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INTRODUCTION

The recent discovery of two neutral heavy bosons stimu-
lated 1) much theoretical work to understand their nature, origin

and relation to the previously developed phenomenology. The four

quark (charm) modeél, especially its colour version , Seems to be
in acceptable agreement with the data on ¢ (3.1), ¢'(3.7), dimuon
production by neutrinos, possible existence of new baryons, etc. 3).

Preceding the discovery of the ¢{¢'s, a new concept,
namely the quark confinement has been partly developed. ‘According
to this idea the quarks at short distances have weak forces, but
the long range part of their interactions is strong, leading to

quark trapping in hadrons.

The SU(4) ® SU(3) coloured gauge model seems to be con-
sistent with this idea. The corresponding field theory is asympto-
tically free (explaining scaling in electron and neutrino production)
at short distances, nevertheless at large distances it has serious
infra-red divergences the nature of which is not yet understood.
Several arguments have been, however, constructed to suggest that
thesebinfra-red divergences may be responsible for quark confine-

ment (infra-red Slavery).

*
) On leave from Department of Atomic Physics, L. ES8tvOs University,

Budapest, Hungary.



Since fthe infra-red divergences prevent to perform system-
'atic_field—theoretic éalculations, a phenomenological scheme has
been developed for the {'s : the charmonium 2 . 1In a recent
attempt, De Rujuli, Georgi and Glashow 4) proposed to extend the
' charmonium idea to the charmed and uncharmed spectroscopy as well,
In order to have quantitative application they have assumed that :
'i) the effective long range binding potential is spin-independent ;
'ii) a non-relativistic. description with first order (1/02) cor-
rections, as determined by one gluon exchange, is adequate appro-
ximation in calculating the hadron masses. SU(4) breaking is
taken into account by allowing different masses for the various
quark types (p, n, A, c). These assumptions are pértly motivated
by the success of the SU(6) ® 0(3) classification. As to assump-
tion i) we think that its consequences are worth while to explore ‘
although we are aware of the fact that its validity is an open
question in the underlying field theory. Concerning assumption ii),
it has an important practical consequence, namely the one-gluon
exchange diagram, up to first order in 1/02, leads to the sturvinid
Breit-Fermi Hamiltonian (HBF), therefore in a perturbative treatment,
the relativistic corrections are determined by the matrix elements of
HBF (computed by use of non-relativistic Schrddinger wave functions).
To explore the consequences of that hierarchy of assump-

tions two different lines can be followed.

One can parametrize the matrix elements of the Breit-Fermi
Hamiltonian in a general way assuming degenerate multiplets and de-
duce mass splittings independent of the explicit form of the bind-
ing potential and the wave functions. Alternatively assuming a spe-
cific potentiai the necessary matrix elements can explicitly be

calculated and up to first order relativistic corrections a complete

diagonalization can be performed.

The first line of approach, pursued by De Rujuld, Georgi
and Glashow with good results, is more general, but it has the short-

comings that many parameters should be introduced : the bound states



containing a charmed quark are essentially uncorrelated with the
‘usual hadrons because of the large charmed-uncharmed quark mass

!
- differences ; furthermore, the multiplets of different orbital mo-

menta must be trested separately.

The second method, although it is less general in character,
but it involves less parameters, correlates the heavy and light mesons

and allows us to sece more clearly whether a non-relativistic method !

.
is applicable or not. Furthermore, having explicitly the different

wave functions, various decay modes can also be estimated.

In this talk I répbrt on results obtained -in collaboration
with Barbieri, Gatto and Kbgerler, pursuing the second line of
approach 5). 'We have used é linear binding potential 6>’7) and
calculated the light and heavy meson masses, their leptonic width,
mixing effects and we have investigated the consistency of the

non-relativistic approximations.

The results show a remarkable agreement with the experi-
mental data for meson masses > 1 GeV, whereas the breakdown of the
non-relativistic expansions puts limits on the analysis for the

lighter particles.

The ratio R(s)::o(e+e——+hadrons)/o(e+e——+u+u—) has also
been estimated at and above the charm threshold assuming the dominan-
ce of the ¢, ¢', ¢'", ¢'" +vector meson poles and that the two-body
final states of the charmed particles account for the structure of
the ratio R(s) in the region JS::3.5— 5.5 GeV. Important inter-
ference contributions have been found which may be used to obtain

an explanation of the experimental data in this region.

An essential feature of the calculation is that it involves

altogether only four free parameters.



MASS SPECTRUM

We have chosen to work with the following potential

V() = AT =V, % 0!\5/4- (1)

‘An  r Dbehaviour secems to be suggested by field theoretic investi-
gatibns and bag models as well 6)’7). The 1/r +term is given by
.the one-gluon exchange ; the constant Vo determines how to inter-
polate between the r and 1/r asymptotic terms. The 4/3

factor in front of the 1/r term is given by the SU(4) ® sU(3)
group structure. As to o appearing in (1), we have made the
simplifying assumption that it is the strong fine structure constant,
corresponding to a bound state of squared invariant mass M2 (as =
= as(Mg)). The mean momenta carried by the constituent quarks (and
so the mean momenta flowing through the gluon line) are decreasing
with their masses. Therefore, using asymptotic freedom we obtain
increasing values bf aS(MQ) for bound states of decreasing mass.
Typically we have taken for a cc bound state 4/3 ag==o.27, for
a A\ bound state 4/3 aS::O.36 and for a dd bound state
4/3,@2::0.42. As to the gquark masses, the values of m, and m
are taken from the general analysis of baryons by De Rujula, Georgi
and Glashow 4) (de:O.34 GeV, mA::O.54 GeV). The value of the
charmed quark mass, furthermore the parameters ) and Vo’ have
been fitted to account correctly for m(y)=3.095 GeV, m(y')=3.684

GeV and the leptonic width of the ¢ particle F(¢-+e+e_)::5.2 keV,.

We solved the non-relativistic Schrddinger equation with
potential (1) numerically, th=n 2 perturbation calculation has been
performed by the Breit-Fermi Hamiltonian given by the one-gluon

exchange diagram as order 0(1/02) corrections., The Hamiltonian has

the form

M= £ o+ Vi) + Y Hop + 0 (%)



The 0(1/02) corrections are determined by the matrix elements of

"H between the non-relativistic wave functions.

BF

Since H,, contains spin-spin and spin-orbit forces, the

BE

“relativistic corrections lead to splittings between the spin singlet

and spin triplet states, furthermore between states of different

;angular momentum. The Breit-Fermi Hamiltonian has non-vanishing

off diagonal matrix elements between the 1 (s wave) and 1

(d wave) states ag well as between the charged elements of the

17 (p wave, spin triplet) and 17 (p wave, spin singlet) 16 plets,

leading to non-trivial mixing effects.

This perturbative calculation has been performed for dif-
ferent reduced masses and different o_, corresponding to CCy AN

ch, cd, \d and dd type bound states.

The obtained energy levels for the S wave spin triplet
vector meson states (Mv) ana for their pseudoscalar partners (MP)
are given in Table I. For the cc bound states the ground states
and the first three radial excitations are calculated. For the
other type of bound states, only the ground states and the first
radial excitation have been considered. In the column ENR+V0
the non-relativistic energies (without the m, +1m, rest mass con-

tributions), in the column ERC the full relativistic corrections,

»(including the spin-independent corrections as Well) and in the column

EBF the spin-dependent relativistic corrections are gquoted. In the

last column, we give the values of the parameter

4 A =22\
s = <5 (w3 * mp) B0
A rw) B

which characterize the system with respect. to the validity and consist-

ency of the non-relativistic approximation.
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IProm the numbers given in Table I, we can conclude that,
.although the relativistic corrections are not negligible (especially
for the radial ewcitations) the cc, AA, C\A type bound states may be
regarded as non-relativistic systems. For bound states made up only
. of charmed quarks, the results are in agreement with previous purely
non-relativistic calculations. The strange quark bound states (o

and xo) fit also fairly well with the calculation.

The agreement with the experimental masses of the remaining
low-lying vector mesons (p, W, K*) is also acceptable. But we should
recall that the relativistic corrections to all the bound states con-
taining at least one d type quark are quite large, the value of the
€ parameter is near 1 and it usually exceeds 1 for the first radial
excitations. This indicates that despite acceptable agreement, the
non-relativistic description is presumably not adequate for these
"bound states. A Dirac equation description could be more relevant
for the ¢\ and cd type bound states, where recoil effects are

negligible as compared to the relativistic motions of the A or d

quarks.

In Table II, the energy levels of the P wave (JPC

1++,1+_,O++) bound states are givén. In addition, the D wave
excitations of the c¢c bound states afe also calculated. We should
emphasize that at this stage of calculation, no new free parameter is
introduced. Again the relativistic corrections to the states contain-
ing at least one d +type quark are large. The agreement with the

experimental data (when available on a sufficiently sound basis) is

acceptable.

We remark, in particular, the good agreement for the If' -¢o

"hyperfine" splitting

('?)" q’)lcg\ = (%LC?)@(P 2 430 MeV



as well as for the K**¥-K¥*¥ gplitting
¥ o » %W ¥
(K - K )'kk — (i< - K )&MP = 530 Me.\/

As to the mixing, we obtained that the wD-wé mixing is
negligibly small. The mixing of the charged P wave spin triplet -
‘spin singlet mesons is quite important, however, the experimental

information here is not accurate enough to have any test of this

prediction.

DECAY WIDTHS

In a non-relativistic approximation the various decay matrix
elements are given by the proper overlap integrals of the initial and
final state non-relativistic wave functions. We can then calculate

the leptonic, semi-leptonic, radiative and two-body decay matrix ele-

ments.

In Table III,<thé different leptonic widths are given. The

ete” decays of the neutral vector mesons have been calculated by use

of the formula

P(V=ee)=2er « LAgr \\“OJ\ (4- &s(mv))

where the last factor in parentheses accounts for a first order radia-

tive corrections.

As to the weak decays of the s wave mesons, we assume
point-like couplings without axial vector renormalization, therefore

we have used the formula

\"(M-»tv) 3 & 1ol (- "10L )1 - .
[?.M (A+ 7—M‘)< )i-m{" <&;§mf}]

2



where g should be red as g.FcosQ for - pn and c)\ ‘type states
- and (;F?ing for p) and cn type bound states, M is the meson
mass, < 82 >=35(8+1) where S=1 for spin triplets and S=0 for
spin singlets. We would like to remark that the first term is pro-

. portional to M2 and the second term to Mg. Therefore, the vector
mesons like F' have by a factor of ~400 larger leptonic decay than
~the F mesons and ~1O4 times less than the D mmesons. If it would
.happen that F*-F mass splitting is smaller than the predicted one
(< 5 MeV), the F¥-e e decay and high number e_u+ events would

‘be recorded. Such a situation could account for the rate of the

e~u+ events

As to the semi-leptonic and non-leptonic weak decays, here
we only make the remark that as far as the non-relativistic descrip-
tion is more adequate for the charmed mesons, there is no natural
argument for the dynamical enhancement of the non-leptonic decay mode

8) - ‘

of the charmed mesons .

Concerning the two-body hadronic decays we restrict our
investigations only to the decay modes of the cc type bound states
at and above the charmed threshold. Here, our main purpose is to
investigate whether the mesured shape and o '
annihilation near
body charmed meson final states, assuming that the form factors of
the charmed mesons are dominated by the vector meson poles (4,
y'yeee). In a non-relativistic framework, the three-meson vertices
(¢—+DD, y'—>DD, § »FF, etc.) can be calculated by use of a general-
ized version of the quark pair creation model 9) where the meson

vertices are defined by the quark diagram of Fig. 1. The bubbles

b

denote the products of spin SU(4) wave functions and of the spatial

non-relativistic wave functions. The three meson couplings will
involve an over-all universal coupling strength 7F for the creation
of the light quark pair in a spin triplet p wave state of zero

total angular momentum.



The threc meson couplings are proportional to the overlap
‘integrals which zre given as follows

o

. .
— ,
Taee = 3T m (2dato + 3 Pa ) éffdﬁ b g,y >

4
* _§c‘2 b (e T Lk A2 )

We should emphasize that we have to introduce only one new free

parameter, namely + , <10 calculate all the meson vertices. For

sake of illustration, we quote the formula for the vector—2 vector

decay mode
V(e €2) V, (ks €)Y, (B, €7 =

3
/g, RSP «)
= - mye Ty r [ 2ce™e®)e ) -
2. - 4 VaVa Vg

Va. M

~ (&¥ a(:n) ( ea)&A) + (em@(z))(@mﬁ,_ )J

The effective three-meson coupling and the meson mass spectrum having
been calculated, the various partial widths of the ¢, ¢', ¢", ¢'

resonances and the shape of the ratio
( 6 ( e'em — hadrons )
AT - —
R ) G (ete —-*»/.(?'/u“)

can be given in terms of the only unknown parameter vy . In computing
R a constant background Beq due to unchsrme? hadron production is
added with a value Beq 2.5 which is suggested not only by the expe-
rimental value of R at Js < 3.7 GeV, Dbut alsc by the light quark

parton model (including asymptotic freedom corrections).
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In the usual applications of the VDM, the interference
‘between the different vector meson poles is negligible. Conversely,
the validity of the VDM is questionable and its application is not
Afree from ambiguities if the interference is not negligible. Since
"the proper unitarization of the problem (by a multichannel Omnés
equation approach to the form factors of the final state particles)
seems to be practically untreatable, we have taken a purely pheno-
menological attitude. In order to simulate the interference of the
’Weak meson pole contributions of the vector meson poles bothaamong
each other and wilth the non-resonating background, we have intro-
duced threé’extra phase factors. In the amplitude, the Breit-Wigner
poles corresponding to the three radial excitations ¢'(3.7),
¢"(4.1), ¢"(4.45) get multiplied by exp(ip'), exp(ip"), exp(ie™ ),
respectively.

\

In Fig. 2, the curve (A) was obtained by v =0.45 and by
neglecting the interference effects. The curve (B) on the other hand,
represents a best fit to the data by four free parameters, allowing
for the above-mentioned phases (the fitted values are v=0.57,
®!'=2.7 rad, ¢"=1.5 rad, " = 3.76 rad). The curve (4) in Fig. 3
was calculated putting all phases equal to zero which amounts in
taking strictly the prediction of the non-relativistic model even
for the interference terms. Finally, the curve (B) in Fig. % was

obtained by requiring maximum constructive interference (with

v =0.40).

We can see that even though the leptonic width of " is
only about 2 keV in this calculation, it is easy to make a fit to
the data, if we interpreted them as sum of several resonances inter-

fering with the background and each other.
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FIGURE CAPTIONS

Figure 1 The three-meson vertex.

+Figure 2 The ratio R(s)::o(e+e'—»hadrons)/b(e+e—-+u+u_). The
curve (A)v(full line) has been calculated without the
interference contributions (with +=0.45). The dotted
curve (B) has been obtained by allowing for three arbi-
trary reliative phases between the resonances ¢, ¢', ¢",

¢ and performing a least square fit (y::O.57).

Figure 3 R(s) ia the VDM model. The curve (A) (full line) is
the strict prediction of the non-relativistic model
(real coupling constants, destructive interference,
Y= 0.40). The dotted curve (B) has been computed with

maximum constructive interference (with v =0.40).
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