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A general introduction to coloured quark models is given and their phenomenology
is described with particular reference to the new particles. It is shown that there are essentially
three types of colour models with colour excitation when the colour group is SU3) —
Han-Nambu, Greenberg and a model which has the same charges as that of Tati and which
can be thought of as the Gell-Mann colour scheme with excitation of the colour degrees
of freedom. Particular attention is paid to the four problems of colour models for y phenom-
enology — the radiative decays, the G parity conservation, the lack of deep inelastic thresh-
old phenomena and the apparent discovery of dileptons at SPEAR.

FOREWORD

1. These lectures describe the various approaches to the new particles which are classified under
the general heading of colour. They complement and supplement those on charm by Ellis [I] and the discus-
sion of other additive quantum number approaches given by Hey, both of which appear in this issue.

2. Section 6 contains details of work performed in collaboration with J. Weyers. Any reference to
that material should include also my earlier work with Weyers [2].
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CHARM AND COLOUR INTRGDUCTION

If  are hadronic then their metastability at high mass suggests that some new degree of freedom is involved
beyond the familiar SU(3). Two particular directions in which one might generalize this group structure
are outlined below. This is only intended for orientation; these points are discussed in more detail

by Ellis [1]
SU@3) — SUW) SUB) - SUR ® G
Examples N = 4 charm G =FS{IT3') colour
New quantum numbers Additive (like strangeness) Non-additive (like isospin)
Do ¢ and y have the Hidden [like ¢(/2)] Manifest, e.g.
new degree of freedom? (i)w has I =0 and
ghas I =1
(if) pw have C =0
phas C#0
Warrow widths Zweig rule, e.g. Conservation of C by strong inter-
-2 actions
Lind a0
¢ ~ KK
Theoretical radiative Y= Ny y has C =1
decays v - (3p)y} _ Ordinary hadrons C = 0
lsypf = v y has C = 0 (po¢) and
C=1(y
@(C = 1) = Y(C = 1)+ Hadrons
(C=0)
Production threshold Pair production at Pair production for
in ete” E Q2 = 16 (GeV)? exact colour Q2 = 36 (GeV)?:
Broken colour Q2 > 16?
Can be produced singly
W\N\N\/\// C=1
c=1 N
l g0
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SU@3) —» SU(N)

SUG) » SUG) ® G

Examples

N = 4 charm

G = SU(3) colour

Increase of neutral
energy fraction with Q?

D* — Dy if mpe—mp < my
where D are charmed mesons

~0=0

(_/
/V\NV\(/ L\ﬁ\(:.?
c-=1 ~_

c0
Photons radiate energy

Deep inelastic thresh-
olds and scaling
violation

Thresholds open as x — 0 due
to cc parton sea

Quarks are colour analysed even as
x - 1

Q2 = 0 Otot (Vp)

Small rise by VMD

Small riss by VMD

Theory a priori moti-
vation

GIM mechanism for unification
of weak and electromagnetic inter-
actions without strangeness chang-
ing neutral currents

Baryon statistics.
a® - 2y rate, etc.,

Electric charge

Not generator of SU(@4)

p——

Generator of SUR3)xSU3) for
suitable non-trivial quark charges

The following table repeats the skeleton of the above and gives comments on the various points presented

in the first table

SUG) - SU@)

SU(3) —» SUR3) ® SU3)

Narrow widths

A problem? Why is Zweig's rule
so good?

Natural explanation of narrow
widths

Radiative widths

Problem:
None seen among ¥ — icY;
y’ —» y-+new states.

A priori important. Why is G parity
concerned in y decays?

Problem:

None seen among y — p-+(coloured
pseudoscalars).

Production threshold
in ete”

Natural explanation of o't
threshold.

Magnitude problem?

R — 3!/; in model but data

R = 57

No new peaks found in the final
states produced.

Dileptons “natural”.

No new peaks seen in the final states.
Exotic states predicted.
Why dileptons?
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SU(3) — SU@) SU@3) -» SU3) ® SUB)
Increase of neutral Possible if mpe ~ mp Natural due to radiation of ¥ in
energy colour decays
Deep inelastic Consistent with data No evidence for big thresholds
thresholds opening as x — 1. Problem?
Oa(yp)Q* = 0 ~ Consistent with data Consistent with data

1. Why colour?

Originally the motivation for having coloured quarks was in connection with baryons
and the spin-statistics theorem. In the quark model one obtains a nice description of the
baryon spectrum if one demands that the baryons are built from three quarks and that
the total SU(6) ® O(3) three-quark wave function is symmetric under the interchange
of any pair of quarks. Yet baryons are antisymmetrized with respect to one another since
they are fermions and obey the Pauli principle.

Consequently, it looks as if quarks are funny. They are symmetrized in sets of three,
but antisymmetric otherwise. One can consider “‘parafermi statistics of rank three” [3]
and impose the demand that physical particles are fermions or bosons — and so all physical
three-quark systems are totally symmetric.

Alternatively, one can make the three-quark system totally antisymmetric by introducing
a new degree of freedom for the quarks. We paint them red, green or blue. This RGB
degree of freedom generates an [SU(3)] colour group. Baryons are therefore

[SU(6) ® OB3) ® SU(3)corourlanisymmeTrIc-

The familiar baryons are then

[SU(6) ® 0(3)]SYMMETRIC ® [S U(3)colour]ANTlSYMMETR1C9

which demands that they be colour singlets (since a totally antisymmetric three-body state
in SUQ3) is a singlet). Note that the antisymmetric colour state requires the three quarks
to be one red, one blue, and one green [4].

Colour is also useful in connection with the #° — 2y rate for which Adler [5] and Bell-
Jackiw [5] have given an exact formula in a “‘quark-giuon” model theory. The amplitude
is a known constant times

(Z ei2)1,=+1/2"(z ei2)1,=—1/z

with e; the quark charges for I, = +/, quarks. To agree with experiment within the
errors requires that

Y Iel =1.
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Three Fermi-Dirac quarks would yield
pxg—ixd =1

a factor three too small in amplitude (nine in rate). With the coloured quarks we get
a factor of three multiplying this due to the three freedoms RGB (all this assuming PCAC
is alright) [6).

2. Colour models — general

There is an SU(3) symmetry structure generated by the three quarks (pnl) which
form a triplet representation of this group and so the nd have one unit of charge less
than the p quark.

Each of these quarks can come in three colours red, blue, or green. These three
—

—
colours RBG generate a separate SU(3)c (which we will denote SU(3)). The colours RB
r.__._}

generate an SU(2) subgroup which we will refer to as “colour isospin™ or 1.
The charges of the quarks in the three colour states are

p n A
R z -1 2z =1 2.1
B ZII zll _— 1 Z” —_ 1
G z z —1 z —1
subject to the constraint that
z4z' 42" = 2. 2.2)

The origin of this constraint will be discussed in the next paragraph. Examples of two
particular models which are already well known are the Gell-Mann colour [6]
(z =2z =z’ =7%;) and Han-Nambu [7] (z = 2’ = 1, 2z’ = 0) which satisfy the con-
straint. The reason for this constraint is the demand that baryons be colour singlets.
To see this, consider the 47*. To be a colour singlet the 4+ is (prpgpp) and to have
charge +2 then one requires

z+z'+2z'" = 2.

Notice that the ““average charge” of pna is therefore

z+z2'+2"
ep = e 3 = T
_1 1_1 71_1
0. = e, =D+ E -D+("-1D) - 3. @3)

3
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Consequently all colour singlet baryons will have the same charges as in the familiar
uncoloured quark model, since the average (colour singlet) quark charges are the same
as for “‘uncoloured” quarks.

The same constraint on z, z’, '’ arises if we want to obtain the correct n° — yy rate
which required

S Lel=1. (2.4)

1)

Since I, = £/, for p,n and zero for A then

(242242 = (- 1+ =12 +(@E"-1)») =1 (2.5)
and hence
z+z' 42" = 2.
At this stage any model, modulo this constraint, will be equally good. The Gell-Mann
[6] and Han—Nambu [7] are but two examples of an infinity of models. In Section 5 we
will classify these models and in doing so it is useful to notice that the charge is a generator

of the group if such a constraint is placed on the charges. This is easily seen as follows.
The charge operator is given by

—(1+ L L4pt 6

hence the charges of the p quarks will be

, a B
— ——+————,
z %+2 G
a B
llz’g‘_—._*_“’
ZEITLTS
B

i=3 -4 2.7)

and so z+2z'+2z"" = 2. In Section 5 we will classify models by their values of «, 8.

3. Mesons in colour models

To illustrate our notation and to bring out an important point we will calculate the
charge of the n* both in uncoloured and coloured models.

3.1. Uncoloured quarks

The charge is given by

{pnle,+eglpn) = e, +e; = §+1 =1

in an obvious notation.
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3.2. Coloured quarks
We will for the moment suppose that the n* is a colour singlet (which we will denote

-~ - - - r—_‘.—)
by @;)!. Hence its representation in SU(3) x SU(3) as

(7I+,(T)1)
S
- <pn, 73(RR+BB+GG)) (3.1
AY
1 - _ -
= —«E {prig + Pehs + Pahg)- 3.2
N

The charge calculation then becomes

P
)
+
£
©
=]
+
&
N
Il

1 {pr0g+ Panp+ Paigle, + €;Iprig + Palip + Pollg)

1+ +2)+3 (1 -2N+(1=2")+(1-2))
- 1. (3.3)

Notice that this result was obtained indepenident of any constraint on z, 2, z'". We would
have obtained the same result, and absence of constraint, for any colour neutral(,, g, 9%
assignment. Consequently, the familiar mesons can be in any colour neutral representation
of SU(3) and the spectroscopy will not censtrain z, z’, z' (in contrast to the baryons).
It has been conventional to assume [8] that the familiar mesens are colour singlets,
like the baryons. However, it is not a priori necessary as evidenced by the above.

4. The photon in colour models

One place in the meson world where the colour assignment is important is for the
photon. We illustrate this by examples.

4.1. Uncoloured

p n A
2/3 _1/3 "'1/3

With the above charges the photon may be written
v~ 4%pp—inn—442 4.1

and is a U = 0 member of an octet {denoted by y,).

! We will use pwsw; to denote the I=1andI=0 (octet, singlet) states.
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4.2. Gell-Mann [6]

P n A

R 2/, =1, =1, 4.2)

B s =Ys =s

G 2[5 =3 =3

Hence the photon is
Yom ~ (3 pr’R —4 ngng—3 Axdr)+ (% poPc—% ngng—3% Agls)

+(G pBEB -3 naﬁn -3 lnzn)

= (3 pp—3inn—1AJ) (RR+BB+GG) 4.3)

and thus is a (ys, &,) member of (8,1) of SUR) ® 500).

Notice that since it is a singlet of the colour SU(3) then the colour degrees of freedom
are not excited. The @ as a new degree of freedom requires here the introduction of new
quark(s). For example,

P n A ¢

R s =Us =Ys s 4.4)
B 2/3 —'1/3 —1/3 2/3
G s =Ys =s s

This is the charm model with hidden colour and is discussed in detail by Ellis in these
proceedings [1].

4.3. Han—-Nambu [7]

We now examine models where the colour degrees of freedom can be excited. It
may be possible that the g are associated with excitation of this degree of freedom — this
phenomenological question will be discussed in Sections 4.3.1 to 4.4.4.

(._._}
The quarks form a (3,3*) representation of SU(3) ® SU(3). Hence their charges
will be

P n A
R z—1 z-2 z-2 4.5)
B z z—1 z-—1
G z z—-1 z-1
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The constraint z+42z'+2z"" = 2 yields 32—1 = 2 and hence z = 1. The charges are there-
fore 7]

p n A
R 0 -1 -1 (4.6)
B
G 1

and these are displayed in Fig. I.

Fig. 1

Note the inverted triangle (triplet) of the pni and the triangles (antitriplet) that show the
spectrum analysis of each quark into RBG of the colour SU(3).
With these charges the photon is written

Pun ~ PoPo+PePa —MrNg — ArZr
= pp(GG+BB)—(nn+4J) (RR). %))
Trivial algebra enables us to rewrite this as
yun = (3 pp—3 nn—1 4%) (RR+BB+GG)—(pp+nn+4il) (3 RR—-41BB-1 GG) (4.8)
and hence
yan = (8,1)—(1,8). (4.9)

The (8,1) contains the familiar p, w, ¢ vector mesons which are colour singlets in this
model. The (1,8) piece of the photon can excite vector mesons which are singlets of SU(3)
—

- ~
and octets of SU(3). If colour is conserved by the strong interactions, then these 8 states
will not decay by strong interaction to the 1 hadrons and hence will be narrow. The g
are assigned to be such (1,8) states in this model.
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4.3.1. Phenomenology of the new states a la Han-Nambu colour

We have

yan = [G pp—4nn—1 A1), /3 @,]-[/3 o4, VZ 7] (4.10)
In the [SU(3), I) we know that U-spin is not conserved by the strong interactions. The
U = 0 photon therefore couples not to a single U = 0 vector meson but to the isospin

eigenstates p and wg. Furthermore, the wg is a combination of the physical w and ¢ and so

e[l

— -~
For the SU(3) we do not know a priori whether U or I is conserved, nor whether
the (w,, 8) splits into (w, 8) and (¢, 8). When assigning the new vector mesons to the (l,g)
states there are therefore several possibilities as tabulated below [9].

+ 3—\—/260—%45), ~/§‘7’1] ~[V3w, V371

(4.11)

- - .
o SU, | ~ ~ I good
SU,4 \\\\ U good I good Strong breaking
», E I (o, 10 (0, ) (@, @) |
1 17 (,5) IV (@, 3) (o, i) (@, 8) (@, &) [0, 7]
, ¢ | (%, ) (@, &) (¢, s) (@, &) (¢, @) (¢, @]

The different categories have been discussed by various authors.

Category II: Alles (1974) [10] and Bailin-Love mark 1 [10].

Category III: Alles (1975) [11] and Bailin—Love mark 2 [11], Bars—Peccei [12], T. C. Yang
[13], Krammer et al. [14].

Category IV: Sanda-Terezawa [15], Kenny-Peaslee-Tassic [16], Feldman-Mathews [17],
Stech-Marinescu [18].

The strong breaking of Han-Nambu colour has been discussed by Arik et al. [19] and

by Marinescu and Stech [18]. The [0, w, ¢; @] are the familiar vector mesons, the new

“coloured” states are [o, ©, ¢; @]. Note that these include a [¢; w] not present in categories I

to IV. This is because [p; w] as well as [g; @] contains a piece in (8, 1). In categories I

to IV [o, o] and [p, @g] states exist but are not excited by the photon which does not

contain a piece transforming as (8,§). These states may be anticipated to exist around

3 GeV and could be found in the decay

v31(1,8) = (0, 8)+(x, 1)

accompanying a single conventional 7.

(4.12)
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We shall now describe the phenomenology of these five categories and summarize

in Table 1.
TABLE I
Comparison of models 1 to IV
Models I II 11 1V () 1V (i)
Assignments (0,7 3.1 (w,0) 3.1 (o, ) 3.1 (w,0) 3.1 (w,9) 3.1
(wy, p) 3.7 (wy, dg) 3.7 8,y 3.9 (w, @g) 3.7 (6,0 3.7
(wy, ¥)” 4.1 (wy,0) 4.1 (w, ) 4.1 (3,0 4.1 (w, @wg) 4.1
New states (w1, )" 4.8 (01, Bs) 4.8 8, py 4.8 (8, iv5) 4.8 (%, &s) 4.8
Iete Arbitrary 6:2,6:2 6:3,6:3 6:2:3:(1) 6:3:2:(1)
Strong inter- Narrow Narrow Narrow Narrow Narrow @
action widths | [Hsg 8 small] [Hsg 8 small (?)]| [Hsp 8 small] [Hsg 8 small (D]} Broad s

to uncolour-

[Hsp like usual

ed states SU®). T good,
¥ broken)
Y — yax Like charm Violates I (Hsg | Hsp 8 of ordi- Violates 7 Like model IIT
has 27 plet nary SU(3) and | Like model IT
piece ?) Zweig rule cuts | ? Dead
? Dead rate down
Radiative q)(l,g)ay(l,g)Jr 1,0(1—5—8, §)—>'y(l, As model III
decays hadrons (1, 1) 8) +~hadrons (1
.8 71, (W), +8, 8) my and
not wy, not 7gy 7 ¥ not ny
v —-n+(g, §) Arbitrary since Significant (g, §) Significant (g, §)
width y’ is radial around ’i GeV around 3 GeV
excitation ‘

4.3.2. Leptonic widths
We recall that

TuN = [(\% 0+ 3175(0-% ¢>, J3 (bl] —-[V3 o, V27l

A calculation of I'(V — e*e~) involves the coupling yy of vector meson to photon (Fig. 2).
The width will be proportional to y3. For the colour singlet o, w, ¢ one will have

<o, dylyy =

) /3 _
<(,O, w1|?> - 3 \/i s 'Yw,an -

K¢, Byl =

_ 2. _

% ? Yo.or =
2

"\/3 2 .

_3_ ’ V.01

3
2

o

=1

(4.13)

(4.14)
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and so, ignoring any mass factors, the leptonic widths will be in the ratio o: 0w : ¢
=9:1:2=6.5:0.72:144 to be compared with the data (in keV) 6.5, 0.75 and 1.3,
respectively. This is very nice, if we had included one power of mass (I' ~ my) the ¢

+
v r e
v -
Fig. 2

prediction would have been some 20—309 in error. We shall therefore adopt the “rule”
that [20] I' ~ yZ in what follows:

Category I:
(ou Ty = =3V% va5=2 (4.14)
Hence the ratio o : @ : ¢ : (w;, y) for the widths becomes
9:1:2:12. 4.15)
Category II:
V3w, V2 <\/3 Wy, —= \/2 d+ NG a)8> (4.16)
and so the 12 of category I splits up 3 : 1 for (w,, @) : (@, @ws). Hence
0:w:¢: (0,0 :(w,adg) =9:1:2:9:3, 4.17)
Category III:
W30, V2P = 2o+, Z5) (4.18)
and so the 12 of category I splits into 2 : 1 for (w, y) : (¢, 7). Hence
0:w:ig:(w,7) (@) =9:1:2:8:4. (4.19)
Category 1V:
W3o,V2P - (\/2 o+, \/ \/_ wg) (4.20)

The 2 : 1 splitting of w; into w : ¢ and 3 : 1 splitting of y into g : wg yields
0:0:¢:(w,0):($0) : (0, w8): (B, 05) =9:1:2:6:3:2:1, 4.21)
Strong breaking

Here one can write

1 _ 1 1 . .
y,,N=|:\/ 3\/_co 1o, \/2w+¢] [\/2w+¢,ﬁ@+ mw——%gﬁ]. 4.22)
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The phenomenology of o states is as before

re'(w,8):(¢,0) =2:1. (4.23)

For the @ and ¢ states one obtains
-—1+1+0¢g75+1+0 lqb” 4.24
YHN = \/29 \/jw H e o \/2 » W ( )

so that for @, p:w:¢ =1:1:0, while for @ one has g:w:¢ =1:0:% One is
completely at sea with regard to the familiar ¢ : @ : ¢ widths of 9 : 1 : 2 and the model [19]
will not be discussed further. If one wishes to make a strong breaking of ws — w, @ one
must do so in models either

(i) where the ¢ quarks carry charges 2/3, —'/3, —1/5 so that the ¢ : » : ¢ phenomenol-
ogy is satisfactory (such a model [2, 21] will be discussed in Section 6) or

(ii) the &)8,1 mixing is not of the “ideal” kind o, q~5 as, for example, Marinescu
and Stech [18] (discussed in Section 4.4.4).

4.3.3. Assignments of resonances

1. The (w,,y) is the g(3.1). The w(3.7) will be the first radial recurrence (w,,y)’
analogous to the charm scheme. The leptonic width of 3.7 relative to 3.1 is arbitrary
until further assumptions as to the dynamics are made. However, the 9 :1:2 : 12 for
the ratio of leptonic widths of ¢ to ¢, w, and ¢ predicts a width

Iy ~8.7keV (4.25)

which is in gross disagreement with data [22] (I's* =~ 4.840.6 keV). This leads us to
suspect that the (w,, ) must fragment either into w and ¢ states or into g, wg or both,
as in categories II to IV.

2. The leptonic width ratio of 3 : 1 for (w;, p) : (@, @) and the data

Iy T = (4.84£0.6): (2240.5) (4.26)
suggest that
(01, @) = p(3.1),
(wy, g) = 9(3.7) (4.27)

and, since I'Cs" : 'S =9:9, one would expect that I ¥o.1y = 6.5 keV. This is two
standard devnatlons away from the quoted width.,

If the 4.2 GeV state is a resonance, then it will be assigned to (@, ¢)’. One necessarily
expects that (w,, wg) also will exist, and on the basis of the observed masses 3.1, 3.7 and 4.2,
one expects it to lie around 4.8 GeV in mass. Naive integration over the 4.2 GeV peak [23]
suggests that its leptonic width is a few (3 to 5) keV. Hence one predicts a 1 to 2 keV width
for the 4.8 GeV state (w,, Ws)'.

The problem with these assignments is the observation of the cascade y(3.7) —» ¢(3.1)nn
with a strong coupling [24]. This decay violates 1, since a change o to ws must take place.
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If the T violation is allowed then why is the (3.1) so narrow? One way out [9] is to allow
—

the colour symmetry breaking to transform as 27 under @(3). This allows g to , but
forbids ¢ to ;. Such a solution appears rather ugly since it is quite unlike anything in
the famihar SU(3).

3. Since the leptonic widths (®,7%) : (¢,7) = 2 : 1, then cne assigns

p(3.1) = (@, ) » T35, ~ 5.7 keV, (4.28)
P(3.7) = (&, ) > I35, ~ 28keV, (4.29)
the leptonic widths following from the 9 :1:2:8:4 ratios discussed previously for
this category. These numbers are quite satisfactory in comparison with the data (4.8+0.6
and 2.2+0.5keV). Similar to category Il the radial recurrence remarks apply to the

4.2 GeV (w,7) and predicted 4.8 GeV (@, )’ states.
The cascade 9(3.7) - p(3.1)nn is allowed due to a piece in the symmetry-breaking

Hamiltonian transforming as 8 under familiar SU(3) (not SU(3) as in the category II).
4. There are two schools of thought on the assignment here. One school (Sanda-—
Terezawa [15]) notes that the leptonic ratios

(0, @) : (@, 0) : (, @s) : (P, 0) : (P, Dg) =9:6:2:3:1 (4.30)
are in nice agreement with
(0, @) : ¢(3.1): w(3.7): w(4.1) : [(4.8)] = 6.5:484+0.6:22+05:3105:[1] (4.31)

and hence their assignments. This model has the same problem with the ¥(3.7) cascade
as that of category Il1. Feldman and Mathews assign {17]

p(3.1), (0,0, T ~44keV,
v(3.7), (4,8, I ~22keV,
p(4.1), (w,dg), I'"®" ~ 1.5keV,
p(4.8), (¢, @), I'"" < lkeV.

The leptonic widths for @(3.1) and 9(3.7) are excellent. For the y(4.1) we must wait

and see. These author’s works are typical of the recent ideas [17-19, 21] that one should
- )

. [
break SU(3) but conserve SU(2), hence the narrow ¢(3.1) and %(3.7) yet broad w(4.1)
and p(4.8).
Note that all models agree that there is a state to be found around 4.8 GeV.

4.3.4. Radiative decays

Colour conservation by strong interactions prevented the decays yJ(?i) — hadrons (1)
and hence gave a natural explanation of the narrow widths of these states. Nothing prevents
the radiative decays @(8) — hadrons (1)+7y(@®) and naively one has expected [25] that
these will be the dominant decay modes of the g state. This in turn has led to much
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criticism of colour models based upon the apparent success of G parity in the ¢ decays
and the calculations that these radiative widths should be of order 15 MeV or so, in
contrast to the observed fotal width of some 50 keV. We shall discuss these questions in
detail in the next section. Here we discuss the quantum numbers that are allowed for the
colour singlet hadrons produced in the radiative decays.

If the g is w; of SU(3) then p(1,8) — 7(1,8)+hadrons (1,1). Consequently ny and 'y
are allowed by their #n, piece, but ny is forbidden.

If the g is @ of SU(3) (as in categories I and IV) then p(1+8,8) — 7(1,8) + hadrons
(1+8, 8). The decays to ny and #'y are allowed by both 5, and #g pieces. However ny
is still forbidden by isospin. The my mode will be, in general, allowed at some, suppressed,
rate by symmetry-breaking (¢(1, 8) — V(1, 1) » n(8, 1)+7(8, 1)) or by ¢ » y — n%.

44. The four problems of Han-Nambu colour phenomenology
4.4.1. Radiative decays of y
4.4.1.1. Naive estimate

The width for a vector meson (V) to decay into a pseudoscalar (P) and photon is
written

hd 3
I(V - Py) = ag? —-—lpg“l , (4.32)

where g is the intrinsic coupling constant and the momentum of the emitted photon in
the rest frame of V is
my —mp

ipcm} = _-émv

(4.33)

with myp the respective meson masses.

A naive estimate of the g — ny width can be made by taking the known width for
o - 7y (0.9 MeV), for which |p,,| ~ 380 MeV and scaling up by |p..|® to compute
I'(¢ — ny) (for which [p.n.| ~ 1500 MeV). This yields around 60 MeV; however, the
Clebsch—Gordan coefficient g2 for y — ny is only 2/, of that for @ — ny, so an estimate
of 15 to 20 MeV is obtained. This is clearly inconsistent with the data on the g width
and has been regarded as a serious defect of the Han~Nambu colour interpretation of g.

Several arguments have been made in the literature, pointing out that the above
calculation is too naive. I outline here the argument which I personally find the most
convincing,.

4.4.1.2. Quark model estimate [26]

The process V — Py is a magnetic dipole transition and in a quark model the rate is
proportional to the square of the quark’s magnetic moment. The quark magnetic moment
operator may be written

eQ; .

n—o, (4.34)
2m
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where o is a Pauli spin matrix, g~ 2.7, and m = m, = 940 MeV. This yields m,
= mfu ~ 330 MeV, which is the parameter which determines the over-all rate and which
may be thought of as the “effective mass” of a quark which has the ““normal” moment
(for colourless ground-state mesons and baryons).

Traditionally one can imagine the quark and antiquark which form the meson to be

in some SU(6) state ¥ (or more generally SU(6) ® §Ug) state) and to be bound by some
potential. In this potential they are in some eigenstate described by the wave function ¢(r),
where 7 is the spatial separation of the two quarks. The matrix element for V —» Py may
be formally written

Myp(Ipl) = % [ 63D Ty [<pl QB 1vd]- 4.35)
Q

The naive estimate of the previous section only considered <(XPIQ£‘;§XV)>’ all the re-
maining contributions to Mye(|p) being implicitly assumed to be the same for @ — ny
and g — ny. Specifically it was assumed that:

(i) my = m/u is the same throughout the multiplet,

(if) ¢(r) is the same throughout the multiplet,

(iii) Myp is |p| independent.

Let us discuss the validity of these three assumptions.

(i} mq the same throughout the multiplet. We know that there is mass splitting in the
SU(3) world and that there is some suggestion that the mgy, which scales the magnetic
moment of the quarks, reflects this. For example, the ratio of the A to nucleon magnetic
moment is improved over the SU(3) prediction if m, ~ 1.5 m,, for the colour singlet
quarks [27]. The effective quark mass in the g is of order 1.5 GeV which is some 4 to 5
times the uncoloured quark with 330 MeV. If one takes

coloured uncoloured
my ~ 4mp‘n

then this alone will suppress the naive estimate of the ¢ — ny width by a factor of 16.

(ii) ¢(r) is the same throughout the multiplet. For a simple harmonic oscillator poten-

tial ¢(r) ~ exp (~r?/a?) for the ground state, where a? is a measure of the size of the
quark-antiquark system (meson). Intuitively one may feel that the heavier masses of the
@ relative to colour singlet o suggest that the ¢ be “smaller” than ® and hence a2, ,,eq
< agncoluured'
(i) Myp(1p|) is |p| independent. In any dynamical mcdel where the hadron has finite
extent it may be anticipated that M(/p|) will be |p| dependent. For exaraple, for a harmonic
oscillator potential where ¢(r) ~ exp (—7?/a?), then Myp(p) ~ exp (—p*/b*) and hence
is very strongly damped as !p| increases.

Phenomenological support for such a dramatic damping with |p;, comes from the
comparison of quark model and resonance decays data of the familiar hadrons — see
papers by Feynman et al, Faiman and Hendry, and Burkhardt and Hey [28] in this
respect.

More generally in any composite picture of hadrons, one expects that the electro-
magnetic form factors |F{g?), as a function of the photon mass squared {(g*) will tend to
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zero as g> — oo. Empirically F(¢g?) ~ (144¢%/4%)™" with n ~ 1 or 2 for the pion and nucleon.
In a non-relativistic composite model F(g?) — F(g?) and the same damping factor emerges
when the three momentum of the photon varies even though g% = 0 is fixed.

It is not a priori clear what relevance a non-relativistic calculation has to the highly
relativistic decay ¢ — ny. However, the physical, and phenomenological, arguments
suggest that it may not be unreasonable at zeroth order to take the F®(¢?) as a guide
and parametrize the photo-emission “‘form factor” as [26]

Vo Py [1 +(—p—)2]_2 (4.36)
2a
V, - Py [1+(3-)2]—2 (4.37)
c C zﬁ
p 27}-2

where V(V,) stand for uncoloured (coloured) states, respectively, and («, f)~! are the
“sizes” of colourless (coloured) mesons. The effects on the width calculations are shown
in Table II (after Ref. [26]).

TABLE 1I
Vector meson radiative widths
(Clebsch)? P Thaive o/f =2 a/f =13 e-6lp

w -y Ha 380 MeV 1.1 MeV 0.3 MeV 0.3 MeV 0.6 MeV

@ —> 7y 108 200 MeV 6 keV

gy %24 360 MeV 0.28 MeV

@ -y 2/ 24 1500 MeV 20 MeV 1.4 keV 0.4 keV 0.15 keV

3 -y 427 1810 MeV 70 MeV 1.4 keV 0.4 keV 0.08 keV

In the table the naive width calculations are seen and the effect of including the
F™(g?) in Eqs (4.36)—(4.38) for two choices of «/f is also exhibited. A phenomenologically
motivated e¢'?! is also shown for comparison. The dramatic consequence is that not
only are the widths reduced from the naive estimates and hence compatible with the total
width of some 50 keV, but even suggest that the radiative widths could be significantly
less than 50% of the total width!

If this is really true, then the naive beliefs that in colour models radiative decays
dominate and hence G-parity will be irrelevant could be quite wrong. The dominant
decays are non-radiative and so the colour must be broken. This brings us to the G-parity
question.

4.4.2. G-parity and hadronic decays

F_") ~ ~

If SU(3) is conserved by strong interactions, then g(8) - hadrons (1) can only proceed
by ¢ — y — hadrons, for which G-parity even and odd final states will be a priori equi-
probable. The existence of direct decays g)(g) — hadrons (1) can only be understood in
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this colour model by allowing there to exist in the Hamiltonian a symmetry-breaking
piece Hgg, transforming as 8 for example. The quantum numbers of the produced hadrons
will be determined by the specific transformation property of Hg folded in with the g

L ’
representation in SU(3)® SU(3).
A priori we do not know what are the transformation properties of Hgy; one sugges-
tion, discussed in some detail elsewhere [29], has been to take the known behaviour of

—
Hgy in familiar SU(3) and make the simplest generalization to SU(3) ® SU(3). For example,
it is known that familiar SU(3) breaking can be described by a term in the effective Hamil-

tonian which transforms like the hypercharge operator Y. The generalization to SU(3)
—

—
® SU(3) is taken to be [29]

Hgs ~ (Y, D)+(1, ). (4.39)
At this stage I and I are separately conserved and the ¢ would be stable against decay
to I = 0 hadrons® by conservation of I in the strong interaction.

In familiar SU(3), electromagnetic tadpole interactions generate pieces transforming
as I which break the symmetry but are of much weaker strength than the Y piece discussed

r._l
above. The generalization to SU(3)® SU(3) becomes

Hgg ~ (I, +(1, I,). (4.40)
The (Is, 1) piece is well-known and is responsible for
2) (e Do (D, (4.41)
b) (1, 1) > @n, 1), 4.42)
) 41 =1,41 = 0) part of mass differences, (4.43)

and its strength phenomenologically appears to be of order 5-10 MeV [30].
The (1, I;) piece will cause the analogous transitions

a) (1, 9) = (1, ®) (4.44)
and be responsible for
b) (41 = 0, 41 = 1) part of mass differences. (4.45)

The transition (lg) - (1@) contains @(1p) — hadrons (1w,), hence the colour isospin
changes by one unit while familiar isospin is conserved, i. e. G-parity is conserved. Figura-
tively

~ Jviolates G parity,

(s, 1) {conservcs G parity (4.46)
~ _ {conserves G parity

(1, I5) {violatcs G parity. (447)

2 Other than y -y — hadrons of course.
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This same tadpole yields the 47 = Q, Al = 1 mass splitting which is of order 2.3 GeV
(my—m,7). Stech [29] writes down the following relation between this Am, the strength
of the tadpole, and the width of y:

(strength)?
r,= yra (4.48)

Since Am = 2.3 GeV, if one assumes the strength to be some 8 MeV (as is the case for
the (/5 1) tadpole), then one obtains

_ (8 MeV)®

r ="
¥ 23GeV

~ 30 keV (4.49)

which is excellent phenomenologically.

One might be concerned that this I'y of 30 keV came from a tadpole which is O(e?)
in the amplitude, while the O(e) radiative decays are expected to be only of order 10 to
15 keV. In this respect, we should remind ourselves of the # which in the colour singlet
world is a meson that is stable against hadronic decays and whose decays are O(e) radia-
tive or by the (I, 1) tadpole at O(e?). In this case we know that

O(@)[I(n - nry)] < O [I(n — yy; nnm)]. (4.50)
If the same ratio of O(e) to O(e?) was found for the yp decays, then one would have?®
Ty . hadrons+y = 2 t0 10 keV. (4.51)

From the purely phenomenological point of view it would be amusing to see if such
a result held for the g.

443. Deep inelastic threshold phenomena

4.4.3.1, Threshold phenomena at large Q2

If we work within the framework of the quark-parton model, then the electromagnetic
structure functions take the following form (given the quark charges of the Han-Nambu
model).

Below colour threshold

F3(x) ~ 3[% p(x)+5 n(x)+5 A(x)+(p, 1, D]

F3(x) ~ 3[5 p(x)+5 n(x)+5 Ax)+(, n, H]. (4.52)

3 The absence of yy decays for ¢ generates uncertainty into this guesstimate.
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Above colour threshold
F5(x) ~ pp(x)+Ppa(x)+ ng(x)+ Ag(x) + (g > q)
F3(x) ~ ng(x)+ng(x)+ pa(*) + (x) +(q <> q). (4.53)

Comparing the expressions below and above colour threshold one can compute the
magnitude of the threshold rise in F3**(x). This is summarized in Eq. (4.54) for proton (P),
neutron (N) and I = 0 targets.

AFS AFY | AFL=°
(%) (%) 7o)

x - 1 p(x) dominates 50 200 80

G —— - e (4.54)
Mx)=0

x = 3 p(x) =~ 2n(x)| - 66 100 80

X = 0p(x) = n(x) = Ax) = p(x) = n(x) = A(x) 100 100 100

The criticism [1] levelled at the Han-Nambu model is that there is no evidence in
the FNAL data [31] for such dramatic behaviour in the deep inelastic experiments.

4.4.3.2. Photoproduction threshold

Using the vector meson dominance model and the data on the new vector mesons
one estimates that the rise at colour production threshold will be only a few per cent.
This will be discussed in more detail in Section 4.4.3.4.

4.4.3.3. Parton model and VMD

The VMD model predicts a threshold rise in oy, (yp) for 0% = 0 of a few per cent,
whereas the parton model gave a rise of order 1009 in 6,,,(yp) for large Q2

Since the VDM and parton models are dynamically quite unrelated, there may be no
unease in one’s mind at their significantly differing predictions for the magnitudes of the
threshold rise in o(yp). However, when one is only discussing quantum number effects
(as in the present case) the two models are almost in 1: 1 correspondence. This we shall
illustrate by means of a few examples which will also give some indication of the implicit
assumptions that entered into the parton model results of Section 3.1. The comparison
is most readily facilitated by reference to Table III.

Therefore the vector meson dominance approach appears to give the same results
for the threshold rises as the quark-parton model. Why then was it stated in Section 3.2
that the VDM predicted a threshold rise of only a few per cent? This will now be discussed.



Comparison of YDM and parton models

805

TABLE 111

Parton

Vector meson

Result
(either way)

Diagrammatic representa- | - 2 b 7
tion of YN collision total ' } ot
cross-section I . | -G
Quark quantum numbers A(x), I~ B,
and vector meson analogues n{x), p(x) nn,pp~ g. @
Ratio of non-strange to dp+in+iii(g—9 90+ 1w+2¢ 5:1
strange components in = pn)+LA = 10(pw)=-2¢ Non-strange: strange
ao(yN) for I = 0 target +qeog
Colour threshold PN 1009,
(i) Diffraction x = 0 Below 2+2 =4 Below 9+4-1-4-2 = 12
Above 4+4 =8 Colour component
8-+4 =12
Total above 24
(i x— Y, No A(x) No ¢ meson 80%
Non-diffractive PN Below 941 = 10
Below 3+2 =5 Colour component
Above 5+4 =9 8 =8
Total above 18
(i) x > 1 p quark dominance As above 809

PN
Below #/34-15 = %3
Above 2-+-1 =3

4.4.34. VMD in a world where m, = m, = my and the real world

We shall see that the quark parton model results correspond to the VMD results in
a world where all dynamical effects (other than those which are a function of the quark
charges) can be ignored — in particular m, = m, = m,, etc.

Q*=0and VMD

In the vector dominance model, the total photo-absorption cross-section for on-shell

photons is given by

-3
= R

ey
(‘)30( p)

(4.55)

where em?/f(0) is the photon-vector meson V coupling for on-shell photons.
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The leptonic width of a vector meson is given by

4rn

o
I(Voee)=—my—5 4.56
3™ ) (*-36)
we can therefore write
E : 3f* (mv) F(V—>e+e")
o(yp) = 770 ° oy . 4.57)
The VDM assumption is that f3(m2) = f2(0) and so
I(V-ete)
a(yp) ~ E o(Vp) e (4.58)
v

v

(i) Equal mass world. We are interested in the relative sizes of the contributions to
o(yN) coming from pw¢ and the coloured vector mesons. We will present the discussion
in terms of the (®, y) and (¢, y) model (category II). The results are essentially unchanged
if we use any one of the other models; the use of this particular one enables us most easily
to take these calculations over to the charm model, since in both models the 3.1 coupling
to the photon happens to be the same [%/, of the p(770)].

We may formally write

a(p) ~ 90(0) + lo(w) +20(¢) + [8a(w) + 40(P)] (4.59)

in an obvious notation. In this equal mass example there is no ambiguity as to whether the
9:1:2, etc., apply to I, I'/m, etc. If a(V) ~ m?, then for equal masses a(g) = a(w) =
= ... = o(®) = o(¢). Hence

o(y) ~ 120 (uncoloured) + [12 o (coloured)] (4.60)

and the 1009 rise of o(y) in the diffractive region is again found. Notice that for the non-
diffractive piece, removal of o(¢) and o(@) (which are pure diffractive) yields

o™P(y) ~ 10 (uncoloured) + [8o(coloured)] 4.61)

and the 80% rise in the non-diffractive part is seen.

(ii) Real world. The results of the equal mass model would carry over to the real
world immediately if:

— 9:1:2:8:4 applied to the I'(V — ete”)/my,

— o(VN) is the same for all V.
Empirically, however, we know that:

— 9:1:2:8:4 apply to I'(V — ete”) not I'lmy, and also that

— a(VN) ~ m?,
since ¢(3.1) ~ (1/10) o(¢) =~ (1/20) o(w, @) =~ 1 mb. Hence, in the real world there is an
over-all factor my> relative to the equal mass calculation (my' from leptonic widths and
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my* from 6(VN)). Therefore we have now

9+1 _%_ [ 8 4 4
W~ Gy tayp eyt (3.7)3] *62

and the colour threshold rise is less than 29/ as against 1009, previously.
This is the origin of the remark in Section 4.4.3.2 that VMD predicts a rise of only
a few per cent at Q2 = 0; the naive 1009 rise has been suppressed by the fact that

o(yp) < a(op) (4.63)
and that
fy~ete) Teee) (4.64)
my, me

0?# 0 and generalized vector meson dominance (GVMD)

Instead of pw¢ ... used in VMD the idea in GYMD [32] is to use go'o"” ..., we’ ...,
etc., a whole sequence of vector mesons as suggested for example by dual models. With
some assumptions on the mass spectrum of these mesons and their couplings to the
photon one can obtain vW,(v, g?) which scales at large g2. For the details 1 refer you to
the literature [32], here I just quote the answer. Essentially one has

N, 4.65
O'(YN)Qz ~ Z oy )o2=0 ;;%‘FQZ . (4.65)
V=ewp
The tower of mesons yields the scaling behaviour (1/Q? as Q% — o0), the mass parameter
appearing [m2/(m?+ Q)] is the mass of the lowest meson in each tower (o, @, @, @ ...).

Approximately for pw¢ one has 1/(1+ Q2) for this term, while for y one has 10/(10+ Q?).

Hence roughly

. 1 1+0?
vW,(w, Q%) ~ constant+2 %, x TR x — (4.66)
and so the magnitude of the colour threshold becomes
Q*=0 2%
0% = 5GeV* 8%
4.67)
0% =10 11
Q* =00 20%

These magnitudes are consistent with the FNAL data. Notice that the heavy mass of g
relative to the gwg leads to a violation of scale invariance.
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Conclusion

It is not clear whether GVMD or the parton model is applicable to nature. At the very
least I think that this discussion shows that one should be cautious in applying the parton
model ignoring all dynamical differences between uncoloured and coloured sectors. De-
pending upon your taste this question of deep inelastic thresholds is (partons) or is not
(GVMD) a serious problem for the Han-Nambu colour scheme.

4.4.4. Dileptons

The recent observation of dileptons
ete” — e*u¥ + neutrals (4.68)

at 4.8 GeV in the c.m. at SPEAR suggests that new states are being pair produced and then
decaying weakly into leptons and neutrinos [33]. If this interpretation is correct, and if
these new particles are new hadrons associated with the ¢ (as against heavy leptons, for
example), then one must break the colour strongly. This is because the unbroken colour
would describe the threshold rise for 02 > (4 GeV)? as being due to production of a single
coloured state (in ~ 3 GeV) in conjunction with a conventional meson. This would not
be consistent with the dilepton interpretation. Within the colour framework one must
break the colour strongly ((WC in Section 6) or in Han-Nambu as in Marinescu-
-Stech [L8]).

In Ref. [18] there is mixing allowed between wg and @, . The 4.1 state is dominantly wg
with a mixing angle tan 6 ~ 0.2 which retains the good phenomenoclogy of the familiar
mesons and mixes in some (g, @,) to the 4.1 peak in addition to the (w, wg) already there.
The phenomenology of the decays of the 4.1 into pions (G = + and G = —) will be
similar to the WC model of Section 6. The 4.1 can decay readily into conventional hadrons
by means of this mixing. Alternatively one requires a model like that of Greenberg [9],
discussed in the next section.

4.5. Greenberg’s model [9]

Unlike Han-Nambu, for which the quarks formed a (3,3*) representation of SU(3)
-

® SKL—I(S), the Greenberg model takes them to be (3,3). Hence their charges will be

z+1 =z z (469)

[o¢]
W
N

|
—_
™

!
—_

The constraint z+2z' +z = 2 yields 3z+1 = 2 and hence z = /;. The charges are there-
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fore [9]
1 P n A
R 4/3 1/3 1/3 (470)
B | s =% s
G { A

and these are displayed in Fig. 3. Note that all triangles are inverted (3,3), since the spec-
trum analysis is a triplet as against antitriplet in the Han-Nambu model (Fig. 1).

g N Pg \

Fig. 3

—J
—
The (3,3) transformation property under SU(3) ® SU(3) enables one to reclassify the
quarks under the diagonal SU(3) subgroup

F__J
SU(3) ® SU(3) —— (SU(3))diagona! (471)
(B®3) — »>6+3*

One can imagine these as a 6 and 3* of new quarks as in Fig. 4 where we have used Green-
berg’s notation. These new quarks are linear combinations of the previously defined

s I 9%
N \\,W\ \ \\sz
C, C1\ Cz,\ . G %
\
B, M\ N g
\\ ~ Q:3 \ \
\ \
L Vel ¥y NN
3 Q-5 Q=7
N
Q:ﬂ—
3
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quarks. These combinations are shown in Fig. 5 (normalization factors should also be
included, but have been omitted for ease of visualization — further details can be found
in Greenberg’s paper [9].

6 3*
g Nr*Pp Pr Ng - Pg
ethe  Porig ne=2g PG = Ag
A
Fig. 5

Since m(u*, d*) < m(s*), then one expects m(4) < m(B) < m(C). Furthermore,
since 6 is triangular

m3(B)—m?*(4) = m*(C)—m?*(B) “4.72)
and so equal spacing of the meson masses squared will obtain if they are 44, BB, CC

states.
Quark-antiquark states are as follows:

(1) 3x3— familiar mesons — 1+38, 4.73)

@) 6x 6 —new mesons like in “hidden charm” —1+8+ 27, 4.74)
(i) 6x3 s . »  8+10.

23 states with “manifest charm 8+ 10 (4.75)

One can visualize this as a model with six charmed quarks. The new mesons con-
tain hidden “sixness’” (hidden charm) and the usual Zweig arguments of the charm model
apply. This model started out as a colour model but has transmogrified into a “charm”
like one.

The 6 x 6 new states are taken by Greenberg to be as in the table. The predicted leptonic
widths may be a problem however

1—~e+e‘
3.1 p(AA4) 8
3.7 (BB, +B_,B_,) ! 9 (4.76)
. YbDByTDL 505 \/i
— — — 1
4.1 P'(CaCs+CiC+C_,C_5) 75‘ 6

There is a natural feeling for the equal spacing in squared masses, as noted above
due to the 6 triangular representation for the new quarks. One finds

m2(y")—m?(p) = m*(y'") —m?(y). 4.77)
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In common with the Weyers-Close model of the next section, this model expects baryon
pair production to be important since the baryons contain both 3* and 6 quarks. How-
ever, the 4 quark in 9(4A) is A which does not occur in N or 4 so NN and 44 are not
important decay modes.

If the 6 new quarks were given a new quantum number called ‘‘heaviness”, while
the 3* had zero heaviness, then this model would contain the model of Harari [34] (sce

TABLE 1V
Spectroscopy in Harari’s and Greenberg’s models
Harari Greenberg
Usual 3x3=1+8 3%3=1+8
New states y 3uX3n = (1+8) 6X6 = 148427
“Charm-like” states §>< 31:1 = §—|—§ 6x3 = 8+10
3gx3 = 643 3X6 =8+10

also Dr Hey’s talk at this school). The main difference between the two models lies in the
new spectroscopy as shown in Table IV. In particular charge 2 states are present in the
Greenberg as against Harari model®.

5. The classification of colour models

In the first lecture we noted that the constraint z+z'+ 2z’ = 2 could also be written
(by exploiting the fact that the charge is a generator of the group)

~

R ¢ - ¥
Q=1+ 0} +<a 3+B7). 5.1

We can classify models by their a, § values. If we demand -that no fractionally charged
mesons occur in the theory then o, § and (a+ f)/2 are integers.

The value of
o(e*e” — hadrons) 3at 452

24 . (5.2)

R=—1—= =
a(e+e —’H+# )QED 2

The first model that we discussed was that of Gell-Mann, for which « =0, § = 0.
In order to excite colour one requires |a|+ |ff| = 2. At the simplest level one has & = +1,
B=+1l;a=+1,=Fl;0a =242, =0;,a=0, f = +2. Of these, several are iden-
tical medulo a trivial interchange of red, blue, green labels. One has three independent
sets of charges:

4 The prediction of charge > 1 states is a consequence of any sensible model with colour excitation.
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(i) a=1, p= 1. This gives the Greenberg model [9].

(iiy a =1, = —1. This gives the Han-Nambu model [7].

(iiiy « = 2, B = 0. This leads to a model not yet discussed. Since R = 2+ (32 +52)/2
this model will have R = 8 as against 4 for the models (i) and (if). The charges

of this model are

p n A
5/3 2/3 2/3 (53)
B =5 =%y =
s = s

f
—

—
These charges first arose in the work of Tati [35], who used SU(3) ® SU(2) and toock

the triplet representation of SU(2) (like 7+, 70, 7-). These charges also arise in the model
of Weyers and Close [2] (referred to here as the WC model). One can think of it as the
Gell-Mann model with colour excitation (split the identical charges). The reasons that
led us into these charges were to some extent inductive and so it is interesting that the model
also arises naturally as the *‘missing minimal-excitation colour-model”.

6. The WC-Tati model [21, 35]

~— .
Under SU(3) we consider the states

VGG) I=0 (), 6.1)
RR+BB)\. .
X (ﬁ> I=0 (&), (6.2)
J2
RR-BB) - )
w(~7§—)1 =1 (@) (6.3)
Y

Each type V, 1, v (i.e. ¢, @, o) will have three vector mesons which we write as follows
(neglecting the normalization factors for clarity)

PePc+ngig [0, 5], (6.4)
PePe—Nahc  [o. 8], (6.5)

AGZG [¢s qz]a (6.6)

(PrPr + NgNR) * (PpPp + NpNp) [Z’ ?] ) 6.7

5% =0, 8 = 2 leads again to Han-Nambu.
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_ _ - _ &
(PrPr —NrOR) £ (PpPs — Nphp) I:Q g ] , (6.8)

ApAg £ gk ¢ a:)] 6.9

R R BB [¢’ 1 ( )
~ [

Unlike the previous lectures, where the I = 0 physical states have been SU(3) singlet

(@) or octet (ws), we shall now consider the possibility that they are the ideally mixed
- ~ —

colour states w and ¢ and hence that the colour is strongly broken at SU(3) level but

r___J
a good symmetry at SU(2) level.
In order to help orient the reader we list here the assignments of the states

0 w @
¢ 770 780 1020 (6.10)
0 ? 3100 3700
® ?«-41->7 ?

We shall show that we are naturally led into this pattern of classification. Indeed, we
would like the 3100 and 3700 narrow states to be p, since they are forbidden to decay
into ordinary ¢ states due to:

HI=11=0,

(ii) Zweig rule in colour.

But why are there only fwo narrow states, and which one is w, @, (o07)?

6.1. Leptonic widths of mesons

We return to our original general definition for the quark charges

4 z' -1 z' —1 (6.11)

=<}
N\
N\
|
—_
N\
I
—_

z z —1 z —1

A simple calculation gives the photon-vector meson couplings (defined as in Section
4.3.2). For the ¢(GG) states one finds
1
YoiVo Vs =%:2—%i— (z—1). (6.12)

7

i



814

Empirically these appear to be consistent with Y/, : }/s : ~1/3,/2, and so we will take

z =12, (6.13)

i.e. a triplet with the familiar charges ?/5, —'/5, —'/5 for pg, ng, 4g-
Similarly it is easy to see that for the o and @ states one will have

Yo:iEd,
Vo1 (2 —HE(E"-),
| 1
Vg \—/5 z'-1)=x \ﬁ
The I, = 0(w) states have the relative + sign and since
2’4z =2—z=%=2z (6.15)
we have the 3 : 1 : —./2 couplings just as for the I = 0 [¢(GG)] states. This already
prevents one assigning the 3100 and 3700 states to I, = 0, since one would have the

embarrassing failure to see a p-like state with I'®"* ~ 20 keV!
For the I = 1(p) states, with the relative — sign, one immediately has that

1
Vo:Vu'iVs=0:2"—2"": ﬁ (z'=z"). (6.16)

(2"~ 1). (6.14)

Hence we finally have for the widths (apart from mass factors)

=0 ‘ o1
(6.17)

¢ =20; ¢ =90 | [elo=12¢

The ] =1 phenomenology is now perfect for the 3100 and 3700 identification.
Empirically

re'e"(3.7) ~ e (3.1) (6.18)

and so we identify
[w,8] = 3.1, (6.19)
[¢, 0] =37. (6.20)

Furthermore, both are 7 = 0 as empirically seems the case. The [p, ¢] does not couple
to ete~ and hence only two narrow states arise.

Note also that w = 2¢ for I = 1 in contrast to ¢ = 2w for T = 0.1t is this fact that caused
the ¢ to be identified wih the 3.7 (due to its smaller leptonic width) rather than the 3.1.
This is rather nice because in the masses ¢ is heavier than @ both in the familiar ¢(GG)
world and now also here for the g. In fact

/- ¢—
(2,5
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to within about 3. This fact suggests that we might scale up all masses for the vector
mesons from the ¢ to the g world. Doing so we expect

le. 2] (3.05), (6.22)
[o, 0] (3.1), (6.23)
[#, ¢l 3.7) (6.24)
and also
[K*, 0] (3.49). (6.25)

6.2. Exotic states
Since we have empirically that [w, ¢} and [¢, o] do couple to e*e~ [22] then we conclude
Z'# z. (6.26)

This is the point of departure from the Gell-Mann colour model, where z' = z’* and no
excitation occurs. The simplest choice for the charges then becomes

p n A Lepton

R %3 ?/5 2y +1 (6.27)
Iy =Y =Y 0
B = =4 =¥ -1

Note that the average charges of the R, G, B states are +1, 0, —1 like the leptons ut*, v, e~
(and hence the fourth column if one wishes to incorporate leptons with the quarks).
An immediate consequence of the above is the existence of exotic states.
In the vicinity of 3 to 4 GeV should exist the I =1, I, = +1 states (RB, BR),
partners of the T = 1, I, = 0, ¢ mesons at 3.1 and 3.7. Examples of some of the exotic
states that will occur in these representations are, with their charges

Peilp, PrAp — charge 3, (6.28)
PrPp> Ngp, Apdp — charge 2 (6.29)

and exotic states with strangeness —1.
ARDp, Arllg (6.30)

with charges +1, +2, respectively.

The most naive mass formulae would then lead us to predict that an isoscalar
doublet (I = !/,, RG) family exists around 2 GeV. The (ordinary) SU(3) nonets which
correspond to it will contain doubly charged states

PrlG, Pric- (6.31)
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These I = 1/, states (referred to as K*) will in many ways be similar to the charm model
states (think of G as non-charmed and R as charmed quarks). Their decays will presumably
be weak and so they will show up as narrow peaks in their decay topologies. Also, by their
weak decays they could give rise to dilepton events of the type

ete” = (I = D +d = 4" (6.32)

| !
s Ity s Iy,

h

which manifest themselves, for example, as
ete~ — eTpuF 4. (6.33)
The apparent observation of such events at SPEAR [33] is consistent with such

a strongly broken colour model as it is also with charm. The crucial test to distinguish
from charm is the presence of doubly charged states around 2 GeV.

6.3. The @ states

The three states [ow], [ww], [¢w] all couple to the photon and so can be produced
directly in ete~ annihilation. They all have 1 =0, so we can make general remarks on
their properties which will be applicable to the state at 4.1 GeV, irrespective of whether
or not it is [o0], [ww], or [gw].

The direct decays into ordinary ¢ mesons are allowed by} conservation, but suppressed
by a (colour) Zweig rule. Baryon-antibaryon preduction is also allowed by 1 but now,
since baryoens are colour singlets and contain all colours of quarks as a consequence, there
is no Zweig (colour) rule suppression Therefore we may anticipate that an important
decay mode shculd be into baryon-antibaryon and related channels. The final-state
interaction will readily allow ordinary mesons to be produced (the direct production of
these states may be possible if Zweig’s rule is not exact for colour).

In particular, the isocolour conservation will yield the consequence that the (4.1 GeV)
state should not significantly cascade into the ¢(3.1, 3.7) states. More precisely cascading
into the p states is allowed in first order in electromagnetism and hence should account
for a few MeV at most of the total width of the 4.1.

If the isocolour doublet states predicted in our model have indeed a mass of ~2 GeV,
a significant fraction of the 4.1 width could be due to decay into a pair of these states.
If this is the case, narrow structures could be seen in doubly charged channels. It should
be pointed out that our model does predict the existence of such states, but depending
on the complications one is willing to accept in the mass formulae their masses could be
almost anything (unfortunately!).

If we scale up masses from the ¢ world to the @ world, then it may be that the w(4.1)
is a mixture of [ww] and [pw]. If so then one might look for apparent G-parity violations
as one moves through the peak and interesting o— o interference eflfects could exist.
One would then also anticipate a [¢m] with mass around 5 GeV with leptonic width
< 2 keV. This suggests that the [¢w] could be a broad hump barely visible in the total
cross-section. However, it may be visible in topological cross-sections, for example those
involving strange hadronic final states.
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6.4. Properties of (3.1 and 3.7) in this scheme

As in the Han—Nambu model the strong decay of the v states is forbidden into ordinary
mesons by I conservation, while first order electromagnetic processes are, in principle,
allowed. In this present model with the ideal colour mixing @ — @y is further suppressed
by the (colour) Zweig rule. One might expect that

»(3.1) -» BBy

could be an important member of the class of radiative decays.

The presence of T = 0, & states around 4 GeV naturally suggests a mechanism whereby
the 3.1 and 3.7 states can decay into ¢ hadrons [36]. As in Section 4.4.2 we will suppose
that there exists a tadpole transforming as (I3, 1)+ (1, I5). In the familiar meson world
it is known,from the magnitude of (w@) — (2n@), that the tadpole mechanism, Fig. 6a,

Fig. 6a,b

is dominant by far over Fig. 6b. If we suppose that this is true in general, then a tadpole
of type (Fig. 6a) will mix the ¢ with o states. Hence the 3.1 mixes to a 4.1 @ state and then
decays into conventional hadrons conserving . We can even make quantitative estimates
of this rate.

Before mixing, let y(w, o) have mass M, and width to hadrons zero, and (e, @)
have mass M, width I'y.

Turn on a tadpole of strength ¢ and the mass matrix becomes

le &
(8 M, i I’o) : (6.34)

In the approximaticn that My—M, » I', > ¢, one finds for the eigenvalues and eigen-
vectors

Eigenvalues Eigenvectors

1

&*r
pyy N My—ie— A0 ( ‘ )

Moy~ Mo—il (8/(m°_ml)> (6.35)

(M, —M,)* —&/(Mo—M,)
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and so the 3.1 has acquired a width &*I'o/(M, — M,y)% If I'y ~ 100 MeV (remembering
that (o) as well as (ww) is present in the 4.1 GeV bump) and m, —mg ~ 1 GeV, then

riedrens o 40 keV (6.36)

if ¢ = 20 MeV. This is very encouraging, since ¢ =~ 5 to 8 MeV in calculations of the
nucleon mass differences and hence is some /, to 1% of the mass. Scaling up for a ¢ mass
of 3 GeV leads to ¢ ~ 20 MeV.

If one played the same game with the 2.7 then, by virtue of the fact that its mass
is closer to 4.1, so would its width be larger.

However, a problem is that the 3.7 final states are rather different in content from
the 3.1. In the specific model discussed here one anticipates that the (¢p)3.7 should be
mixed with the (¢w)4.9 state and so its final state should reflect those of the 4.9 as against
the 4.1 that generates the 3.1 decay modes. One then predicts

(83_7 )2 (4.1 —3. 1)2 I (4.9) I'.(4.9)

fﬂ ~ 3
49-3.7) I (41 > I (41’

LR

6.37)
€3.1
The non-cascade width of 3.7 is of order 100 keV [37] and hence some 3/, times that of
the 3.1. Bearing in mind that the 4.1 peak contains ¢ and w in our model, then a
I (4.9) ~ 200 MeV is required.

This mixing mechanism is certainly more generally applicable than to the specific
colour model discussed here, and can be applied to general models with “zero width” y
that can be mixed to wide 4.1 states. The ¢ need not even be hadronic perhaps [38]. One
could even imagine that the 3.7 decays always into 3.1 either v'(3.7) - ¢pX or ' — Xy Xy.
This latter ““vector dominance in reverse” can easily generate widths of several keV.
Some fraction of y — (all) should come from this mechanism which could be part of the
explanation for the missing neutrals in the 3.7 final state.

This same mechanism that mixes 3.1 and 4.1 will cause the cascade 4.1 — 3.1 to
exist (a priori it would have been zero by I conservation). This should be of the same
order as the 3.1 total hadronic width generated by this mechanism and so possibly less
than the cascade 3.7 — 3.1. If this could be shown to be the case, namely

r@.1 - 3.1) < I'3.7-3.1) (6.38)

then this ‘“‘anti-phase-space’” result would be very significant for our ideas.

6.5. Discussion

We have performed ‘‘ideal mixing” in the colour SU(3). This was possible due
to the quark charges in the model but was not forced upon us. Indeed, with ideal mixing
one might already be in trouble with v — ppy which has no colour space Zweig suppression
and so naively looks as if it should be dominant among the final states that contain a photon.
Relaxing the ideal mixing could alleviate the problem; the p/z enhancements would stiil
be expected though at a less dramatic level than for ideal mixing.

From a theoretical point of view, if one is committed to the religion that for E_,
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< 3.5 GeV one has R = constant ~ 2 in the data and that this is immediately related
to the squared charges of the quarks in this domain then the ideal mixing is too much [39].
In the past we have so much wanted to believe that R = 2for E_, < 3.5 GeV that we have
tended to see it in the data. However, 1 think that an unbiased look at the data does
not support the belief that there is scaling at low E,,,. In this model R = ?/; plus contribu-
tions arising from intermediate baryon pairs for which all colours of quarks contribute.
Furthermore, a small deviation from ideal mixing gives a dramatic increase in the predicted
R in the model at low E_,.

Notice also that one does not necessarily lose the phenomenology of n° — yy which
seemed to require RBG quarks in the n° to be consistent with the observed n° lifetime.
With the n° only containing green quarks it looks just like a traditional 7° with uncoloured
quarks. It was noted by Drell [40] that such a situation is not in discord with the data
in the framework of weak PCAC. This necessitated the introduciion of a further #° state
(Drell called it =%). In the WC medel such a state arises naturally.

Alternatively one could allow the axial current to mix the n° with red and blue quarks
which would then contribute canonically to the anomaly. In this case, one would antic-
ipate that v states can be readily produced singly in = initiated reactions.

6.6. How to confirm the model?

The most clear-cut prediction is charge 2 and 3 meson states around 3 GeV in mass.

Charge 2 states are also predicted to exist, but their precise masses are somewhat
model dependent. Naively one may anticipate that they are around 2 GeV in mass (con-
taining green (light) quarks as well as red blue (heavy) quarks) and are responsible for
the dilepton production at E_,, = 4.8 GeV [33]. These states are in many ways analogous
to the charmed mesons of the SU(4) charm models. Their exotic charges should distinguish
them from ‘“‘conventional”” charmed mesons.

If one could show experimentally that

r@.1-31X)<r37-31X)

then this would probably be unnatural in charm models, since the extra phase space
would suggest a faster rate. In the class of colour models where 3.1 and 3.7 are g and 4.1
is I = 0, then colour isospin conservation leads one to expect that, in order of magnitude

r@.1 - 3.1 X) ~ (3.1 - hadrons).

Present data suggest that the 4.1 cascade width is small, but it not yet at the level of testing
whether or not it is this small.

Finally, one anticipates that the decays of the 4.1 to ordinary hadrons may be related
to baryon-antibaryon production for which there is no (colour) Zweig rule violation.
These may be virtual states which produce the final-state mesons through final-state inter-
action. This still apparently viclates the colour Zweig rule, but duality diagrams arguments
applied to BB channels are known to be unreliable as well as uncalculable. If one was
lucky one might find a larger B/n production around 4.1 GeV than at lower Q2 values.
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I wish to thank J. Ellis, A. J. G. Hey, and the organizers and the students of the
Cracow School for their questions, comments and suggestions. The lectures are the result
of many hours spent talking with J. Weyers, whom I also thank for commenting on this
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