* CHAFTER 111

FINE-HYFERFINE INTERACTION

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

published in Ref. {(75).
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I1¥.3i. Introduction :

The spin—averaged properties of heavy guarkonia seem to be
described fairly accurately by a Schridinger eguation with a
quark;antiqgark potential, which has been determined empirically,
with some guitdance from quantum chrompdynamics. The
épin—iﬁdependent potential is determined accurafely at least in
the range 0.1 fm < r <1 fm. The potentizl i= in general agreement
with the calculation of lattice gauge theory. The situeation is,
however, less satisfactory when one considerse  the Spin—dependent
effects, e.g. fine-hyperfine splittings. The fine-structures of
y—=tates, which have been measwred fairly accurately presents,
in particular, = case where the simple-minded theoretical results
sgem to fail., This may appear & bit =wprising, since the
fine-hyperfine interactions are essentixlly short-distance effecis
and one may expect a 8CD-—motivated potential to vyield good
resalts. However, fine-hyperfine ihteractions.are relativistic in
origin and the failure of the standard non-relativistic potentials
may be due to the fact that the spin—dependent potentialé are not
related to the mon—relativistic potentials in the simple way

normally  assumed. The wmethod of studying the spin-dependent

interactions have been developed by Eichten and Feinberg,41
7\:" 2 -

Buchmﬁller;44’76 Bromes“d’q_and Dthers?’gq’4&’48’4q’77 Their

prescription will be summarized in the next section. The

Breit—Fermi interaction potential which is obtained within the
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framework of Rethe-Salpeter esguation aré also discussed. In
section 111.3, we cnnsider‘ & deific%tiDn of the Breit-Fermi
interaction potential which leads to a bétter agreement with the
experimental results. The calculated resuits are given in section
111.4. Theoretical resulits obtained by some Diher( authors have
been camﬁar&d with our results in  this section¥ The possible
modi fication of the results due to thg inclusion of a pseudoscalar
exchange potential is also studied. Bur conclusions are summarized

in the last section.
I11.2. Breit-Fermi potential :

The general form of the nearly non—relativistic 819}
potential, as defined by the Wilson loop, can be written to lowest

b
order in {(v/c)* as ]
av a¥._(r)
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S =5,+ 5, and S, 348, PSP Sz'bz) {3.2)

and is the spin-~independent potential, and V_, V_, ¥V,  are the
51 . ~ 2 3 T4 ,
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_, V may not, in principle, be simply related to

4

-
pus
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VSI'

may be obtained i+ one agsumés relations similtar to those that

However, it has been noted that a conceptually simple picture

energe when one considers the Breit-Fermi  interaction potentizals
obtained in the non—-relativistic limit of a Bethe—-Salpeter
equation with vector and scalar exchange kernels. Thus one makes

the following identification :

o (r)y =V (r) + V () (3. 3)
v 5 .

VSI(r) ~ nR
Votr) = Vo Ar) {3.48)
pra A4
d‘uvtr> dv,, {r)/dr
Votr) = - — + = {3.5)
-
Voiry = 9 i) . {3.56)

where Vv(r) ard Vstr) represent the wvector and scalar exchange
potentials respectively. With the usual non-relativistic reduction

of the Bethe"Salpéter equation, the fine-hyperfine energies are

given by
< VSD(r} > = a<L.S> %+ b <512> + <Si'82> s
where,
_ s advv /dr — dvs‘/dr (3.7
a = = < = >
=37 .
LMQ
z2
1 dUV /dr d Vv
b = 5 < = - = > {3.8)
SMQ dr

.



and <

<

It can be

the spin—orbit interaction term whereas the spin-spin

interactions depend only on the vector

(3.9

< TV
=1 gsey - 23
2 2
% [ J¢J+1) — L{L+1) — S5{S+1) 3
2 2 L2
~ LS > (1/DIC L.S > + {(1/33< L >< 58° >
2Ly (= 1)

seen that

both scalar and vector potentials

part.

The

enter into

and tensor

spin—dependent

mass—splitting formula can be written conveniently in the matris

form as
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Her e MO(nL) represents the spin-averaged mass of the system. ° Thus
tor P-states, the centre of gravity of the triplet state  is
given by

M o( Op » o= [ MR £ I NCPD 5 MR ]/ 9L

-~

From the known masses of ﬁPJ states of bb and FE systems, i1t is

customary to define the fine-structure ratio r as

M, -~ MO
I 2 (3.10)-

(M} - ﬁO}

where NJ are the masses of the xfstatES with total spin Jf -The
Experimental values give r « 0.8 for all x—states. In the limit
of a coulomb potential, + = 0.B. Experimentally r = 6.67_ r Q.0%
for bB(IP)Y and r = 0.48 + 0.01 for cC{iF). Therefore, as expected,
the bb system is more coulombic in nature thah cc sysfeﬁ.

The simpie prescription, Egs. 53.3)—(3.5), 'hnwévér,'
itmposes severe constraints on the potentials VnR(r) and Uv(r)
and it is not surprising that the potentials fail to account for
the observed fine-hyperfine splittings. It is now recognised fhat
the hyperfine structure of P-states, in particular, ‘cahnot be
explained78 within the framework mentioned above. Igi and Dnaso’79'
have caonsidered the radiative corrections to the potential, as

48,49

given by Gupta, Radford and Repko for the spin—dependent

interactions and found that the recent data on hb and hc cannot be

47,80

accounted for. Fantaleone and Tye, using the potentials
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derived by the method of Eichten and Feinberg,41 have alsc reached
similar conclusions. They even suggested a reexamination of the
experimental resulits. Gupta et al.s1 Bavé alsc noted that both bb
and cE"data cannct be fitted with the same =set of potential
parameters. It appéars that the s=spin—dependent interactions are

not yet understopd and further investigation is essential.
I1¥.3. Modified Breit-Fermi poteniial :

While looking ftor a dei?icatiBn, it will be useful to work
within the framework of Breit-Fermi form, although the validity of
the Egs. {3.3)} — (3.6}, in particular, will have to be examined
critically; We intend to undertake such a study. As a first step,
we consider a simple empirical variation of the reiations
(3.3)Y—(3.6), aimed at fittiﬁg the fine-hyperfine data, without
losing cantacf with the faivrly successful non—relativistic
treatment.

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

25,42
sum of Vv and VS {Gromes™ "7 ©

sum rule), VY, does not have to be
equal to VV. This provides a possible direction for introducing a
modi fication. We write the non-relativistic DR potential as in the
previous chapter, e. g. 4

{2)

\'l = —
nR f(r)vacntr) + (1 f.(r))VL(r)

where

49



- /s

: o
firy = {1 + e } ,
(r—ro)/s

{1 + & }

-
and VQE;(F) is the 2-lcop 8CD potential. The long—range part VL is

not well-determined and we choose

} — — -
%Ltr) M+ B {1+ inAMS ro) . 3.11)
The motivation for including the lnAﬁg v tesrm may be menticned
-
here. fAs has been pointed ovt by Olsson and Suchyta,a“ the

spin-orbit contribution of the confinement potential can be
separated in the chserved fine-structure of (P states and the
results are -

B ) = -7.7 £ 2.1 MsV

o £ *
can -
3. 12)

2} cc ¥y = —25.9 + 1.3 MeV |
cont

i)
while a linear confinement term kr, with k¥ ~ 0.2 BeV" gives the

values o
con

o scmE) = -2.8 MeV and a_ {cc) = —18 MeV. Thus if the

onf

Breit—Fermi form is accepted, & modification in  the 1long-range
potential is necessary, and this can be done conveniently in the
intermediate range of r values., Blsson and Suchytagb considered =&

modification of the form VLir) = Ar - o/ry which is supported by
. . 84 ac . Lo
lattice gauvge calculations. Liysher alsp siiggested & similar
form from fluw-tube considerations. We, however, prefer the form
({3.11) because it leads to & milder behavior for the corresponding

spin—orbit term at short-distances. We now look for = simple

mogdi fication of the standard Breit-Fermi relations by choosing VrH
“ 3

SO



= VM ir) + V_Gr), where

_ £2)
Voir) = $4r)V 50 r) - A

§_ 2 - - <"
ocD Fs v $1-13/v 3, o= s

3 2 )

Vo) = [1 - f(r))UL(r) + A;S RS £ 74 2 B r s

= (1 - ftr})VLir) ro> 3 {3.14)

- - GV, ir)/dr
Voir) = - dtVSry Zar T — (3. 15)
pos.) 4
2

Matr) = TV r . , 3. 16)

The potentials chosen have the following festures @

{1} The non-relativistic potential Un remains unchanged. There is

K

no discontinuity in V and the discontinuity in an /dr occurs

R

at & large value of v = 3 = 1.835 +m, 50 that the s=short-range

nik?

spin—dependent resulis are not appreciably disturbed.

(2) Vzér) differs from VV(r), the difference indicating a possible
contribution from -non—perturbative interactions. As + » 0O, one
regains the one—-glucn—exchange term.

{3} The Woopds—-Sarxon function hbhas been introduced66 to interpolate
between the perturbétive and the confining regions. Bne may hope
that the fine—hypérfine'splittings-cou}d be fitted by adjusting

these parameters. The expection, however, is not fulfiltled., The



obvious conclusion is that within the framework of Breit--Fermi

1]

scheme, the potentials UV(F) and VL(r} need some modifications. we

have given above a simple modification with an extra psirameter f§S.

4y At r = 3 < A—i~ s f(r)Ugir} is already negligibly small,
MS

where a cut-opff is introduced. The cut-off is needed anyway

to eliminate the unphysical perturbative QCD singularity at v =

A%%. The cut-off should not affect the calculated results with
pur choice a# A_~ = 1946 MEV.

MS
{3} The potentials V_ ir) and V_{r) and Vt = VnR have been shown in

Fig.3.1. Whether the ‘potential Vzir) shoutd still be called‘ the
vector enchange potential i1s ot clear, but the extensive
modification of the 8ED potentials needed even for & modest fit
with the erxperimental fine-hyperfine results is an  indication of

the constraints on the potentisls.
I1T. 4. Fine-hyperfine splittings

With the choice of V_ o as in above, we have solved the

Schridinger eguation numerically and have also evaluted the
guantitie= relevant for fine-hyperfine splitting replacing Vv by

s

V, in Egs. {(3.7) - (3.9). The values of the parameters Mb’ MC

Aﬁg s A, H, Yo arnd & are the same &= in the previous chapter. To
determine fine—hyperfine splittings, we have used only one extra

parameter 3 =1.835 fm.

The results obtained may be summarized a=s follows :



Potentidls (GeV)

- 2‘0 1 : | 1 :
0-3 0-6 0-9 1-2 5 1.8 21
r(fm)

Fig.3.1. The o potentials V_ {r) , V_{r) and the total potential
£ =

vnR = Vz(r) + VE(F) .



(1} The non-relativistic potential Vn . gives the spin-averaged

R
spectra fairly accurate}y,’exceptingufor the centre' of gra#iFy
mass for the iF states, which is ‘abDut 15 MeV less than the
experimental value. In the case of Martin potential,a6 the lowest
mass Y P-state is obtained. 40 MeW below the COG  value. The
absence of & couwlomb-like singularity railses . the S-states
with respect to' F-states. This problem exists with Cornell
potentzal aléa, =lthough not recognized by thg earlier workers.
The reason, as given by Jacocks et al.?7 is that earlier workers
vsed the yw, 1P, ' masses while Bné considers, in the present
context, the £O6 values of the split levels. For y and y', this
change means a difference of zabout 25-30 MeV, whereas the shift
for 1P state is much smaller, | leading to the observed
dizagreement. We have not tried to remedy this, because the
fine-hyperfine splittings are not likely +to be mach altered by
this small shift_of the CDOG value. We have not considered the
spin—independent reiafivistic corrections. For the bb .states,
these are anyway very small.

{2) To study the spin-dependent interactions, we first consider
the Breit-Fermi potentials without any modification, _viz. Vz =
VV and VS = (l—ftr)) UL. The calculated values for a,b;c for the
five levels { 15,25,1P of cc and 1F,2FP of bb Yy for which the
Exﬁerimeﬁtal resu}té aré available, bave been shown in Table 3.1.
If is obvious that the naive choice V=V and V_= ( t—fu2) V, do

not agree at a1l with the experimentxl results, 'Nate,_ in

particular, that with V_= Uv, one gets negative valuwes for o and ¢

549



Table 3.1 Results for unmodified Hreit-Fermi interaction {i)

without and {(ii) with pseudoscalar exchange contribution.

c{Me\) b {Me\) c {MeV}
State -
Expt. Theory . Expt. Theory Expt. Theory
_ {1} .44 {iy—-4.87
bb{1F) 14.1% S.64 12.0 5.4
£ .4 , X 0.9 {31i)12.14 £ 2.2 {11)-5.12
_ 11 7.47 {11)Y-3.18
bbb {2F) 10.3 b.97 2.8
£ 1.2 + 1.4 €i31}313.54 {11)—Q.35
_ ‘ ¢1)32.37°
cciis) - 116 N
: 5 {ii)1s67.82%
_ (i) 25,04
cc{258) 22 a
x5 {11)145.69
_ {1) B.584 {i) —5.99
cc{if) 349 ~18.41 40,1 Q
+ Q.3 + 0.8 {i11)130.18 £ 0,9 {ii)-1.25

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

]|
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for cc states, while the experimental values are positive. A
modificatioa Dflthe naive cbaice is definitely called for.

{3) With the cheoice of Egs, (3.13)~€(3.16), we éet the resulis shown
in Table 3.2. The overall agreement for the fine—hyperfiné
splittings of the 'P—states' for both bb. and cc systems is
saticfactory, but lesves scopes for improvement. It ha=s been
possiblie to get a positive wvalue {(though sﬁaller than the
experimental value) for ¢ for Y{lP) state. This may be taken as
indicative of the trend of the modification needed ‘tD éxplain
these data. The fine interactinn.results se in general agreement
with the e#perimental results. It may be ﬁointed out that our
attempt'to get = posttive ¢ for 1P bb state has led to a little
worsening of the agreeﬁent for the values of o and b. This can be
seen by increasihg the value of £ a little,;, say to B = 1.86_ fm
where we get o = 12.33 MeV, b = 12.9 Mév and ¢ = 1.94 MeV for bb
iF state. While smaller values of «@ and b can be obtained by
choosing a smaller 3 the va}ue for c¢ becomes negative., Igi
and Dn07q and Pantaleone and Tyeao Dbtaineq negative values
for c¢. None of the calculations could accurately fit the value
of b for the 1P{cc) state. A}so, the value of c(25) is generally
lower than the e#perimental resitlits. We have not considered any
63(r) term in the spin-spin potential. Our values for o are
slightly higher than the experimental results. It is possible
that the lnA.= r term in the confining potential cannot' desciibe

MSs

accurately the necessary modification in the potential in  the

. | _
distance scales scanned by 1P or 2F bb states.

Sb



Table X.2. Expectation values of the spin-orbit (q), tensor  (b)

and spin-spin o) potentials obtained in diffefent_qugls.m

State Values Experimental :Pan{aleone Igi and " Ours
: -af values in MeV 47,80 50,79 | - Egs.
, et wl. _ Ono , (3. 17)
',_(MEV) 4 with Aﬁg =1 3.18)
' C 200 MeV “{MeV)
{MeV) o
bb{1S) c , . 5.0 : 39.5 sa. 83°
- — * . ' b
bB(2S) ¢ : 19.0 21.5 - 30.8
o 14,1 * 0.4 13.0 14.3 19.07
bB(IFY B - - . 12.0 * 0.9 9.0 11.76 C1z.88Y
c 5.4 & 2.2 -0.4,-0.5° -0.772 1.74
o 10.3 £ 1.2 9.3 9.38  13.88
bb(2P) b 9.8 £ 1.4 5.7 7.92 9.98
¢ ~0.3,-0.4% - -0.542 ~0.88
eCi18) - ¢ 116 + 5 101.0 140 122.69°
£c{28) e 92 + 5 69.G 84 34. 78"
a 34.9 + 0.3 48.0 40.5 33.22
cCEiF B . 40.1 * 0.8 A6.0 - A3.5 30,97
‘c o 0 %

0.9 ~3.6,-1.47 ~3.4% . Q.98

aNEW values obtaineﬁ.ae

hY

bNa & Ar? term'cpnsigerea fdr evaluating c.

-r
-~



{4) Table 3.3 and Table X.4 show the>finegﬁyperfihe‘structure‘of
bt and cc systems. We have compared our results with recent

calculations by Gupta, Radford and Suchyta IiI88 {GRS)Y, Schmitz,

1(FUL) and also the experimentatl.

Beavis and Kausa? (SBK),AFQICherS
valueszs; Hﬁwever? GRS.use &  pon-singul ar puiantiaIAGy considering
di%ferent values of the scalar-vector mixing parametér for
different flavours which need & justification. The potential
chosen>by SHi includes‘a,running coupling constant a(f) with some
m&dificatinn to avoid a singularity. Fulcherfs work is based‘qn 3
one-loop pérturbative potential supplemented‘ by >a iinear
confining pnténtial and a }6ng—range spinforgit boiential; The
pseudoscal ar partnef N of y mesoniin Duf caée is very close to
the experimental value whereas the'180 partner of w‘(nc)‘is,‘too
high. In the Y system, the predictéd centre of gravity value of 1P
state is too low if we fix the value of 1381 ehergy level at 996§
MeV. SBK also found similar differences but the resﬁlts'lof' FuL
agree'w?th the expériments. However , aur)resuit for the COG of 2P
states is very close to the experimental. value and',_ifh‘ almost
agrees with-FUL's result whereas in SBK;S caléulatipn, thé CDB is
shifted upward by approximatély 20 MeV. In case‘of ¥ meéﬁns;- the
spin—ayéraged x—level predicted by us is about 20 MeV below its
Dpserved value. The energy levels Df Dfstate,of bt and cc systems
are listed in Table 3.5. Heré, our results afE compared witﬁ ;hé'

;a}culated results of H.!L"‘1

and alsc of Sebastian et al. %85
- who used the poteﬁtial prdpnséd by Gupta, Radford and Repko. In'

the Y system,'almost'all the poteﬁtia} models predict ‘nearly " the

58



Table

3.3. Energy level éplittihgs for the Y syétem; 3

State | Experimental value | BrsCC | Fu™ | sm®7 | oURS
{MeV) {MeV) {MeV) (MeV) mew{
178 4¥) 9460.32 £ 0.22 9350.0  9as0 9461  9460.21
118, tn,) 9412.2 9420 9401.38
278, 4Y')  10023.29 + 0.3 10015.8 10006 10023 10037.70
zisocné> 9992.5 9983 10006. 90
38, () 10355.3 ¢ 0.5 10357.8 103585 '103§2.95
3te, ing) 10339.7 1033 10343, 14
475 (Y"r) 10580 * 3.5 10594.51
4lsotng') 10582. 86
15, () 9T 2 £ 0.6 9913.9 9908 9708 9904.02
15P (0 9891.9 * 0.7 9893.3° 9895 - 9880 9873. 60
1*9 ot 9859.8 + 1.3, 9B61.8 9874 . 9849 . 9835.24
1 Plth ) 1 9894.8 £ 1.5 99G0.1 9901 9854.50
2P, () 10269.0 * 0.7 10269.8 10268 10292 1ozé§;£e
2P () 10255.2 £ 0.4 10253.7 10256 10270  10247.89
2Ry tx], 10235.3 * 1.1 10228.8 10239 10245  10219.04
zlélthéx 10259.0 10262 10257. 66

=9



Table 3.4 Energy level splittings for the y system.

State Experimental value GRSES Sﬂﬂa? OuURS

{MeV) {Melh) (MeV) {(MeV)
lésltw) JIOR6.2FT + G.09 JI095.9 3107 IO, 37
115_(n } 2979.6 + 1.7 29811 2982 2976.468

O Yc - 1.6 :
2°51(w') 3I686.0 X 0.1 3I689.7 3692 JI&671.50
QISO(né) ISF4,.0 * 5.0 3519.% 3636.72
3 2

1 P”(xc) J3556.3 *r O.4 A8BS3ALS J561 IS35.57
léPl(xi) 3I510.6 * Q.85 ISO07.Q JT490 3487.71
iaPO(xg) I4i5.1 * 1.0 I412.2 3412 3408. 04
llPlthC) JIS5ZS5.4 0t 0.8? 3518.5 350447

®maglin et al. (Ref.27).

&0



Tablé 3I.%. Fredicted D-state énergy level splittings for Y and -

y systems in MeV.

: bb system N _cE system v

AR Ry ‘s@z 0 OURS | 582?0 | ouRS
15D 1012 10153 10163.3 ~ 3@30 3783{9
iapz 10160 10149 10152.4 3822 278206
1°p, - 10155 10143 1014{.5 38o1 s782.4
ctle, T tots0 10150 | 10153.8 3822 | EBOO;CJ
2%n . . 10451 10436. &

2392 10446 10432.0

231)1 10440 1042§.2

2102 S 10887  ° 10433.

&1



" same spin-averaged D-state HR.E. to within % 10 MeV. For the 1D

1g§ei of CE, the exsperimental walue of 1301 state is é}ready
known, L. e. M(&Dl) = 3769.9 *£.2.5 MeV. From the Table 3.5, we see

thét our results aré marginally_béttér thén_ 567 's results, \but

leaves scope for iméfovemept; Noreoyer, using the theoretical

wvalue of the radiated phqtqn energy, we have studied the-}El-
transition - ratés far both ‘bE and cc 5§5tém5. These are ;iste& in

Table 3.% and T%ble 3I.7.

(5) While we are convinced of the need for a modification of the

naive BF interattiéh potentials, the guestion whether this could

come &s a contribution from a possible pseuwdoscalar  eschange

5,42

2

potential - should BISG'EE examined. The ﬁseudoscalar exchange

makes no contribution in the non—relativistic 1limit . but

contributes the following tv!c)z'carrection to the fine-hyperfine

interaction :

s
d{PS/dr

17 2 y r dE g 2 5
Hog g Sy S, TVgtr) + e ( a7vpg/ar —— ) 85 -
& @ (3. 17)
We choose a fairly genera}_vpstr) s L.B. 4
_ : 2 .
UPS(r) = E/r + F lnAﬁg r + Br + Hr » . (3.18)

and try for a fit wifh the experimental results for & and c. . Note
2 . ’ - )
that r“ term does not contribute to b and the /v term contributes
X, ‘ L ~ el e
only a & (r) term to c; which . we neglect for the time being. The

results, as shown in Table 3.1 disagree with the _axperimehtal



Table 3.6. Ei transition rates for Y states. .

Experimental | Calculated | I'_, (Expt.}| I'_, {Theo.)
s El = Et
Transition _ . . ’ . ~
Cw . iMew) Cw {MeV). - {KeV) (KeV)
278, » 7P, 162.3 & 1.3 200.42 1.29 £ 0.3 2.40
1°F, 130.7 £ 0.7 162.76 2,01 * 0.49  3.86
7P, 109.5 ¢ 0.6 132.79 1.98 + 0.48 3.50
378, » 1P 483.8 + 1.4 512,27 ‘ _ 0.01
1P, 453.2 t 0.9 477.80¢ - 0.08 * 0.03 0.03
1P, 432.8 * 0.8 448.77  0.0& % 0.05 0. 08
£ . -
378, » 2°P, 119.3 % 1.1 142,91 1.22 + 0.3 2.54
2°F 99.6 + 0.4 114. 42 3.08 . 0.6 3.90
2°p,, 85.9 + 0.7 92.87  3.26 t 0.7 3. 48
17F, » 175, 3F91.7 + 1.3 367.88 ' 23.13
1°P, 422.5 * 0.7 804.73 | 30.80
1°F, 442.9 t 0.6 433.87 : 37.94
£~ . . ) .

2P, » 178, 741.5 + 2.3 730. 66 ' 6.45
27, 764.8 t 0.8  757.41 ' 7.19
2°p 776.8 £ 0.7 777.55 7.78
2%, +.278, 205.0 * 2.3 179. 73 : 8.35
27, 229.7 % 0.9 208.03 | 12,95
27p, 242.% £ 0.8 229.34 . 17.35

&3



Table 3.7. El transition rates for y states.

I, (Theo.)

Experimental w Calculated w
Transition'. ) ‘El .
{(MeV) . {MeV) {KeV)
278, » 17P, 261.0 254.0 64.36 -
1P 171.8 179.19 867.79 -
1°F., 127.7 133, 41 46. 6%
P« .
1¢PO > 1"’51 303.2 294, 69 170.08
1*P1' 388.7 366,72 329.69
1P 429.4 409.29 458,35
3951 > 1*P0 558,98 .34
1°P1 490,52 0.72
1°P, 448, &4 0.92
38, » 2P, 149.55 ' 37.48
2°F, 111.94 47.16
27, 118,48 93, 20
3 3 o '
2P, » 178, 585,78 64.11
27 717.64 73.47
2°P,, 712.15 71.79
r * N
QJPO > 2“51 184. 0t 124,50
2391 270.88 215,34
- ' “
2P, - 214,52 197.27 .
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resu;ts. The pafameters have been chésen'ale = 1.297, _F = 3.2
GeV, & = -2.052 GEV2 and H = 0.16356 GEUE. We note, inv particular,
that'(1) p5eQdD5ca1ar ex;hange ter&:dnés not modify the spin-orbit
ipte%a;tion and hence tge valueé'of'a remains unét;éptably'llow;

{2} ¢ for bEf!P)»is still pegative and {3) ¢ for 15 and 2S5 states-

can be altered by including a term kéétr)Si.Sa with & = . .G,073
a | _ ‘ L1 , .
GeV 7, giving for the cc system, the values c{15) = 116 MeV. and’

c{?S) = 117.86 Mel, the latter being about 25 MeV larger than the
experimental value. Ow conclusion 3is  that the addition of a

pseudoscalar exchange potential alone is not sufficient.
I1I1.5. Conclusions :

We havé showrs. that the naive Breit-Fermi interactions
(Eqs.S,S—S;é) are not cgnsisteni with the fine—hyperfine
spii}téﬁgs of heéQy quarkoﬁia. The fof@é} relationships may
perhéps be maintained if the vectorv and 5;alar' patentialg.'are
mé&ified at least in thé intermed;ate raﬁge of r values. The
modi fication cannot bé described by a pseudoscalar .egchange
potential. It appears that the measmremen£ of the splittings of =
few more lévels shoulé provide sufficient' additional constraints
and help in detidihg if the Hreit-Fermi form of interaction is ét

all valid for heavy quarkonia.





