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Abstract. The non-relativistic quark model is used to 
investigate the effects of open channels and possible 
(qcT) z dimesonium states on the charmonium spec- 
trum. An alternative interpretation of the structures 
in R above threshold is proposed. 

Introduction 

Considerable attention has been given in the past to 
non-relativistic quark model interpretations of the 
structure in R [1-5] in the charmonium region. 
With the exception of [5], which interprets the 
structure at 4.028 GeV as a D*/)* molecule, most 
authors explained the branching ratios into DO, 
D*D and D*/)* there via a 3S charmonium state at 
4.028 GeV and a 2D state at 4.16 GeV; the small- 
ness of the observed decay ratios then arises through 
the nodes in the 3S wavefunction. 

Problems arise, however, in that it is difficult to 
obtain sufficient mixing of the 2D and 3S states to 
give the clear double peak structure (Fig. 9). Bradley 
and Robson [3] considered higher order Q.C.D. cor- 
rections to e + e - ~ c g  which couple the 2D states 
directly to e+e and hence enhance the 4.16 GeV 
peak. They empirically reproduce R using experi- 
mental couplings without introducing open channels. 
However, it is difficult to explain the large widths 
for the D-wave states to e § e-  which are required 
for this interpretation of R. 

Eichten et al. 1-4] used a coupled channel model 
with predominantly long range vector interaction to 
interpret these structures in R as arising from the 3S 
and 2D states at 4.028 and 4.16 GeV, respectively�9 In 
this paper we use their model with the standard 

short range vector and long range scalar interaction. 
This picture predicts the observed bound state spec- 
trum but leads to the decay matrix elements being 
controlled predominantly by strong cancellations be- 
tween the short, medium and long range com- 
ponents of the quark pair creation 'potential'. As an 
alternative interpretation of the data we identify the 
structure in R at 3.68 GeV and 4.16 GeV as the 2S 
and 3S radial excitations�9 Interference between these 
states then produces the structure in R at approx. 
4.03 GeV, just above the D*/5* threshold. 

The Model 

The interaction Hamiltonian we use contains a me- 
dium to long range part as a Lorentz scalar: 

H - •  fd 3 S - -  2 Z.~ J rd3r'~f(r')l/If( r ) 
f 

�9 {a I r ' - r [  +2 b  s} @(r') @(r) (1) 

and for the short to medium range vector interac- 
tion: 

2~ 
H~= �89 Z ~ d3 r d3 r ' Of (r') ~- ,/Jy(r) 

I 

�9 Ir,_rl+2b~ 0](r') 0i(r) (2) 

where f runs over quark flavours. The 'string con- 
stant' a is taken to be 0.23 GeV 2 and to be pro- 
portional to the square root of the Casimir for the 
representation of the objects at the ends of the string 
(here only 8-8 at high mass). The Q.C.D. coupling c~ s 
is taken to be 0.31 GeV, bs and b v are possible 
constant contributions to the medium range part of 
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the potential�9 This interaction has been used in fits 
to the charmonium [1, 3, 4, 6] and baryon spectra 
[7]. 

Lowest order calculation of the masses, relativist- 
ic corrections and mixings from this potential in- 
volves interactions of the diagramatic form: 

3 

Fig. 1 

These lead to the usual non-relativistic quark model 
potential 

4 % 
V ( r ' - r ) = a l r ' - r l  - -  ~-2b (3) 

3 Ir ' -r [  

where 

b=b~+bs. 

Calculation of quark pair production through dia- 
grams of the form: 

u-d  mass difference should only contribute very 
near to thresholds and not affect our general con- 
clusions. 

The set of four quark meson-meson states con- 
sidered contains only the spin excited F and D states 
of the form DD, D*D+D*D and D*/)*. The next 
highest state will contain the P wave excitation of 
one D meson with a threshold of 4.4 GeV. Con- 
sequently we consider only the ground state and first 
radial excitations for the 1=0,  1,2 c8 system to- 
gether with the 3S excitations and fit to the region 
below 4.3 GeV. 

As well as colour singlet-singlet configurations 
for the four quark system one can have (cq)8-(Sq) 8 
dimensonium bound states. We have included the 
effects of these states in the approximation that the 
angular momentum is between the octet mesons. 
This is akin to the D/5 meson configurations, the 
omission of the other angular momentum configu- 
rations will affect mixings between the states but 
should only be important at higher energies. 

The cF charmonium states couple to (cs 1 _(Sq)l 
and (cs s via the pair creation terms in the 
potential (Fig. 2). The dimensoniums can also couple 
to the meson-meson states via the one gluon ex- 
change term by rearranging the cotour within the 
molecule. 

Thus the physical charmonium states can be 
written as 

~ 4 

Fig. 2 

is independent of b~. The long range part of the 
potential and b~ contribute strongly to the decay 
amplitude through this interaction. As we shall see, 
a fit to the decay widths and spectrum requires that 
there is a large cancellation between these two terms 
in the amplitude for decays and that consequently 
the medium range interaction is predominantly sca- 
lar (b s >> b~). 

The calculation is performed using the coupled 
channel model of Eichten et al. [4]. We include c6 
states and cqSq states with q=u,d,s and m,=m a 
=0.335 GeV, ms=0.45 GeV and m~= 1.84 GeV. Pos- 
sible mixings of two and four quark states through a 

I G~(Pm); ;~5 
8J 

n m 

+ Z F, ~:(p, p~)I(MI ~r,)~z (p) ', 5 (4) 
1 p 

i.e. as a superposition of c8 states with total spin 1, 
octet-octet dimesonium, and meson-meson states (1 
=DD, DD*+DD*, D'D* etc.) with relative momen- 
tum p. 

For  the singlet two quark states: 

ij 
= ~' ~ c~(Pm' ,P~+P2)~(P~,P2)  

i ,  j P l  P 2  
~rl if2 

~ij i + �9 G~q(P9 10) (5) G,c(P,) J'§ 

where c § and d § create quark c and antiquark q, 
respectively. The spacial wave functions are taken in 
a Gaussian basis: 

qb(r t - r  2) 
M ~  =Y', Ci e-~a~-'~)~ I r t - r2 l  L Y~ ( r l - r 2 )  (6) 

i 
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Table 1. The masses of the "naive" states, scales and coefficients for the wave-functions of (6) with c~=0.31, a=0 .23  GeV 2, 2b~= 
- 0 . 7  GeV 

State Mass Scales el (GeV 2) Coefficients c~ 
(GeV) 

~1 ~2 ~3 ~4 C1 C2 C3 C4 

c~ 13S1 3.155 0.215 0.093 0.999 - 0.819 0.108 0.442 
23S1 3.788 0.215 0.093 0.999 - 0.794 -0 .497  0.210 
33S1 4.430 0.215 0.093 0,999 0.243 - 10.894 0.666 - 0 . 5 0  
13D~ 3,894 0.321 0,074 0.i45 - 0.i87 0.103 0.870 
23D1 4,33 0.321 0.074 0.145 - 0.210 -0 .151  0.410 

10.857 

Dimesonium Mass  Scales a 
p wave (GeV) 
state e (GeV 2) 7 (GeV 2) 

c~-\ ~/~ ! 6.121 0.117 0.089 

c~gs 6.163 0.108 0.088 

" The d imesonium states have an H configuration, the scale y relates to the link binding the quark-ant iquark pairs and the e to the 
binding between the quark antiquark at each end. Only one basis state is taken in the expansion with coefficient unity. The wave-function 
is otherwise similar to that of (6) 

where Ci, c~i are obtained by a variational solution 
to the two-body SchrSdinger equation�9 The meson- 
meson states are given by: 

](M l kIl)SSz (p)', l) 
: . (c q 3 ~ ( -  p)> (7) 

S z S z  

neglecting any final state interactions between the 
mesons. 

The other' four quark states are given by a gener- 
alization of (5) and (6). They are obtained following 
the method described by Barbour and Ponting [8] 
extended to the unequal mass case. As will be seen, 
they play no significant role in the fit to the data but 
do indicate in part the influence of the higher energy 
four quark states on the mass-spectrum generated 
below. 

The masses of all these states and their wave- 
functions were obtained by a stochastic variational 
technique [9]. The spectrum (no mixing) and scales 
for both the charmonium and the D and F mesons 
are summarized in Tables 1 and 2. Since the va- 
riational procedure loses accuracy for the higher ra- 
dial excitations, we obtained the 3S cg wavefunction 
by orthogonality to the 1S and 2S states together 
with the minimisation of the mass and the require- 
ment [10] : 

16~e~c~ 2 
Fss~+ ~- = 0 - 7  keY m~ lq~(0)12 (8) 

o r  

~ ( 0 ) = 0 . 1  OeV. 

Table 2. D and F meson masses and scales with only one gaussian 
basis state, and the potential parameters ~ and 2b for the fit to 
the experimental masses (a = 0.23 GeV 2) 

State Mass (GeV) Scale, ~ (GeV 2) % 2b (GeV) 

D 1.863 
0.91 0.56 -0 .93  

D* 2.006 

F 2.030 
0.106 0.46 - 0 . 8 6  

F* 2.140 

In order to calculate the mixing between these states 
and the masses of the physical cg states we follow 
Eichten et al. [4] and study the bound state sector 
resolvent: 

(z) = (H~ - Z + ~ (Z)) - ~. (9) 

The renormalized masses are determined fi'om the 
location of the poles in the resolvent. Matrix ele- 
ments of •(Z), between the charmonium and di- 
mesonium bound states IBjJz(pm);m) can be ex- 
pressed as 

Qm.(E) 
df2p 

: E v3(y  )3 
l ,S, S z  

{~ E 1 E2 1 
�9 d d~ Ipl ~ 

B J �9 �9 < Sz, n] H~ I(MlMz)sSz(p); l> 

<(Mz 2~r,)sSz(p); l] HrIB~;  m)~ (10) I 

} 
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where m~ is the threshold energy for a given meson- 
meson decay sector state characterized by 1. If the 
D* and D masses are degenerate then it follows that 
[4] 

3 

<s WAVEI H~ l(M, ~,)~(p); l> 
i = 1  

�9 <(M, M,)sS (p); l] H r [D  W A V E >  = 0 ( i  i)  

and all mixing between S and D states through open 
channels vanishes (also for F mesons)�9 Though there 
is still mixing due to the tensor force. 

However, if we separate the thresholds so that 
despite the equal mass approximation the D/5 chan- 
nel opens at 3.72 GeV, the D*/) at 3.86 GeV and the 
D*/)* at 4.012 GeV, there will be a contribution to 
the imaginary term in [10] from the pole, if one of 
the states lies between 3.72 GeV and 4.012 GeV. For  
both states outside or inside this region mixing 
again vanishes. 

Phase space factors will break this rule via mass 
difference (11). However, it is because of this effect 
that it is difficult to obtain large mixing of the 2D 
and 3S (as suggested by the experimental data) since 
their masses are greater than the D*/)* threshold, 
whereas reasonable mixing can be obtained for the 
1D to 2S since the mass of the 1D state lies between 
the D/5 and D*/5 thresholds thus giving it a contri- 
bution to R. 

There is no such selection rule for mixing within 
the S waves or D waves alone, and we shall see that 
there mixing can be large�9 As all our wavefunctions 
are Gaussian, analytic expressions can be obtained 
for the overlap integrals of the state with the Hamil- 
tonian. 

The Hamiltonian interaction of (1) for a diagram 
of the form of Fig. 1 is 

1 
•  ' #~ ~r~s4(p3-p~ ) 
23 2m 3 

�9 ,Ss~ s~(a Ir - r ' t  + 2b~) e i[(pz +pO" r-(p3 +p4). r'] (12) 

in the non-relativistic limit, notice that the pair is 
created in a 0 +--. Similarly if the vector form is 
taken we obtain: 

t fd 3 1 ~j  rd3r'T~m3 #s+~a~s~(P3+P4)C~s,s~ 

(13) 

where here the pair is created in a state 1 - -  and 
that the constant vector part b~ does not contribute. 

The amplitude for the decay of a pure cg bound 
state (angular momentum L) to two mesons (angular 

momentum I) is 

((M.M.)Sz(pm); n[ Hr I(c ~)~z; 2) 

= • ~L(pm)" Cts(JJz; mSz) Ylm(Om) 
l,m 

i (14) �9 ]~-(2S M + 1)(2SM + 1)(2Sc~ + 1) 2 

Sc~ 1 

where ~ ( P m )  contains the spatial structure of the 
interaction. We assume di-mesonium states decay to 
two mesons predominantly via one gluon exchange, 
the amplitude for this has a similar structure to that 
of (14)�9 Similar expressions can be obtained for the 
overlap of the cg state with the di-mesonium. 

Results 

We first comment on the effects of the bound dime- 
sonium states on the mass spectrum of the char- 
monium system. Not unexpectedly, because of their 
high mass, their effects as shown in Table 3 are 
small, leading to mass shifts of approx. - 4 0  MeV in 
the S-wave states. Only p-wave dimesonium are in- 
cluded. Note that the general trend is to shift the 
1- states down in mass. 

When we include the open channel contributions 
with the potential parameters for Table 1 we will 
find it necessary to shift some of the states down- 
wards in order to obtain a fit to the structure in R. 
(Note: because of the strong cancellation between 
the contributions from the linear component of the 
potential and b s it is possible to adjust the potential 
parameters and fit the low energy ( < 4  GeV) mass 
spectrum when the open channel contributions are 
included without arbitrary mass shifts. However, we 
could not simultaneously obtain with this potential 

Table 3. Masses of states after mixing within bound state sector 
and also for inclusion of open channels (2bs= - 0 . 7  GeV) 

State Mass (GeV) 

Bound state mixing only 'Full  renormalized'  mass 

13S1 3.115 3.065 
2 3S~ 3.742 3.70 
3 3S t 4.428 4.19 a 
13D 1 3.891 3.785 
23D1 4.330 4.285 

0.25 GeV has been subtracted by hand 
b 0.065 GeV has been subtracted by hand 
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the double peak structure in R above 4 GeV with or 
without ad hoc mass shifts.) It is not inconsistent to 
attribute these shifts to additional dimesonium states 
and the effects of open channels omitted (D/Sp etc.) 

The structure of the decay amplitudes is shown 
in Fig. 3. The contributions from the long range and 
medium range parts of the interaction are nearly 
equal in magnitude but opposite in sign, hence the 
difficulty in interpreting the structures in R within 
this model. When 2 b ~ = - 0 . 7  GeV most of the 
amplitudes are similar to those calculated in the 
vector model of Eichten aside from the 1 3D1, (and 
p-waves) in which the cancellation with the one 
gluon exchange amplitude is almost total at the de- 
cay momentum. 

The mixings between the two and four quark 
states depend predominantly on the nearby singlet- 
singlet open channel contributions which as de- 
scribed above depend strongly on the cancellation 
between the scalar amplitudes. The charmonium 
states contribute to R via 

AR(E)=~22 �9 16 ~ Imag {qS*(0)N,~(E) ~b,,(0)} (15) 
? l , m  

where the qS,(0) are the c? wave functions at the 
origin and ~,m(E) contains the mixings of the var- 
ious states. Thus D wave cg and 4 quark dime- 
sonium states obtain structure in R only through 
mixing with the S wave c~ states. 

Figure 4 shows the structure in R obtained for 
2b~= -0 .75  GeV which gives weak coupling for 3D 1 
to DD. Here the 3S state has been shifted to 4.07 
GeV and the 2D left at 4.265 GeV. If we try to 
reproduce the double peak in R by lowering the 2D 
mass a single peak structure is still obtained. This is 
a consequence of (11) since the 3S and 2D are both 
above the D*/5* threshold and the strange quark 
contribution to R is small. On the other hand the 2S 
and 1D states stand on either side of a threshold and 
so mix, the mixing being controlled by the degree of 
cancellation. 

We therefore find that if the 2D and 3S states are 
above the D*/5* threshold then the 2D state cannot 
mix strongly and contribute to R. For 2 b ~ = - 0 . 7 5  
GeV no clear double peak structure could be ob- 
tained. The 2D state could couple directly through 
higher order QCD corrections 

200 _4 cd 
_ q 

Ce+e M6 I~"(0)l=. (16) 

For the 1D and 2D wavefunctions used this gives 

Ft D~ e + ~- = 0.03 keV /'=1) ~ ~ + ~- = 0.07 keV (17) 

both small compared with the data. 

- !  
GeV 2 

/ - ' ,  I/ii;-i ~e ~cP 1 
/ / ~ , ~ ' ,  L = 0 ,  I=1 

20 Z \ 

10t / X ~ \  . . . .  2bs CONTRIBUTION 

0L _ 
1 2 3 p GeV (-T-) 

Fig. 3. The decay amplitudes for the BS t charmon~um state into 
two mesons as defined by (14). The relative monrenturn of the 
mesons is p. The high cancellation between the linear and consi- 
stant contributions is typical 

R 33S~ mass: 407GeV 
23Di mass: &Z65GeV 

1.0 - - A R  
___if, 5~ 
..... D ~ 5 * f?~O 

0,5 ) 

318 3.9 4.0 4.1 4.2 
E(Ge~/) 

Fig. 4. The charm contribution to R from exclusive channels as 
defined by (15), in the region 3 .7<E<4 .2  GeV. The fit here is 
with 2b~=-0 .75  GeV, Only the largest contributions in R are 
indicated in the figure 

R 
33S~ mass :  4.235 GeV 

23Dr moss: 4285 GeV 
lC 

- -  AR  

. . . .  [3~ B- 

(15 

i - ~ .  / ~  \ ,  

3.8 39 /. D 4.1 42 

E[GeV } 

Fig. 5. The charm contribution to R from exclusive channels in 
the region 3.8 <E<4 .3  GeV. The fit here is with 2bs= - 0 . 7  GeV 

We now consider 2 b ~ = - 0 . 7  GeV and vary the 
mass of the 3S between 4.03 GeV and 4.235 GeV. At 
4.03 GeV a single peak structure is obtained and as 
above the 2D is essentially decoupled. At 4.235 GeV 
a double peak structure was obtained Fig. 5. The 
peak at 4.05 GeV is not associated with the 2D but 
rather with the opening of the D*/)* threshold in- 
terfering with the nearby 3S state. At 4.19 GeV a 
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single peak structure reappears just above the D'D* 
threshold Fig. 6. Table 3 shows the new (renormal- 
ized) masses. 

From the above we conclude that if R exhibits a 
double peak structure between 4.0 GeV and 4.2 GeV 
it is not possible, in this model to assign the 2D as a 
contributing state. The model requires that the 
structures be associated with the 3S and the nearby 
threshold. However, AR as predicted by the model is 
of the order 0.25 that of the data. That  we associate 
with underestimating the 3S wavefunction at the 
origin. If we had included the QCD factor (1 
- 16/3- %/n)-~ 1/2 in the Van-Royen-Weisskopf for- 

mula the 3S would be increased by a factor of 1/2 at 
the origin. To allow for the further effects of mixing 
reducing the contribution of the 3S to R we shall 
rather take double the wavefunction at the origin. 
Figure 7 shows AR calculateed for this modified 3S 
wavefunction at 4.19 GeV and 2 b ~ = - 0 . 7  GeV (a 
single enhanced peak is obtained for 2bs=-0.75 
GeV). 

The mechanism giving rise to this structure is 
shown in Fig. 8, where we plot the dominant contri- 
butions to Im(N~(E)).  In the D*/5* contribution the 
3S -2S  interference term is constructive below 4.1 
GeV and destructive above and when combined 
with D*D contributions the lower peak is enhanced. 
Unfortunately in the 2 b ~ = - 0 . 7  GeV case the lower 
energy structure (the 2S peak at 3.78 GeV) has been 
smeared out due to the appearance of an extra node 
in the decay amplitude through the cancellation ef- 
fect. We do not believe that this affects the in- 
terference effects between the 2S and 3S which de- 
pends on the higher momentum part of the ampli- 
tude. Also the interference effect is present in the 2b~ 
= -0 .75  GeV case but to a lesser degree. 

Finally we plot our structure in R above 3.85 
GeV on the non-charmed contribution including the 
tau lepton and compare with the DASP data [11], 
Fig. 9. This data is also in agreement with the 
CRYSTAL BALL results [12]. The open channel 
contributions at the 'phase space' peak are in the 
ratios 

Rmo, : Ro,D+o, o :Roo = 1:0.49:0.014 (18) 

and at the 3S peak 1:0.13:0.02. 
We mention here that it was not necessary for 

the ratios Eq. (18) to have a zero in the 3S decay 
amplitude D/) channel near 4.03 GeV as suggested 
by some authors [3, 4, 10]. However, in our ratios 
at the 3S peak the node in the D/) channel is nearby 
and consequently that ratio to D*/)* is sensitive to 
changes in its position. 

Given that the interference effects and nearby 

3351 mass 4.19GeV 
R 2~D1 mass 4.285GcV / / ~  

,o / \  
. . . . .  B'>~'o / _ \ 

/ ~ ~  . . . ~ .  i ~ I - -  - 
3.8 3.9 z,O 4.1 42 E(OeVj 

Fig. 6. Same as Fig. 5 but with the 33S~ state shifted lower in 
mass 

R 

3.0 

~9 4.o k ,:2 E(GeV) 

Fig. 7. AR calculates with the same parameters as used in Fig. 6 
but with the wavefunction of the 3 3St at the origin constrained 
to be twice as large 

R - - - -  r r CONTRIBUTION TO R D * 5* / '~ \  
i I 4 . . . . .  r167162 TO RD*5* \ 

-- TOTAL RD~B* .' t 
3 FINE LINES SAME NOTATION / ~ 

FOR CONTRIBUTION ~ i /  / \ 
2 TO RO O*+F*D / ,  . - - - - M ~  \ 

0 3.9 4.0 1,1 ~ ' Q  /.12 / EIGe~/) 
\% / 

-1 " \  / '  
', / 
\ / 

Fig. 8. The various contributions to AR from (15) that give Fig. 7 
when summed 

2 0  . . . .  

5.0 

R 

3.0 

1.0 ~ 
3.5 

I ' ' ' ' I ' ' ' ' I 

i i I i i , i I , I h i I , 

/+ 0 4.5 S.O { r 

Fig. 9. The theoretical structure in R taken from Fig. 7 with the 
noncharmed and tau lepton contributions added, also shown, the 
experimental data from the DASP collaboration [11] 
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thresholds can produce peaks in the data it would 
be dangerous to interpret any structures in this re- 
gion as gluoniums. The non-relativistic quark model 
cannot give a unique interpretation of the data 
above 3.8 GeV, but suggests weak coupling of the 
2D to e + e- and only the 3S state in the 4.15 GeV 
region. We also noted that the effect of 4q (dime- 
sonium) states in this region was negligible. 
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