
*CHAPTER III 

FI NE-HYPERFI 1'lE INTERACTION 

*A part of the contents of this chapter has already been 

published in Ref.(75). 



III .1. Introduction : 

The spin-averaged properties of heavy quarkonia seem to be 

described fairly accurately by a Schr6dinger equation with a 

quark-antiquar~~ potential., which has been determined empirically, 

with some guidance from quantum chromod·fnamics. The 

spin-independent potential is determined accurately at least in 

the range 0.1 fm < r <1 fm. The potential is in general agreement 

with the calculation of lattice gauge theory. The situation is, 

however, less satisfactory t.olhen one considers the spin-dependent 

effects, e.g. fine-hyperfine splittings. The fine-structures of 

x-states, which hav~ been measured fairl~ accurately presents, 

in particular, a case where the simple-minded theoretical results 

seem to fail. This may appear a bit surprising, since the 

fine-hyperfine inter~ctions are essentially ~hort-distance effects 

and one may e>: pect a QCD-motivated potential to yield good 

results. Hot.o~ever, fjne-hyper·fjne irster·ac.·tions are relativistic in 

origin and the failure of the standard non-relativistic potentials 

may be due to the fact that the spin-dependent potentials are not 

related to the non-relativistic potentials in the simple way 

normally assumed. The method of studying the spin-dependent 

interactions have been· developed by Eichten and Feinberg, 41 

Buchmuller; 44 ' 76 

prescription will 

35 42 Gromes ' and 

be summari2ed in the ne>:t 

Their 

section. The 

Breit-Fermi interaction potential which is obtained within the 
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framework of Bethe-Salpeter equation are also discussed. In 

section III.3, we consider a modification of the Brei t-Fermi 

interaction potential which leads to a better agreement with the 

e>:perimental results. The calculated results are given in section 

III.4. Theoretical results obtained by some other authors have 

been compared with our results in this section. The possible 

modification of the results due to the inclusion of a pseudoscalar 

e>:change potential is also studied. Our conclusions are summarized 

in the last section. 

III. 2. Bn~i t-Fe•·nti. potential : 

The general form of the nearly non-relativistic 

potential, as defined by the Wilson loop, can be written to lowest 

order in 

'where 

s = 

2 (v/c) as 

s + s 
1 2 

S.L 
+ ----'")-

'?M.L.· ..... Q 

( - 4 
r 

dV'")<rl 

d~ ) 

' 
(3. 1) 

(3.2} 

and v81 is the spin-independent potential, and V~, V~, V are the 
. ..... .;) 4 . 

spin-dependent ones, related to the correlation functions of 

colour electric and colour magnetic fields which are different 

from those that determine the spin-independent potential. The 

potentials V~, V~, V4 may not, in principle, be simply related to 
.L.. ~ 
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V . However, it has been noted that a conceptually simple picture 
SI · . 

may be obtained if one assumes relations similar td those that 

emerge when one considers the Breit~Fermi interaction potentials 

obtained in the non-relativistic limit of a Bethe-Salpeter 

equation with vector and scalar exchange kernels. Thus one makes 

the following identification : 

V R(r} = V (r) + V (r) 
n v s 

(3.3) 

V"(r) = v (r) <3.4> .._ v 

., 
d.<:.~} (r > dV (r} /d1~ 

V~<r> 
v v 

(3.5) = + 
.;_, 

dr 2 r 

" V
4

(r} = rv {r) (3.6) 
v ' 

where V <r> and V (r} represent the vector 
v s anl;i seal ar excha.nge 

potentials respectively. With the usual non-relativistic reduction 

of the Bethe--Salpeter equation, the fine-hyperfine energies are 

given by 

where, 
3dV /dr - dV ldr 1 < v s 

) a = --"-
"M""'" r 
.L. Q 

(3.7} 

'") 

1 
dV /dr d.L.V 

b < v v 
) = --"-

""'\M .... r 
dr 

2 
~ Q 

<3.8} 
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2 .... 
c = < ..-r-v > (3.9) 

2 v 
·3MQ 

1 -:r 

and < s1.s2 ) [ 5(5+1) 
_, 

] = 2 - 2 

< L.S > 1 
[ J (.J+1) L <L+1 > S <S+U ] 

2 ·- -

2 '") '") 

- < L.S > - (1/2){ L.S ) + ( 1 /3) < L .... >< s ..... ) 
< 5 12 > = <2L+3> <2L- 0 

It can be seen that both seal ar and vector potentials enter into 

the sp:in:._orb:it interaction term whereas the spin-spin and tensor 

interactions depend only on the vector part. The spin-dependent 

mass-splitting formula can be written conveniently in the matri>: 

form as 
"':! 

( i ) M ( -·s } = • 1/4 M0 <nS> .1 
1 

for S-states 

M ( 
1 
so } 1 -3/4 c(nS} 

7 

~ i i } M ( ~'p } = 1 1 -1/10 1/4 M
0

<nP> 
2 

N 3p } 1 -1 1 ,..., 1/4 a(nP> 
1 ~ -<-

for P-states 
...,. 

M ( -'p 
0 

} 1 -2 -1 1/4 b<nP> 

M ( ' 1 p 
1 

} 1 0 (I -3/4 c(nP) 

(iii) M 3D } = 1 2 -1/7 1/4 M0 <nD> 3 

M ( 3D } 1 -1 1/2 1/4 a.<nD> 2 for D-states 
~ 

M -D ) 
1 

1 -3 -1/2 1/4 b(nD> 

M ( 1D 
2 

) 1 0 0 -3/4 c(nD} 
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Her·e M. (nL) r·epresents the spin·-aver·aged mas~ of the system. ·Thus 
0 . . 

tor· P-·states., the centre of gravity of the triplet state· is 

given by 

M. 
3

PCOG } = ( M<
3

P0 > + 3 M<
3

P 1 > + 5 Mt
3

P2 > ) I 9 • 

7 

From the l'nown masses of ~'p J states of bb anp cc systems., it is 

customary to define the fine-structure ratio r as 

r = (3. 10}-

where MJ are the masses of the :;r-states with. total spin J. The 

e>:peri mental values give r .-- 0.8 for all .x-states. ln the limit .. 
of a coulomb potential., r = 0.8. E>:perimentall y r = o .. b7 ± 0 .. 05 

for· bb UP} ·and r = 0. 48 ± 0. 01 for cc <lP>. Therefore., ·as e>:pe~ted., 

the bb system is more.ceulombic in nature thait cc system. 

The simple prescription, Eqs. 

imposes severe constraints on the potentials VnR<r> and V (r) 
v 

and it is not surprising that the potentials fail to account for 

the observed fine-hyperfine splittings. It is now recognised that 

the hyperfine structure of P-states, in particular, cannot be 

78 . 5o 79. explained within the framework mentioned above. Ig1 and Ono ' 

have considered the radiative corrections to the potential, as 

given by Gupta., Radford and Repko48 , 49 for the spin-dependent 

interactions and foLind that the ~~ecent data on hb and he cannot be 

accounted for. Pantaleone and T 47.,80 ye, 

48 

using the potentials 



derived by the method of Eichten and Feinberg,
41 

have also reached 

similar conclusions. They even suggested a reexamination of the 

experimental results. 
81 Gupta et aL. have also noted that both bb 

and cc'data cannot be fitted with the same set of potential 

parameters. It appears that the spin-dependent interactions are 

not yet understood and further investigation is essential. 

III.3. Modi.fied Breit-Fermi potential : 

While looldng for a modification, it ¥~ill be useful 

within the frame~ork of Breit-Fermi form, although the_ validity of 

the Eqs. (3.3} - (3.6), in particular, will have to be examined 

critically. We intend to undertal{e such a study. As a first step, 

we consider a simple empirical variation of the relations 

(3.3}-(3.6>, aimed at fitting the fine-hyperfine data, without 

losing contact with the fairly successful non-relativistic 

treatment. 

We note that while the static potential has to be equal to the 

sum of V and V 
v s 

35 42 
<Grames ' sum rule), v...., does not 

.4. . 

have to be 

equal to V . This provides a possible direction for introducing a v . 

modification. We write the non-relativistic' QQ potential as in the 

previous chapter, e.~., 

where 
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f<r> = 
-r /s 

<1 + e 
0 

} 

(r-r > /s 
(1 + e o } 

, 

(2} 
and VQCD(r} is the 2-loop QCD potential. The long-range part VL is 

not well-determined and we choose 

= Ar + B ( 1 + lnAMS r } ( 3. 11> 

The motivation for including the lnAMS r term may be mentioned 

here. As has been pointed out by Olsson and 82 Suchyta, . the 

spin-orbit contribution of the confinement potential can be 

separated in the observed fine-structure of 

results are 

a conf 

aconf 

bb > = -7.7 ± 2.1 MeV 

cc > = -25.9 ± 1.3 MeV ' 

1P states and the 

(3. 12) 

,., 
while a linear confinement term kr, with k ~~ 0.2 GeV"" gives the 

values a f(bb} = -2.8 MeV and a f.(c~} = -18 MeV. Thus if the 
con . con 

Breit -Fermi form is accepted, a modification in the long-range 

potentia·} is necessary, and this can be done conveniently in the 

83 intermediate range of r values. Olsson and Suchyta considered a 

modification of the form VL(r} = Ar - air, which is supported by 

lattice gauge calculations. 84 Ltisher85 also s~ggested similar 

form from flu>:-tube considerations. We, however, prefer the form 

<3.11} because it leads to a milder behavior for the corresponding 

spin-orbit term at short-distances. We now looh for a simple 

modification of the standard Breit-Fermi relations by choosing V R 
~ n 
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= v~~r} + v (r), where 
.... s 

(2} = f . ( r > V QCD ( r > 
3 'I 

AMS r"'" ( 1-(~Jr- > , 

= 0 r > {~ (3.13> 

, 

= (1 f (r} )vL <t-) r --- ~ (3.14} _,-

2 2 
dV,_,\r)/dr 

v~·k > -L. 
(3.15} = d V,_,(r}/dr + 

,:_, 
~ r 

":> 
'./'l(r} = "l~V,_,(r) (3. 16} ..._ 

The potentials cho_sen have the following features : 

(1) The non-relativistic potential V R remains unchanged. There is . n 

no discontinuity in VnR' and the discontinuity in dVnR/dr occurs 

at a large value of r = ~ = 1.835 fm, so that the short-range 

spin-dependent results are not appreciably disturbed. 

(2) V,_,(r} differs from V <r>, the difference indicating a possible 
L './ 

contribution from non-perturbative interactions. As r ~ 0, one 

regains the one-gl uon-e>:change term. 

(3} The Woods-Sa>:on function has been introduced
66 

to interpolate 

between the perturbative and the confining regions. One may hope 

that the fine-hyp~rfine splittings could be fitted by adjusting 

these parameters. The e>:pection, hot-iever, is not fulfilled. The 
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obvious conclusion is that within the framework of Breit-Fermi 

scheme., the potentials Vv(r} and VL (r·} need some modifications. 1.-Je 

have given above a simple modification with an e>:tra parameter~· 

., f(r)V <r> 
v 

is already negligibly small., 

where a cut-off is introduced. The cut-off 

tb eliminate the unphysical perturbative QCD singularity at r = 
-1 . 

AMs· The cut-off should not affect the calculated results with 

our choice of A = 
MS 

196 MeV. 

(5} The potentials V2 <r> and Vs(r) and Vt = VnR have been shown in 

Fig.3.1. Whether the potential V~(r) should still be 
.L 

called the 

vector e~change potential is not clear., but the e>:tensi ve 

modification of the QCD potentials needed even for a modest fit 

with the eiperimental fine-hyperfine results is an indication of 

the constraints on the potentials. 

III. 4. F.ine-hypert'ine spli t.t..ing:s • 

With the choice of VnR as in above., we have solved the 

Schrooinger equation numerically and have also evaluted the 

quantities relevant for fine-hyperfine splitting replacing v by 
v 

V~ in Eqs. (3.7) - (3.9). The values of 
.L. 

the parameters Mb, Me' 

AMS ., A., B., r and 
0 

s are the same as in the previous chapter. To 

determine fine-hyperfine splittings, we have used only one extra 

parameter ~ =1.835 fm. 

The results obtained may be summarized as follows : 
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(1) The non~relativistic potential VnR gives fhe spin-averaged 

spectra fairly accurately 7 excepting for the centre of gravi!Y 

mass for the 1P states., which is about 15 MeV less than the 

experimental value. In the case of Martin potentia1, 86 the lowest 

mass Y P-state is obtained 40 MeV below the COG value. The 

absence of a coulomb-like singularity raises the S-··states 

with respect to P-states. This problem e>: i sts with Cornell 

potential also., although not recognized by the earlier workers. 

87 The reason, as given by Jacobs et aL., is that earlier worl{ers 

used the ~., lP., ~· masses while one considers, in the present 

conte~t, the COG values of the split levels. For ~and ~·., this 

change means a difference of about 25-30 MeV, whereas the shift 

for lP state is much smaller, leading to the observed 

disagr-eement. ~le have not tr-ied to remedy this, because the 

fine-hyper-fine splittings are not likely to be much altered by 

this small shift of' the COG value. We have not considered the 

spin-independent relativistic corrections. For the bb states 7 

these are anyway very small. 

(2} To study the spin-dependent interactions, we fi·rst consider 

the Breit-Fermi potentials without any modification., viz. vr') = ..... 

Vv and V
5 

= (1-fCr>) VL. The calculate~ values fqr a.,b.,c for the 

five levels C 1S,2S.,1P of cc and 1P,2P of bb >, for which the 

experimental results are available, have been shown in Table 3.1. 

It is obvious that the naive choice V = V and V = (. 1-f(r>) VL do 
2 v s 

not agree at all with the experim~ntal results. Note., in 

particular., that with V = V , one gets negative values for a and c 2 v 
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lable 3.1. Results for unmodified Breit-Fermi interaction (i) 

without and Ui} with pseudoscalar e>:change contribution. 

State 

bb OP> 

bb\2P> 

cc ( 15) 

cc(25) 

cc<lP) 

atMeV) 

E>:pt. 

10.3 
± 1.2 

34.9 
± 0.3 

Theory 

5.64 

6.97 

-18.41 

-

b~MeV> 

E>:pt. Theory 

(i) 9. 44 
12.0 
± 0.9 {ii}12.16 

0) 7. 67 
9.8 
± 1. 4 ( i i ) 1 3. 54 

(i} 8.64 
40.1 
± 0.8 (ii }30.18 

aNo 6 3 (r) term was considered for evaluating c. 

55 

c<MeV> 

Expt. Theory 

(i} -4.87 
5.4 

± 2.2 (ii)-5.12 

(i} -3. 16 

(ii) -0.35 

116 
± 5 (ii}167.82a 

92 
± 5 

(l 

(i} -5.99 

± 0. 9 ( i i } -1 • 25 



for cc states, while the eMperimental values are positivg. A 

modification of the naive choice is definitely called for. 

<3> With the choice of Eqs.<3.13}-(3.16>, we get the results shown 

in Table 3.2. The overall agreement for the fine-hyperfine 

splittings of the P-states for both bb and cc systems is 
• 

satisfactory, but leaves scopes for improvement. It has been 

possible to get a positive value (though smaller than the 

experimental value> for c for Y<1P> state. This may be taJ~en as 

indicative of the trend of the modification needed to explain 

these data. The fine interaction results are in general agreement 

with the experimental results. It may be pointed out that our 

attempt to get a positive c for 1P bb state has led to a little 

worsening of the agreement for the values of a and b. This can be 

seen by increasing the value of ~ a little, say to ~ = 1.86 fm 

where we get a·= 19.33 MeV, b = 12.9 MeV and c = 1.94 MeV for bb 

lP state. While smaller values of a and b can be obtained by 

choosing a smaller ~' the value for c becomes negative. Igi 

and Ono79 and Pantaleone and 
80 . Tye obt.:n ned negative values 

for c. None of the calculations ·could accurately fit the value 

of b for the lP(cc) state. Also, the value of c(2S) is generally 

lower than the experimental results. We have not considered any 

o3 (r) term in the spin-spin potential. Our values for a are 

slightly higher than the experimental results. It is possible 

that the lnAMS r term in the confining potential cannot describe 

accurately the necessary modification in the potential in the 

distance scales scanned by 1P or 2P bb states. 
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T~ble 3.2. Expectatio~ values of the spin~orbit (a) ~ tensor (b) 

and spin:-spin (c) potentials obtained in different.mo.dels •. 

State Values E>:peri mental . Pantaleone Igi and' Ours 
of values in MeV 

et al.. 
47.,80 0 50.,79 Eqs. no (3. 13} " <MeV> with AMS - = -(3.16) 

. 200 MeV (MeV> 

(MeV) 

bb ('1 S>- c 35.0 39.5 cog a~b 
...J • ~' 

bb<2S> c 19.0 21.5 30.8b 

a 14 .• 1 ± 0.4 13.0 14.3 19.07 

bb <1P> - 'b 12.0 ± 0.9 9.0 11.76 12.86b 

5.4 ± 2.2 
. a 

-0.772 1. 74 c -0.4,-0.5 

a 10.3 ± 1.2 9.3 9.-38 13.88 

bbC2P> b 9.8 ± 1.4 6.7 7.92 9.98 

c -0.3,-0.4a -0.542 -0.88 

cc(1S.> 116 ± 5 101.0 140 b 
r; 122.69 

cc(2S> c 92 ± 5 69.0 84 34.78b 

a 34.9 ± 0.3 48.0 40.5 33.22 

cc ( 1P> b 40.1 ± 0.8 46.0 43.6 30 .. 97 

0 ± 0.9 
.. a 

-3.49 0 .. 98 c -3.6.,-1.4 

a . 
New values obtained. 80 

bNo o3 (r} term considered for evaluating c. 
'-

-
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\4) Table 3. 3 and Table 3. 4 sho~t~ the fine-'hyperfi'ne structure of 

bb and cc systems. We have compared our results ·with recent 
. . 88 

calculations by Gupta., Radford and Sl.tchyta III <GRS>., Schmitz., 

Beavis and l<aus89 (SBI<>, .Fulcher51 (FUL) and also the e>:perimental. 

28· values • However, GRS use a non-singular potential. by considering 

different values of the .scalar-vector mi>:ing parameter for 

different flavours which need a justification. The potential 

chosen by SBJ< includes a .running coupling constant cdr) with some 

modification to avoid a singularity·. Fulcher's work is based on a 

on~-loop perturbative potential !:?Upplemented by a linear 

confining potential and a long-range spin:-orbit potential~ The 

.. 
pseudoscalar partner nc of ~ meson in our case is .very ·close to 

the e>:perimental value whereas the ·1s
0 

partner of ~·<n >·is. too c . 

high. In the Y system, the predicted centre of gravity value of lP 

state is too low if we fix the value of 13 51 energy level at 9!'60 

MeV. SBK also found similar differences but the results 'of FUL 

agree ·with the e>:periments. However, our, result for the COG of 2P 

states is very close to the experimental. value and it almos~ 

agrees with FUL's result whereas in SBI<~'s calculation, the COG is 

shifted upward by appro>:imately 20 MeV. In case of ~ mesons, the 

spin-averaged ;~-level predicted by us is about 20 MeV below its 

observed value. The energy levels of D-:-state of bh and cc systems 

are listed in Table 3.5. Her~, our results are compared with the 

51 calculated results of FUL and also of Sebastian et 

who used the poter~ti al propos~d by Gupta., Radford and Repko. In 

theY system, almost all the potential models predict .nearly 'the 
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Table 3.3. Ener·gy level spl~ttings for the Y system. · 

GRS
88 FUL51 .. SBJ<B9. 

•''·· 

State Experimental value OURS' 
<MeV) <MeV> <MeV) <MeV> <MeV) 

. 

1
3s 1 <Y> 

,,. 

9460.32 + 0.22 9460.0 946() 9461 9460.21 

1 . 
1 so (?)b) 9412.2 9420 9401.38 

2 3
8 1 <Y' > 10023.29 ± 0.31 10015.8 10006 10023 10037.70 

..-,1 r- ( • } 

.L ;:30 "7)b 9992.5 9983 1000.6.90 

3 39 (Y ... > 
1 

10355.3 ± 0.5 10357.8 10355 10362.95 

3190 <7)i;> 10339.7 10336 10343.14 

439 <Y .. ' > 
1 

10580 ± 3.5 10596.51 

4
19 <n .. ' > 0 b 

10582.46 

3 2 
1 P2<xb> .9913.2 ± 0.6 9913.9 9908 9908 9904.02 

3 1 
1 P 1 <xb> 9891.9 + 0.7 9893.3' 9895 9880 9873.60 

13P ( 0> 
. O·-~b 9859.8' ± 1. 3. 9861..8 9874 9849 9835.24 

1 . 
9894.8 .± 1 C" ' 9900.1 9901 1 p1 (hb) • ..s 9884.50 

..,. ..-, 
2...>P (· '.L.> 2 .xb 10269.0 ± 0.7 10269.8 10268 10292 10269.·66 

~ 1 _,_,._ p ( , ) 10255.2 ± 0.4 10253.7 10256 10270 10247.89 ""' 1 xb 

_,_,3P <· .o> """ o xb 10235.3 ± 1.1 10228.8 •10239 10245 10219.04 

21
P 1 <ht/ 10259.0 10262 10257.66 
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Table 3.4 Energy level splittings for the 'IJ' system. 

State E>:peri mental value GRS
98 

SBI<
99 

OURS 
<MeV) <MeV) <MeV) <MeV> 

..,.. 
1-'s

1 
<ll'> 3096.93 ± 0.09 3096.9 3107 3099.37 

1 + 1.7 2981.1 2982 2976.68 1 s_ h) > 2979.6 1.6 {_) c 

..,.. 
2~'s 

1 
<'II'' > 3686.0 ± 0.1 3689.7 3692 3671.50 

1 
2 so h)~> 3594.0 ± 5.0 3619. 1 3636.72 

...,.. ":> 
1-'p ( "'} 3556.3 ± 0.4 7C"C"'"?' ~ 3561 3535.57 2 XC ._\..._j.J-'- .:J 

13P ( 1> 
1 XC 3510.6 ± 0.5 3507.0 3490 3487.71 

3 0 
1 Po<.:t:c> 3415.1 ± 1.0 3412.2 3412 3408.04 

1 
1 Plo-,c> 3525.4 ± a 

0.8. 3518.5 3504.47 

aBaglin et aL. <Ref.27}. 
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ta~le 3.5. Predicted D-stat'f? energy level splittings for Y and 

lJI systems in MeV. 

bb system cc system 
St.ate 

FUL51 , SGZ90 OURS SGZ90 OURS 
' 

..,.. 
1-'n 

3 
10162 10153 10163.3 3830 3783~9 

·...,. 
1-'n 10160 10149 10152.4 3822' 3782.~'6 

2 

3 
1 D1 

10155' 10143 10141.5 3801 3782.1 

,< 

1 ., 
1- D2 

101'60 10150 1015~\.8 3822 3800.,0 

2
3

0 
3 

_10451 10436.6 

...,3D 
·.L. 2 10446 10432.0 

..,.. 
...,-'n 
.L. 1 10440 10425.2 

2 1
0 

2 
10447 10433.6 

' !{ 
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same spin-averaged D-state B.E. to within ± 10 MeV. For the 1D 

level of cc, the experim~ntal 
3 

value of l~D 1 state is already 

known," i.e. M<
3

D
1

} = 3769.9 ± 2.5 MeV. From the Table 3.5, we see 

that our results are marginally_better than SGZ's results, but 

leaves scope for improvement~ Moreover, using the theoretical 

value of the radiated photon energy, we have studied the- E1 

tl~ansition rates for both bb and cc systems. These are listed in 

Table 3.6 and Table 3.7. 

<5> While we are 'convinc~d of the need f_or a modification of the 

naive BF interactiqn potentials, the-question whether· this could 

come as a contribution from a po_ssible pseudoscalar e>:change 

. 35 42 potent:1al · .. ·' should also be e>:amined. The pseudoscalar e>:change 

makes no contribution in the non-relativistic . · 1 i mit . but 

contributes the following (v/c) 2 correction to the fine-hyperfine 

interaction : 

HPS 
1 si.s2 2 1 ( 2 2 

-:· 2 V VPS(r) + 2 d VPS/dr 
3MQ 3M9 (3.17> 

We .choose a fairly general VPS(r) , i.. e. ' 

' 
(3.18} 

and try for. a fit with the e>:peri mental results for 'b and c. Note 

that 2 r term does not contribute to b and the 1:/r term contributes 

only a 63 <~> term to:c~ which-we neglect for the time being. The 

results, as shown in Table. 3. 1 disagree with the ~:,;peri mental 
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Table 3.6. E1 transition rates for Y states.· 

Ex peri menta 1 Calculated . 1 El <E>:pt.) . 1 El <Theo. > 
Tran5;ition .. 

u:: <MeV> U} <MeV>. (l<eV> (l<eV> 

-
':)38 

.,. .. 1'-'p . 162.3 ± 1. 3 200.42 1.29 ± 0.31 2.40 
.L. 1 (I 

i 3 p· 
1 

130 .. 7 ± 0.7 162.76 2 .. 01 ± ().49 3 .. 86 

13 P . 2 109 .. 5. ± 0.6 132.79 1.98 ± 0.48 3 .. 50 

.,. . ?" 
-..~' 

t--'F-0 483.8 ± 1.4 512.27 0.01 ..;_, 81 .. 
13 P 

1. 
453.2 ± 0.9 477.80 0.04 ± 0.03 0.03 

13 P . 2 432.8 ± o.a 448.77 0.06 ± 0.05 0.04 

3
3 S ... 1 .. 2 3

P 0 119.3 ± 1.1 142.91 1.22 ± 0.3 2.54 

...,3p 
L 1 99.6 ± 0.4 114.42 3.08.± o~6 3.90 

.., 
'"',_)P 
.L. ·, 2 85.9 ± 0.7 92.87 3.20 ± 0 .. 7 3.48 

13P 
0 

.. 7 

1 -->r-. 
~1 39t". 7 ± 1.3 367.88 23.·13 

""" 1~P 422.5 ± 0.7 404.73 30.80 
1 

13 ? 2 
442 .. 9 ± 0.6 433.87 37.94 

':)3p 
L. 

' () 
.. t 3s 

1 
741.5 ± 2.3 730.66 6.45 

..,3p 
-<- 1 764.8 ± 0.8 757.41 7.19 

...,3p 
L 2 776.8 ± 0.7 777~.55 7. 78. 

.,. 
~.23s ':)'-'p 205.0 + 2.3 179.73 8.35 

L 0 1 
':)3p 
L 1 229.7 ± 0.9 208 .. 03 12.95 

,3p 
.£. 

2 
242 .. 3 ± 0.8 229.34 17.35 
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Table 3.7. El transition rates for_VJ states. 

E>:perimental w Calculated' w· 
Transition 

<MeV> . <MeV> 

;_,38 . 
.4. 1 .... t

3P· 0 ·261.0 254.0 

t 3 P 
1 

171.8 179.19 

13 P 2 127.7 133.41 

t
3P 

(I 
... 138 

1 
303,.2 294.69 

t
3

P 
1 

388.7 366.72 
.,. 

1 -;-'p" 
-<... 

429.4 409.29 

3351 -)> 13
P 0 558.98 

7 

1...>P 
. 1 490.52 

13 P. 
2 448.64 

..,. ..,. 
'7~'8 ---'p 149.55 ~· ' 1 

-)> 
.L. (I 

7 

---'p 
.L. 1 111.94 

2 3 P · . 2 118.48 

..,.. 
138. 2-'p _,. 685.78 

0 1 
3· 

717.64 2 P· 1 
":)3p 
""' 2 712.15 

-->3p 
.L 0 _,. "38 

~ 1 184.01 

"" 220.88 -->~p 
.L . 1 

..,.. 
-->-'p 214.52 ~ 2 
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r El <Theo.) 

<l<eV> 

64.36 

67.79. 

46.63 

170.08 

329.69 

458.35 

0.36 

0.72 

0.92 

. 37.48 

47.16 

93.20 

64.11 

73.47 

71.79 

124 .• 50 

215.34 

197.27 



results. The parameters have been chosen as E = 1.297, F = 3.2 

GeV, G = -2.052 GeV2 and H = 0.1636 GeV3 • ~Je note, in particular, 

that ·(1} pseudoscalar exchange term does not modify the spin-orbit 

interaction and hence the value!~ .. of· a remains t.m~cc~ptably .. low; .,.,.... 

(2} c for bb(1P> is still negative and (3} c for lS' and 2S states· 

can be altered by including a term = ·0.073 

-2 GeV , giving for the cc system, the values c(1S> = 116 MeV and 

cC2S> = 117.6 MeV, the latter being about 25 MeV larger than the 

experimental value- Our conclusion is that the addition of a 

pseudoscalar exchange potential-alone is not sufficient. 

I I~. 5. Conc1 usi oJ-ls : 

We have shown that the naive Breit-Fermi interactions 

CEqs. 3 .. 3-3. 6> are not consistent with the fine-hyperfine 

The formal relationships may 

perhaps be maintained-if the vector and scalar potentials are 

modified at least in the intermediate range of r values. The 

modificat1on cannot be described by a pseudoscalar exchange 

potential. It appears that the measurement of the splittings of a 

few more levels should provide suffic-ient additional constraints 

and help in deciding if the ~reit-Fermi form. of interaction is at 

all valid for he.avy quarkoni a. 
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