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FOREWORD

1. These lectures describe the various approaches to the new particles which
are classified under the general heading of colour. They complement and supple-
ment those on charm by Ellis!) and the discussion of other additive quantum
number approaches given by Hey, both of which appear in these proceedings.

2. Section 6 contains details of work performed in collaboration with J. Weyers.

2)

Any reference to that material should include also my earlier work with Weyers®’.
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CHARM AND COLOUR INTRODUCTION

If Ev 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?) .

SU(3) + SU(N)

Su(3) + sSu(3) ®G

Examples

N = 4 charm

~—
G = SU(3) colour

New quantum numbers

Additive (like strangeness)

Non-additive (like isospin)

Do\ and y have the

Hidden [ like ¢(A})]

Manifest, e.g.

new degree of free- (i) w has I = 0 and
dom? P has I =1
(ii) pw have C = 0
Y has C #0
Narrow widths Zweig rule, e.g. Conservation of C by strong
o> 3" g interactions
¢ + KK
Theoretical radiative :y >ny has C=1
decays T (§ ) Ordinary hadrons C = 0
Py }s $YY Yy has C = 0 (pwp) and
Yy c=1(Y)
YEe=1->y(€=1)+
Hadrons (C = 0)

Production threshold
in e*e”

Pair production at
Q% 2 16 (GeV)?

Pair production for exact
colour Q% 2 36 (GeV)?:
Broken colour Q* 2 16 ?
Can be produced singly

= ~
=\ SC=o
* .
Increase of neutral D - Dy if L <mg e _.-~C=o
ener fraction wit
2 &y et with where D are charmed mesons AAJ\A,v"’//llHﬂ
Q . =
= N C =\
N
N
C=o

Photons radiate energy

Deep inelastic thresh-
olds and scaling vio-
lation

Thresholds open as x > 0
due to cc parton sea

Quarks are colour analysed
even as x > 1

2 -
Q= 00, ()

Small rise by VMD

Small rise by VMD

Theory a priori
motivation

GIM mechanism for unifi-
cation of weak and electro-
magnetic interactions with-
out strangeness changing
neutral currents

Baryon statistics.
m% - 2y rate, etc.,

Electric charge

Not generator of SU(4)

~/
Generator of SU(3) x SU(3)
for suitable non-trivial
quark charges




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

- viii -

the various points presented in the first table,

SU(3) ~ SU(4)

SU(3) ~ SU(3) ® Su(3)

Narrow widths

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

Natural explanation of
narrow widths

Radiative widths

Problem:
None seen among Y > n_7;
y' > vy + new states.

A prior? important.
Why is G parity concerned
in Y decays?

Problem:
None seen among ¥ > y +
(coloured pseudoscalars)

Production threshold
in ete”

Natural explanation of gtot
threshold.

Magnitude problem?

R - 3% in model but data
R 2 5? .

No new peaks found in the
final states produced.
Dileptons ''matural'.

No new peaks seen in the
final states. Exotic
states predicted.

Why dileptons?

Increase of neutral
energy

Possible if myk my

Natural due to radiation
of ¥y in colour decays

Deep inelastic
thresholds

Consistent with data

No evidence for big
thresholds opening as
x > 1. Problem?

2 —
Opor () @ = 0

IConsistent 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) ® 0(3) three-quark wave function 1is
symmetric under the interchange of any pair of quarks. Yet baryons are anti-
symmetrized 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"?) 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) ® 03) & SUB) 1 ourJanTTSMETRIC *

The familiar baryons are then

[su(6) ® 03 Jgpprric ® [SUB) .o10ur IaNTISTMMETRIC *

which demands that they be colour singlets [since a totally antisymmetric three-
body state in SU(3) is a singlet]. Note that the antisymmetric colour state

requires the three quarks to be one red, one blue, and one green“).

Colour is also useful in connection with the 1% -+ 2y rate for which Adler®)
and Bell—Jackiws) have given an exact formula in a "quark-gluon' model theory.

The amplitude is a known constant times

&) - (ze
F4) - 3,

with e; the quark charges for Iz = +Y% quarks. To agree with experiment within

the errors requires that

A2
Zilze& =Y .



Three Fermi-Dirac quarks would yield
| 4, ~ ! ! = !
U x /9 Uy * /9 %

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)e).

COLOUR MODELS -- GENERAL

There is an SU(3) symmetry structure generated by the three quarks (pn})
which form a triplet representation of this group and so the n\ have one unit of

charge less than the p quark.

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

o~
three colours RBG generate a separate SU(3)C [which we will denote SU(3)]. The

"colour isospin"

colours RB generate an §ET§) subgroup which we will refer to as
or I.

The charges of the quarks in the three colour states are

P n A
z! z! -1 z! -1
2 2 -1 M- (2.1)
z z -1 z -1
subject to the constraint that
/
2+ 2 +2"= 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®

4 !

(z = z' = 2" = 24) and Han-Nambu’) (z = z"” = 1, z' = 0) which satisfy the con-

straint. The reason for this constraint is the demand that baryons be coulour
. . . ++ . ++ .
singlets. To see this, consider the A" . To be a colour singlet the A is

(p,P.p,) and to have charge + 2 then one requires
RPGPB g

242 +% =2 .
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Notice that the "average charge'" of pnA is therefore

e = z+2+2 -2
P 3 3

(2.3)
) "

eze = (2)+ 2+ (2") _ L

== (E0sle) (20 5

3

.

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', 2z arises if we want to obtain the correct

m% + vy rate which required
> R
T 2 2 (2.4)
Since I, = +1, for p,n and zero for A then
2 s 2 3 \ 2 " 2
(e 2he " ) (s ET 4 (@EY) =) @.5

and hence

?—_‘.2\_"2!1_:'2“

At this stage any model, modulo this constraint, will be equally good. The
Gell-Mann®) and Han-Nambu?) 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
Va4
\7/ ~
Q = [1+'5_>+(o<1+pl> (2.6)
2 2 2

hence the charges of the p quarks will be



~ P (2.7)

and so z + z' + z” = 2. 1In Section 5 we will classify models by their values of

a, B.

MESONS IN COLOUR MODELS

To illustrate our notation and to bring out an important point we will calcu-

late the charge of the n both in uncoloured and coloured models.

3.1 Uncoloured quarks

-+

T = pn -
The charge is given by

C‘m]e-a-e_] n>—>€+e =

—

)P
+
(V1)

in an obvious notation,

3.2 Coloured quarks

+ . . . .
We will for the moment suppose that the m 1is a colour singlet (which we will

*)

denote by ®;) . Hence its representation in SU(3) x SU(3) as

(=, &)

i

(PV\, %(R§+ RR+ Gr@}> (3.1)

n

\I";;_&P n “\'? F&RG> . (3.2)

*) We will use p Weg W1 to denote the IT=1and I=0 (octet, singlet) states.



The charge calculation then becomes
(T\’+(;3V\& “"'(’:3 —-’-(P?\-\-PR-\-?R e +€ - = =
» M , @) T3\ ee la &g C'\,\Pﬁ“R* Bhg+P&“&)

= —%—(z'+2"+ t) “+ jg(\(“‘l') + (_\’i")‘k ( \'2))

= . (3.3)
Notice that this result was obtained independent of any constraint on z, z', 2".
We would have obtained the same result, and absence of constraint, for any colour
neutral (W1, &8, 50) assignment. Consequently, the familiar mesons can be in any
colour neutral representation of SU(3) and the spectroscopy will not constrain

z, z', z' (in contrast to the baryons) .

It has been conventional to assumee) that the familiar mesons are colour
singlets, like the baryons. However, it is not a priori necessary as evidenced

by the above.

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/y -4 -4

With the above charges the photon may be written
2 - L — \ b
~ = - —_— -
Y~ FPE- 3R -3 @D
and is a U = 0 member of an octet (denoted by 7Ys).

4.2 Gell-MannG)

(4.2)
2/3 _1/3 _1/3

2h -4 ~'h




Hence the photon is
Zv35 _lna I\ - — -
X ~ (?PRPR 3“&“\2 '3>R>‘g> +(%P&Pﬁ- énenﬁ-éxa &)

GM
2. = - -
+ (Fhia- 3 30 00)
= (%ﬂ; »‘énﬁ'%f )(Rﬁ—\- B§>+Gé) (4.3)

. - N —~
and thus is a (yg,w)) member of (8,1) of SU(3) ® Su(3).

Notice that since it is a singlet of the colour SU(3) then the colour degrees
of freedom are not excited. The ty as a new degree of freedom requires here the

introduction of new quark(s). For example,

P n A c

R| % =14 -4 Zh
%h -h -4 Zh
G 2/3 _1/3 _1/3 2/3

(4.4)

This is the charm model with hidden colour and is discussed in detail by Ellis in

these proceedingsl).

4.3 Han—Nambu7)

We now examine models where the colour degrees of freedom can be excited.
It may be possible that the ¥ are associated with excitation of this degree of
freedom -- this phenomenological question will be discussed in Sectiomns 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 -1 -2 -2
z z z (4.5)
z z-1 z-1
z z-1 z-1

The constraint z + z' + z” = 2 yields 3z - 1 = 2 and hence z = 1. The charges are

therefore7)



P n A

R|O -1 -1
1 0 (4.6)
1 0

and these are displayed in Fig. 1.

Fig. 1

Note the inverted triangle (triplet) of the pnA 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
K NN FG'PG' "\'PBPQ - T\R‘(\R - '>\R>R

H
= B (GG+RE )~ (nR43)(RR) - wn

Trivial algebra enables us to rewrite this as

\(HN= ('—;- pF-{nd- 10 JrR88 +6&) - (pf +V\R-\r\.\)(% RR-188 —‘E&G (4.8)



and hence
XHN" (g)T) “(,‘J%’) ’ (4.9)

The (8,1) contains the familiar p, w, ¢ vector mesons which are colour singlets
in this model. The (1,§) piece of the photon can excite vector mesons which are
singlets of SU(3) and octets of gﬂ?§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 Ey are assigned to be such (1,8) states

in this model.

4.3.1 Phenomenology of the new states & la Han-Nambu colour

We have
" [(B3-59), 56 ] - (B0, G ¥ ]

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

XHN= (ﬁﬁo+§fiw'-l\’>-¢>, SE(/S‘] —[\Bw’)&%g] : (4.11)

~ s . ~ ~
For the SU(3) we do not know a priort whether U or I is conserved, nor
whether the (w;,8) splits into (w,g) and (¢,§). When assigning the new vector
mesons to the (l,g) states there are therefore several possibilities as tabulated

belowg).

N
SU3

SU3

1 good

U good I good Strong breaking

w1 1 (W1,Y) | IT  (w1,P) (w1,Ws)

I (,5) |1V @3 Wde) | @) (w,d) [w,d]
w, ¢ 4,7 ©,8)  (@,08) | (6,0) (6,8 [¢,6]
(0,8) [p,3]

The different categories have been discussed by various authors.
Category II: Alles (1974)10) and Bailin-Love mark 11°).

Category III: Alles (1975)11) and Bailin-Love mark 211), Bars—Pecceilz),

T.C. Yangla), Krammer et al.'").
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Category IV: Sanda-Terezawals), Kenny—Peaslee-TassielG), Feldman-Mathewsl7),

Stech-Marinescule).

The strong breaking of Han-Nambu colour has been discussed by Arik et a1.'?) and
by Marinescu and Stechle). The [p,w,¢; &] are the familiar vector mesons, the
new "coloured'" states are [p,w,¢; &]. Note that these include a [p;iﬁ] not
present in categories T to IV. This is because [p; &] as well as [p; 5] contains
a piece in (8,1). In categories I to IV [p,ﬁ] and [p,mg] states exist but are

not excited by the photon which does not contain a piece transforming as (8,8).

These states may be anticipated to exist around 3 GeV and could be found in the

decay

0,08 = (F) - (1)

accompanying a single conventional T.

We shall now describe the phenomenology of these five categories and sum-—

marize in Table 1.

4.3.2 Leptonic widths

We recall that

=

fTr-bo-50,50)- [, B0

A calculation of T'(V ~» ete™) involves the coupling Yy of vector meson to photon
4

v ¥ €
m-~w~< _ Fig. 2
X, e

(Fig. 2). The width will be proportional to Y%. For the colour singlet p, w,

one will have

\

6 (4.164)
L
3

and so, ignoring any mass factors, the leptonic widths will be in the ratio
prw:dp=9:1:2=6.5:0.72 . 1.44 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' v my%) the ¢ prediction would have been some 20-30%Z in error. We shall

therefore adopt the 'rule" that?%) T n Y% in what follows:
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Category I:
(w,3])=-83F 5 Bz~
Hence the ratio p :w :¢ : (w1,¥) for the widths becomes
9:1:2
Category II:

, ~ ~ L ~ L —~
(‘\"3-()3‘ ) \;% 5) —> (\\ﬁw.) \’5? *@wg)

and so the 12 of category I splits up 3 :1 for (w1,p) : (wy,Wg). Hence
v . g . A o~ -— e . .
(;:(.u-cb,(‘bq)g).(‘w”wg) —ﬁ|,2(13.

and so the 12 of category I splits into 2 :1 for w,Y) : (¢,¥). Hence

€b>¢ (w0,&): (4,§) = 9:0:2:%2:4 -

\
L)

K\)3Cv i3 K)ﬁ&\)auﬂ'fb)? =%

N2

4——07
-

(4.

(4.

(4.

(4.

(4.

(4.

(4.

The 2 :1 splitting of w; into w:¢ and 3 :1 splitting of ¥ into { :Ws yields

o0 $(WR)(83) (w8): (45) = Tp2:br 82

Strong breaking

Here one can write

Tepip-ie mOF)-[Fort B f-19

(4.

(4.

14)

15)

16)

17)

18)

19)

20)

21)

22)
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The phenomenology of 0 states is as before
4
rec’(w)?): (d,7) = 2! (4.23)

For the ® and § states one obtains
=\ 1 1 rvi] [: Y -1 CSj]
-XHN ﬁf"@w*o‘b,“’ “+ 1§+ow \ﬁcﬁ, (4.24)

so that for ¢, p:w:¢ =1:1:0, while for ® one has p:w:¢ =1:0:%%. One
is completely at sea with regard to the familiar p :w :¢ widths of 9 :1 :2 and
the modell?®) will not be discussed further. If one wishes to make a strong

breaking of W > &, ¢ one must do so in models either

i) where the $ quarks carry charges 24 =%, -4 so that the p :w :¢ phenomenol-
ogy 1is satisfactory [such a model?»2!) will be discussed in Section 6] or
ii) the We,1 mixing is not of the "ideal" kind &, ¢ as, for example, Marinescu

and Stech!'®) (discussed in Section 4.4.4).

4.3.3 Assignments of resonances

1. The (w;,y) is the tP(B.l). The P(3.7) will be the first radial recurrence
(w1,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 Qy to p, w, and ¢ predicts a

width
X
F&. ~ RF oV (4.25)

. . . . . +.- .
which is in gross disagreement with data??) (Fg,e ~ 4,8+0.6 keV). This leads
us to suspect that the (w1 ,Y) must fragment either into w and ¢ states or into

5, g or both, as in categories II to IV.

2. The leptonic width ratio of 3 :1 for (y,p) : (w,Wg) and the data
e, ete”

) P e = (4'81 0‘%) : (—2'110'5_) (4-26)

(@) Y1) -

suggest that

(:09)§;~> = Sy (3'{>

—~ (4.27)
(W By = vz
and, since refe” :rete' = 9 : 9, one would expect that re*e” -~ .5 keV. This is
Pwy WP 3’(3 .1)

two standard deviations away from the quoted width.
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If the 4.2 GeV state is a resonance, then it will be assigned to (w;,p)’'.
One necessarily expects that (w;,08)' 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 peakza) 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

(wl)ae)l .

The problem with these assignments is the observation of the cascade
Pw(3.7) > y(3.1)mm with a strong coupling?"). This decay violates I, since a
change p to (s must take place. 1f the I violation is allowed then why is the
&K3.1) so narrow? One way out?) is to allow the colour symmetry breaking to
transform as 27 under §ET§3. This allows Mg to P, but forbids p to &;. Such a
solution appears rather ugly since it is quite unlike anything in the familiar

Su(3).
3. Since the leptonic widths (w,¥) : (¢,Y) = 2 :1, then one assigns
~ e+e~
Y= (w,5) —> [ "~5% kV (4.28)
~ -
= ) ete
Y1) = (45) —> ~ QR kaV (4.29)
33
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 0.5 keV). Similar to category II the radial recurrence

remarks apply to the 4.2 GeV (w,Y)' and predicted 4.8 GeV (¢,Y)' states.

The cascade Y(3.7) ~ Y(3.1)mm is allowed due to a piece in the symmetry-
r~7
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-Terezawals)] notes that the leptonic ratios

(6,5 (0,8 ): (w,8):(3,5) (3G = 9: 6:2: 3] (4.30)
are in nice agreement with
(o8 Yen: Ya7): ¥(#) [w(».g)] = 65t hgeob:22t0s 1365 1 [1]
(4.31)

and hence their assignments. This model has the same problem with the Y(3.7)

cascade as that of category II. Feldman and Mathews assignl7)



-
Y(34) (0,5 M0 4oy g
V(z3) ($,7) e 28 haV
W () (W) I~ sk
P (48) (4,3) % kY.

The leptonic widths for SKB.l) and P(3.7) are excellent. For the P(4.1)
we must wait and see. These author's works are typical of the recent
. 17-19,21 U03) $002)
ideas »21) that one should break SU(3) but conserve SU(2), hence the narrow

Y(3.1) and )(3.7) yet broad Y(4.1) and Y(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
&Rg) > hadrons (1) and hence gave a natural explanation of the narrow widths of
these states. Nothing prevents the radiative decays Y(8) -+ hadrons (T) + Y(8)
and naively one has expectedzs) that these will be the dominant decay modes of
the Y state. This in turn has led to much criticism of colour models based upon
the apparent success of G parity in the Ydecays and the calculations that these
radiative widths should be of order 15 MeV or so, in contrast to the observed total
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 &P is w; of SU(3) then QV(1,§) - Y(l,g) + hadrons (1,1). Consequent-
ly ny and n'y are allowed by their n; piece, but Ty is forbidden.

If the &V is w of SU(3) (as in categories III and IV) then
éP(I-FB, §) - y(1,8) + hadrons (1 +8, 8). The decays to ny and n’y are allowed
by both n; and ng pieces. However Ty is still forbidden by isospin. The 7y mode
will be, in general, allowed at some, suppressed, rate by symmetry-breaking

[ Y1,8) » v(,1) »n(8,1) + v, 1] orby Y > v > n'y.

4.4 The four problems of Han-Nambu colour phenomenology

4.4.1 Radiative decays of JV

4.4.1.1 Naive estimate

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

is written
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P/V @Wﬂ = Ai\ﬂm (4.32)
V¥ O )T RS e - |

where g is the intrinsic coupling constant and the momentum of the emitted photon

in the rest frame of V is

= _V g (4.33)
SZwk/

with ny p the respective meson masses.
’

Cwm-

]s; \ Mo - m

A naive estimate of the J ~ ny width can be made by taking the known width

>
for w » Ty (0.9 MeV), for which lpcml ~ 380 MeV and scaling up by l;c to com—

ml
pute T(p > ny) (for which ;;Cm: ~ 1500 MeV). This yields around 60 MeV; how=
ever, the Clebsch-Gordon coefficient gz for y -+ ny is only 2 of that for w - 7Y,
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 éy.

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 estimatgii)

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

EC_Q\_}, F (4.34)
R
where g is a Pauli spin matrix, w v 2.7, and m = mp = 940 MeV. This yields
mg = m/p Vv 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) ® §G?§3 state] and to be
bound by some potential. In this potential they are in some eigenstate described
by the wave function ¢(;), where T is the spatial separation of the two quarks.

The matrix element for V - Py may be formally written

_, D )
M (17D =2 ij XGIE F'wv(?;ﬁ?]&@%\ =X > | - (.35
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The naive estimate of the previous section only considered (XP!QiEIXV), all
> . '
the remaining contributions to MVP(|p|) being implicitly assumed to be the same

for w > my and y > ny. Specifically it was assumed that:

i) mg = m/u is the same throughout the multiplet,
ii) ¢(?) is the same throughout the multiplet,

iii) Myp is 1B| independent.
Let us discuss the validity of these three assumptions.

<) my 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 mg, 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 my = 1.5 mp n for the colour singlet

’
27)

quarks The effective quark mass in the Y 1is of order 1.5 GeV which is some

4 to 5 times the uncoloured quark with 330 MeV. If one takes

colour wncolouted
m
o ™~ ZF nnpﬂu

then this alone will suppress the naive estimate of the J + ny width by a factor

of 16.

i7) ¢(;) s the same_ throughout the multiplet

For a simple harmonic oscillator potential ¢(;) N oexp (—rz/é?) for the ground

2 is a measure of the size of the quark-antiquark system (meson).

state, where a
Intuitively one may feel that the heavier masses of the éy relative to colour

inglet w suggest that the be "smaller" than w and hence a? < a? .
sing sugg 3) colour uncoloured

ii1) Myp(|3|) is |p| independent

In any dynamical model where the hadron has finite extent it may be anti-
cipated that M(I;[) will be ];I dependent. For example, for a harmonic oscillator
. > +2 2 -> —>2 2 .
potential where ¢(r) ™ exp (-r°/a®), then MVP(p) N oexp (-p“/b°) and hence is very

strongly damped as [;[ increases.

Phenomenological support for such a dramatic damping with |;| 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 Heyze)

in this respect.

~

More generally in any composite picture of hadrons, one expects that the

electromagnetic form factors |F(q2)| as a function of the photon mass squared (q?)

-n

will tend to zero as q° » . Empirically F(g?) v (1 +q2%/A%) " with n~nv 1 or 2
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for the pion and nucleon. In a non-relativistic composite model F(q?) ~» F(Ez)
and the same damping factor emerges when the three momentum of the photon varies

even though q® = 0 is fixed.

It is not a priori clear what relevance a non-relativistic calculation has
to the highly relativistic decay éP + ny. However, the physical, and phenomeno-—
logical, arguments suggest that it may not be unreasonable at zeroth order to take

the Fem(qz) as a guide and parametrize the photo-emission "form factor" as2®)

\os PY [+ (?/ZOS 1’9' (4.36)
2 =2
V;)fi?f [l + (%‘33 ] (4.37)

2 -2
V.->P¥  ~ [\‘* (%\+F~>] (4.38)

where V(Vc) stand for uncoloured (coloured) states, fespectively, and (a,R)”! are
the "sizes" of colourless (coloured) mesons. The effects on the width calcula-

tions are shown in Table 2 (after Ref. 26).

Table 2

Vector meson radiative widths

2 > - = -6|pl
(Clebsch) p naive o/B =2 {a/B=3]| e
w > Y 1, 380 MeV | 1.1 MeV | 0.3 MeV | 0.3 MeV | 0.6 MeV
w > ny Yhos 200 MeV | 6  keV
b > Ny b7 360 MeV | 0.28 MeV
®» > ny 2h 1500 MeV | 20 MeV | 1.4 keV | 0.4 keV | 0.15 keV
¢ > ny “b 7 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 in-
cluding the Fem(qz) in Eqs. (4.36)-(4.38) for two choices of o/B is also ex-—

6 . .
el is also shown for comparisomn.

hibited. A phenomenologically motivated e
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 sug-
gest that the radiative widths could be significantly less than 50% of the total

width!
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If this is really true, then the naive beliefs that in colour models radia-
tive 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

If 56?33 is conserved by strong interactions, then éy(é) -+ hadrons (I) can
only proceed by iy + Y - hadrons, for which G-parity even and odd final states
will be a priori equiprobable. The existence of direct decays :y(g) + hadrons (1)
can only be understood in this colour model by allowing there to exist in the

Hamiltonian a symmetry-breaking piece H transforming as 8 for example. The

SB’
quantum numbers of the produced hadrons will be determined by the specific trans-

N
formation property of H B folded in with the tP representation in SU(3) ® SU(3).

S

A priori we do not know what are the transformation properties of H one

5
suggestion, discussed in some detail elsewhere?®), has been to take the iiown
behaviouiﬂgleSB 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 Hamiltonian which transforms like the hyper-

charge operator Y. The generalization to SU(3) ® éﬁ?ﬁB is taken to bezg)

a™l —~~
~ + [ )
Hss \y.)1 > \ 1_, 7 /- (4.39)
At this stage I and I are separately conserved and the bV 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 I3 which break the symmetry but are of much weaker strength than

Y~/
the Y piece discussed above. The generalization to SU(3) ® SU(3) becomes

H o~ il T
tn (\13,1 )+ (1) 13> , (4.40)

The (Ig,i) piece is well-known and is responsible for

a) (Q,T) — (w,/f}- (4.41)
b) (7,7) —> (3r, 7). (4.42)

c) (AI"') Af=o) P(xrt o‘f‘ mass diﬂze\‘eﬂces . (4.43)

and its strength phenomenologically appears to be of order 5-10 MeV 30),

*) Other than Hj - Yy - hadrons of course.
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The (1,I3) piece will cause the analogous transitions
o
a 1N) 1
) (1,%s *—-—?()@) (4.44)
and be responsible for

by (AI:O, AT= ;) fmrt of mass differences. (4.45)

The transition (1p) - (l@) contains &y(lﬁ) ~+ hadrons (1@), hence the colour iso-
spin changes by one unit while familiar isospin is comserved, i.e. G-parity is
is conserved. Figuratively
by [vates & ot
(z,.1) T ity
3 i congecves (% P‘X“\ij (4.46)
( conserves (3 parity

(1, 133 %\_“Vioto\tes z P‘”‘""’E. (4.47)

This same tadpole yields the AI = O, AT = 1 mass splitting which is of order
2.3 GeV O%Y - mw?). Stech??) writes down the following relation between this

Am, the strength of the tadpole, and the width of ¥

rw - (:strenstka- .
Y Lm

Since Am = 2.3 GeV, if one assumes the strength to be some 8 MeV [as is the case

(4.48)

for the (IgT) tadpole], then one obtains

2.
"= (% M) SRNCTN =3 Y] (4.49)

¥ Saa

which is excellent phenomenologically.

One might be concerned that thislb of 30 keV came from a tadpole which is
0(e?) in the amplitude, while the O(e) radiative decays are expected to be only
of order 10 to 15 keV. 1In this respect, we should remind ourselves of the n
which in the colour singlet world is a meson that is stable against hadronic
decays and whose decays are 0(e) radiative or by the (I5,1) tadpole at 0(e?).

In this case we know that

o(e) EP(«W Ty )] X< 0(69“) [T(q—v X?S) 'IWT'W)] . (4.50)
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If the same ratio of 0(e) to 0(e?) was found for the S’decays, then one would
*)

have

~ ﬁo ,0 b&,\/. .
r\\;)-%'hodrons-r?f 4 (420

From the purely phenomenological point of view it would be amusing to see if such

a result held for the \l,V

4.4.3 Deep inelastic threshold phenomena

4.4.3.1 Threshold phenomena_at_large Q>

If we work within the framework of the quark-parton model, then the electro-
magnetic structure functions take the following form (given the quark charges of

the Han-Nambu model).

Below colour threshold

P o]
E (x) ~ 5{%?(7() .pjinCX)-*-;—A(") + (P, nf))l

, (4.52)
A ~3) 2 P(X)—r%:n(x).+3!)\(x) + (5N |
[ 7 R
Above colour threshold
F A :
ACREN OB ICRETORDNORIErsY
(4.53)

N -
F0O ~ 0 00+ 00+ B0+ (%) + (43 ) -

Comparing the expressions below and above colour threshold one can compute the
N
2

magnitude of the threshold rise in F ’P(x). This is summarized in Eq. (4.54) for
q

proton (P) neutron (N) and I = 0O targets.

*) The absence of Yy decays for y’generates uncertainty into this guesstimate.
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N =
ary | ARy | aFfTe

(%) (%) (%)

x > 1 p(x) dominates 50 200 80

(4.54)
x > 31; p(x) = 2n(x)[%83 - g) 66 | 100 80
x> 0 p(x) = n(x) = ANx) = p(x) = nx) = A(x) | 100 100 100

The criticism!) levelled at the Han-Nambu model is that there is no evidence

in the FNAL data®!) 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 ctot(Yp) for Q2 = 0 of a few
per cent, whereas the parton model gave a rise of order 1007 in ctot(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 3.

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.
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Table 3

Comparison of VDM and parton models

Parton Vector meson Result (either way)
z r
Diagrammatic represen- [
tation of yN collision | o
total cross-section |
Quark quantum numbers A(x), AN b,
and vector meson n(x), p(x) nn, pp v P, W
analogues
. 4 1 1 -
Ratio of non-strange 5P +on+ 3 A+ (qg>3) |9+ 1w+ 20 = 10(0w) + 24 5:1
to strange components ) Non-strange: strange
in o(yN) for T =0 .S 1 -
target =5 (pn) + 3 A(+q < @)
Colour threshold P N 1007
) Diffraction x ~ 0 Below 2 + 2 = 4 Below 9+1+2 =12
Above 4 + 4 =8 Colour component 8 +4 =12
Total above 24
i)y x4 No A (x) No 1 meson 807
Non-diffractive Below 9+1 =10
P N
Coulour component 8 =_8
Below 3 + 2 =5
Above 5 + 4 = 9 Total above 18
i) x o1 p quark dominance As above 807
P N
Below “A + 14 = °h
Above 2 + 1 =3

4.4.3.4 VMD in a world where my = m, = my and the real worlg

We shall see that the quark parton model results correspond to the VMD re-
sults in a world where all dynamical effects (other than those which are a func-

tion of the quark charges) can be ignored --— in particular mp =m etc.

HHP,
Q> = 0 and VMD

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

on-shell photons is given by

o (8p) = /_ ;O;) (V) (4.55)
where em?/f(0) is the photon-vector meson V coupling for on-shell photons.
The leptonic width of a vector meson is given by
L
(V—ae“e‘\ ko An_
r’ Ji 3 v :fl (m1) (4.56)
v v

we can therefore write

At f) ' "

(4.57)

v
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The VMD assumption is that fz(mé) = £2(0) and so

o) ~ 7 oty [N2EE)

1) Equal mass world

We are interested in the relative sizes of the contributions to o(yN) coming
from pwp and the coloured vector mesons. We will present the discussion in terms
of the (w,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 [B@ of the p(770)].

We may formally write
(%) ~ Aa(5) +\T(w) + 20 () + Y T(&) +40“<-$71 (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) ~ mgz, then for equal
masses 0(p) = o) = ... = 0@) = 0(§). Hence

-
AY

a(x) ~ \2g—(\»x\(o\omqé) A [\7_ g (tolovcedy (4.60)

1
and the 100Z rise of o(y) in the diffractive region is again found. Notice that

for the non-diffractive piece, removal of o(¢) and 0(5) (which are pure diffrac-

tive) yields

GNB(&) ~ lo g"(\mto\o\xfeé) -+ E‘& T((o\o\m‘ed)] (4.61)

and the 807 rise in the non-diffractive part is seen.

i1) Real world

The results of the equal mass model would carry over to the real world im-
mediately if:
_ 9:1:2:8:4 applied to the T(V > e e )/my,
- o(VN) is the same for all V.

Empirically, however, we know that:

- 9:1:2:8:4 apply to I'(V ~» e+e_) not F/mv, and also that
- o) vyt
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since 0(3.1) = (1/10)0(¢) = (1/20)0(w,p) =1 mb. Hence, in the real world there is
an over-all factor m§3 relative to the equal mass calculation [m&l from leptonic
widths and m%z from O(VN)J. Therefore we have now

o Z £+ 3 (4.62)

o) ~ (078)° " (1P TGy )r(z"r)3

and the colour threshold rise is less than 27 as against 100% 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 1007 rise has been suppressed by the

fact that-

Q—(}yr\, << ‘T(ﬁ’) (4.63)

and that
( A/ee_fej » (pvete]) .
m

n
v 3

(4.64)

Q2 # 0 and generalized vector meson dominance (GVMD)

Instead of pwd ... used in VMD the idea in cgvMp32) is to use pp'o" ou; ww! .,

etc., a whole sequence of vector mesons as suggested for example by dual models.
With some éssumptions on the mass spectrum of these mesons and their couplings to
the photon one can obtain VWQ(V,qz) which scales at large q?. For the details

I refer you to the literature®?), here I just quote the answer. Essentially one

‘has.

2
m

\%
O'(ISNL NZ G"(ZSN)Qt y QP (4.65)
Q =

o RS oy .
V=€OJ¢

The tower of mesons yiels the scaling behaviour (1/Q® as Q®> » »), the mass para-
meter appearing Emz/(m2-+Q2)] is the mass of the lowest meson in each tower

(PyWyds® vea)e

Approximately for pw¢ one has 1/(1 +Q?) for this term, while for i one has
10/(10 +Q?). Hence roughly

© lo 2
)’Ni(@;@\z) ~ constant + Q/oxm" ‘—ilﬁ (4.66)



- 25 -

and so the magnitude of the colour threshold becomes

Q* =0 2%
Q> = 5 GeV? | 8%
(4.67)
Q*> =10 11%
Q® = o 20%

These magnitudes are consistent with the FNAL data. Notice that the heavy mass

of 3)re1ative to the pwd leads to a violation of scale invariance.
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. Depending upon your taste this question of deep inelastic
thresholds is (partons) or is nmot (GVMD) a serious problem for the Han-Nambu

colour scheme.

4.4.4 Dileptons

The recent observation of dileptons
4+ - + r
ee —> € pn ~+ neultols (4.68)

at 4.8 GeV in the c.m. at SPEAR suggests that new states are being Bfii produced
and then decaying weakly into leptons and neutrinos®?). If this interpretation
is correct, and if these new particles are new hadrons associated with the y (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

Q% > (4 GeV)? as being due to production of a single coloured state (m v 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!®)T].

In Ref. 18 there is mixing allowed between ®s and ®;. The 4.1 state is
dominantly (g with a mixing angle tan 6 = 0.2 which retains the good phenomenol-
ogy of the familiar mesons and mixes in some (p,W;) 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. Alterna-
tively one requires a model like that of Greenberg®), discussed in the next sec—

tion.
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4.5 Greenberg's model?)

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

~—
SU(3) ® SU(3), the Greenberg model takes them to be (3,3). Hence their charges

will be
p n A
Riz+1 z z (4.69)
z z-1 z -1
G|z z-1 z-1
The constraint z +z' +2z"” = 2 yields 3z+1 = 2 and hence z = 4. The charges are
y
thereforeg)
p n A
y 1 1
R /3 /3 2/3 (4.70)
Voo = =th

l G| =24 ‘Zé

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

model (Fig. 1).

Fig. 3
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The (3,3) transformation property under SU(3) ® SU(3) enables one to re-

classify the quarks under the diagonal SU(3) subgroup

SU(3) ® ‘gU\(E) ——"(SU(”)diagonal

(4.71)
3 ®3) — 6 + 3%

One can imagine these as a 6 and 3% of new quarks as in Fig. 4 where we have used
Greenberg's notation. These new quarks are linear combinations of the previously
defined 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 paperg).

e _&a 3
¢, € Ca ™
\ . \ \ 24 . \\
8_ B' Q - ‘ ° ‘\
2 vy W
\ﬂ q: l/3 \ . N (;i: ‘i3
B 6"
\‘Q‘- _'2/3
Fig. 4

Fig. 5
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Since m(u*,d*) < m (s*), then one expects m(A) < m (B) < m(C). Furthermore,

since 6 is triangular
o (8) -mi(A) = m()- w'(B) (4.72)

and so equal spacing of the meson masses squared will obtain if they are AA, BB,

CE states.

Quark-antiquark states are as follows:

i) 3 x 3 -- familiar mesons -- 1+ 8, (4.73)
ii) b x 6 -- new mesons like in "hidden charm" -- 1+ 8 + 27, (4.74)
. ﬁ_x ,3_ . . " . "o o__ .& + &
ii1) Eix Ei states‘w1th manifest charm 8+ 10 ° (4.75)

One can visualize this as a model with six charmed quarks. The new mesons
contain hidden "sixness" (hidden.charm) and the usual Zweig arguments of the
charm model apply. This model started out as a colour model but has transmogri-

fied 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

I-e"’e'
3.1 | p(aa) - : 8
- - 1 (4.76)
3.7 | W'(B)B) + B,B,) & 9
4.1 W"(C,E, + C,C, + C_,T_,) % 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
1 2 2 A S |
w2 (V) ~wi(y) = (W) - W (9) - 4.77)

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. However, the A quark in w(AK) is AG which does not occur in N or A so

NN and AA are not important decay modes.
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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

Hararla“) (see also Dr Hey's talk at this school). The main difference between

the two models lies in the new spectroscopy as shown in Table 4. In particular

)

. . . *
charge 2 states are present 1n the Greenberg as against Harari model ”.

Table 4

Spectroscopy in Harari's and Greenberg's models

Harari Greenberg
Usual 3x3=1+8 3x3=1+8
New states Y’ 3% 3y = (L+8) |8 x 6=1+8+27
" Cyinam 3% 3y =6+3 6 x3=8+10
Charm-1like" states Iy % 3 £+3 3 6 = 8 +10

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)

Q-— Is-»_;_/: -+ (o(ig—v (3}’2->

We can classify models by their a, R values.

(5.1)

If we demand that no fractionally

- charged mesons occur in the theory then o, B and (0. +B)/2 are integers.

The value of

2 a2
_ qglete™ hodrons)  _ 3o
Q:. (*- ' ‘ ‘2+T+E. 3-2)
T (ereopm)o o

The first model that we discussed was that of Gell-Mann, for which o = 0,
g = 0. In order to excite colour one requires |o| + 18] 2 2.

a=z*1, B =%l; a==*2, g = 0;

At the simplest
ljevel one has o = *1, B = £1; a =0, B =22,
Of these, several are identical modulo a trivial interchange of red, blue, green

labels. One has three independent sets of charges:

*) The prediction of charge > 1 states is a consequence of any sensible model
with colour excitation.
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i) a =1, = 1. This gives the Greenberg model?).
7
ii) o = 1, B = -1. This gives the Han-Nambu model ).
iii) o« = 2, B = 0. This leads to a model not yet discussed. Since
R =2 + (302 +R%)/2 this model will have R = 8 as against 4 for the models
(i) and (ii). The charges of this model are
P n A
5 2 2
bk A (5.3)
i S S
b =% <A

N
These charges first arose in the work of Tati35), who used SU(3) ® SU(2)
and took the triplet representation of SU(2) (like 7%, m°, T~). These charges
also arise in the model of Weyers and Close?) (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"

THE WC~-TATT MODEL2!»35)

Va4 .
Under SU(3) we consider the states

V(ak) T=o C&) . (6.1)

RR+BB) T=c (&) .
x( VEA +=c ‘

K)J(%.{—_g—fﬁ\) I=1 (%) . (6.3)
N2 2

(6.2)

Each type V, ¥, ¥ (i.e. ¢, ®,p) will have three vector mesons which we write

as follows (neglecting the normalization factors for clarity)

*) oo = 0, B = 2 leads again to Han-Nambu.



- 31 -

B * "% Twael . (6.4)
R - Nale Ted] . (6.5)

s‘e'}‘a —[.49";] . (6.6)

- _ _ B w, W ]
P "“R“R) * (PBPB + g L‘*’) 3"'1 . e
P, )
N N + A rd.‘) (:)—‘

Unlike the previous lectures, where the I = 0 physical states have been
— ~ ~ . cr e
SU(3) singlet (%) or octet (W), we shall now consider the possibility that they
are the ideally mixed colour states & and ¢ and hence that the colour is strongly

N ~
broken at SU(3) level but a good symmetry at SU(2) level.

In order to help orient the reader we list here the assignments of the states

p w 0
¢ | 770 780 1020
(6.10)
I3 ? 3100 3700
& 72« 4.1 > 2 ?

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:
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iYiIi=1+1I=o0,

ii) Zweig rule in colour.

But why are there only two narrow states, and which one is w, ¢, (p?)?

6.1 Leptonic widths of mesons

We return to our original general definition for the quark charges

R| 2z’ z! -1 z! -1
2" 2" -1 2" -1

G| z z -1 z -1

(6.11)

A simple calculation gives the photon-vector meson couplings (defined as in

Section 4.3.2). For the $(Ga) states one finds

o<
>
x
n
oI

-3 \fi (2-1) - | (6.12)

Empirically these appear to be consistent with Y%+ :-1/3/2, and so we will

take

z=%3 (6.13)
i.e. a triplet with the familiar charges 2 =Y = for Pgs Dgo XG.
Similarly it is easy to see that for the p and & states ome will have
¥ - L+ 1
P 2 2
(2-h) + (2'-%2) (6.14)

u
64, \:,‘—"i(?’—l) + -\}—a(z"_Q .

re

.e

The IC = 0(3)) states have the relative + sign and since
/ n 4 _
242 =20-2 = 3= 2% (6.15)

we have the 3 :1:-/2 couplings just as for the I=0 [$(G§)] states. This al-
ready prevents one assigning the 3100 and 3700 states to IC = 0, since one would

have the embarrassing failure to see a p-like state with I, _ " 20 keV.!
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For the I = 1(p) states, with the relative - sign, one immediately has that
1" ! I ww
X K = Oy 2-% ¢ ‘r:(i“i . (6.16)
4’ \2 " :

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

—
]
o
2
il
-

(6.17)
o = 2wy p = 9w [p:]w=

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

Empirically
+ -

) ~ 30

and so we identify

[' ’%4_1 3 (6.19)

[43’ N" 53' (6.20)

Furthermore, both are I = O as empirically seems the case. The [p,Bj does not

+ - .
couple to e e and hence only two narrow states arise.

Note also that w = 2¢ for T =1 in contrast to ¢ = 2w for I =0. It is this
fact that caused the ¢ to be identified with 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 w both in the familiar $(G§) world and now also here for the p. In

fact

raYl

(60 o [d)
(bar(,o/ B \Cﬁ"“)/&;’

(6.21)

to within about 3%Z. This fact suggests that we might scale up all masses for the

vector mesons from the $ to the p world. Doing so we expect

[?;F] (3-05) (6.22)
(03,?)’] (3) (6.23)
[_d’,jovj (3%) (6.24)
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and also

[K*) f] (34) - (6.25)

6.2 Exotic states
Since we have empirically that [w,ﬁ] and [¢,§] do couple to eTe” 22) then

we conclude

2 ¢+ 3, (6.26)

This is the point of departure from the Gell-Mann colour model, where z' = 2z" and

no excitation occurs. The simplest choice for the charges then becomes

P n A Lepton
oo %h %h +1 (6.27)
A S A 0

e R T ) -1

Note that the average charges of the R, G, B states are +1, 0, -1 like the
+ - . . .
leptons 4 , 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, iz = +]1 states (Rﬁ,Bﬁ),
partners of the 1= 1, Tz = 0, p mesons at 3.1 and 3.7. Examples of some of the

exotic states that will occur in these representations are, with their charges

-

n 3
PR{\B , FR}\B chorge (6.28)
-— — ,\ -
R Pa NeNg AR’XB CV\MSQQ- (6.29)
and exotic states with strangeness -1

P A
eBy ) A g (6.30)

with charges +1, +2, respectively.
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The most naive mass formulae would then lead us to predict that an isoscalar
doublet (I = lé, RE) family exists around 2 GeV. The (ordinary) SU(3) nonets

which correspond to it will contain doubly charged states

-

A PR)@-' (6.31)

These I = ', 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

-

efe” —» (ft‘/z)+ v (Z=%) (6.32)

\
L‘v\' (v . - L5

which manifest themselves, for example, as

+ - s
ee —> @ '.)..+ P . (6.33)

The apparent observation of such events at SPEAR®?) 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 [p&], [w&], [¢&] all couple to the photon and so can be
produced directly in ete™ annihilation. They all have i= 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 [p&], [w&], or [¢&].

~

The direct decays into ordinary ¢ mesons are allowed by 1 conservation, but
suppressed by a (colour) Zweig rule. Baryon-antibaryon production is also
allowed by T but now, since baryons are colour singlets and contain all colours
of quarks as a consequence, there is no Zweig (colour) rule suppression. There-
fore we may anticipate that an important decay mode should be into baryon-anti-
baryon 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 electro-
magnetism and hence should account for a few MeV at most of the total width of

the 4.1,
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1f the isocolour doublet states predicted in our model have indeed a mass
of v 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, mnarrow 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 (unfortu-

nately!).

If we scale up masses from the 5 world to the ® world, then it may be that
the wW(4.1) is a mixture of [wm] and Ep&]. If so then one might look for apparent
G-parity violations as one moves through the peak and interesting p-w interference
effects could exist. One would then also anticipate a [¢&] with mass around
5 GeV with leptonic width £ 2 keV. This suggests that the [¢&] 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.

6.4 Properties of Y(3.1 and 3.7) in this scheme

As in the Han-Nambu model the strong decay of the Y states is forbidden into
ordinary mesons by 1 conservation, while first order electromagnetic processes
are, in principle, allowed. In this present model with the ideal colour mixing

o~ $Y is further suppressed by the (colour) Zweig rule. One might expect that
1) — anRn
y)(% > BR Y
could be an important member of the class of radiative decays.

The presence of 1= 0, ® states around 4 GeV naturally suggests a mechanism
whereby the 3.1 and 3.7 states can decay into 5 hadrons3®). As in Section 4.4.2
we will suppose that there exists a tadpole transforming as (I3,1) + (1,I3). In
the familiar meson world it is known, from the magnitude of (w$) + (2m$), that the
tadpole mechanism, Fig. 6a, 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 con-
ventional hadrons conserving 1. We can even make quantitative estimates of this

rate.

. Sz T : : A
Fig. 6a Fig. 6b -———NV\I\JV'-——-<
TR e m ’ w e W

Before mixing, let y(w,p) have mass M; and width to hadrons zero, and

(w,®) have mass Mg width Ip.
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Turn on a tadpole of strength € and the mass matrix becomes

M £

e M-l

. (6.34)

In the approximation that Mg —M; >> Iy > €, one finds for the eigenvalues and

eigenvectors

Eigenvalues Eigenvectors

e/ (mg =my)

4ol
1 (6.35)
2 1
. EFo
m ~ M, - 1=
3.1 1 (Ml"Mo)2 e/ (M, = M,)

and so the 3.1 has acquired a width €2To/(M; =Mg)%. 1If Ty = 100 MeV [remembering
that (pl) as well as (wd) is present in the 4.1 GeV bump ] and m; - mp = 1 GeV,

then
hadrons

34 ~ 4o kY (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 lb to 17 of the mass. Scaling

up for a y mass of 3 GeV leads to € ~ 20 MeV.

If one played the same game with the 3.7 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 (¢®)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
i - 5_2,_-}1 gy Y T *9) A 3 T (49)
=g\ T T e
! ’ okt [ ) Mt (#9)

(6.37)

w3

The non-cascade width of 3.7 is of order 100 keV 37) and hence some %h times
that of the 3.1. Bearing in mind that the 4.1 peak contains p and w in our model,

then a Ftot(4.9) ~ 200 MeV is required.
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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" ¥ that can be mixed to wide 4.1 states. The Y need not even be
hadronic perhaps®®). One could even imagine that the 3.7 decays always into 3.1
either w%3.7)-+‘yx or Y » 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 T 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

I"(LM—.% 3.}) £ T’(%}—-—%") (6.38)

then this "anti-phase-space" result would be very significant for our ideas.
P P y sig .

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 ¢ - 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/m enhancements would still 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 ECm < 3.5 GeV one has R = constant = 2 in the data and that this is im-
mediately related to the squared charges of the quarks in this domain then the
ideal mixing is too much3®). 1In the past we have so much wanted to believe that
R =2 for ECm < 3,5 GeV that we have tended to see it in the data. However, I
think that an unbiased look at the data does not support the belief that there is
scaling at low Ecm' In this model R = %4 plus contributions arising from inter-
mediate 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 Ecm'

Notice also that one does not necessarily lose the phenomenology of m° - yy

0

which seemed to require RBG quarks in the T° to be consistent with the observed

7% lifetime. With the 7° only containing green quarks it looks just like a
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traditional m° with uncoloured quarks. It was noted by Drell“?) that such a
situation is not in discord with the data in the framework of weak PCAC. This
necessitated the introduction of a further 7% state (Drell called it 7°’'). 1In

the WC model such a state arises naturally.

Alternatively one could allow the axial current to mix the 7% with red and
blue quarks which would then contribute canonically to the anomaly. In this case,
one would anticipate that |y states can be readily produced singly in 7 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 [containing green (light) quarks as well as red blue (heavy) quarks] and
are responsible for the dilepton production at ECm = 4.8 GeV 3%), 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

T’(Lr-\—a?,o x) £ Y’(z-} -2 3 X)

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
P and 4.1 is I = 0, then colour isospin conservation leads one to expect that, in

order of magnitude
F(L*"- -2 ?Q) ~ \—7(3'\ - ((\m(,\rms) .

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 interaction. This still apparently violates the colour Zweig
rule, but duality diagrams arguments applied to BB channels are known to be un-
reliable as well as uncalculable. If one was lucky one might find a larger B/m

production around 4.1 GeV than at lower Q? values.
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