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Abstract 

In this work, by taking the co.fining potential with color screening etred to 

be a confining quark-antiquark potential; its etrects on heavy quarkonia el ud 

b6 are studied. In comparison with usual linearly confining potential this one 

may give Borne dUferent predictions for orbital angular momentum of high-lying 

energy levels o-I ¢(a) 8Jld improve the widths {or leptonic decay mode. 
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Conventional potential model calculations for heavy quarkonia (the cl ud ~ 

systems) have been performed mainly on the basis of linearly confining potential. In 

1986 E. Laermann et alJIJ in their lattice gauge calculations, by taking into account 

the contribution from first-order loop diagram of fermion they found that at large 

distuces the quark- utiquark potential appreciably deviates downward. from the 

linear rise. This result indicates that when distances between valence qU&1'kl &1'e 

large the interaction between quark sea and valence quarkia dearly enhanced, and 

the color confinement for valence quads is reduced, this is kn~wn as color screening 

effect. 

Laermann et al. gave a phenomenological form containing an exponential function 

V,,( 1-e-lit') to describe this kind of confining potential with the color screening effect. 

One can expand it in powers of r, up to the second order this expansion is expressed 

as ar - br'+ which has a linear behaviour when r is very small, and it tends 

to a constant as r is large enough. In fact, at present, the confining potential b 

Itill less we)] understood theoretically and there no its accurate form has been given. 

Therefore, it could be viewed 1118 a useful aitempt if one uses a phenomenological 

potential with the color screenlng effect to study heavy melon spectrum. It is dear 

that confining potential induefng the color screening effect may not be limited to 

the form quoted above. For example, in RefJ2] we proposed such type connning 

potential in a form of the usual error function VIler!(lJor). At small distances its'. . 
expansion can be expressed as a combination of first-order and third-order terms 

of r, namely a'r - b'r3+ ; with increasing r it approaches a .constant. In this 

work we have calculated energy spectra for heavy quarkonia cc and bb by using both 

phenomenological forms of confining potentials above mentioned. It is found that the 

qualitative features obtained in these two cases are essentially identical. In calculation' 

for vector coupling quark-antiquark (quark) interaction, some authorsl3] have taken 

into account condensations of quark-antiquark pairs and gluons. In their interaction 

forms, in addition to a term proportional to l/r, there were also the first-and third
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order terms of r and these two terms were opposite in sign. FIom here we have got 

an inspiration which allows us to have the potential form with error function be a 

preferable choice, that is, we now use an error function form to describe the confining 

potential with color screening effect. Theoretical values which will be displayed below 

are just the results calculated by employing this kind of potential. 

It should be pointed out especially that the fact the confining potential tends 

to a constant at large distances does not mea.n that at that tin'lE~ a quark wnuld be 

able to escape from a confined color-singlet cluster and hence the color might become 

visible. Its physical pictnre could be understood in such a way that & pair of valence 

quark and antiquark confined in a color-singlet cluster «]lq])oo interact with quark q3 

and antiquark ij. from quark sea, and then they fonn two new color-singlet dusters, 

i.e., a decay process occurs there «]lQ2)OO --1- (Q1Q.)OO(Q3Q2)OO. As a result, at this 

very moment the distance between ql and ib migltt become Ia.rge..- ~han it VIas b.;[( "fA 

and therefore they would not interact with each other anymore. As first step of our 

study, for simplicity such decay process Viill not be taken into con~ider8otic~. in this 

work. Replacing linea.rly confining potential generally accepted in potential model 

calculations by a phenomenological confining potential with color screening effect we 

solve Schrodinger equation satisfied by the qua.rk··a.ntiquark relative motion for the 

purpose of studying its effects on hea.vy quarkonium structure. 

In order to explore main features of color screening effects on some physical prop

erties we don't consider any other corrections here {or the time being, and therefore 

the Hamiltonian of the quark-antiquark system (QlQ1)OO can be approximately written 

as 

H - (1) 

(2)H o 
(3)HI 
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(4) 

where Bo is zero-point energyo( the system, ml and m2 are the quark and antiquark 

masses, respectively, /J is their reduced mass, a, is the quark-gluon coupling constant, 

VI' is the conGning strength, /Jo1 is called the color ~reening constant and r is the 

relative distance between q and I. To start with, we solve Schmdinger equation 

Ho'" =E'" exactly and treat HI as first-order perturbation. In practical solution o( 

this problem~ as in ReO·] we replace the 63(r) in Ho by its approximated (unctioll 
~ 

J(r) = 1
e-r / r , (5)

41r r ri ' ro -+ 0 

where ro is phenomenologically chosen as 

(m an GeV); m = 2/J (6) 

In calculations there a~ five parameters: a" m /Jo, VII and Bo• (or a given choice 
" 

of puameters a" m /Jo and VII the Bo is determined 80 that the evaluated 1 381 
" 

cc energy fits the measured II" mass (3097 MeV) and the 1 351 bb value fits T 

mass (9460 MeV), respectively; other parameters are adequately adjusted by the 

requirement that one can get good coincidence of energy levels with the ex,penmental 

data. 

Fig.l presents a comparison o( theoretical calculations (or cc energy spectrum 

with the experiment. The solid lines represent expedmental data, the dashed lines 

denote theoretical values for parameter set I while dot-dashed lines are theoretical 

ones for set II. These two sets of parameters are chosen as 

Set I Me - 1.3 GeV, /Jo l = 2.0Jm, VII = 1.6·GeV, a, = 0.39 ; 

Set II Me - 1.3 GeV, /Jo l =2.0Jm, V,. = 1.6 GeV, a, = 0.50. (7) 

Symbols nL (or each energy level denote the nth state with angular momentum o( 

relative motion L. Judging from the locations of eneJIgYlevels one can see that both 
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calculated results are in good agreement with experiment, each experimental level 

can be in correspondence with a theoretical value calculated by using each set of 

parameters. But there is '" dUl'erence between sets I and II in expecting the Y&1ues of 

nL for very few energy levels. 

In comparison with results obtained by using linearly confining potential ..ith 

some relativistic corrections the calculated results in this work significantly differ 
\ 

from those on the. problems of nL identification for high-lying' energy level and the 

widths for leptonic decay mode, but they are close to each other in other aspects. 

Linearly confining potential can only give a result similar to that obtained in this work 

by using parameter set II. In contrast, our confining potential with color screening 

effect via different choices of parameters V,., 1J0 t and cr, could yield two distinct nL 

identifications for so~e individual energy levels. Hereafter we shall concentrate our 

discussions on the difl'erences between our results and those of linearly confining 

potential, namely the problem of orbital momentum L identification for Jlt: = 1-':' 

energy levels of cc and the widths of its leptonic decays. It should be noted that 

we have also made calculations corresponding to another choice of quark mass Mt: = 
1.8GeV, but we found that the physical results are quite similar. Therefore, in this 

pa.per only results for mt: = 1.3GeV will be reported. 

Table 1 presents co~parison between theory and experiment for Jpt: = 1-- energy 

levels of charmonium. Six experimental energy levels are listed in the first column, 

among them only t"!'o lowest ones have been experimentally identified as states with 

orbital angular momentum 5, but others are still uncertain. Results calculated on 

basis of linearly confining po~ential[5] are given in second and third columns. One 

can see that the locations of energy levels are reproduced well, but in all cases (even 

with various corrections) the level 1/1(4160) has been interpreted as 2D-state and level 

t/J(4415) as 4S-state. It seems that this is the consequence of employing linearly 

confining potential. Things will be difl'erent if this type potential is replaced by a 



confining potential with color screemq effect in tlte form of error function. Results 

gi'fen by the ~tter potential with two dif[erent cJaoices of parameten (set I and II) 

are plotted in the 4th and 5th columns, respectively. From the results evaluated with 

our parameter set I we notice tut due to color screening effects· this type confining 

potential becomes ft~taduately as r increases, and hence may reduce the energies 

of high-lying states. For instance, by a proper choice of parameten one may get five 

S-wave solutions below 4.41 GeV. Although calculated energy )e'fel of state t/J(2D) 

lies around 4.01 GeV, yet from point of being consistent witli measured width for 

leptonic decay it would be more reasonable to explain ,,(4160) as state ,,(48). By 

varying parameters properly (e.g., increasing the Parameter a, in set ll) one can 

change the Coulomb term to a great extent, and thus there only four S-wave states 

below 4.40 GeV will appear in the solution. In this case, ,,(4160) would be interpreted 

as 2D-state and ,,(4415) as the 4S-state just as identified in calculations with linearly 

confining potential. 

Of course, how to explain the angular momentum of these energy levels will 

remain to be solved by the experimental measurements. However, we may still get 

some information from experiment for the leptonic decays of J'C =1-- charmonium 

states. Table 2 shows a comparison of theoretical values with experimental data for 

e+e- decay widths of JPc = 1-- charmonium states. In this table there are given 

absolute 'falues as well as relative ratios of the decay widths. To date theoretical 

calculations for widths themselves still have a certain inaccuracy, for this reason the 

relative ratio might be regarded as a more reliable physical quantity. Experimental 

values of six energy levels and their leptonic decay widths as well as the relative ratios 

are presented in the left columns of Tab.2. Theoretically, the partial width for decay 

of nth S-state into e+e- is represented approximately by 

(8) 

where MRS is the mass of conesponding heavy quarkonium, ef is effective charge of 
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the quark (in unit of electron charge), Q is fine structure constant, ".s(O) is the wave 

fundion of 'IS-state at the origia. The values of r,.s evaluated accordiag to above 

formula in cases of parameter let I and II are shown in the middle of tide stable. 

The data ploUed in its right columns are the results obtained by A. BarclaieUi et 

al.£&] using relativistically corrected qq potential with two choices o( their parameters. 

One can see from these data that with regard to the linea.rly confining potential, 

when energy level ,,(4415) is explained as 4S-state the deviation of theoretical width 

for decay to e+e- from the experimental one is large, even though some relativistic 

corrections to the potential have been considered. Furthennore, the measured widths 

o( e+e- decay for tIJ(4040) and ,,(4160) are basically the same, but theoretically the 

leptonic (e+ e-) decay width {or D-wave state is smaller than that for S-wave state by 

almost an order of magnitude. For this reason, a serious discrepancy between theory 

and experiment in the problem ofleptonic decay will occur if energy level "'(4160) is 

interpreted as 2D-state. This disagreement ca.nnot be removed even by including the 

mixing of 2D-and 3S-states. However, if in a confining potential the color screening 

eft'ect is taken into acconnt the ,,(4160) may be considered as 4S-state and ,,(4415) 

as 5S-state in calculations with our parameters set I, and in this way the problem 

of discrepancy in the e+ e- decay widths for JPc = 1- - energy levels could be well 

solved. 

Our results show that the color screening eft'ects may have at least two significant 

consequences for high-lying states: first, it reduces the energy of high level states; 

second, it increases the distribution of wave functions at larger distances and con

sequently decreases the values of wave functions at the origin, so that the leptonic 

decay widths could be much closer to the experimental value. This effect evidently 

appears even in our calculations wilh parameter set II. Even though .p(4415) is also 

interpreted here as 4S-state, its e+e- decay width still becomes much smaller than 

the results obtained by A. Barchielli et al., so an improvement has also been observed 

in this case. 
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We have also calculated corresponding energy spectrum for ~he bottomonium 

T. Because of larger mass of lrquark the color screening elect on the bb is not as 

remarkable as on cc system. It ma.y make an improvement only in the width for 

leptonic decay of high excited states. 

As discussed above, in the {ra.me oC nonrelativistic potential model we inves

tigated basically ~wo problems in which the color screening effects may explicitly 

manifest thern~lves, namely th,e identification for orbital momentum of JPc = 1-

quarkor.ium states and their leptonic decay widths. Obviously, tile validity Ol onr re

sults remains ~o be tested by the experiment. More accurate theoretical calculatioDs 

and their comparison with experimental data {or other physical quantiti~s of heavy 

quarkonium w;,:l bp- reported in future papers. 

Authors would like to tha.nk Professors Zhang Zongye~ He Zucxiut Qin~ r,h~ngrui 

and Shen Pengnian {or their nsetul discussiuns. 
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Fig.l. Charmmlum Spectnm. Solid lines denote experimental values , dashed and dot-dashed 
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lines represent -theoretical ones calculated with set I ·and II of parameters, respect'ively.. 
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Table 1. Energy levels tor J PC =1-- atates eharmonium. (set I and II of para.meters are specified in 

the text) 

Experiment6) (MeV) A.Barchielli&) Y-Q Chen et al.,&) 

VII .erJ(lJor) 

set I set II 

JI'I/J(lS) =JI'I/J(3097) 

,p(2S) = "'(3685) 

tJ1(3770) 

tJ1(4040) 

tJ1(4160) 

"'(4415) 

J1'I/J(lS) = J /t/J(3097) 

1/1(28) ="'(3685) 

tJ1(lD) =¢(3766) 

tJ1{3S) = tJ1{4056) 

,p(2D) = tJ1(4158) 

tJ1(4S) =1/1(4407) 

JI'I/J(lS) = lI1/l(3097) 

'I/I(2S) : tJ1( 3686) 

tJ1{lD) = tJ1(3803) 

t/J(3S) :. 1/J( 4098) 

t/J(2D) = :P(4176) 

,p(4S) '" t/j( 4443) 

J/?/J(lS) = ..T/t/J(3097) 

~(2S) ="'(3688) 

tJ1(lD) = '1/1(3769) 

t/J(3S) =¢(4013) 

,p(2D) = tJ1(4069} 

¢(4S) = 'I/J(4220) 

tJ1(55) = tP(4408) 

J/'1/1(18) =J1t/J (3097) 

tJ1{2S) =tJ1(3673) 

,p(lD) =tJ1(3763) 

tJ1(3S) = tJ1( 4024) 

tJ1{2D) =,p(4067) 

,p(45) =tJ1(4396) 
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Table 2. Decaf widths r..s(e+e-) and their relati''''~ ratios for J Pc = r 1 state!'! cha.t'monium (choices I 

and II of parameter. are apeci1led in the text) 

Experimental valuesS) 

Energy levela(MeV) r(e+e-)(KeV) 

+0.29 

Jlt/J =JIt/J(3097) 5.36 -0.28 

r;/rJ/; 

I 

r..s(e+e-) 

5.48(15) 

V,.er J(por) 

'll 

rns/rl$ r.s(e+e-) 
.

3.79(15) 

rnsfrtS 

I 

r.s{e+e-) 
.. 

5.02(15) 

A.BeEChieDi et aL,') 

11 

r.S{rlS r.s(e+e-) 

3.12(18) 

r-s/rtS 

,p(2S) =,p(3685) , 2.14::J:0.27 0.40 2.45(25) 0.45 1.70(15) 0.45 2.40(15) 0.48 1.65(2S) 0.53 

¢(3770) 0.24::J:0.05 0.04 

,p(4040) 0.15:f::0.15 0.14 1.41(35) 0.26 0.99(35) 0.26 1.60(35) 0.32 1 1•10(35) 0.35 

t/J(416Q) 0.77::i:0.23 0.14 0.87(45) 0.16 

¢(4415) 0.47±0.1 0.09 0.55(55) 0.094 0.49(45) 0.13 1.24(45) 0.25 0.892(45) 0.29 


