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§ 1 . Introduction 

There were only five particles on the list of 
the elementary particles, when Professor 
Yukawa, the President of this Conference, 
invented the pions forty four years ago. 1 

At that time the proton, neutron and ele­
ctron were considered to be the basic consti­
tuents of matter, and nuclear forces were 
proposed to be mediated by pions. 

Since then, an enormous number of particles 
have been discovered. For example, there 
were an exciting discovery of the Y particle 
last summer and confirmation of Y' we have 
just heard at this Conference. 

Now the colored quarks with flavors are 
considered to be the basic constituents of 
hadrons, and we have quantum chromo-
dynamics (QCD) as a promising candidate of 
the dynamics of the strong interaction. 

Today I will try to report on the progress of 
particle spectroscopy from this point of view. 
I will speak about 

charmonium, 
R, 

spectroscopy of old hadrons and QCD, 
charmed hadrons, 

baryonium, 
and 

dibaryons. 

§2. Charmonium 

At first let us discuss charmonium. We 
show the levels and branching ratios of the 
known charmonium in Fig. 2. I . 2 ' 3 

Qualitatively the level structure of the Jj(p 
family of new particles can be explained as 
charmonium, i.e., as a charmed quark-
antiquark (cc) system bound nonrelativisti-
cally by a potential suggested by the idea of 
QCD. However, there are still two serious 
problems in this model, the hyperfine splittings 
of 15 and 2S states and the magnitudes of the 

Fig. 2. 1. Charmonium. 

Ml transition rates if JST(2.83) and %(3.455) are 
to be identified with the VS0 and 2 1 S 0 state. 

The contribution of the spin-spin interac­
tion, 4 (327casl9m2

c)s1'S2ô(r), arising from the 
exchange of a single color-gluon to the hyper­
fine splitting is given by 

for ra c^1.65GeV and a s =0 .19 . Here, 
as(ml)=0A9 was obtained by applying the 
formula 5 Tiy hadrons) « R(V -> ggg)= 
(160/81 ) (7r 2 -9)(a 3 /M 2 ) |^(0) | 2 t o f ( / / ^ 
hadrons). Here, we used the magnitudes of 
|^(0)| 2 determined from 6 r(F-» p+p~)= 
16^a 2 e 2 |^(0) | 2 /M 2 . The predicted mass differ­
ences (2.1) should be compared with the experi­
mental values of 270 and 230 MeV, respectively. 

In the nonrelativistic approximation, the 
decay width of the Ml transition Jjcp^XA-j is 
predicted to be 29 keV, while experimentally 
it is < 1 keV. 

Let us discuss these problems. 
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The potential suggested by the idea of QCD 
consists of spin independent part and spin 
dependent part, 

(2.2) 

Traditionally spin independent potential 
U(r) is a sum of a phenomenological long-
range confining potential assumed to vary line­
arly with distance and a short-range Coulomb 
type potential arising from the exchange of a 
single color-gluon between the quarks, 7 

(2.3) 

Since the confining potential is considered to 
arise from multiple-gluon-exchanges, it con­
sists of Lorentz-vector part j ^ ® 7 > a n d scalar 
part l(x)l (and pseudoscalar part y ^ j s etc.8) 

This spin independent potential U(r) yields 
the following generalized Breit-Fermi potential 
for fine and hyperfine splittings,4 » 9 - 1 3 

where V and S denote Lorentz-vector and 
scalar part 1 4 of U(r), 

(2.5) 

The contribution of pseudoscalar part, 7-5(8)7-5, 

due to multiple-gluon-exchanges to spin depen­
dent potential is neglected for simplicity. 

In order to explain the observed 3Pj split­
tings the fraction of Lorentz-vector vertices 

/V=l. For / = 1 , lA^lMÇPJ-MÇPi)]/ 
[Mm-iMÇPoJl^Oà,10 while the experi­
mental value of this ratio is about 0.42. 

Quantitatively it is impossible to reproduce 
the hyperfine structure of the charmonium by 
this potential. The splitting of the IS states, 
M(l 3 5 x ) - M ( l ^o ) , is found to be less than 
about 100 MeV, which should be compared 
with the experimental value, M(J/<p)—M(X)= 
270 MeV. 

One proposal to avoid this difficulty is to 

introduce an anomalous color "magnetic" 
term 1 2 K to the vector part of the linear con­
fining potential far.15-18 Then, the term far in 
the tensor and spin-spin interactions in (2.4) 
are multiplied by a factor ( l+ / r ) 2 and that in 
the LS interaction is multiplied by a factor 
(1+A:). This hypothesis provides an extra 
parameter and can reproduce all of 1SV, 2Sj 
and 3Pj splittings simultaneously 1 9 for / c=4~5 , 
/ « 0 . 1 a n d a s ^ 0 . 4 5 . 

According to another proposal, instantons 
are responsible to the splitting of Jj<p and rjc. 
Unfortunately there is no quantitatively re­
liable calculation of the contributions of in­
stantons to the splitting. According to 
Wilczek and Zee, 2 0 

M(J/<p)-M(Vc)~37rBv3/m2c~450 MeV, (2.6) 

where /u is the usual renormalization scale and 
taken to be about 200 MeV. However, the 
numerical result is very sensitive to the cutoff 
in the size of the instantons. 2 1 

Next let us discuss electromagnetic transi­
tions of the charmonium. 

The El transition rates have been reproduced 
fairly well in the charmonium model . 2 2 , 2 3 

In the nonrelativistic quark model the Ml 
transition rates are expressed a s 2 2 ' 2 3 

Therefore, 

and 

where ixc=ece%\2mcc and for simplicity we 
have used the wave fac t ions of the harmonic 
oscillator potential in evaluating {lS\r2\2S}. 

If we identify X(2.83) with ye(l
 XS0) and 

%(3.45) with r]r

c(2
 lSQ), we obtain the following 

predictions from (2.8) and (2.9), 
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where /?zc = 1650MeV and <*>=330MeV 
determined from M(<p')-M(J/<f>) and 
e+e')= \67ra2el\(p(0)\2/M(J/(py are used. (See, 
Fig. 2.2.) All of these predictions are sources 
of troubles. Experimental results, Br(J/(p-+ 
Xr)<U% Br(cp'-+Xr)<\% and Br(«&'-
X(3.45)F)<2.5%, are not compatible with the 
above theoretical values, and (2.10c) and the 
experimental results 2 4 Br(x(3A5)-^J/(pr)>20% 
predict Pt(x(3A5))<0J keV, which seems too 
small. 

However, forbidden transition rates are 
not reliable since the matrix elements depend 
sensitively on the choice of the confining 
potential. For example, if we include spin-
spin interaction in the unperturbed Hamilto-
nian, <1 "S^ %> and <1 lS0\2

 3S1) are no 
longer zero and the forbidden Ml transition 
rates increases considerably. 2 3 There are also 
relativistic correction terms 2 5 </|2/? 2/3ra 2|/) + 
(f\(S(r)/mc)j0(kr/2)\i} to be added to the radial 
matrix element < / | - l + ( £ V 2 / 2 4 ) | / > . 

One proposed solution to the Ml troubles is 
as follows. X(2.83) and %(3.45) are not rjc and 
rjr

e. Instead there are real rjc and rjf

c with 
1 0 0 M e V > M ( / / ^ ) - M O ? c ) > 0 and 5 0 M e V > 
M(0 , ) -Af foO^O. Then, what is Z(2.83) 
and #(3.45)? Lipkin has suggested2 6 that X 
(2.83) are ccqq states (q=u and/or d) and that 

there are two 0 + mesons, one with 7=0 and 
another with 7 = 1 . He has also suggested 
that %(3.45) is a cess state with Jp=0+. In 
order to test Lipkin's conjecture one should 
search for the transition <p'-+Xp since its ob­
servation indicates that X is not a cc state. 

Now let me mention that the assignment of 
X(2.83) to Y]C has another problem; If we use 
the formul a, F(T]C -» 77)=48?ra VQ | <p(0) | 7 
M(r]cy and 2 7

 F(TJC hadrons) » F(rjc -> gg)= 
(32^/3)a2|0(O)|2/M()7c)

2, we find 

(2.11) 

while we obtain 

(2.12) 

from experimental results Br(J\<p-*Xy)Br{X-* 
jj)={\A±0A)x 10" 4 and Br(J/<p-*Xr)<\.7% 

The large branching ratio Br (X-*]j)> 0.00% 
indicates that hadronic decays of X are forbid­
den, for example, by flavor selection rules. 

Finally let us discuss the candidate of a new 
charmonium level at 3.6 GeV observed in the 
$'-+YjJI<p decay and reported at this Con­
ference. 3 2 8 If we identify this resonance with 
rj'c, the allowed Ml transition rate is predicted 
to be 

and the forbidden Ml transition rate is predi­
cted to be 

Fig. 2. 2. Ml transitions, 
(a) Theory; (b) Experiment. 
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Since experimentally3 

the branching ratio of the forbidden Ml 
transition is predicted to be 

which is too large to be acceptable, it seems 
that the experimental result (2.15) is possible 
only if both radiative transitions are El transi­
tions. This means that the spin-parity of the 
new resonance is 0 + , 1 + or 2 + . 

§3. r 
Y was observed last summer as a strong 

enhancement at 9.5 GeV in the mass spectrum 
of dimuons produced in 400 GeV proton-
nucleus collisions,2 9 

at Fermilab. Later they found two peaks 
whose widths are consistent with their resolu­
tion and evidence for the possible existence of 
a third peak. 3 0 

Three months ago Y was confirmed by using 
the PLUTO and DASP detectors at DORIS 
in the reaction, 3 1 

According to their latest results 3 1 

At this Conference the confirmation of Y' 
at DORIS has been reported. According to 
their results,3 

It is quite natural to regard the T-particle 
as a bound state of a new heavv quark and its 

antiparticle. While the existence of the 
charmed quark was predicted based on the 
lepton-hadron symmetry 3 2 and the absence of 
the strangeness changing weak neutral cur­
rent, 3 3 a six-quark model was proposed by 
Kobayashi and Maskawa 3 4 in 1973 in order 
to explain CP nonconservation in the gauge 
model. 3 5 Properties of the six quarks, u, d, s, 
c, t and b, are summarized in Table I. 

In Table I T and B are new quantum 
numbers conserved in both strong and ele­
ctromagnetic interactions. The charges of 
hadrons are expressed as 

Let us determine the charge of the new heavy 
quark eQ from the leptonic decay width of Y 
by making use of the nonrelativistic relation,6 

where |<^(0)| is the magnitude of the qq wave-
function of the vector-meson V dit the origin. 

From the leptonic decay widths of py a), <f> 
and Jjcp Jackson derived an empirical for­
mula, 2 2 

Therefore, r(V-*e+e~)/e2

Q should be nearly 
independent on the mass of the vector-meson3 6 

M„ and we find 

as we can clearly see in Fig. 3. 1, in which 
r(V^e+e~)le\ vs Ml is plotted. 

The conclusion (3.3) is also reached by com­
paring the lower bounds 

and (3.4) 

r(X'^e+e')/e%>\A keV, 

with the experimental results from DORIS. 
The lower bounds (3.4) were derived by Rosner, 
Quigg and Thacker 3 7 for potentials which are 

Table I. Properties of six quarks. 
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Fig. 3. 1. r(V->e+e-)leq

l vs Mv. 

Lo\yer bounds on these leptonic decay widths for 
e Q 2= 4 / 9 and 1/9 are shown (broken lines). The 
observed value of r(T/-^e+e~) is incompatible with 
the lower bound if eQ

2=4/9. This figure is taken 
from ref. 37. 

concave-downward, d 2 F / d r 2 < 0 . In deriving 
these lower bounds they have assumed that 
mQ/me>2.6 and made use of the experimental 
results r(J/<p-+e+e-)=(4.S±0.6) keV and 
r(<p'->e+e~)=(2A±03)keV. We find that 
the experimental value of rÇY'~*e+e~) is 
incompatible with the lower bound (3.4) in 
the case of 4= 4 / 9 . (See Fig. 3.2.) 

Of course, the best way to prove that Y is a 
bound state of b and b is to find an isodoublet 
of "beautiful" ("bottom") mesons, B°=(bd) 
and B~=(bu). 

The dominant decay modes of these mesons 

involve charmed mesons, 

5°, 2?~-»a charmed meson+wr. 

Last year several papers on the bound states 
of a new heavy quark and its antiparticle were 
published. For example, before the discovery 
of Y Eichten and Gottfried 3 8 calculated the 
energy levels to be expected from the potential 
model used in charmonium. Their potential 

(a s(ra 2)=0.19 and a=2 .22GeV" 1 ) predicts 
M ( r , ) - M ( r ) - 4 2 0 M e V , which should be 
compared with the experimental result, 556 
MeV. 

The difference of the predicted and experi­
mental level spacing M(Y')—M(Y) suggests 
that the shape of the above potential must be 
modified, and it has been noticed 3 9 that the 
apparent equal spacing, 

vs 588 MeV, is realized in the nonrelativistic 
limit if a logarithmic potential 4 0 

is used instead of (3.5). 
Though £/(r)=C In (r/r 0) is unique in giving 

level spacing independent of the quark mass, 
the equal spacing, M(Y')-M(Y)^M(<p')-
M(J/(p)9 is reproduced by the modified Cou­
lomb Dotent ia l 3 9 ' 4 1 

(3.7) 

with a s ^ 0 . 4 5 and a=2.48 G e V - 1 . It is inter­
esting to notice that the value aszzOA5 is the 
value used in order to reproduce the IS, 2S 
and zPj splittings of charmonium. 

Now let us consider the magnitude of the 
quark-gluon fine structure constant, as(q

2). 
In QCD 

where F is the number of quark flavors. Vari­
ous experimental data, e.g., scaling violations 
in deep inelastic reaction indicates 4 2 4 = 0 . 3 ~ 
0.7 GeV. If we use (3.8) with 4 = 0 . 5 GeV, 
we find as(ml)==0.63; and if we choose A= 
0.3 GeV, we find at(ml)=0M. These results 
are by a factor of three or two bigger than the 
value a s (m 2 )=0.19 obtained at time-like 
q2^— m2

c. 
However, we have to notice that the running 



Particle Spectroscopy, Theoretical 829 

constant as(q
2) evaluated at time-like q2=—m2

c 

and that evaluated at space-like q2=m2

c are 
different in general since q2 is finite.43 

Now let us discuss one-gluon-exchange 
potential. Because of the q2 dependence of 
as, which is expressed in (3.8), the l/r behavior 
of the Coulomb type potential is modulated by 
an inverse log factor. The asymptotic form of 
the Fourier transform of ocs(q

2)jq2 as r-+0 is 
given by 4 4 

[87r/(33-2F)]/(r ln r). 

However, traditionally this effect has been 
ignored by taking an average value of as at 
q2=m2

c. I consider that it is more appro­
priate to evaluate as at q2=(l/r}2. The 
average of l/r, (\/r}^(kM)1/(2+X) for power-
law confining potential U(r)=krx/A9 where 
M is the reduced mass of the system. For the 
charmonium in the harmonic oscillator poten­
tial <l/r> ^ 0 . 6 GeV. 

Of course we can use the Fourier transform 
of as(q

2)/q2 as the one-gluon-exchange poten­
t ial . 4 4 ' 4 5 

Next let us discuss the hadronic decay width 
of T. According to QCD, 5 

and 6 

Therefore. 

for # s =0.15 , which is derived from 

and a ,=0.19 for J/<p. In (3.12) eb stands for 
the charge of the b-quark. 

The QCD prediction (3.12) seems some­
what smaller than the experimental result,3 

rh(r)/ree(T)=(>25 keV; best value 50 keV) 

x ( 1 . 3 ± 0 . 2 k e V r i . (3.14) 

But, they are compatible if we make a cor­
rection for second order electromagnetic 
decays to the hadronic decay width of T. 

There is an inequality on the mass of the b-
quark, 

m 6 - m c > 3 . 2 9 G e V (3.15) 

derived by Grosse and Martin 4 6 for potentials 
which satisfy the conditions, 

(3.16) and 

(^)Wo-)]>o 

and by making use oi the experimental values 
of the masses of T, T' and J/(p. 

§4. Spectroscopy of Old Hadrons and QCD 

Effective quark-quark interaction suggested 
by QCD, which has been applied to charmo­
nium and T in the previous sections has been 
applied to the spectroscopy of old hadrons. 

A long-range Lorentz-scalar confining force, 
together with a short-range Coulomb-like 
vector exchange has been applied to meson 
spectroscopy by Schnitzer.1 8 This interac­
tion gives an excellent overall account of the 
spin structure of ordinary mesons, if as(M

2) is 
sufficiently large as has been suggested by the 
violation of scaling in deep inelastic processes, 

with A=0.5 GeV. Here, M is taken to be the 
mass of the bound state. 

This model predicts the inverted *P multi­
plets for D and F charmed mesons and bottom 
mesons, 1*' 4 7 

The hyperfine interaction arising from a 
short-range Coulomb-like vector exchange 
with a8~l together with flavor independent 
long-range confining force has been applied 
to the spectrum and mixing angles of baryons 
by Isgur and Kar l . 4 8 , 4 9 They have found a 
good agreement in the S=0 and S= — l 
sector (except for 4(1405) / p = l /2-) . They 
have discarded the spin-orbit interaction from 
the vector-exchange since they may be can­
celled by the spin-orbit interaction from the 
long-range Lorentz-scalar confining force. 

§5. Charmed Hadrons 

The observation of the D and Z>* mesons 
were reported at the last conference. Last 
year candidates of the F and F* mesons have 
been discovered at DESY with the following 
masses 5 0 , 3 

M(/0=(2.03±0.06) GeV 
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and 

M(F*) -M(F)=(110±46) MeV. 

(5.1) 

Some branching ratios of the D mesons have 
been measured. The observed branching 
ratio of the inclusive semileptonic decay is 5 1 

(5.2) 

If the nonleptonic decays of the D-mesons are 
not enhanced, we expect 

(5.3) 

Thus the nonleptonic decays of the D-mesons 
are enhanced by a factor of about 8/3. There­
fore, we do not have a serious problem such 
as the origin of the | J / | = l/2 rule in the 
hyperon decays and 7£-meson decays. In 
these decays \ A l \ = \ j 2 part is enhanced by a 
factor of about 20. 

Main part of the difference between (5.2) 
and (5.3) may be explained by QCD, in which 
nonleptonic decays are enhanced by a factor, 5 2 

and semileptonic decays are suppressed as 
much as 35 %, 5 3 where 

and (5.5) 

c + = ( c _ ) - 1 / a . 

In (5.4) we have used c_=2.0 and c + = 0 . 7 
assuming as(mf)=0.7. 

Because of the large masses, the charmed 
mesons decay into various channels and 
through the study of these decays we can test 
various models of weak nonleptonic decays. 
For example, by making use of the bounds 5 4 

0<r(D+)/r(D°)<3, (5.6) 

which are imposed by the | J / | = 1 rule, and the 
measured branching ratios of D + ~ » K ~ 7 r + 7 r + 

and J 5 ° - ^ K " 7 r + 7 r 0 , 5 5 it has been shown that the 
matrix elements of some of D-^Kn7t decays 
cannot be uniform over the Dalitz plot5 6""5 9. It 
has been suggested that DcK~'7t+x0 decay is 
dominated by K~p+ states. 5 7 

§6. v 

All observed properties of r are consistent 
with those of a new sequential heavy lepton. 6 1 , 6 0 

(See, Table II.) 

Table II. r decays 

If T is a bound state of a b-quark and its 
antiparticle, and if the b-quark and the t-quark 
belong to a doublet of the weak SU(2) group, 
we find a beautiful correspondence between 

(w, d), (c, s) and (t, b), 

and 

(e, ve), (p, and (r, vT). 

§7. Baryonium 

In the nonrelativistic quark model a baryon 
is a bound state of three quarks, and a meson 
is a bound state of a quark and an antiquark. 

However, there are some indications that 
there might be other types of mesons. 

For example, several narrow peaks have 
been observed in pp system3 

Here S(1936) is a narrow resonance with a 
large elasticity. There are additional indica­
tions of narrow resonances with i?=0 . 6 4 

It is difficult to regard the narrow resonances 
observed IN PP system, such as S(1936), as 
mesons which consist of a quark and an anti-
quark. These resonances have narrow widths 
of about 10 MeV in spite of their high masses. 
They are characterized by their reluctance for 
decaying into meson states, as inferred either 
from the measured branching ratios, or from 
their small total widths. That is, their cou­
plings with mesons are weak. Therefore, 
they are popularly called "baryonium/ 5 6 5 

Necessity of such resonances was advocated 
by Rosner when duality was applied to baryon-
antibaryon reactions 6 6 , 6 7 In order to draw 
duality diagrams for BB-+BB we have to 
introduce resonances which consist of two 
quarks and two antiquarks iqqqq) (Fig. 7.1). 
If the qqqq resonances couple strongly with 
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Fig. 7. 2. Freund-Waltz-Rosner rules, 
(a) allowed; (b) forbidden. 

two-meson states, we cannot expect that the 
vector and tensor trajectories are exchange 
degenerate. Therefore, the qqqq resonances 
are not allowed to couple strongly with meson 
states in dual models. 

Thus, the following selection rules for the 
vertices were proposed by Freund, Waltz and 
Rosner 6 8; 

(1) Every quark-line connects two different 
hadrons. (OZI rule) 

(2) Every pair of the hadrons must be con­
nected by at least one quark-line. 
According to these rules, the decays of the qqqq 
resonance into BB states are allowed but the 
decays into meson states are forbidden. (See 
Fig. 7.2.) 

If the baryonium is a qqqq resonance, we 
have to explain how two quarks and two anti-
quarks are bound together and why it cannot 
decay into mesons strongly. In order to 
answer these questions we have to know how 
a quark-antiquark pair and three quarks are 
confined to the interior of mesons and baryons, 
respectively. 

There are several models of hadrons. As 
examples let us consider the junction model 6 9 ^ 7 1 

and the bag mode l . 7 2 - 7 4 

7.7 Exotic mesons in the junction model 
In the junction model mesons are bound 

states of a colored quark and a colored anti-
quark bound by a colored oriented string 
(Fig. 7.3 (a)). Baryons consist of three 
colored quarks, each of which is tied at the end 
of three colored oriented strings, and the three 
strings are joined at a point called the string 
"junction" 6 9 ' 7 0 (Fig. 7.3(b)). 7 5 ' 7 6 

The meson and baryon in this model shown 
in Fig. 7.3 correspond to the following color 
gauge invariant operators, 7 1 

(7.1) 

and 

e*»[G(P(x9 y)W(yMG(P(x9 z))^(z)] y 

X [ % w M 4 (7.2) 
respectively, where 

and ij and k are color SU(3) indices. 

Fig. 7. 3. Various types of hadrons in the junction 
model. 
(a) Meson, M 2 ° ; (b) Baryon, B3°; (c) M 4

2 ; (d) M 2

2 ; 
( e ) M 0

2 ; ( f ) M 4

4 ; ( g ) 5 5

3 ; ( h ) D e*. 
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In the junction model baryons consist of 
three colored quarks (tied at the ends of three 
strings) and a junction. Hence, we draw 
junction lines (broken lines) as well as quark 
lines (solid lines) in duality diagrams. 

Various hadrons of new types can be con­
structed of quarks and junctions. In Fig. 7.3 
some of possible types of hadrons in this model, 
Ml Ml Ml Mi Bl and D\ are also 
shown. Here, the superscripts are the numbers 
of the junctions, Nj9 and the subscripts are the 
numbers of the quarks and antiquarks, Nq. 

Since hadrons are regarded to consist of 
quarks and junctions, Freund-Waltz-Rosner 
rules for vertices are enlarged as follows77 : 

(1) Every quark-line and every junction-
line connect two different hadrons. 

(2) Every pair of hadrons must be con­
nected by at least one quark-line or one junc­
tion-line. 
These rules are called covalence rules by 
Imachi and Otsuki. 7 7 

Then, the following decays into meson 
states are forbidden by the rules (1) and/or (2), 
(Fig. 7.4) 

Fig. 7. 5. Allowed decays of baryonium. 

but the following decays into BB states are 
allowed, (Fig. 7.5) 

(7.5a) 

Therefore, we may call M\, M\ and Ml 
baryonium. The mesonic decays of baryo­
nium, M\ and Ml, into the baryonium of 
the same type are also allowed, (Fig. 7.5). 

(7.5b) 

The allowed decays of baryonium occur 
through string breaking and fusion of "active" 
quarks created by the breaking. 

There are several attempts to justify the 
covalence rules from the exchange degeneracies 
of baryons. 7 5 ' 7 8 ' 7 9 

In Fig. 7.6 we show some of the duality dia­
grams in this model. From the duality 
diagrams, we find that the Regge trajectories 
a%J

q of the baryonium M%J

q9 a\(s), a\(s) 
and a\{s) are dual with ordinary meson 
trajectory aM(s)(=a(s)), two-meson (MM) cut 
and three-meson (MMM) cut, respectively. 
The effective slopes of MM-cut and MMM-cut 
are (l/2)af and (l/3)a', respectively. There­
fore, we obtain 
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Fig. 7. 6. Duality diagrams in the junction model. 

from semilocal duali ty. 7 1 7 9 

According to the dual unitarization scheme,80 

we find the following rule for the zero-inter­
cepts, 8 1 

where Ns is the total number of .y-quark and 
>quark. 

Therefore, assuming linear trajectories for 
the baryonium, we obtain 

(7.8) 

(See, Fig. 7.7.) 
I will not try to assign observed narrow re­

sonances to some of M2 states in this talk. 7 9. 8 2 

Of course, it is possible to assign some of them 
to Ml**-8' 

7.2 qqqq states in the bag model 
In the bag model colored quarks and anti-

quarks are confined to the interior of a finite 
domain called a bag. In this model long-
range confining forces are replaced by thé bag 
pressure, B. There are the following contri­
butions to a hadron mass in the mode l 7 2 - 7 4 ; 1) 
the quark mass and kinetic energy; 2) the 
energy stored in the confining forces (bag 
energy); 3) the finite energy associated with 
zero-point energies of the fields confined to the 
bag; (We have to include this energy since it 
is dependent on the radius of the bag, R.)\ and 
4) the spin-spin interaction arising from one-
gluon exchange ; 

(7.9) 

The bag model has been successful in descri­
bing the spectrum of light hadrons ( l / 2 + and 
3/2 + baryons, 0~ and 1~ mesons),7 4 and car 
be applied to qqqq states without introducing 
new parameters. 8 5 In the bag model L=C 
qqqq states are constructed by populating 
quark modes in a bag. Jaffe and Johnson 8 5 

found the lowest mass qqqq states to be an 
SU(3) nonet of scalar mesons with masses 
ranging from 645 to 1120 MeV, 

by making use of the parameters used in des­
cribing the spectrum of the light hadrons. 

They have suggested that the scalar nonet 
[e(700)?, S*(993), 3(980), 4800-1100) ?] 8 6 

should be identified with the above scalar 
qqqq nonet than with the 3 P 0 nonet of the con­
ventional nonrelativistic quark model. 

In the bag model L=0 qqqq states are 
expected to be broad. A broad qqqq state 
can simply fall apart into two qq mesons. 

Higher orbital angular momentum states 
are obtained by rotating the bag with a di-
quark in one side and an antidiquark in 
another side of an elongate bag. There are 
two quark configurations.87 In one con-
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Fig. 7. 8. qqqq states with high spin in the bag 
model. 
(a) T-baryonium; (b) M-baryonium. 

figuration both the diquark and the antidi-
quark are color-triplets (T-baryonium) and in 
another configuration both are color-sextets 
(M-baryonium), 8 8 i. e., 

(T-baryonium) 

and 

(M-baryonium). 

(Fig. 7.8) 

Two types of the qqqq states lie on Regge 
trajectories with different slopes. Let us 
discuss the slopes of the Regge trajectories. 
Asymptotically for large mass, we expect the 
trajectories to be linear in M 2 . In the bag 
model the slope is proportional to ( ô 2 ) ~ 1 / 2 , 
where Q2 is the quadratic Casimir for the color 
SU(3) representation inside the bag, 8 9 

(7.10) 

Therefore, the T-baryonium slope af

T is the 
same as that for ordinary qq mesons, 

(7.11a) 

and the M-baryonium slope is given by 

(7.11b) 

The T-baryonium and M-baryonium have 
very different physical properties. 8 8 Although 
both are expected to have inhibited decays into 
pions because of the angular momentum 
barrier, they have different couplings to BB. 
The diquark in a T-baryonium state, being in a 
3^representation, can combine with another 
quark in a 3 representation to form a color 
singlet baryon. (Fig. 7.9(a).) Therefore, the 
T-baryonium couples strongly with BB channel 
and is expected to have a decay width of ~ 100 
MeV. Whereas M-baryonium 9 0 cannot 
decay in this manner, since the diquark in a 
6-representation when combined with another 
quark in 3 does not give a color singlet ( 6 x 3 = 
10+8). They are, therefore, weakly coupled 
both to meson and BB channels (Fig. 7.9(b)-
(e)), and prefer to decay by cascade into a 
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Fig. 7. 9. Decays of T-baryonium and M-baryonium 

resonance of the same type 8 8 (Fig. 7.9(f)). 
Observed narrow resonances have been as­

signed to baryonium states by Chan and 
Hogaasen. 8 8 ' 8 4 

Finally let us discuss the stability of the 
baryonium. 9 1 

The mass of T- and M-baryonium have been 
estimated by Barbour and Ponting 9 2 in varia­
tional method by making use of a model Hami­
lton ian. According to their results, in the T-
baryonium case the two ##-meson states, 
through which baryonium may decay into 
meson final states, are generally found to be 
more massive than the baryonium state itself, 
but in the M-baryonium case they are lighter 
than the baryonium state. 

However, asymptotically for large mass, 
the M-baryonium with spin J is lighter than the 
two g ^-mesons with spin J/2 since 9 3 2af

M> 
a'; Since the mass (M) of the M-baryonium 
with spin / is « jjfâ=(j5j2J/ay/2 (/~ 
a'MM

2) and since the mass (m) of the qq-
meson with spin J/2 is œ</j/2a' (J/2~a'm2), 
2m « V2J/ar> (5/2) 1 / 4 VJJa7^ M. Notice, 
however, this argument is applicable only 
when |or(0)|</. 

§8. Dibaryons 

Once pp total cross sections were considered 

to be roughly energy independent. 9 4 If they 
are independent of energy, there should be 
no hadrons with baryon number two in dual 
models. 

Recently a remarkable energy dependence 
has been discovered in measurements of pp 
total cross sections with a polarized beam and 
target, 9 5 and several evidences on the existence 
of the hadrons with baryon number two listed 
in Table III have been repor ted . 9 5 - 1 0 1 

52(2.14) and B\2.22) are characterized by 
their small elasticity. 

The deuteron is not listed in the table since 
it is not a hadron, but a nucleus, i. e., a bound 
state of a proton and a neutron bound by 
nuclear force. To regard the deuteron as a 
six-quark state is not adequate. 1 0 3 In the ter­
minology of the quark model it is a molecular 
state of two clusters of three-quarks bound by 
colorless interaction. 

Then, are 52(2.14) and 5 2(2.22) the subject 
of this conference, /. e., are they nuclei or 
hadrons? I would like to regard them as 
hadrons because of their small elasticity and 
their small sizes. 

The bag model has been applied to dibaryon 
resonances. 1 0 4 ' 1 0 5 In the bag model L=0 six-
quark states are constructed by populating 
quark levels in a bag. The predicted energy 
levels are 

Fig. 8. 1. Dibaryon resonances in the bag model 

a*o) . . 

Table III. Dibaryon resonances. 
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L=l negative parity resonances are obtained 
by rotating the bags with the following clu­
sters of quarks in two ends, 

(See, Fig. 8.1.) Mulders, Aerts and de 
Swart have estimated the masses of dibaryon 
states in the bag model. 1 0 5 Some states occur 
with quantum numbers foreign to NN states, 
which they refer to as extraneous states. 

§9. Concluding Remarks 

Any talk on particle spectroscopy is incom­
plete unless something is mentioned about the 
quarks. 

An expert on English literature told me that 
there were four seagulls in a dence fog when 
Tristan and Isolde heard three quarks. 1 0 6 

Now we have already found five seagulls and 
it seems that there is at least one more seagull 
in a fog. Let me speculate that this sixth 
seagull will be discovered before next Con­
ference. 
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