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Possible open channel effects in the charmonium spectrum
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1.M, Barbour

Glasgow University

J.P. Gilchrist

Deutsches Elektronen-Synchrotron DESY, Hamburg

Abstract

The non-relativistic quark model is used to investigate the effects of

open channels and possible (qa)2 dimesonium states on the charmonium

spectrum, An alternative interpretation of the structures in R above

threshold is proposed.
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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 Ref. (5), which interpretates the structure at 4.028 GeV
as a D*ﬁ* molecule, most authors explained the branching ratios into Db, D*ﬁ

and D*ﬁ* t@ere via a 35 charmonium state at 4,028 GeV and a 2D state at 4,16 GeV;
the smallness of the observed decay ratios then arises through the nodes in the

38 wavefunction.

Problems arise, however, in that it is difficult to obtain sufficient mixing of
the 2D and 38 states to give the clear double peak structure (Fig. 8). Bradley &
3)

Robson considered higher order Q.C.D, corrections to ete —» ¢t which couple
the 2D states directly to e*e” and hence emhance the 4,16 GeV peak., They em-
pirically reproduce R using experimental couplings without introducing open

channels. However, it is difficult to explain the large widths for the D-wave

+ - I3 . > » s
states to e e which are required for this interpretation of R.

(4 used a coupled channel model with predominantly long range

Eichten et al.
vector interaction to interpret these structures in R as arising from the 35 and
2D states at 4,028 and 4,16 GeV, respectively. 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 spectrum but leads to the decay matrix

elements being controlled predominantly by strong cancellations between the
short, medium and long range components 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 25 and 35 radial excitations, Interference between
these states then produces the structure in R at approx. 4.03 GeV, just above

K=k
the D D threshold.



The Model

The interaction Hamiltonian we use contains a medium to long range part as a

Lorentz scalar:
Hox 4 5 Eol"’rdgr' Vo1 Yo falr-xrie 2h§ V00 %o m
and for the short to medium range vector interaction:
1 L P ’\P?,,-') Ay 'Y(r}{ %y '2!)1,} "Pf(lf') L ’\P(H )

where f runs over quark flavours, The 'string constant' a is taken to be

0.23 GeV2 and to be proportional to the aqﬁare root of the Casimir for the
repregentation of the objects at the ends of the atring (here only 8-8 at high
mags). The Q.C.D. coupling o, is taken to be 0.31 Gev,bs and'bv are possible
congtant contributions to the wmwedium range part of the potential. This inter-—

action has been used in fite to the charmonium (1,3,4,6) and baryon spectra (7).

Lowest order calculation of the masses, relativistic corrections and mixings

from this potential involves interactions of the diagramatic form:

4 Pu .
Fig. §
R Fa
These lead to the usual non-relativistic quark model potential
L o '.
‘py = oa@lr-rl - % o 42
V(! .Z') ’ 3 |f"l" b (3

where b=b _+b
't 3

Calculation of quark pair production through diagrams of the form:

Fig. 2

is independent of bv' The long range part of the potential and bs contribute
strongly to the decay amplitude through this interaction. As we shall see, &

fit to the decay widthe 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 scalar <bs)> bv)-

The calculation is performed using the coupled channel model of Eichten et al.

(4). We include ¢z statea and cqcq states with g = u,d,s and o m, = 0.335 GaV,

d
o = 0.45 GeV and o, - 1.84 GeV, Pogsible mixings of two and four quark states
through 2 u~-d mags difference should only contribute very near to thresholds

and not affect our genmeral conclusions.

The set of Four quark meson-meson states considered containa only the spin ex-

P TUR ek . .
cited F and D states of the form DD, D D+D D and D D . The next highest atate will
contain the P wave excitation of one D meson with a threshold of 4.4 GeV. Conse-
quently we consider only the ground state and first radial excitations for the
1 =0,1,2 ce system together with the 35 excitatioms and fit to the region below

4.3 GeV,

As well as colour singlet-singlet configurations for the four quark system one
can have (c&)s-(qus 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 DD meson configurations, the omission of the other



angular momentum configurations will affect mixings between the states but

should only be important at higher energies. .

The cc charmonium states couple to (ca)‘ - (Eq)’ and (cc_;)8 - (Eq)8 via the
pair creation terms in the potential (Fig. 2). The dimensoniums can also couple
to the meson-meson states via the one gluon exchange term by rearranging the

colour within the molecule.

Thus the physical charmonium states can be written as

’C;(’J-)ID = é’a:[(cé):'{"_u).‘n} ' g;,: f((cp*-(zd);(g,);m>

-5
t 22 eR) (A 1> @

i.e. as a superposition of cc states with total spin 1, octet-octet dimesonium,

. = ok mk ek , .,
and meson-meson atates (1 = DD, DD +DD , D D etc,) with relative momentum p.

For the singlet two quark states:

be @, (B)in> + 3 5 §(R;R+R) SOWCRY
t

“ 4

A A s

it S0 il - it (5)
7 Gy de Bl o)

~where ¢t and df create quark ¢ and antiquark q, respectively. The spacial

wave functions are taken in a Gaussian basis:

i
' —o(n-h) o Y
rr) - 2Ce Jn-n] Y, &% “

whers eys K ; Are obtained by a variaticnal solution to the two-body Schriidinger

equation. The meson-meson states are given by:

iz = 2 Cyss,is, ) keplee e o

neglecting any final state interactions between the mesons.

The other four quark states are given by a generalization of equations (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 mags-spectrum generated below,

The masses of all these states and their wavefunctions 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 variational procedure loses accuracy for the higher radial
excitations, we obtained the 35 ¢c wavefunction by orthogonality to the 18
and 23 states together with the minimisation of the mess and the requirement

(10):

o7hy - LTEX [PE)  ®
my*

r‘u - gte”

o+ Vi) = 01 eV

In order to calculate the mixing between these states and the masses of the
physical cc states we follow Eichten et al, {4) and study the bound state

sector resolvent:
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%(;) (M -2 +J1(1))”’ (9

The renormalized magses are determined from the location of the poles in the
resolvent, Matrix elements of J7iz), between the charmonium and di-mesonium

1 .
bound states l e ,‘( Pu)im can be expressed as

N, (e = 2V ;_:‘;gg%.lﬂ ES—E' [P.P.-E—f.s. h.::rs(c—-fy

£5.5
: (10)

<og | hfi), @) RS b s:!:;p

where iy ie the threshold energy for a given meson-meson decay sector state
S '
characterized by 1, If the D and D masses. are degenerate then it follows

that {4)

3 Y :
Z L S wavE fH:/(/‘#fﬁz)‘;(J’}-'fX ﬁ""i)xe@)“: [He D wave > - an

2ol

and all mixing between S and D states through open channels vanishes (also for

F mesons). Though there is still mixing due te the tensor force.

However, if we separate the thresholds so that despite the equal mass approxima-

= e * ok
tion the DD channel openg at 3,72 GeV, the D D at 3.86 GeV and the B 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,

Phage space factors will break this rule via mass difference (see eqn. 11).
However, it is because of this effect that it is difficult to obtain large
mixing of the 2D and 25 (as suggested by the experimental data) since their

ok ios
masses are greater than the D D threshold, whereas reasonable mixing can be

abtained for the D to 28 since the mass of the 1D astate lies between the

P - . ®
DD and D D thresholds thus giving it a contribution to R,

There is no such selection rule for nixing within the § waves or D waves

alone, and we shall see that there mixing can be large, As all our wavefunctions

are Gaussian, analytic exptessions can be obtained for the overlap integrals

of the state with the Hamiltonian.

The Hamiltonian interaction of equation (1) for a diagram of the form of

Fig., 1 is

' iE'az"ﬁ)-i’ '(ij%)'r,]
éjﬂr:rofxr' ;’;, ?5"3{ ?s“('g_f&)és.sz [4)»--#-') f ZL‘) ¢ a

. . i . i s : ++
in the non-relativistic limit, notice that the pair is created in a 0 .

Similarly if the vector form is taken we obtain:

r 3, SF ‘-ﬁﬁ,ﬁ)_?-(ﬂrg_)_:’-j(la)
i fd rdr Zn, E,J Q’Y%(ﬁrﬂ. }S,_,z 55%-7 +;rl,v} ¢

where here the pair is created in & state 1 end that the conmstant vector

part bv does not contribute,

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

two mesons (angular momentum 1) is

Y ] . -7, Lo Mo
40‘4;»4:)5!(&),”)”11(“)3; W Z ie(Pm),Ces(TJar"”e) Ye (&)

£,»

LeSes !
J(?su)(qen) s 2 1.

(18)

IR
"
V3225 +1 28 ar) S 4 & Sa
5:1 s
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where i:(?u] contains the spatial structure of the interaction. We assuma
di-mesonium states decay to two mesons predominantly via one gluon exchange,
the amplitude for this has a similar structure to that of sequation (14).
Similar expressions can be obtained for thé‘overlap of the cc state with the

di-mesonium.
Results

We first comment on the effects of the bound dimesonium states on the mass
spectrum of the charmonium system., Not unexpectgdly, because of their high
mass, their effects as shown in table {3) are small, leading to mass shifts
-of approx. —-40 MeV in the S-wave states, Only p—wave dimesonium are included.

Note that the general trend is to shift the 17" atates down in wass.

When we -include the cpen channel contributions with the potential parameters

for table (1) we will find it necessary to shift some of the states downwards

in oxder to cobtain a fit to the structure in R. (Note: because of the atrong
cancellation between the contributions from the linear component of thé potential
and bs it is possible to adjust the potential parameters and fit the low enargy
{< 4 GeV) mass spectrum when the open channel contributions are included without
arbitrary mass shifts. However, we could not simultaneously obtain with this
potential the double peak structure In R sbove 4 GeV with or without ad hoe
 mass shifts.) It is not inconsistent to attribute these shifts to additiomal

dimesonium states and the effects of open channels omitted (Dﬁp 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 mearly equal

in magnitude but opposite in sign, hence the difficulty in interpreting the
structures in R within this model. When 2bs = = 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 .

smplitude is almost total at the decay momentum.

The mixings between the two and four quark states depend predominantly on the
nearby singlet-singlet open channel contributions which as described above

depend strongly on the cancellation between the scalar amplitudes, The charmonium
states contribute to R via

@ G2 b g 0]

where the 953(0) are the cc wave functions at the origin and jfga) containg
the mixings of the various states, Thus D wave cc and 4 quark dimesonium states

obtain structure in R only through mixing with the S wave cc states.

Fig. 4 shows the structure in R obtained for 2bB = ~ 0.75 GeV which gives weak

coupling for 3D to DD, Here the 38 state has been shifted to 4.07 GeV and the

1
2D left at 4.265 GeV. If we try to weproduce the double peak in R by lowering
the 2D mass a single peak structure is still obtazined, This is a consequence of
equation (11) since the 35 and 2D are both above the Diﬁ* threshold and the
strange quark contribution to R is small. On the other hand the 25 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 35 states are above the D*ﬁ* threshold

then the 2D state cannot mix strongly and contribute to R, For 2bs * = 0,75 GeV

1o clear double peak structure could be obtained. The 2D state could couple



- 10 -
directly through higher order QCD corrections
. & 1 2
200 - o o
lee = 3 ¥ (2] )
M
For the 1D and 2D wavefunctions used this gives

. . 007k
/:z-u'c" = 083 heV j:a-n’e' 0-07k aun

both small compared with the data,

We now consider 2bs = - 0,7 GeV and vary the mass of the 35 between 4.0] GeY

and ¢.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*ﬁ* threshold interfering with the nearby 35 state, At 4.19 GeV
a single peak structure reappears just above the D*ﬁ* threshold Fig. 6, Table (3)

shows the new (renormalized) 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 con-
tributing state, The model requires that the structures be associated with the
38 and the nearby threshold. However, AR as predicted by the modei is of the
order 0.25 that of the data. That we associate with underestimating the 33 wave-
function at the origin. If we had included the QCD factor (1-16/3. ) s /2

in fhe Van-Royen-Weisskopf formula the 3§ would be increased by a facter of ¥z
at the origin. To allow for the further sffects of mixing reducing the contribu~
tion of the 38 to R we shall rather take double the wavefunction at the origin,
Fig., 7 shows AR calculated for thig mwodified 35 wavefunction at 4.19 GeV and

st = -0.7 GeV {a single enhanced peak is obtained for st = - 0.75 GeV),

- 11 -

The mechanism giving rise to this structure {s shown in Fig. 8, where we

plot the dominant coutributions to Imggmm(g). In the D*ﬁ* contribution the

35-25 interference term is constructive below 4.1 GeV and destructive above

and when combined with D*ﬁ contributions the lower peak is enhanced, Unfortunately
in the 2§s = = 0.7 CeV case the lower energy structure (the 25 peak at 3.78 GeV)
has been smeared out due to the appearance of an extra node in the decay

amplitude through the cancellation effect. We do not believe that this affects

the intecference effects between the 28 and 35 which depends on the higher
momentum part of the amplitude, Also the interference effect is present in the

2bs = = 0.75 GeV case but to a lesser degree,

Finally we plot our structure in R above 3,85 GeV on the non-charmed contribu~
tion 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 ratiocs

Rap ! Rusogo. Ros = 1! 0449 [ 0014 (18)

and at the 38 peak 1:0,13:0,02.

We mention here that it was mot necessary for the ratios equation (18) to have
a zero in the 35 decay amplitude PP channel near 4.03 GeV as suggested by some
authors (3,4,10). However, in our ratios at the 35 peak the node in the DD
channel is nearby and consequently that ratio to D*ﬁ* is sensitive to changes

in its position,

Given that the interference effects and nearby thresholds can produce peaks

in the data it would be dangerous to interpret any structures in this region
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as gluoniums, The non-relativistic quark model cannot give a unique inter-
pretation of the data above 3.8 GeV, but suggests weak coupling of the 2D to
e'e” and only the 3§ state in the 4,15 GeV region. We also noted that the

effects of 4q (dimesonium) states in this region was negligible.
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Table 1 ' Table 2
The masses of the "naive" states, scales and coefficients for the wave-functions D and F meson masses and scales with only one gaussian basis state, and the
of equation (6) with o, = 0,31, a = 0.23 Ge\i’z, 2b, = - 0.7 GeV. : potential parameters «, and 2b for the fit to the experimental masses

(a = 0.23 Gevz).

State Mags |SCales o (Gevz) Coefficients CL \
{GeV) o, o, o, &, ¢; ey s N gtate mass {GeV) scale, M (GeV") 0(‘ 2b (GeV)
3 D 1,863 '
1°s, [3.155 }0.215 0.093 0.999 - .8 0.108 0,442 =
T 0.819 8 , . 0.91 0.56 - 0,93
3 . D 2.006
2 S1 3.788 |" " " - 0.794 . . -0,497 0,210 =~
- 3 " " " F 2.030
. . -10. 0. -Q. .
cc 3 S‘ 4,430 0.243 10,894 666 50 10,857 . 0.106 0.46 - 0.86
3 F 2,140
1 D1 3.89%4 10,321 0,074 0.145 - 0.187 0.103 0,870 -~
2, |4.33 | " wo - | o210 -0.151 0.610 -
Dimesoniumf Mass |[Scales Zable 3
g::::e (Gev) e(cevz) 8(GeV2) ‘ ) Masges of states after mixing within bound state sector and also for inclusion
- = of open channels (2b = - 0.7 GeV)
oo 4884} Y6121 fo.117 0.089
cacs 6.163 |0.108. 0.088 . .. .. State Mass (GeV)
Bound state mixing only "Pull renormalized' mass|
3
. s, 3.115 3.065
The dimesonium states have an H configuration, the scale ¥ relates to the )
‘ 2%s 3,742 3.70
cross — struf  binding the quark-antiquark pairs and the € to the binding 1 ' .
between the quark antiquark at each end. Only one basis state is taken in the 3381 4,428 4,19 *
expansion with coefficient unity. The wave-function is otherwise gimilar to 131:'1 1,899 3.78 [T
that of equation (6). 3
. 2 D1 4,330 4,285

*
0.25 GeV has been subtracted by hand

*% )
0,065 GeV has been subtracted by hand



Figure Captions

Fig. 3

Fig. 4

Fig. 6

Fig. 7

Fig. 8

Fig. 9

The decay amplitudes for the 35! charmonium state into twoe mesons
as defined by equation (14). The relative momentum of the mesons
is p. The high cancellation between the linear and cons#stant con-

tributions is typical.

The charm contribution to R from exclusive channels as defined by
equation (15), in the vegion 3.7< E £ 4.2 GeV. The fit here is
with Zhs = -0,75 GeV, Only the largest contributions in R are

indicated in the figure.

The charm contribution to R from exclugsive channels in the region

3.8 <€ E< 4.3 GeV. The fit here is with st = 0.7 GeV.

Same as fig. 5 but with the 3 381 state shifted lower in mass,
AR calculates with the same parameters as used iun fig. 6 but with
the wavefunction of the 3 351, at the origin constrained to be twice

as large.

The various contributions to AR from equation (15) that give

figure 7 when summed.

The theoretical structure in R taken from figure 7 with the non-
charmed and tau lepton contributions added, also shown, the experimental

data frow the DASP collaboration (11).
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