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We employ a quark model with ingredients suggested by quantum chromodynamics to study strangeness — 2 and
— 3 resonances. Predictions of the spectrum and decay couplings of such states are made based on previous studies

of the nonstrange and strangeness — 1 sectors.

I. INTRODUCTION

The application of various ideas suggested by
quantum chromodynamics (QCD) to the study of
the low-energy properties of hadrons—their spec-
trum, decays, moments, and so on—-has proved
to be quite fruitful. The QCD-like models which
have been used in this regime are based on a two-
component picture! in which the structure of had-
rons is dominated by (1) a flavor-independent con-
finement introduced by hand in the form of poten-
tials, bags, strings, etc., and (2) short-range
forces of the type expected from one-gluon ex-
change. The first of these ideas is based on the
picture that (in the static approximation) the con-
fining forces between, say, a quark and an anti-
quark depend only on their colors and not on their
flavors, i.e., that it is the color that counts. The
second ingredient is introduced by assuming that
the phenomenological confinement potential can be
introduced in such a way as to embrace most of
the effects of higher-order gluon exchanges so that
the remainder of the interquark force may be ap-
proximated by the (color-dependent) one-gluon-
exchange terms analogous to the one-photon-ex-

change terms which dominate atomic spectroscopy.

The color hyperfine interactions are actually the
most important of these latter interactions and are
responsible for such prominant features as the
A-N and p-7 splittings.

The applications of this “soft-QCD” program
have been quite extensive and have had consider-
able phenomenological success.?™* It is our inten-
tion here to extend these calculations to the S=-2
and -3 baryons associated with the low-lying SU(6)
supermultiplets (56,0*), (70,17), (56’,0%), (70,0%),
(56,2%), (70,2%), and (20,1*) which have been stu-
died already for S=0 and —1. While the present
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data on S=-2 and -3 baryons are sparse they are
constantly improving; we may even hope that by
demonstrating the relevance of such data to testing
the ideas of soft QCD we may encourage further
work along these lines. Of course, we also feel
that it is worthwhile to display the predictions of
our model for these sectors before the data are in.
There are indeed several ways in which the =’s
and ©’s will provide tests of soft-QCD models. If
the confinement is flavor independent then, as
shown in Ref. 3, SU(3) symmetry is “maximally”’
violated in excited baryons by the solutions
of the confinement problem, as the baryons ar-
range themselves in ideally mixed configurations
analogous to the ideally mixed states which occur
in mesons. In such circumstances the use of the
totally antisymmetrized SU(6) basis states becomes
ill advised and (taking the case S=—1) another
basis—the “uds basis” in which the strange quark
is singled out as quark 3 but in which the non-
strange quarks are still antisymmetrized —is
more appropriate. The uds basis states then di-
agonalize the confinement problem with eigen-
functions that correspond to separate excitations
of the nonstrange and strange quarks. This leads
to several dramatic effects. In the low-lyingnega-
tive-parity baryons, for example, one has

5. 1
A3 = (ud - )y, 0%, W
5. _ 1 s A ‘
o3 "ﬁ(“d+du)3)<a/2¢u’ @

where xs$,, is the s =s,=% spin wave function and
zpl"l (z{ﬁ) is the spatial wave function with /=7,=1

in the relative coordinate of the nonstrange quarks
(in the relative coordinate of the strange quark
and the center of mass of the nonstrange quarks).
Since the strange quark is heavier, ¥* has a lower
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frequency than ¥° and A3~ is heavier than =3 in
reversal of the situation in the ground states. In
the JF =3~ sector the lowest-lying A in the confine-
ment potentlal is predicted to be

Ab= 7%_- (ud - du)sy° 3)

where y? is an s = 3 spin wave function antisymme-
tric in quarks 1 and 2; such a state, in SU(6)
language, is a 50-50 mlxture of A 2('70 17)3 and

A2(70,17)37.* Indeed, decay analyses'® of A(1405)3"
indicate that it is almost purely composed of the
state (3); most of the small discrepancy, in addi-
tion, is explained by hyperfine mixing of p and A-
type oscillations. Since p-type states decouple
from KN scattering,®* the segregation of p and
oscillations in this way leads to a pattern of de-
couplings of S=-1 resonances from KN phase-
shift analyses which seem to be borne out experi-
mentally. In the S=-2 resonances the introduction
of the analogous “ssu basis” will lead to the pre-
diction of similar effects with, in this case, a pat-
tern of decouplings from Zw.

Another significant tenet of soft-QCD models is
that the chromomagnetic moments of quarks, which
‘control the strengths of the color hyperfine inter-
actions, are'inversely proportional to the quark

masses. Thus, for example, one has roughly
* _
EoK. .y @
p-m  my
and
T-A 2 m
N | L
A () ®

In baryons with two or three strange quarks these
types of effects should become even stronger pro-
viding a clear test of the simple one-gluon-ex-
change form of the color hyperfine interactions.

In the next section we present the model and its
solutions, all in terms of parameters previously
established in the S=0 and -1 sectors.” In Sec. III
we discuss our results and draw various prelim-
inary conclusions.

II. THE HAMILTONIAN AND ITS SOLUTIONS

In the model we employ here?*** the Hamiltonian
is

H=2i:mi+Ho+thp, (6)
where

H, Z +Evmf )
and
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H,,, = Z [ §,-8,6°F,)
1 (38,+F7.8,F, = =
+ <__.z_u_.r_u Si.sj>], (8)

3 2
Vi Vi

and where Vi ; is the spin-independent potential
into which is placed not only the empirical confine-
ment potential but also the spin-independent parts
of one-gluon exchange like —%as/af”. As usual,
chromomagnetic spin-orbit terms are dropped

at this stage, it being presumed that they are
strongly canceled by Thomas precession terms?;

a discussion of the uncertainties in this procedure
are reserved until later.

We now write

Vi =3kr, 2+ U@, (9)

conf

and find approximate solutions by doing perturba-
tion theory in U and H,,,. If we introduce the ana-
log of the uds basis appropriate to the S=-2 sector
by taking quarks 1 and 2 to be strange and quark

3 to be nonstrange, we are led to the flavor wave
functions of the ssu basis,

¢z0=SSu, (10)
¢z-=ssd, (11)

and the relative coordinates

(12)

7———*(1‘ -T,),

= 1 + - -
7\=—‘f€:(r1+r2— 21'3), (13)

in terms of which in the U=H, , =0 limit we have

hyp

Pl P 2
=22
H, H 2ma+ + 3 R(p? +22) (14)
with

m,=m (15)
and

3
=S (16)

2m +m, M-

The solutions to this Hamiltonian are wave func-
tions

xl’ —lrbzmwoo ’ (17)
where
o 3/2a 3/2 ' 2 2 s 2
Yoo =573 exp[- 2(,%0® + ,*3%) ] (18)
and
JJOO:-]' ’ . . (19)
P=ap,, (20)

%1 =, , (21)
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Jee= (3120 2(0® — 30,7?), (22)

- 2 - =

Yoo =7 %P " X, (23)

Wp= (202 - 30,2), (24)

‘{pfl=apah(p+xz_pz7\+) ’ (25)

U= 20,2, (26)

W=a,mp,, @1

W=, 28)
where

o, = (3km )", (29)
which have energies (np+%)wp+(nx+%)wh, where

_ 3k 1/ 2
wi —(W7;’> ) (30)

and where #; is the number of units of excitation
of the i=p, A variable. Thus, for example

E[Y*] - E[¥*]=w, - w,>0, (31)

since m,>m,; this is the analog of the A3~ > 23"
effect in S=-1 baryons mentioned in the Introduc-
tion. ’

When U differs from zero it can be shown?®'!! that
(in first-order perturbation theory) its effects
may be described very simply: In the SU(3) limit
one has in terms of three constants £, @, and A
determined in the S=0 sector

Edoo] =Eq (32)
E[,]=E[¥]=E,+Q, (33)
E[U]=E[]=E,+20-3A , (34)
Wgs | Ho [ 935) = -4, (35)
E[Y]=E,+20 - %A, (36)
E[ f’l‘]=Eo+29, (37
E[Y]=E[¥},]=E,+20- %4, (38)
Wl Ho [¥50) == %5 4, (39)
E[Y]=E,+2Q - 1A. " (40)

To break SU(3) we take the prescription that p and
X excitation energies are decreased by (m,/m )2
and (m,/m,)*' 2, respectively, as they would be in
the harmonic limit. We then find the confinement
energies shown in Table I. [Columns 3 and 4 of
the table follow from extrapolation by this method
- of columns 1 and 2, which consist of the actual
numbers used in Refs. 4, 5, and 7; the table is
therefore not actually based on the formulas (32)—
(40) which were found later,!! but in no case is
the deviation from them very significant. We have
in addition assumed for completeness that the
pp — A\ mixing terms have the same dependence

as the pA— pX terms, but this assumption has
practically no influence on our results.)

The complete Hamiltonian of the model may be
obtained by calculating the hyperfine miatrix ele-
ments which may be obtained from those of Refs. 4,
5, and 7 forthe S=0and -1 sectors by making the in-
terchange m,— mg everywhere. The problem may
then be diagonalized sector by sector to obtain the
spectrum and composition of S=-2 and -3 bary-
ons. [The results for the ground and negative-
parity states have been given in Refs. 7 and 4,
respectively, but we quote the (slightly updated”)
results here both for completeness and to make
them available in the “standard” conventions of
Ref. 10.] Finally, we use these predictions in
conjunction with a recent decay model®'!° to calcu-
late the decay widths of these resonances. Since'
the parameters of the emission model are known,
we can be completely predictive. Qur results are
summarized in Tables II and III which give the
spectrum, approximate compositions, and decay
amplitudes (whose squares are the partial widths
to the indicated channels) of all of the resonances.
Figures 1 and 2 display our results graphically.

III. DISCUSSION AND CONCLUSION

In the absence of much data on these states, we
feel that a detailed sector-by-sector analysis of
these results is premature; we concentrate our
remarks instead on some general features.

First, with respect to spectroscopy: As with
other work on this model, the splittings within a
given harmonic-oscillator-associated band are be-
lieved to be more reliable than the overall posi-

TABLE I. The confinement energies in MeV,

Confinement energy

in$=0 inS=-1 inS=-2 inS=-3
ER] 1135 1295 1455 1615
Eg,] 1610 1770 1825 1985
EW}, 1610 1700 1895 1985
EWH] 1705 1895 1910 2070
ERgM 1810 1945 2040 2150
EWHMN 1705 1805 2000 2070
<¢gg|H0(w&oX> —-105 -100 -90 -85
ERE) 2020 2145 2225 2315
EWBS] 1890 2085 2055 2215
EW] 1935 2065 2150 2245
ERHN 1890 1975 2175 2215
WLl —40 —40 ~35 -35
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(Continued)

TABLE II

Decay amplitudes (MeV1/?)

Approximate composition

Approximate composition

State (JF) Mass (MeV)

ok

K AK

=
T

in the SU(6) basis

in the ssu

S wave

o 2Py +0.24

+0.6

-3.7 -4.2

-3.6

2

10 Py
2

10 Py

. —t
= =
=3 1=4

3 Py +0.89

—-0.392

+0.394P) — 0.46 %Py +0.80°P,

1785
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-0.4

-2.2 10.8

+5.5

—
=
—

+0.7553 4Py +0.16E5%Py+0.64

+0.75%P) +0.34 2P, +0.56 °P,

1890
1925

+5.4 -1.4 -6.7

-1.5

2
10 Py

E 4 2Py +0.73E

Py~ 0.43

—0.53%

+0.534P) +0.822P) +0.21%P,

S wave D wave

+0.8
-3.9

+1.6

+1.6 +3.9 +3.6

2
Ei10 Py
2

=
=)

52Py+0.31
¢ Py~ 0.30E3%P,+0.95

§4Py+0.95

=
=
=

+0.08
-0.10

4 2 2
~0.08%P) - 0.452P) +0.89°P,

1800
1910
1970

a-
=2

-4.6 +0.9 =3.7

-4.3
+3.7 -3.2

=10 “Py
2
10 Py

=

—
=
=~

+0.10%P) +0.882P, +0.46 °P,

+4.3

-5.2

+1.8

E g Py— 0.10E5%Py +0.07E

+0.99%

+0.994P) — 0.122P) +0.02%P,

D wave
+4

+9.8 —-3.4 +4.7

4
8 Py

4Pk

1920

tions of the bands. If, for example, the positive-
parity excited =’s were to lie consistently 20 MeV
above our predictions we would not be much sur-
prised or dismayed; on the other hand, confirma-
tion of a pattern of states like that displayed in
the figures would constitute evidence in favor of
the soft-QCD quark dynamics we have employed.
If the model fails, we would anticipate that its
most vulnerable feature, the semiempirical treat-
ment of spin-orbit forces, would be involved.
Turning next to the predicted compositions of
these states (and the resultant decay amplitudes),
we note from Table II that apart from the states
involving Sg and S, (where the U mixing of p- and
A-type modes is very strong), the nonsymmetrized
ssu basis usually provides a much simplified pic-
ture of the states. Thus, for example, the five
= 3* states are all nearly pure in this basis and one
can immediately predict that the lowest three will
decouple from E7 and E*m; in the SU(6) basis the
same states appear to be very complicated. An-
other particularly striking test which may be very
amenable to study occurs in the Z1* sector where
p-A segregation predicts states at 2085 and 2195
MeV; the lower almost decouples from =7 and
=% but should be strong in K and AK while the

- upper resonance has the opposite pattern of coup-

lings. Of course, the simplicity of the ssu basis
description is sometimes masked by hyperfine
mixing; this is the case in the Z3 and 3~ sec-
tors, where 2p-?x mixing is reasonably strong,
but even in these cases the probability of ?p in the
lowest-lying states remains much larger than *x
(the =’s are somewhat more pure than the Z’s
because the hyperfine interactions have become
weaker). In general, confirmation of this pattern
of p-A segregation with its concomitant decou-
plings would provide further quite strong evidence
for the flavor independence of quark confinement.
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APPENDIX

In this appendix we make some of our conventions
explicit to facilitate comparison with other work.
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TABLE III. Calculated spectrum and composition in the $=—3 sector and the resulting decay

amplitudes.
Decay amplitude (MeV!/?)
State (JF) Mass (MeV) Approximate composition ZEK EXK Qn
P wave P wave
ot 2190 +0,74 25,1+ 0.67Dg +2.2 - —4.4
2210 +0,672Sy— 0.74*Dg +6.1 +2.3 ceee
P wave F wave P wave F wave
Q.%.*' 1675 +0.984Ss+"' cese cone ceee cvee cene
2065 40,9948+ +5.4  +2.2 0.1 ...
2215 +0.98%Dg+ e+ —5.0 42.6 1.2 eeee aees
2265 +0,982Dy + o+ +0.9 —0.4  +4.0 -0.2 —0.5
P wave F wave P wave F wave
QF" 2225 +0.994D g+ +10.0  +3.1  +2.6 0.0 0.0 .
2265 +0.99%Dy koo -1.6 +3.3 =20 -1,3 -0.3
F wave F wave
ot 2210 D +8.0 +2.4 ceen
S wave S wave
QfF 2020 2p, +3,1
Swave D wave Swave D wave
Q" 2020 ’py —8.9  eeee ceee
22001 : 3 o-o-o-9 e
'T-O—Q—O— ! ' . " e I The = Resonances
_‘
2IOO—"’?’?‘?’ ! ! ! 1—?—1—?— Legend: ! l‘ "l
—O—T—?—O- ARARS ' Hr SR AR H'r
2000}
! “T‘T?‘v ‘ 1 $-e '?—tﬁ‘?_" Tm
|900_ m ]
< 1800 T
=
A |700"-?—0—0—0—
=]
£
1600
1500 !
1400
1300 + - + —

ETNE:

I

5 ad 1~ 3 57
H3 z Hz Hz Hz

FIG. 1. The predicted spectrum of S= —2 resonances and their decay patterns. The length of an arrow is propor-
tional to the amplitude for decay of the resonance to the channel indicated in the legend (i.e., to Zr, Tk, AR, or Z*r).
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2300+ Legend: k! E!R
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FIG. 2. As in Fig. 1, but for S=-3 resonances.
We use here the “standard” conventions of Ref. 10 o 1oy
in which the Z-flavor wave functions are Eo Py "\/"’2‘-'("L P,+E°P,), (A7)
2 f2' (sus - uss), (A1) EgiPy~ +EZ P, (A8)
Pho= ——\/%-(sus +uss — 2ssu), (A2) for the N=1 levels, while
-2 1 =
and :‘S‘Ls“"'Tz__(:‘ 2L,,p+:~ 2., (A9)
¢§o—ﬁ(ssu+sus +uss) . (A3)
' E0%Lg ~+r(: ‘L,,+Z*Ly), (A10)
With these conventions the relation between the
ssu basis of Egs. (10) and (11) of the main body — 2 1., 1., 1.,
Eg?Ly, +—HL sE2°L,,+5 E°%L All
of the text and the SU(6) basis is that V2 T2 P wo  (ALD)
E 23S, ~+E%S, A4 — 1 1. 1.
_‘8 ( ) .zmzLM +——é—.:, ZLM +§,:.2L‘pp—§.:2Ln, (A12)
E0S,—+E*S (A5)
for the N=0 levels, EB“LM-»:/%_—(E “Lpp} Z4L,,), (A13)
1. - -
Ey*Py— ~ 5 (B*P, - E°P)), (A6) Ey®P = +E°P, (A14)
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