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The hyperfine structure of the excitation spectrum of the fl-  baryon xs studied in a theoretical model. An interpretation for the 
excited f2- state at 2251 +_ 12 MeV is given. 

In a recent measurement Biagi et al. [ 1 ] obtained 
values for the masses of  two excited states of  the f~- 
baryon. One excitation was observed to have a mass 
of  2251 + 12 MeV; the other one was reported to have 
a mass of  2384 + 12 MeV. No information about the 
spin-pari ty o f  the states was presented. 

Several years ago we published a calculation of  the 
excitation spectrum of  the f~- baryon [ 2,3] using a 
spin-independent potential which was derived using 
a Born-Oppenheimer  approximation to the MIT bag 
model [4].  The mass spectrum we calculated covers 
the mass range of  the lower observed state, but not 
that of  the higher one. On the basis of  the calculated 
spectrum the state at 2251 MeV could be interpreted 
as either an S (L = 0) state with J =  ½ or a D (L = 2 ) 
state with J =  3. 

This ambiguity and the accuracy of  the mass value 
have prompted us to investigate the influence o f  the 
spin-dependent parts of  the potential on the mass 
spectrum. In this short note we report on the results 
of  this investigation. 

The dominant  spin-dependent interaction within 
the framework of  the MIT bag model description o f  
hadrons is the hyperfine interaction term associated 
with the one-gluon-exchange interaction. It consists 
of  two terms: a spin-spin and a tensor term. The spin-  
spin term is short-ranged but the precise space de- 

pendence is unknown. Nonrelativistically, this term 
is a contact term, but relativistic effects are expected 
to spread it out. Recent work on the hyperfine shift 
in quark-ant iquark systems containing at least one 
heavy quark [ 5 ] suggests that a reasonable approxi- 
mation is given by 

4 OLs V~yp~j=~zc~.2 N ~ , ~ r j e x p [ - ( r , - r j ) 2 / A  2 ] , (1) 
t'Yt s 

where the scale z] lies somewhere between 0.15 and 
0.25 fm. The factor N is a normalisation constant 
which has to be introduced to keep the strength of  
this term correct. The tensor term is given by 

ors 1 
V~yp u - -  6 m  2 r 3 ( 3 ~ t r z j ~ j r t j - - ~ , ~ j )  , (2) 

where i,j is the unit vector pointing from quark i to 
quark j, and r U is their separation. 

We take the hyperfine potential term to be the sum 
over three two-body terms, 

Vhyp= ~ V~yp i , j ~ -  V~yp l,j- (3)  
t>J 

The energy shifts due to the hyperfine interaction are 
evaluated by taking the expectation value o f  Vhyo in 
the various states of  the ~ -  spectrum. We used the 
wave functions ofref. [ 3 ], which were obtained from 
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a hyperspher ical  expansion.  The mass of  the strange 
quark then is 571 MeV. The strong coupling constant  
was taken to be 0.37 [ 5 ]. 

The precise value for A, as def ined in eq. ( 1 ), for a 
system containing strange quarks is not  known. Such 
a system was not  s tudied in ref. [ 5 ]. The value for A 
needed in ref. [ 5 ] to reproduce  the J / ~ - q  spli t t ing 
was A = 0.15 fm; the one needed to reproduce  the D -  
D* spli t t ing was A = 0.25 fm. Using a s imple gaussian 
wave function for the qua rk -an t i qua rk  groundstate  
wave function and evaluat ing the hyperf ine shift for 
the potent ia l  o f  eq. ( 1 ) one finds that  the F - F *  split- 
t ing can be reproduced  with values for A which inter- 
polate  between those needed to reproduce the J/~g-q 
and the D - D *  splitting. (We used as  = 0.3 7, rnu = 3 5 0 
MeV and m~ = 1364 MeV in these calculations. ) It is 
therefore not  unreasonable  to choose a value for A in 
the range between 0.15 and 0.25 fm. 

We have calculated the hyperf ine shift for the six 
s 3 levels we also considered in ref. [ 3 ], for a number  
o f  values of  A in the above cited range. The hyperf ine 
shifts of  these states are somewhat  sensit ive to the 
precise value of  A; the devia t ions  f rom the average 
value found are on average at the 10% level, but  at 
most  at the 20% level. 

As is clear f rom eq. (3) ,  there are two contr ibu-  
t ions from the hyperfine interaction to the level shifts: 
a sp in-sp in  and a tensor part.  Our  results for the sp in-  
spin part  of  the level shifts o f  five excited states mi-  
nus that  of  the ground state are presented in table 1. 
These differences are found to be much less sensit ive 
to the precise value o f  A. 

The last column of  table 1 shows the exci tat ion 

Table 1 
Excitation spectrum of the s 3 system including the spin-spin part 
of the hyperfine shaft. Splittings are in MeV, as = 0.37 and r G = 571 
MeV. Values of A are given in units of fro. The last column shows 
the energy levels without any hyperfine interaction. 

State A 

0.150 0 .175  0 .200  0 .225  0.250 

Ss ( ~ - )  0 0 0 0 0 0 
PM 304 304 304 304 304 321 
S~ 507 506 506 506 505 509 
SM 568 568 569 569 569 585 
Ds 574 574 575 576 577 592 
DM 581 582 582 583 583 604 

spectrum without  any hyperfine interaction ~ and we 
see that  the spect rum of  the s 3 system has come down 
a litt le upon inclusion of  the hyperf ine splitting. This 
is a consequence of  the fact that  the mass shift of  the 
ground state s 3 state due to the hyperf ine split t ing is 
the largest (about  25 MeV upwards) ,  that  o f  its ra- 
dial  exci tat ion is slightly smaller  and  that  o f  the other  
states is some 15 MeV smaller. 

Most  o f  the levels in table 1 will be shifted some- 
what further, as a function o f  their  spin, by the tensor  
part  o f  the hyperfine interaction.  The tensor  term has 
a direct  effect only in the D states, and  it splits them 
by only a few MeV. Our  results for the full hyperf ine 
interact ion of  eq. (3)  are given in table 2, but  only 
for A = 0.200 fm. Table 2 also includes the effect of  
off-diagonal  tensor  matr ix  elements in states of  the 
same total  angular  m o m e n t u m  J and parity.  Omit -  
t ing the off-diagonal matr ix  elements  would change 
the numbers  in table 2 by at most  2 MeV. 

Table 2 also shows the results of  Chao et al. [ 6 ] for 
the same states. Our  results for the hyperfine split- 
tings are a (state dependen t )  factor of  4 or  more  
smaller  for both  the sp in - sp in  and tensor  terms. The 
differences arise f rom the use of  different  coupling 
constants  and  masses, different  wave functions, and 
also f rom our  use of  a sp in - sp in  term that  is spread 
out. Our  wave functions were obta ined  f rom a poten-  
t ial  model  which incorporates  two-body Coulomb 

~ Table 2 of ref. [3] represents the same energy levels, but 
rounded off. 

Table 2 
Excitation spectrum of the s 3 system including the full hyperfine 
splitting. Splittings are in MeV, as=0.37 , ms=571 MeV and 
A=0.200 fm. 

State JP This work Chao et al. [6] 

Ss ( ~ - )  ~+ 0 0 
PM ½- 304 345 

~- 304 345 
S~ ~÷ 2 506 390 
SM ½+ 567 515 
Ds ½+ 574 535 

3 +  575 540 
!+ 2 578 550 
2 +  2 575 535 

DM !+ 583 590 2 
5 +  583 590 
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terms and a three-body confining term, whereas the 
model of ref. [6] uses exclusively two-body har- 
monic oscillator potentials. The result of these effects 
is a hyperfine interaction which is a rather smaller 
perturbation than the corresponding interaction of 
ref. [6]. 

Fig. 1 shows the mass spectrum that we have cal- 
culated, and the range covered by the experimental 
level at 2251 + 12 MeV. It is seen that seven of our 
levels fall within this range: SM ( ½ + ), Ds ( ½ +, 3 +, ~ +, 
7+ ), and D M (  3+ ,  152+ ). From the spectrum of Chao 
et al. the DM levels at 2265 MeV emerge as their best 
candidates. This implies that should further mea- 
surements favor a high J value of ~ or a low J value 

2.4 

2 2  

> 
@ 2 0  

1 8  

1,6 

1~ + 3_ + 5_. + 7 + 1 - 3 - 
2 2 2 2 '2  2- 

Fig. 1. Excitation spectrum of  the s 3 system including the full hy- 
perfine splitting as a function of the total spin J and parity P of 
the system. Masses are in GeV, as=0.37, ms=571 MeV and 
3=0.200 fm. The mass range of the experimental level is indi- 
cated by two lines at 2.239 and 2.263 GeV. The masses are com- 
puted from table 2 by adding on the mass of  the f~- (1672). 

of ½ our model is favored over the model of ref. [ 6 ]. 
A J value of 3 or ~ would not allow a distinction be- 
tween out model and that of ref. [ 6 ]. 

The model of ref. [6] has been "relativized" by 
Capstick and Isgur [ 7 ]. In ref. [ 7 ] an harmonic os- 
cillator expansion is again used for the wave function 
but the confining potential is now taken to be a string 
potential. Our three-body confining potential (ref. 
[2 ] ) is different from this string potential except at 
very large distances, which are not important in the 
calculation. After giving the actual predictions of their 
model, the authors show in their fig. 9 their "best" 
predictions which include an additional correction. 
According to this figure there are two candidates for 
the experimental level, a ~ + and 7 +, which we esti- 
mate are located at approximately 2240 MeV and 
2260 MeV, respectively. Obviously, experimental 
evidence for low J values of  3 or ½ would favor our 
model in comparison with the model of  ref. [ 7 ]. 

Any indication of substructure of the level at 2251 
MeV could serve as additional evidence for distin- 
guishing between the various models. 

We would like to thank A. Martin for informing us 
of the experimental result contained in ref. [ 1 ]. 
A.T.M.A. would like to thank the Medium Energy 
Physics Theory Group at Los Alamos for their hos- 
pitality during a visit when part of this work was done. 
This research was supported by the US Department 
of Energy. 

References 

[ 1 ] S.F. Biagi et al., Z. Phys. C 31 (1986) 33. 
[21 A.T.M. Aerts and L. Heller, Phys. Rev. D 23 (1981 ) 185. 
[3] A.T.M. Aerts and L. Heller, Phys. Rev. D 25 (1982) 1365. 
[4] A. Chodos, R.L. Jaffe, K. Johnson, C.B. Thorn and V.F. 

Weisskopf, Phys. Rev. D 9 (1974) 3471. 
[ 5 ] J.A. Carlson, U Heller and J.A. Tjon, Phys. Rev. D 37 (1988) 

744. 
[6] K.-T. Chao, N. Isgur and G. Karl, Phys. Rev. D 23 (1981) 

155. 
[ 7 ] S. Capstick and N. Isgur, Phys. Rev. D 34 ( 1986 ) 2809. 

196 


