symmetry, we must have
T@—=>n+v:T@—=>n+9:T@>0+v:T >0+
=1:2:2:1. (142)

Note that in this model there is a rigorous prohibition
on the experimentally unobserved decay J/3(3100) ~7°
+v, whereas the allowed decays (140) have been ob-
servedt!1"1121 and the following ratio obtained: T'(J/
$(3100) - 7' y) : T(J/%(3100) = ny) = 422.5 (in Ref. 112)
and <5 (in Ref, 111),

Let us now list the main difficulties of this model:

a) the broad resonances (see 3) above) in this model
are interpreted as radial excitations of J/§(3100) and
$(3700). But since in this model the empirical Okubo-
Zweig-Inizuki rule does not work (it works in models
with charm!®)  decays of the broad resonances into J/
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#(3100) and (3700) are in no way forbidden, The model
has great difficulty in explaining 5);

b) the P, and y states (see 6) above) are interpreted
as orbital excitations of J/#(3100). But since in this
scheme $(3700)= ¢ consists basically of strange quarks,
the radiative transitions (3700) = P, + vy or x will be
strongly suppressed (they are proportional to sin®3,
where § is the angle of deviation from ideal SU(3) singlet—
octet mixing for the new mesons);

¢) the main decays of J/¥(3100) and $(3700) must be
radiative transitions, which is not confirmed experi-
mentally. One can, however, explain such suppression -
by the presence of form factors, [66:6%1131 Greenberg
proposed in Ref, 114 a model in which the color quark
is a bound state of an ordinary fermion quark carrying
SU(3) quantum numbers and a boson with spin 0 carrying
SU(3°) color quantum numbers. In this model, the J/¥
meson is not only an excited state of the color degrees
of freedom but is also a spatial excitation. The first
circumstance forbids strong transitions into ordinary
hadrons (because of conservation of the color quantum
numbers); the second, radiative transitions into ordinary
hadrons (because of the vanishing of the dipole mo-
ment)t141;

d) the 3° meson has charged analogs §* which can be
detected in the decay

1 (3700) —» p* + ¥, (143)
and whose probability is comparable with the probability
of the transition $(3700) - J/$(3100) + 27 (Refs. 7 and
59). However, the sharp peak in the single-pion decay
spectrum of $(3700) which should be observed in this
case has not been found!!!!3;

e) J/(3100) and $(3700) must be members of an SU(3)
octet. The unitary properties of the new mesons have
not yet been established, but it is more probable that
they are SU(3) singlets, (1151161

One could give up the assumption of a purely electro-
magnetic breaking of the color symmetry and make the
present scheme closer to the foregoing one by assuming
the existence of not too strong an interaction breaking
the SU(3°) symmetry and leading to mixing of the U°
eigenstates (61) and (62). In this case, both such states
could be formed in e*e annihilation, and one obtains a
very interesting prediction on the doublet splitting of
each of the observed heavy resonances. ¥ Does not
the structure in the e'¢” annihilation in the region of 4-5

GeV indicate such splitting?

The Pati—-Salam model. Pati and Salam suggested
that one of the ¢ mesons should be interpreted as a mas-
sive color gluon.!™ They proposed three identification
schemes:

I. J/$(3100)=color gluon T;
$(3700) = color excited (octet) state of a color
quark and color antiquark;
(4100) = orthocharmonium, p'p’.
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I J/$(3100)=T;

$(3700)= @ | =color analogs of w and ¢
$(4100) = @ f (see above),

m. J/$(3100)=orthocharmonium 3
¥(3700) = radial excitation of orthocharmoinum :
$(4100) =T,

We shall not discuss in detail these identification
schemes (see, for example, Ref, 72) since the third

state #(4100) is in fact a complex structure. We give
only the possible gluon decay channelst ™.
g —7-hadrons;
—hadrons; } (144)
—-eTut, upt,

The first decay takes place through transition of the
gluon into an intermediate heavy color state with subse-
quent transformation of this state into a photon, for ex-
ample

= '! o
U —1"4-color octet. (145)

Y
Because of the large mass of the color octet state (~3
GeV), this decay is strongly suppressed. The second
decay mode is due to.the effective breaking of the color
symmetry of nonelectromagnetic origin resulting from
the terms of fourth order in the scalar potential. This
breaking is assumed small and to have the properties
H(1, 8) ., ye.o With respect to SU(3)xSU(3°). The third
type of ?iecay takes place through the direct interaction
of T with leptons by virtue of its W component [see
(110)]. For these reasons, the meson J/$(3100)= 7 in
schemes I and II is narrow,

CONCLUSIONS

A number of theoretical arguments (quark statistics,
the A7=3 rule for weak nonleptonic decays, the intro-
duction of color gluons) and experimental facts (be-
havior of the famous ratio R in e*e” annihilation, the
decays 1r°-27, 71— 2y) suggest the natural hypothesis
that hadrons have color degrees of freedom. It is pos-
sible that we shall soon have new facts which make this
natural conjecture into a necessity, and we shall then
advance significantly in our understanding of the internal
symmetries on which the world of elementary particles
is based. In this connection, the unified symmetry
SU(4)x SU(4°) proposed by Pati and Salam for all funda -
mental fermions (leptons and quarks) is very attractive,

But what could color symmetry be in reality? The
most important question relates to the charges of the
fundamental entities, or quarks, from which, for good
or bad, we have learnt to construct hadrons, If the
quark charges are fractional, then a way is opened up
for theory that leads to a complete non-Abelian gauge
symmetry with all the consequences that flow from it
(existence of massless color gluons, asymptotically
free theories, quark confinement, etc), But if the
quark charges are integral, then this opens up the no
less attractive prospect of the existence of quarks with
integral charges in a free state. The quarks would at
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the same time be unstable,

As we have seen, the experimental resolution of the
problem of the quark charges is not an easy matter.
If the color threshold is in the region @*~ 20 GeV?, the
single-photon processes investigated at contemporary
energies can hardly answer this question. One can ex-
pect a changed situation when electron or muon beams
with energies greatly exceeding the color and other
thresholds are available. If, however, the Pati-Salam
theorem®® to the effect that there is photon and gluon
compensation is valid, then the situation is much more
complicated. It would seem to be more promising to
investigate two-photon processes with the existing ac-
celerators.

Undoubtedly, the schemes with integral quark charges
would be directly confirmed by the observation of the
excitations of color degrees of freedom that is predicts:
new hadronic states belonging to higher representations
of the color symmetry or the massive gluons themselves.
As we have seen, the color interpretation of the J -y
mesons has probably failed, However, it could be that
different models have definite regions of applicability,
One can already conceive of the following situation: The
narrow J/$(3100) and %(3700) mesons are explained on
the basis of schemes with charmed quarks, and the
broad resonances in e¢*e” annihilation in the region 4-5
GeV have a color interpretation. The prediction, in
the framework of the color interpretation, of doublet
splitting of each resonance appears very attractive in
connection with the complex structure of these reso-
nances. In this case, we should obtain a unification in
the spirit of Pati and Salam of schemes that are a pres-
ent alternatives. There is no need to emphasize the
tentative nature of considerations of this kind,

I should like to express my deep gratitude to Profes-
sor A. M. Baldin and P. S. Isaev for suggesting I write
this review in order to systematize the currently known
facts, and I am also sincerely grateful to S. B,
Gerasimov for numerous discussions of the material.

APPENDIX

Structure factors for two-photon processes below the color
threshold

At energies below the color threshold, the initial and
final states belong to the ordinary world of hadrons and
electrons and are, by hypothesis, color singlets. If
two photons participate in'the process, the transition
is determined by a matrix element of the form

esimet). T XIE i) =717 (49 5 T (1) 1

T (8 X Ty (89) iy | 0, (a.1)
where J ,(1°) and J(8°) are the color singlet and octet
electromagnetic currents, respectively. The first term
on the right-hand side of (A.1) is the same for all color
models, and the color singlet current in it is given by the
expression

Tule)= ¥ (P —nivuniB—Tyhi/3).

i=1,2,8

(A.2)
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The second term on the right-hand side of (A.1) occurs
only in models with integral quark charges. The sub-
script “singl” indicates that only the color singlet part
is to be taken from the product of the two color octet
currents (to shorten the expressions, we shall omit be-
low the here irrelevant Lorentz indices, y matrices,
ete):

9% @} sng = —L2 (1)

=i _';_J(H‘lscr-l)-uzxj( 1{2861)1.'2

+%J (L*ZSC—‘I)-:JZXJ(1ﬂsc—1)sfz
"%“’(fco);ﬂ(ia;)-ﬁ%’ [adets (Rl

+57(50)%*(00)-

The first step in (A.3) was the separation of the sin-
glet part from the product of octet currents determined
by the expression (33). The second term, conversely,
was decomposition of the color isosinglet {1°} into the
sum of products of the color octet currents, for which
the notation J(,&) o was used and which in the quark
model are determiﬂed as follows (with phases chosen in
de Swart’s mannert!?):

L (1’28=-_1)_”2=_~&1a3ﬂ/§; J(i,'szcﬂ)uz
=E;tl1/vi'. J(,g1)_uz=5mﬂ/ﬁ;

? ( 1,-‘28':_ 1 ) uz=§2&3"v§; & ( 1360 ):

=5 I( ) = e VE

(A.3)

(A.9)

J (182{?)D=(E,alf52ug),‘2; J (OSGO) = (myoy + oy —2730) 2 /3.

P,

The symbol a can take any of the three values p, n, A,
and in fact for each current in (A. 4) it is necessary to
take the sum over these states. In addition, it is as-
sumed that the currents have the form a,y,a;.

We now recall that in the quark—parton picture of the
deep inelastic interaction of photons with hadrons, the
two photons interact with the same parton, Therefore,
the parton lines close the same quark states that occur
next to one another in the products of the currents in
(A.3). Making simple arithematical calculations, we
obtain

(J ©)%7 @) sings = (I9) 15_‘,2 faﬂi- (A.5)
=p. 1, A

Making a similar closure of the parton lines for the
product of the color singlet currents in (A.1), we ob-
tain the final expression

s £ i =
(f (singl) | Jo™ xJ&™ |1 (singl)) = 2 (% Pipitg "i"i+%-ﬁlli) 0

- (. 6)

Let us consider the two-photon processes discussed in
the text. Using unitarity, we can relate the cross sec-
tion of the deep inelastic process to the imaginary part
of the amplitude of the corresponding elastic process.
Below, we give the diagrams and amplitudes of these
elastic processes and the coefficients (calculated in ac-
cordance with our rules) determined by the charges and
structure functions of the partons:
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deep inelastic ee scattering

(A.7)

0] T (J%J) singt T (J XJ) singt |0) = [(2/3)2 + (132 + (113 =2
i=1,2,3

deep inelastic Compton effect on the nucleon N

(A.8)
(N|T (T %) sing1 T (JXJ) singt | )

- ;=1.Za. e (v, 3 )+ (/3P () ) +- (1132 G

=) ) @) +ulf @)+ @+ @9+ () +uff (@9,

Here, we have remembered that each quark color state
occurs with the same weight 1/3. Since the expression
obtained here coincides with the expression for single-
photon deep inelastic electron—nucleon scattering, for
the ratio (129) we obtain

(St (4.9)

in color models with integral quark charges in the en-
tire energy range (both above and below the color
threshold). In models with fractional quark charges,

G el el ef +u) (A.10)
<2’,Jz> 786 (@ 4 )+ (u +ul) 9 G +u) | ol

This ratio varies in the range 1/9-4/9;

interference of Bethe—Heitler and Compton deep in-
elastic bremsstrahlung

(N1 sing1 T (J %) singl | Ny
2= 1 - |
=,‘<Nl 2 (Epipi—ﬁ“"l"i_ﬁ lili)

3 (% EiPH--;; ;'iﬂi-f"% i‘i’*:') \N>

i=1,2,

(A.11)

X
. I

1 N 1 N,
=%(u;’f‘-'u€)—-§(uf—u;)—§ (ui\"—u;')

= 2 (%5m+% ba) {“g+“g)‘
o=p, n, &
where e, =(2/3, —=1/3, —=1/3) for a=p, n, X and b,
—=1/3. After integration with respect to x, we obtain
the sum rule for the structure factor introduced by
Brodsky et al, "

1
S V () dz =5Q/9+2B/9. (A.12)
0
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