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FIG. 1. Decuplet of 2 particles plotted as a function3+

of mass versus third component of isotopic spin.

It has been pointed out' that among the multitude
of resonances which have been discovered recent-
ly, the N„2~(1238), 1',*(1385), and:"„2*(1532)
can be arranged as a decuplet with one member
still missing. Figure 1 illustrates the position
of the nine known resonant states and the postu-
lated tenth particle plotted as a function of mass
and the third component of isotopic spin. As
can be seen from Fig. 1, this particle (which
we call 0, following Gell-Mann') is predicted
to be a negatively charged isotopic singlet with
strangeness minus three. ' The spin and parity
should be the same as those of the N», *, namely,
3/2 . The 10-dimensional representation of the
group SU, can be identified with just such a dec-
uplet. Consequently, the existence of the 0
has been cited as a crucial test of the theory of
unitary symmetry of strong interactions. '" The
mass is predicted' by the Gell-Mann —Okubo mass
formula to be about 1680 MeV/c'. We wish to
report the observation of an event which we be-
lieve to be an example of the production and decay
of such a particle.
The BNL 80-in. hydrogen bubble chamber was

exposed to a mass-separated beam of 5.0-BeV/c
K me sons at the Brookhaven AGS. About 100000
pictures were taken containing a total K track

length of -10' feet. These pictures have been
partially analyzed to search for the more charac-
teristic decay modes of the 0 .
The event in question is shown in Fig. 2, and

the pertinent measured quantities are given in
Table I. Our interpretation of this event is

—A'+ 7to

~Xl
—8++e

'1T +P .
From the momentum and gap length measure-
ments, track 2 is identified as a E+ (A bub-.
ble density of 1.9 times minimum was expected
for this track while the measured value was 1.7
+ 0.2. ) Tracks 5 and 6 are in good agreement
with the decay of a A, but the A cannot come
from the primary interaction. The A' mass as
calculated from the measured proton and ~ kin-
ematic quantities is 1116+2 MeV/c'. Since the
bubble density from gap length measurement of
track 6 is 1.52 + 0.17, compared to 1.0 expected
for a v+ and 1.4 for a proton, the interpretation
of the V as a K is unlikely. In any case, from
kinematical considerations such a Eo could not
come from the production vertex. The A ap-
pears six decay lengths from the wall of the bub-
ble chamber, and there is no other visible origin
in the chamber.
The event is unusual in that two gamma rays,

apparently associated with it, convert to elec-
tron-positron pairs in the liquid hydrogen. From
measurements of the electron momenta and an-
gles, we determine that the effective mass of the
two gamma rays is 135.1+1.5 MeV/c2, consist-
ent with a ~ decay. In a similar manner, we
have used the calculated ~ momentum and an-
gles, and the values from the fitted A to deter-
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FIG. 2. Photo ragraph and line diagram of eo event showing decay of 0
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Table II. Measured quantities.
Decay modes

Maximum tran sverse momentum
(MeV/c)

Track

1
2
3
4
5
6
7
8

Azimuth
(deg)

4.2 +0.1
6.9 +0.1
14.5 +0.5
79.5 +0.1
344.5 +0.1
9.6 +0.1

357.0 +0.3
63.3 +0.3

Dip
(deg)

1.1 +0.1
3.3 +0.1
-1.5 +0.6
-2.7 +0.1
-12.0 +0.2
-2.5 +0.1
3.9 +0.4
-2.4+0.2

Momentum
(MeV/c)

4890 + 100
501 +5.5

0 ~ ~

281 +6
256 +3
1500 + 15
82~2
177 +2

lF P +v
K p +v
K 7t +m
K —e +z+v
Z -x+n

e +A +v
e +n+v

M-" -vr +A'
e +A~+ v

e +n+v

30
236
205
229
192
78
229
139
190
327
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The proper lifetime of particle 3 was calculated
to be 0.7 xlQ sec; consequently w'e may a,s-
sume that it decayed by a weak interaction with
AS =1 into a system with strangeness minus two.
Since a particle with S= -1 would decay very rap-
idly into Y+ ~, we ma, y conclude that particle 3
has strangeness minus three. The missing mass
at the production vertex is calculated to be 500
~ 25 MeV/c', in good agreement with the K a,s-
sumed in Reaction (1). Production of the event
by an incoming ~ is excluded by the missing
ma. ss calculated at the production vertex, and
mould not alter the interpretation of the decay
chain starting with track 3.
In view of the properties of charge (Q =-1),

strangeness (S= -3), and mass (M = 1686+ 12
MeV/c') established for particle 3, we feel jus-
tified in identifying it with the sought-for 0 .
Of course, it is expected that the 0 mill have
other observable decay modes, and we are con-
tinuing to search for them. We defer a detailed
discussion of the mass of the 0 until we have
analyzed further examples and have a better un-
derstanding of the systematic errors.
The observation of a particle with this mass

and strangeness eliminates the possibility which
has been put forward' that interactions with hS
=4 proceed with the rates typical of the strong
interactions, since in that case the 0 would de-

cay very rapidly into n+Eo+~ .
We wish to acknowledge the excellent coopera-

tion of the staff of the AGS and the untiring ef-
forts of the 80-in. bubble chamber and scanning
and programming staffs.
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REGGE-POLE MODEL FOR HIGH-ENERGY PP AND PP SCATTERING*

William Rarita~
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and
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Lawrence Radiation Laboratory, University of California, Berkeley, California

(Received 19 December 1963)

Recent experiments at high energies have in-
dicated that the width of the diffraction peak in
the elastic cross section is considerably smaller
in PP scattering than in pp scattering. '" On the
other hand, the total cross section for PP is great-
er than that for Pp. We have then the qualitative
feature that the larger total cross section is as-
sociated with the narrower diffraction peak. The
purpose of this Letter is to investigate whether
this feature may be understood in terms of a Reg-
ge-pole model for high-energy scattering. We
find that, because all Regge exchanges give a
positive coefficient for the residue function in
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the contribution to the imaginary part of the pp
amplitude, this feature ca,n be understood only
if some residue functions are allowed to be nega-
tive. We therefore conclude that the simple Reg-
ge-pole model of high-energy scattering cannot
be valid for the data of reference 1 unless resi-
due functions may be negative.
(I) We consider first the three-pole model of

Hadjioannou, Phillips, and Rarita in which only
helicity-nonf lip amplitudes are considered~:

A =P+P' - u,
pp

A =P+P'+u,
PP

1964: the discovery of Ω- 
1969: Nobel prize to Gell-Mann "for his 
contributions and discoveries concerning the 
classification of elementary particles and their 
interactions"
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Figure 15.5: Excitation spectrum of the nucleon. Compared are the positions of the
excited states identified in experiment, to those predicted by a relativized quark model
calculation. Left hand side: isospin I = 1/2 N -states, right hand side: isospin I = 3/2
∆-states. Experimental: (columns labeled ’exp’), three- and four-star states are indicated
by full lines (two-star dashed lines, one-star dotted lines). At the very left and right of the
figure, the spectroscopic notation of these states is given. Quark model [29]: (columns
labeled ’QM’), all states for the N=1,2 bands, low-lying states for the N=3,4,5 bands. Full
lines: at least tentative assignment to observed states, dashed lines: so far no observed
counterparts. Many of the assignments between predicted and observed states are highly
tentative.

evidence (two or three star ratings) and partly without firm spin/parity assignments, so that
further experimental efforts are necessary before final conclusions can be drawn. We have added
their suggestions in Table 15.6.

In the non-strange sector there are two main problems which are illustrated in Fig. 15.5, where
the experimentally observed excitation spectrum of the nucleon (N and ∆ resonances) is compared
to the results of a typical quark model calculation [29]. The lowest states from the N=2 band,
the N(1440)1/2+ , and the ∆(1600)3/2+ , appear lower than the negative parity states from the
N=1 band (see Table 15.5) and much lower than predicted by most models. Also negative parity
∆ states from the N=3 band (∆(1900)1/2− , ∆(1940)3/2− , and ∆(1930)5/2−) are too low in
energy. Part of the problem could be experimental. Among the negative parity ∆ states, only
the ∆(1930)5/2− has three stars and the uncertainty in the position of the ∆(1600)3/2+ is large
(1550 - 1700 MeV).

Furthermore, many more states are predicted than observed. This has been known for a long
time as the ‘missing resonance’ problem [26]. Up to an excitation energy of 2.4 GeV, about 45
N states are predicted, but only 14 are established (four- or three-star; see Note on N and ∆
Resonances for the rating of the status of resonances) and 10 are tentative (two- or one-star).
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predicted angular distribution increases even more steeply
for j cos!hj! 1 than for J! " 5=2 and exhibits (2J! # 2)
turning points. The relevant fit C.L. values are even smaller
than that for J! " 5=2, and so J! $ 7=2 can be excluded
at C.L. greater than 99%.

These fit results were checked using the sample of !#

hyperons obtained from !c baryon decays. The !c baryon
is presumed to belong to the 6 representation of an SU%3&
JP " 1=2' multiplet [13], so that the !# decay angular
distribution should again be proportional to (1' 3cos2!h).
After efficiency correction, the angular distribution shown
in Fig. 5 is found to be consistent with J!# " 3=2 with "
again set to zero. The fit to the corrected distribution has
C.L. 0.69, and so is in very good agreement with the results
obtained from "0

c decay. The fit for " yields " " 0:4(
0:2, and the value of the forward-backward asymmetry is
'0:013( 0:058.

The implications for the spin of the !# if the spin of the
"0
c is assumed to be 3=2 are now considered. For J! "

1=2, the predicted decay angular distribution is again given
by Eq. (3), and so this possibility can be ruled out.

If asymmetric contributions are ignored, the !# angular
distribution for spin values 3=2 and 5=2 are determined by
the values of the quantities x " #3=2 3=2 ' ##3=2#3=2 and
%1# x& " #1=2 1=2 ' ##1=2#1=2. For J! " 3=2, x " 0
would yield a distribution given by Eq. (4) with " " 0,

in excellent agreement with the data. However, for inclu-
sive "0

c production with the !# direction in the "0
c rest

frame as quantization axis, it would seem more reasonable
to expect the spin projection states to be populated equally.
This would yield x " 0:5, and would result in an isotropic
!# decay distribution, in clear disagreement with the
observed behavior.

A consequence of such a "0
c density matrix configura-

tion would be that there should be no preferred direction in
the decay to !#K' in the "0

c rest frame. This hypothesis
has been tested in the present analysis by measuring the "0

c
polarization with respect to its production-plane normal;
there is no evidence for such polarization. In addition, the
spherical harmonic (YML ) moments of the "0

c decay angular
distribution for L ) 6 and M ) 6 have been compared to
those obtained from simulation in which the "0

c decay is
isotropic; no significant difference was found. It is there-
fore reasonable to infer that the combination J"c

" 3=2
and J! " 3=2 is disfavored.

For J! " 5=2 the situation is quite different. The decay
angular distribution is then

 

dN=d cos!h / 10cos4!h # 4cos2!h

' 2# x%25cos4!h # 18cos2!h ' 1&: (6)
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FIG. 4. The efficiency-corrected cos!h%#& distribution for
"0
c ! !#K' data. The dotted line represents the expected

distribution for J! " 1=2, while the dashed curve corresponds
to J! " 5=2. In each case, " " 0.

TABLE I. The cos!h angular distribution fit C.L. values corresponding to the !# spin
hypotheses 1=2, 3=2, and 5=2 for "0

c ! !#K' data assuming J"c
" 1=2; NDF denotes the

number of degrees of freedom.

J! Fit $2=NDF Fit C.L. Comment

1=2 100:4=9 1* 10#17 Figure 4, dotted line
3=2 6:5=9 0.69 (" " 0) Figure 3, solid curve
3=2 6:1=8 0.64 (" ! 0) Figure 3, dashed curve
5=2 47:6=9 3* 10#7 Figure 4, dashed curve
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FIG. 3. The efficiency-corrected cos!h%#& distribution for
"0
c ! !#K' data. The dashed curve shows the J! " 3=2 fit

using Eq. (4), in which " allows for possible asymmetry. The
solid curve represents the corresponding fit with " " 0.
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Ξ 0 I (JP ) = 1
2 (1

2
+) Status: ∗∗∗∗

The parity has not actually been measured, but + is of course ex-
pected.

Ξ0 MASSΞ0 MASSΞ0 MASSΞ0 MASS

The fit uses the Ξ0, Ξ−, and Ξ+ masses and the Ξ− −Ξ0 mass differ-
ence. It assumes that the Ξ− and Ξ+ masses are the same.

VALUE (MeV) EVTS DOCUMENT ID TECN COMMENT

1314.86±0.20 OUR FIT1314.86±0.20 OUR FIT1314.86±0.20 OUR FIT1314.86±0.20 OUR FIT

1314.82±0.06±0.201314.82±0.06±0.201314.82±0.06±0.201314.82±0.06±0.20 3120 FANTI 00 NA48 p Be, 450 GeV

• • • We do not use the following data for averages, fits, limits, etc. • • •

1315.2 ±0.92 49 WILQUET 72 HLBC
1313.4 ±1.8 1 PALMER 68 HBC

mΞ− − mΞ0mΞ− − mΞ0mΞ− − mΞ0mΞ− − mΞ0

The fit uses the Ξ0, Ξ−, and Ξ+ masses and the Ξ− −Ξ0 mass differ-
ence. It assumes that the Ξ− and Ξ+ masses are the same.

VALUE (MeV) EVTS DOCUMENT ID TECN COMMENT

6.85±0.21 OUR FIT6.85±0.21 OUR FIT6.85±0.21 OUR FIT6.85±0.21 OUR FIT

6.3 ±0.7 OUR AVERAGE6.3 ±0.7 OUR AVERAGE6.3 ±0.7 OUR AVERAGE6.3 ±0.7 OUR AVERAGE

6.9 ±2.2 29 LONDON 66 HBC
6.1 ±0.9 88 PJERROU 65B HBC
6.8 ±1.6 23 JAUNEAU 63 FBC

• • • We do not use the following data for averages, fits, limits, etc. • • •

6.1 ±1.6 45 CARMONY 64B HBC See PJERROU 65B

Ξ0 MEAN LIFEΞ0 MEAN LIFEΞ0 MEAN LIFEΞ0 MEAN LIFE

VALUE (10−10 s) EVTS DOCUMENT ID TECN COMMENT

2.90±0.09 OUR AVERAGE2.90±0.09 OUR AVERAGE2.90±0.09 OUR AVERAGE2.90±0.09 OUR AVERAGE

2.83±0.16 6300 1 ZECH 77 SPEC Neutral hyperon beam

2.88+0.21
−0.19 652 BALTAY 74 HBC 1.75 GeV/c K− p

2.90+0.32
−0.27 157 2 MAYEUR 72 HLBC 2.1 GeV/c K−

3.07+0.22
−0.20 340 DAUBER 69 HBC

3.0 ±0.5 80 PJERROU 65B HBC

2.5 +0.4
−0.3 101 HUBBARD 64 HBC

3.9 +1.4
−0.8 24 JAUNEAU 63 FBC

• • • We do not use the following data for averages, fits, limits, etc. • • •

3.5 +1.0
−0.8 45 CARMONY 64B HBC See PJERROU 65B
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Ξ (1530) 3/2+ I (JP ) = 1
2 (3

2
+) Status: ∗∗∗∗

This is the only Ξ resonance whose properties are all reasonably well

known. Assuming that the Λ
+
c

has J
P = 1/2+, AUBERT 08AK,

in a study of Λ
+
c → Ξ

−
π
+

K
+, finds conclusively that the spin

of the Ξ (1530)0 is 3/2. In conjunction with SCHLEIN 63B and
BUTTON-SHAFER 66, this proves also that the parity is +.

We use only those determinations of the mass and width that are
accompanied by some discussion of systematics and resolution.

Ξ (1530) MASSESΞ (1530) MASSESΞ (1530) MASSESΞ (1530) MASSES

Ξ (1530)0 MASSΞ (1530)0 MASSΞ (1530)0 MASSΞ (1530)0 MASS
VALUE (MeV) EVTS DOCUMENT ID TECN COMMENT

1531.80±0.32 OUR FIT1531.80±0.32 OUR FIT1531.80±0.32 OUR FIT1531.80±0.32 OUR FIT Error includes scale factor of 1.3.
1531.78±0.34 OUR AVERAGE1531.78±0.34 OUR AVERAGE1531.78±0.34 OUR AVERAGE1531.78±0.34 OUR AVERAGE Error includes scale factor of 1.4. See the ideogram
below.
1532.2 ±0.7 DEBELLEFON 75B HBC K− p → Ξ−K π

1533 ±1 ROSS 73B HBC K− p → Ξ K π (π)

1531.4 ±0.8 59 BADIER 72 HBC K− p 3.95 GeV/c

1532.0 ±0.4 1262 BALTAY 72 HBC K− p 1.75 GeV/c

1531.3 ±0.6 324 BORENSTEIN 72 HBC K− p 2.2 GeV/c

1532.3 ±0.7 286 KIRSCH 72 HBC K− p 2.87 GeV/c

1528.7 ±1.1 76 LONDON 66 HBC K− p 2.24 GeV/c

• • • We do not use the following data for averages, fits, limits, etc. • • •

1532.1 ±0.4 1244 ASTON 85B LASS K− p 11 GeV/c

1532.1 ±0.6 2700 1 BAUBILLIER 81B HBC K− p 8.25 GeV/c

1530 ±1 450 BIAGI 81 SPEC SPS hyperon beam

1527 ±6 80 SIXEL 79 HBC K− p 10 GeV/c

1535 ±4 100 SIXEL 79 HBC K− p 16 GeV/c

1533.6 ±1.4 97 BERTHON 74 HBC Quasi-2-body σ
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Ξ (1620) I (JP ) = 1
2 (??)

J, P need confirmation.
Status: ∗

OMITTED FROM SUMMARY TABLE
What little evidence there is consists of weak signals in the Ξ π

channel. A number of other experiments (e.g., BORENSTEIN 72
and HASSALL 81) have looked for but not seen any effect.

Ξ (1620) MASSΞ (1620) MASSΞ (1620) MASSΞ (1620) MASS

VALUE (MeV) EVTS DOCUMENT ID TECN COMMENT

≈ 1620 OUR ESTIMATE≈ 1620 OUR ESTIMATE≈ 1620 OUR ESTIMATE≈ 1620 OUR ESTIMATE

1624± 3 31 BRIEFEL 77 HBC K− p 2.87 GeV/c

1633±12 34 DEBELLEFON 75B HBC K− p → Ξ−K π

1606± 6 29 ROSS 72 HBC K− p 3.1–3.7 GeV/c

Ξ (1620) WIDTHΞ (1620) WIDTHΞ (1620) WIDTHΞ (1620) WIDTH

VALUE (MeV) EVTS DOCUMENT ID TECN COMMENT

22.5 31 1 BRIEFEL 77 HBC K− p 2.87 GeV/c

40 ±15 34 DEBELLEFON 75B HBC K− p → Ξ−K π

21 ± 7 29 ROSS 72 HBC K− p →

Ξ−π+K∗0(892)

Ξ (1620) DECAY MODESΞ (1620) DECAY MODESΞ (1620) DECAY MODESΞ (1620) DECAY MODES

Mode

Γ1 Ξ π

Ξ (1620) FOOTNOTESΞ (1620) FOOTNOTESΞ (1620) FOOTNOTESΞ (1620) FOOTNOTES
1The fit is insensitive to values between 15 and 30 MeV.

Ξ (1620) REFERENCESΞ (1620) REFERENCESΞ (1620) REFERENCESΞ (1620) REFERENCES

HASSALL 81 NP B189 397 J.K. Hassall et al. (CAVE, MSU)
BRIEFEL 77 PR D16 2706 E. Briefel et al. (BRAN, UMD, SYRA+)

Also Duke Conf. 317 E. Briefel et al. (BRAN, UMD, SYRA+)
Hyperon Resonances, 1970
Also PR D12 1859 E. Briefel et al. (BRAN, UMD, SYRA+)

DEBELLEFON 75B NC 28A 289 A. de Bellefon et al. (CDEF, SACL)
BORENSTEIN 72 PR D5 1559 S.R. Borenstein et al. (BNL, MICH) I
ROSS 72 PL 38B 177 R.T. Ross et al. (OXF) I

OTHER RELATED PAPERSOTHER RELATED PAPERSOTHER RELATED PAPERSOTHER RELATED PAPERS

HUNGERBU... 74 PR D10 2051 V. Hungerbuhler et al. (YALE, FNAL, BNL+)
SCHMIDT 73 Purdue Conf. 363 P.E. Schmidt (BRAN)
KALBFLEISCH 70 Duke Conf. 331 G.R. Kalbfleisch (BNL) I

Hyperon Resonances 1970
APSELL 69 PRL 23 884 S.P. Apsell et al. (BRAN, UMD, SYRA+)
BARTSCH 69 PL 28B 439 J. Bartsch et al. (AACH, BERL, CERN+)
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Ξ (1690) I (JP ) = 1
2 (??) Status: ∗∗∗

AUBERT 08AK, in a study of Λ+
c → Ξ−π+K+, finds some evi-

dence that the Ξ (1690) has JP = 1/2−.

DIONISI 78 sees a threshold enhancement in both the neutral and
negatively charged Σ K mass spectra in K−p → (Σ K)K π at 4.2
GeV/c. The data from the Σ K channels alone cannot distinguish
between a resonance and a large scattering length. Weaker evidence
at the same mass is seen in the corresponding ΛK channels, and a
coupled-channel analysis yields results consistent with a new Ξ .

BIAGI 81 sees an enhancement at 1700 MeV in the diffractively
produced ΛK− system. A peak is also observed in the ΛK0 mass
spectrum at 1660 MeV that is consistent with a 1720 MeV resonance

decaying to Σ0K0, with the γ from the Σ0 decay not detected.

BIAGI 87 provides further confirmation of this state in diffractive dis-
sociation of Ξ− into ΛK−. The significance claimed is 6.7 standard
deviations.

ADAMOVICH 98 sees a peak of 1400 ± 300 events in the Ξ−π+

spectrum produced by 345 GeV/c Σ−-nucleus interactions.

Ξ (1690) MASSESΞ (1690) MASSESΞ (1690) MASSESΞ (1690) MASSES

MIXED CHARGESMIXED CHARGESMIXED CHARGESMIXED CHARGES
VALUE (MeV) DOCUMENT ID

1690±10 OUR ESTIMATE1690±10 OUR ESTIMATE1690±10 OUR ESTIMATE1690±10 OUR ESTIMATE This is only an educated guess; the error given is larger than
the error on the average of the published values.

Ξ (1690)0 MASSΞ (1690)0 MASSΞ (1690)0 MASSΞ (1690)0 MASS
VALUE (MeV) EVTS DOCUMENT ID TECN COMMENT

1686±4 1400 ADAMOVICH 98 WA89 Σ− nucleus, 345
GeV/c

1699±5 175 1 DIONISI 78 HBC K− p 4.2 GeV/c

1684±5 183 2 DIONISI 78 HBC K− p 4.2 GeV/c

Ξ (1690)− MASSΞ (1690)− MASSΞ (1690)− MASSΞ (1690)− MASS
VALUE (MeV) EVTS DOCUMENT ID TECN COMMENT

1691.1± 1.9±2.0 104 BIAGI 87 SPEC Ξ−Be 116 GeV

1700 ±10 150 3 BIAGI 81 SPEC Ξ−H 100, 135 GeV

1694 ± 6 45 4 DIONISI 78 HBC K− p 4.2 GeV/c
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Ξ RESONANCES

The accompanying table gives our evaluation of the present

status of the Ξ resonances. Not much is known about Ξ reso-

nances. This is because (1) they can only be produced as a part

of a final state, and so the analysis is more complicated than if

direct formation were possible, (2) the production cross sections

are small (typically a few µb), and (3) the final states are

topologically complicated and difficult to study with electronic

techniques. Thus early information about Ξ resonances came

entirely from bubble chamber experiments, where the numbers

of events are small, and only in the 1980’s did electronic exper-

iments make any significant contributions. However, nothing of

significance on Ξ resonances has been added since our 1988

edition.

For a detailed earlier review, see Meadows [1].

Table 1. The status of the Ξ resonances. Only those with an overall
status of ∗∗∗ or ∗∗∗∗ are included in the Baryon Summary Table.

Status as seen in —

Particle JP
Overall
status Ξπ ΛK ΣK Ξ(1530)π Other channels

Ξ(1318) 1/2+ ∗∗∗∗ Decays weakly
Ξ(1530) 3/2+ ∗∗∗∗ ∗∗∗∗

Ξ(1620) ∗ ∗

Ξ(1690) ∗∗∗ ∗∗∗ ∗∗

Ξ(1820) 3/2− ∗∗∗ ∗∗ ∗∗∗ ∗∗ ∗∗

Ξ(1950) ∗∗∗ ∗∗ ∗∗ ∗

Ξ(2030) ∗∗∗ ∗∗ ∗∗∗

Ξ(2120) ∗ ∗

Ξ(2250) ∗∗ 3-body decays
Ξ(2370) ∗∗ 3-body decays
Ξ(2500) ∗ ∗ ∗ 3-body decays

∗∗∗∗ Existence is certain, and properties are at least fairly well explored.
∗∗∗ Existence ranges from very likely to certain, but further confir-

mation is desirable and/or quantum numbers, branching fractions,
etc. are not well determined.

∗∗ Evidence of existence is only fair.
∗ Evidence of existence is poor.

Reference

1. B.T. Meadows, in Proceedings of the IV th International
Conference on Baryon Resonances (Toronto, 1980),
ed. N. Isgur, p. 283.

CITATION: J. Beringer et al. (Particle Data Group), PR D86, 010001 (2012) (URL: http://pdg.lbl.gov)

June 18, 2012 15:24
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• Only                   and                   are four-star rated.

• Only three states with known spin-parity: those of other states should be 
explored.

⌅(1318) ⌅(1530)

For the case of Ω, it is even worse!
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of a final state, and so the analysis is more complicated than if

direct formation were possible, (2) the production cross sections

are small (typically a few µb), and (3) the final states are

topologically complicated and difficult to study with electronic

techniques. Thus early information about Ξ resonances came

entirely from bubble chamber experiments, where the numbers

of events are small, and only in the 1980’s did electronic exper-

iments make any significant contributions. However, nothing of

significance on Ξ resonances has been added since our 1988

edition.

For a detailed earlier review, see Meadows [1].

Table 1. The status of the Ξ resonances. Only those with an overall
status of ∗∗∗ or ∗∗∗∗ are included in the Baryon Summary Table.

Status as seen in —
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Overall
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∗∗ Evidence of existence is only fair.
∗ Evidence of existence is poor.
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• small decay widths : identifiable 
in missing mass plots 
• isospin = ½ only
• no flavor singlet like Λ

Advantages

• non-strangeness initial state in 
most cases
• 3-body final states at least
• small cross sections ~ nb

Difficulties



Q U E S T I O N S

– 1–

Ξ RESONANCES

The accompanying table gives our evaluation of the present

status of the Ξ resonances. Not much is known about Ξ reso-
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The 3rd lowest state

1. Does Ξ(1620) really exist? 
    Most recent report on Ξ(1620): NPB 189 (1981)
2. The 3rd lowest state: Ξ(1620) vs. Ξ(1690)

Q U A N T U M  
N U M B E R S

Ξ(1620)?

Ξ(1690)?

CLAS: PRC 76 (2007)

Ξ(1530)
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!!!!Summary
•  The$new$hyperon$spectrometer$(HypTPC)$is$under$
construc7on$at$JAEA$in$collabora7on$with$Korea$and$
New$Mexico$U.$

•  Following$H$search$experiment$(E42)$and$E45,$Ξ*$
spectroscopy$should$be$carried$out$as$well$as$ΞKp$
scaLering$experiment$at$JKPARC.$$

$

	 	 	 



H Y P E R O N  S P E C T R U M   
( M O D E L  D E P E N D E N C E )

EPJ Web of Conferences

Table 1. Low-lying ⌅ and ⌦ baryon spectrum of spin 1/2 and 3/2 predicted by the non-relativistic quark model
of Chao et al. (CIK), relativized quark model of Capstick and Isgur (CI), Glozman-Riska model (GR), large Nc
analysis, algebraic model (BIL), and QCD sum rules (SR). The recent quark model prediction (QM) and the
Skyrme model results (SK) are given as well. The mass is given in the unit of MeV.

State CIK [4] CI [5] GR [6] Large-Nc [7–11] BIL [12] SR [13,14] QM [15] SK [1]
⌅( 1

2
+) 1325 1305 1320 1334 1320 (1320) 1325 1318

1695 1840 1798 1825 1727 1891 1932
1950 2040 1947 1839 1932 2014

⌅( 3
2
+) 1530 1505 1516 1524 1520 1539

1930 2045 1886 1854 1878 1934 2120
1965 2065 1947 1859 1979 2020

⌅( 1
2
�) 1785 1755 1758 1780 1869 1550 (1630) 1725 1614

1890 1810 1849 1922 1932 1811 1660
1925 1835 1889 1927 2076

⌅( 3
2
�) 1800 1785 1758 1815 1828 1840 1759 1820

1910 1880 1849 1973 1869 1826
1970 1895 1889 1980 1932

⌦( 1
2
+) 2190 2220 2068 2408 2085 2175 2140

2210 2255 2166 2219 2191
⌦( 3

2
+) 1675 1635 1651 1670 1656 1694

2065 2165 2020 1922 1998 2170 2282
2215 2280 2068 2120 2219 2182

⌦( 1
2
�) 2020 1950 1991 2061 1989 1923 1837

⌦( 3
2
�) 2020 2000 1991 2100 1989 1953 1978

These observations show that the investigation of multi-strangeness baryons gives another window
to understand the baryon structure. In addition, the studies on the production mechanisms of ⌅ baryons
give a tool to constrain the properties of S = �1 hyperon resonances. The investigation to understand
the production mechanisms of the ⌅ baryons was recently initiated by the CLAS Collboration at JLab
using the reaction of �p ! K+K+⌅� [16]. Theoretical investigation also started only recently [17–
19]. In the analysis on the possible production mechanisms, it was shown that the most important
contribution comes from the intermediate S = �1 hyperon resonances of jP = 1/2�, 3/2+, 5/2�, and
7/2+ [17,20]. Furthermore, through the list of PDG on the S = �1 hyperons, it can be found that many
hyperon resonances in the mass of around 2 GeV have high spins. Therefore, it is necessary to develop
a formalism to include high spin resonances for understanding the production process.

Based on the conventional Rarita-Schwinger formalism, neglecting the ambiguities arising from
the o↵-shell nature of the intermediate hyperon resonances, one can construct a general formalism
for high spin resonances [21]. Based on this formalism, the study on the role of high spin hyperon
resonances in ⌅ photoproduction was performed and the results for the invariant mass distribution
of the K+⌅� pair and the K+K+ pair in the reaction of �p ! K+K+⌅� are shown in Fig. 1. Here,
the dot-dashed lines are the results of Ref. [17] which considers the ⇤(1800) of jP = 1/2� and the
⇤(1890) of jP = 3/2+. The result of this model for the K+⌅� invariant mass distribution evidently
shows that the contribution from a resonance at a mass of around 2 GeV is missing. Among the
hyperon resonances listed in the PDG, the ⌃(2030) of jP = 7/2+ is the most probable state that can
represent such resonances. The contribution from the ⌃(2030) is shown by the dashed lines in Fig. 1,
which shows that this can explain the gap between the results of Ref. [17] and the experimental data as
shown by the solid lines. This investigation shows that the properties of high spin hyperon resonances
can be studied through the analyses of the production processes of the ⌅ baryons.

In summary, we have shown that the investigation of ⌅ baryons and their production processes
can open a way to learn about the baryon structure and the properties of S = �1 hyperon resonances
of high spins. Studies on the ⌅ spectrum can reveal the dynamics of the constituents that cannot be
seen in non-strangeness baryons. Although more sophisticated models for the production mechanisms

The 3rd lowest state 

Exp.

– 1–

Ξ RESONANCES

The accompanying table gives our evaluation of the present

status of the Ξ resonances. Not much is known about Ξ reso-

nances. This is because (1) they can only be produced as a part

of a final state, and so the analysis is more complicated than if

direct formation were possible, (2) the production cross sections

are small (typically a few µb), and (3) the final states are

topologically complicated and difficult to study with electronic

techniques. Thus early information about Ξ resonances came

entirely from bubble chamber experiments, where the numbers

of events are small, and only in the 1980’s did electronic exper-

iments make any significant contributions. However, nothing of

significance on Ξ resonances has been added since our 1988

edition.

For a detailed earlier review, see Meadows [1].

Table 1. The status of the Ξ resonances. Only those with an overall
status of ∗∗∗ or ∗∗∗∗ are included in the Baryon Summary Table.

Status as seen in —

Particle JP
Overall
status Ξπ ΛK ΣK Ξ(1530)π Other channels

Ξ(1318) 1/2+ ∗∗∗∗ Decays weakly
Ξ(1530) 3/2+ ∗∗∗∗ ∗∗∗∗

Ξ(1620) ∗ ∗

Ξ(1690) ∗∗∗ ∗∗∗ ∗∗

Ξ(1820) 3/2− ∗∗∗ ∗∗ ∗∗∗ ∗∗ ∗∗

Ξ(1950) ∗∗∗ ∗∗ ∗∗ ∗

Ξ(2030) ∗∗∗ ∗∗ ∗∗∗

Ξ(2120) ∗ ∗

Ξ(2250) ∗∗ 3-body decays
Ξ(2370) ∗∗ 3-body decays
Ξ(2500) ∗ ∗ ∗ 3-body decays

∗∗∗∗ Existence is certain, and properties are at least fairly well explored.
∗∗∗ Existence ranges from very likely to certain, but further confir-

mation is desirable and/or quantum numbers, branching fractions,
etc. are not well determined.

∗∗ Evidence of existence is only fair.
∗ Evidence of existence is poor.

Reference

1. B.T. Meadows, in Proceedings of the IV th International
Conference on Baryon Resonances (Toronto, 1980),
ed. N. Isgur, p. 283.

CITATION: J. Beringer et al. (Particle Data Group), PR D86, 010001 (2012) (URL: http://pdg.lbl.gov)
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1/2- ?

 Baryon structure and Ξ/Ω spectra



S K Y R M E  M O D E L  ( B O U N D  S TAT E  M O D E L )

Best-fitted results based on the derived mass formula

Particle Prediction (MeV) Expt

N 939* N(939)

� 1232* �(1232)

⇤(1/2+) 1116* ⇤(1116)

⇤(1/2�) 1405* ⇤(1405)

⌃(1/2+) 1164 ⌃(1193)

⌃(3/2+) 1385 ⌃(1385)

⌃(1/2�) 1475 ⌃(1480)?

⌃(3/2�) 1663 ⌃(1670)

⌅(1/2+) 1318* ⌅(1318)

⌅(3/2+) 1539 ⌅(1530)

⌅(1/2�) 1658 (1660) ⌅(1690)?

⌅(1/2�) 1616 (1614) ⌅(1620)?

⌅(3/2�) 1820 ⌅(1820)

⌅(1/2+) 1932 ⌅(1950)?

⌅(3/2+) 2120* ⌅(2120)

⌦(3/2+) 1694 ⌦(1672)

⌦(1/2�) 1837

⌦(3/2�) 1978

⌦(1/2+) 2140

⌦(3/2+) 2282 ⌦(2250)?

⌦(3/2�) 2604

Ω’s would be discovered  
in future. 

Unique prediction of this model. 
The Ξ(1620) should be there. 

still one-star resonance 

Recently confirmed by COSY 
PRL 96 (2006) 

BaBar : the spin-parity of  
Ξ(1690) is 1/2�"
PRD 78 (2008) 

NRQM predicts 1/2+ 

puzzle in QM

YO,  PRD 75 (2007)



O T H E R  A P P R O A C H E S

• Unirary extension of Chiral Perturbation Theory 

• Ramos, Oset, Bennhold, PRL 89 (2002) 

• 1/2- state at 1606 MeV 

• Garcia-Lecio, Lutz, Nieves, PLB 582 (2004) 

• Ξ(1620) and Ξ(1690) are 1/2- states



P R O D U C T I O N  
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P H O T O P R O D U C T I O N

�p ! K+K+⌅�

M
1/2±

2
, M

5/2±
2
∝ EN M N( ) EΞ

M
Ξ( )

M
3/2±

2
, M

7/2±
2
∝ EN ±M N( ) EΞ

±M
Ξ( )



P H O T O P R O D U C T I O N

Nakayama, YO, Haberzettl, PRC 74 (2006) 035205
Man, YO, Nakayama, PRC 83 (2011) 055201

without ⌃(2030, 7/2+)

with ⌃(2030, 7/2+)



M O D E L - I N D E P E N D E N T  A N A LY S I S  
O F  H A D R O N I C  R E A C T I O N

K̄N ! K⌅



• Difficulties 

• Mostly, the decay distributions are used 

• Ground state: no strong decay 

• Remove model-dependence 

• We need a model-independent method (based on symmetries 
only) 

• use the anti-kaon beam: larger cross sections 

• define 

• choose

PA R I T Y  D E T E R M I N AT I O N

K̄(q)N(p) ! K(q0)⌅(p0)

n̂1 ⌘ (q⇥ q0)⇥ q/|(q⇥ q0)⇥ q|
n̂2 ⌘ (q⇥ q0)/|q⇥ q0|

q̂ = ẑ, n̂1 = x̂, n̂2 = ŷ

ˆq and

ˆn1 form the reaction plane



S P I N  S T R U C T U R E
The general spin-structure of the reaction amplitude

ˆM+
= M0 +M2� · ˆn2, for positive parity ⌅

ˆM�
= M1� · ˆn1 +M3� · ˆn3, for negative parity ⌅

) ˆM =

3X

m=0

Mm�m

where M1 = M3 = 0 for positive parity ⌅

and M0 = M2 = 0 for negative parity ⌅

The cross section

d�

d⌦
=

1

2
Tr

⇣
M̂M̂†

⌘
=

3X

m=0

|Mm|2



S P I N - T R A N S F E R  C O E F F I C I E N T
(Diagonal) spin-transfer coefficient

Therefore, when i=y, 

Double polarization observable

The Ξ is self-analyzing, so we need polarized nucleon target only

should be possible to measure at J-PARC

Generalization to Ξ* resonances and to Ξ photoproduction is also 
possible

d�

d⌦
Kii =

1

2
Tr

⇣
M̂�iM̂

†�i

⌘
= |M0|2 + |Mi|2 �

X

k 6=i

|Mk|2

Kii =
d�i(++)� d�i(+�)

d�i(++) + d�i(+�)
d�i(sN , s⌅)

Kii = ⇡⌅(= ±1)

Nakayama, YO, Haberzettl, PRC 85 (2012) 042201(R)
⇡⌅ =

Kyy

⌃



S I N G L E - S P I N  A S Y M M E T R I E S
Target Nucleon asymmetry

Recoil Cascade asymmetry

d�

d⌦
Ti ⌘

1

2
Tr

�
M�iM

†� = 2Re[M0M
⇤
i ] + 2Im[MjM

⇤
k ]

d�

d⌦
Pi ⌘

1

2
Tr

�
MM†�i

�
= 2Re[M0M

⇤
i ]� 2Im[MjM

⇤
k ]

Positive parity Cascade Negative parity Cascade

d�

d⌦
(Ty + Py) = 4Re[M0M

⇤
2 ]

d�

d⌦
(Ty � Py) = 0

d�

d⌦
(Ty + Py) = 0

d�

d⌦
(Ty � Py) = 4Im[M3M

⇤
1 ]

More details for spin-1/2 and 3/2 Ξ baryon production  
can be found in Jackson, YO, Haberzettl, Nakayama, PRC 89 (2014) 025206
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• polarized nucleon target is very expensive …. 

• maybe we can use the decay of Ξ(1690) → Ξ 𝝅

What can we learn about 
 Ξ resonances at K1.8 

�
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M O D E L - D E P E N D E N T  A N A LY S I S  
O F  H A D R O N I C  R E A C T I O N

K̄N ! K⌅



M O D E L  C A L C U L AT I O N S

Sharov, Korotkikh, Lanskoy, EPJA 47 (2011)
D.A. Sharov et al.: Phenomenological model for the KN → KΞ reaction Page 5 of 12

Fig. 2. Integral (top panel) and differential (other panels) cross-sections of reaction (1). The solid lines are the results from
the full version of the model. The cross-sections calculated only with the s channel exchanges by Σ(2030) and Σ(2250) are
shown by dashed lines. At

√
s > 2.4 GeV, the resonance contribution becomes negligible and dashed lines cease to be visible.

The dot-dashed lines are obtained from the fit without higher-mass resonances. The experimental differential cross-sections are
taken from [24] (1.95 GeV), [15] (1.97, 2.07, and 2.14 GeV), [18] (2.11, 2.28, 2.42, and 2.48 GeV), [23] (2.24 GeV), [21] (2.33 GeV),
and [20] (2.79 GeV).

best fit without high resonances

best fit with high resonances

contribution from ⌃(2030) and ⌃(2250)

RAPID COMMUNICATIONS

PRODUCTION OF A CASCADE HYPERON IN THE K−- . . . PHYSICAL REVIEW C 84, 042201(R) (2011)
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FIG. 2. (Color online) Comparison of the calculated total cross
sections for the K− + p → K+ + !− (a) and K− + p → K0 + !0

(b) reactions as a function of incident K− kinetic energy with the
corresponding experimental data from Ref. [9]. Also shown are the
individual contributions of s- and u-channel diagrams to the total
cross section for the reaction shown in (a).

resonance picture is not suitable at energies higher than this.
It is clear that our model is able to reproduce the data well
for both channels within the statistical errors. We shall mostly
be discussing the K− + p → K+ + !− reaction in the rest of
this paper. In this case both calculated and experimental cross
sections peak at EK− ≈ 1.1 GeV. We further note that the
cross sections around the peak and the tail (EK− ! 2.1 GeV)
regions are dominated by the s- and u-channel contributions,
respectively. This result is in contrast to the conclusions of past
studies [11,32], where u-channel contributions dominated this
reaction everywhere.

From Fig. 3, we note that the contribution from the "(1520)
intermediate state dominates the total cross sections over the
entire regime of EK− values. We have checked that both s-
and u-channel cross sections are also individually dominated
by this resonance. The ", "(1405), and #(1385) states make
noticeable contributions only for EK− very close to the produc-
tion threshold. Other resonances contribute very weakly. Of
course, our results are quite dependent on the CCs of various
vertices, which are currently quite uncertain. Nevertheless,
the relative cross sections shown in Fig. 3 are robust despite
this. There is very little scope for increasing further the
individual contributions of the " and # intermediate states,
because the CCs of the corresponding vertices used by us are
already larger than the upper limits for them suggested in the
literature (as discussed above). Furthermore, except for the
#(1385) resonance, where we have again used a larger CC,
the contributions of other resonances are too weak and even
have the wrong EK− dependence. Therefore, the final results
are unlikely to be affected too much by the known uncertainties
in the corresponding CC.

It is interesting to note that in a recent study of this reaction
[34], where the data were fitted by a phenomenological
model, the inclusion of "(1520) and #(1385) resonances
improved the fits considerably. Nevertheless, the quality of the
agreement with the total-cross-section data obtained by these
authors is considerably poorer than those shown in Figs. 2(a)
and 2(b) if resonances with masses below 2 GeV only are
included. Moreover, in this reference neither the contributions
of individual resonances nor the coupling constants at various
vertices are shown explicitly.
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Σ (1750)
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FIG. 3. (Color online) Contributions of individual " and "∗ (a)
and # and #∗ (b) resonance intermediate states to the calculated total
cross section for the same reaction as that shown in Fig. 2.

In Fig. 4, we have shown results for the angular distribution
of the K+ meson at EK− values of 1.1 GeV (where the
total cross section peaks) and 2.4 GeV (where u-channel
contributions dominate these cross sections). Differential
cross sections provide more valuable information about the
reaction mechanism because they include terms that weight
the interference terms of various components of the amplitude
with outgoing K+ angles. From Figs. 4(a) and 4(b), we notice
that, although the contributions of p-wave resonances and
the " terms are rather small for the total cross sections,
their interference with the dominant d-wave ["(1520)D03]
resonance influences the angular distributions strongly at both
beam energies. This leads to enhanced backward peaking of
the cross sections at both energies, and causes the forward
bending of the angular distributions at 1.1 GeV and an increase
in the forward peak value of the cross sections at 2.4 GeV.
The magnitude of the interference effects is directly related to
those of the individual intermediate resonance states. There-
fore, the proper knowledge of the corresponding coupling
constants is vital in this respect. Hence the angular distribution
data are expected to put limits on the vertex constants of even
those resonances that contribute only weakly to the total cross
sections. The same is true also for the polarization data.

The role of interference terms of the s- and u-channel
amplitudes is studied in parts 4(c) and 4(d) of this figure.
We note that here too the interference terms are significant—it
is somewhat of lesser importance at EK− = 1.1 GeV beam
energy but is quite strong at 2.4 GeV. Therefore the s-channel
resonance contributions cannot be ignored in the description
of the angular distributions of the K− + p → K+ + !−

reaction, even at higher beam energies.

042201-3

Shyam, Scholten, Thomas, PRC 84 (2011)

the role of ⇤(1520) is stressed



R E C E N T  C A L C U L AT I O N S

 Coupled channel models

Magas, Feijoo, Ramos, AIPCP 1606 (2014) Kamano, Nakamura, Lee, Sato, arXiv:1407.6839

Highly model-dependent
Needs more precise data
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FIG. 2. (Color online) Total cross sections of the K−p reactions up to W = 2.1 GeV. The red
solid curves (blues dashed curves) are the fitted results of Model A (Model B). The same applies
to Figs. 3-18 below.
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FIGURE 4. The total cross section of the K−p→ K0Ξ0 reaction. The solid line represents results of NLO fit, the dashed-dotted
line - NLO+Res fit, see text for more details. Experimental data are from [22, 23, 24, 25, 26, 27, 28].

TABLE 3. Results of the NLO (14 parameters)
and NLO+Res (17 parameters) fits, see text for
more details.

NLO NLO+RES

aKN (10−3) 4.64 6.84
aπΛ (10−3) 24.52 28.75
aπΣ (10−3) 2.06 0.79
aηΛ (10−3) -9.10 -11.53
aηΣ (10−3) -8.43 -13.53
aKΞ (10−3) 37.54 29.71
f 1.19 fπ 1.18 fπ
b0 (GeV−1) -0.37 -0.31
bD (GeV−1) -0.04 - 0.11
bF (GeV−1) 0.37 0.26
d1 (GeV−1) 0.24 0.14
d2 (GeV−1) 0.41 0.42
d3 (GeV−1) 0.74 0.74
d4 (GeV−1) -0.58 -0.60
gΞY5/2K ·gNY5/2K - 84.12
gΞY7/2K ·gNY7/2K - 283.47
Λ5/2 = Λ7/2 (MeV ) - 308.13

χ2/d.o. f . 1.88 1.40

The obtained parameter values and resulting χ2/d.o. f . are presented in Table 3.
First of all, we would like to stress that the inclusion of the NLO terms into the interaction kernel substantially

improves the agreement with data with respect to WT fits. This has been shown in detail in Refs. [10, 6, 11, 12, 7],
and we are not going to discuss these aspects in the present letter.
Looking at Figs. 1, 2 and Tables 2, 3 we can conclude that for the observables unrelated to the Ξ hyperon production



M O D E L  D E S C R I P T I O N

• Effective Lagrangian  

• Tree level calculation  

• No t-channel exchange  
(no exotics) 

• Hyperon resonances (𝛬*, 𝛴*)

K̄ K

N Ξ

Λ, Σ

Λ∗, Σ∗
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TABLE I. The ⇤ and ⌃ hyperons listed by the Particle Data Group [17] as three-star or four-star states. The decay widths
and branching ratios of high-mass resonances m

Y

> 1.6 GeV are in a broad range, and the coupling constants are determined
from their central values.

⇤ states ⌃ states

State JP � (MeV) Rating |g
N⇤K

| State JP � (MeV) Rating |g
N⌃K

|
⇤(1116) 1/2+ **** ⌃(1193) 1/2+ ****

⇤(1405) 1/2� ⇡ 50 **** ⌃(1385) 3/2+ ⇡ 37 ****

⇤(1520) 3/2� ⇡ 16 ****

⇤(1600) 1/2+ ⇡ 150 *** 4.2 ⌃(1660) 1/2+ ⇡ 100 *** 2.5

⇤(1670) 1/2� ⇡ 35 **** 0.3 ⌃(1670) 3/2� ⇡ 60 **** 2.8

⇤(1690) 3/2� ⇡ 60 **** 4.0 ⌃(1750) 1/2� ⇡ 90 *** 0.5

⇤(1800) 1/2� ⇡ 300 *** 1.0 ⌃(1775) 5/2� ⇡ 120 ****

⇤(1810) 1/2+ ⇡ 150 *** 2.8 ⌃(1915) 5/2+ ⇡ 120 ****

⇤(1820) 5/2+ ⇡ 80 **** ⌃(1940) 3/2� ⇡ 220 *** < 2.8

⇤(1830) 5/2� ⇡ 95 **** ⌃(2030) 7/2+ ⇡ 180 ****

⇤(1890) 3/2+ ⇡ 100 **** 0.8 ⌃(2250) ?? ⇡ 100 ***

⇤(2100) 7/2� ⇡ 200 ****

⇤(2110) 5/2+ ⇡ 200 ***

⇤(2350) 9/2+ ⇡ 150 ***

III. RESULTS

In this section, we present our results for the reaction
K̄+N ! K+⌅ in di↵erent isospin channels. More specif-
ically, we investigate the reactions K� + p ! K+ + ⌅�,
K�+ p ! K0+⌅0, and K�+n ! K0+⌅� considering
all the available data such as on the total and di↵erential
cross sections and recoil polarization asymmetry.

[YO: I think that we can just give our predictions on
the K� + n ! K0 + ⌅� reaction. The data for this
reaction is rare, but our prediction can be compared with
2 data points.]

Before we present our results, however, we briefly re-
mark on the experimental data considered in this work
and shown in Figs. 2–5. These data come from di↵erent
sources of Refs. [30, 32–34, 58–61] and are available in
various forms, some of them not in the tabular (numeri-
cal) form that can be readily used but only in graphical
form or as parametrization in terms of the Legendre poly-
nomial expansions. In Ref. [42] Sharov et al. have care-
fully considered the data extraction from these papers.
For details, we refer to their paper. We have checked that
the extracted data are consistent with those in the origi-
nal papers within the permitted accuracy of the check. In
the present work, we use these data and no cross sections
resulting from the expansion coe�cients are considered
here.

As mentioned before, there are a number of 3- and 4-
star ⇤ and ⌃ resonances, including those low-mass sub-
threshold ones that contribute, in principle, to the reac-
tion (1). A list of these hyperon resonances and some of
their properties is shown in Table I. However, apart from
the ground state ⇤(1116) and ⌃(1193), for most of these
resonances, the required information on the resonance

parameters such as the coupling strength (including their
signs) to ⌅ and/or N are largely unknown. Therefore,
the strategy adopted in this work is to consider these
parameters as fit parameters and consider the minimum
number of resonances required to reproduce the existing
data. In particular, we have considered only those res-
onances that give rise to a considerable contribution to
the cross section within a physically reasonable range of
the resonance parameter values. More specifically, during
the fitting procedure, resonances were added one by one
to the model and the quality of fit was checked. It should
be mentioned that we have also checked the influence of
various combinations of resonances at a time (and not
just one by one) to the fit quality. The resonances kept
in the presented calculation were those that increased the
quality of the fit by a noticeable amount with the varia-
tion in �2 per data points N , ��2/N > 0.1. (KN: Ben,
please check if this is true.) An example of this proce-
dure is shown in Table II where the results of adding one
more resonance to the current model, as specified later,
is shown.

For each resonance considered in this work, the cor-
responding coupling constants were constrained by as-
suming that |g

KYN

| = |g
KY ⌅

| and that the sum of the
branching ratios �

Y

⇤!KN

+ �
Y

⇤!K⌅

not to exceed unit.
Because, within our model, the data are sensitive only to
the product of the coupling constants g

KYN

g
KY ⌅

, set-
ting |g

KYN

| = |g
KY ⌅

| is a simple way of keeping our
couplings within a physically acceptable range. Admit-
tedly, the currently existing data are limited and su↵er
from large uncertainties, thus an accurate determination
of the resonance parameters are not possible at this stage.
For this, one needs to wait for new more precise data,
possibly including more spin polarization data. In this
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where m
K

denotes the Kaon mass.

For spin-5/2 hyperons [25, 65],
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For spin-7/2 hyperons [25, 65],
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The coupling constants in the above Lagrangians cor-
responding to ⇤ and ⌃ resonances are free parameters
adjusted to reproduce the existing data. For those reso-
nances considered in the present work, they are given in
Table. ??.
The MBR vertices �̂†

MBR

(�̂
MBR

) in Eq. (11)
are obtained from the above Lagrangians
(Eqs. (A.2,A.4,A.5,A.6)). In addition, each MBR
vertex is multiplied by an o↵-shell form factor given by

f(p2
r

,m
r

,⇤
r

) =

✓

n⇤4

r

n⇤4

r

+ (p2
r

�m2

r

)2

◆

n

, (A.7)

where p2
r

and m
r

are the square of the 4-momentum and
mass of the exchanged hyperon, respectively. ⇤

r

is the
cut-o↵ parameter chosen to have a common value of ⇤

r

⌘
⇤ = 900 MeV for all the MBR vertices in order to keep
the number of free parameters to a minimum. Also, the
parameter n is chosen to be n = 1.
The propagator of the dressed hyperons in Eq. (11)

are given by following Refs. [25, 62–64], ignoring the res-
onance couplings, i.e., Ŝ

r

0
r

= Ŝ
r

�
r

0
r

. For a spin-1/2
baryon propagator, we use
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where �
r

is the energy dependent baryon width. For a
stable (ground state) baryon, �

r

/2 ! ✏, with ✏ positive
infinitesimal.

For spin-3/2, the dressed propagator reads in a
schematic matrix notation

Ŝ3/2

r

(p
r

) =



(p/
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)g � i
�

2
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��1

� , (A.9)

where all indices are suppressed, i.e., g is the metric ten-
sor and � is the Rarita-Schwinger tensor written in full
detail as
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(A.10)
where ↵, �, and " enumerate the four indices of the �-
matrix components (summation over " is implied). The
inversion in Eq. (A.9) is to be understood on the full 16-
dimensional space of the four Lorentz indices and the four
components of the gamma matrices. The motivation for
the ansatz (A.9) and the technical details how to perform
this inversion is given in Ref. [62, 63].

Similarly, the propagator for a spin-5/2 resonance is
given by [25, 65]
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with

ḡµ⌫ ⌘ gµ⌫ � pµp⌫
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. (A.13)

The propagator for a spin-7/2 resonance is given by
[25, 65]
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ḡ
�1
↵1
ḡ
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ḡ
�1
↵1
ḡ
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fact, various single- and double-polarization observables
in photoproduction reactions are currently being mea-
sured at the major facilities such as JLab, ELSA and
MAMI, aiming at the so-called complete experiments in
order to determine model-independently the photopro-
duction amplitude.
There are some controversy about the role of par-

ticular resonances among the recent calculations of the
K� + N ! K + ⌅ reaction, in particular, those based
on e↵ective Lagrangians as mentioned in the Introduc-
tion [42, 43] and now including the present work. The
common feature among these calculations, here includ-
ing that based on the Unitarized Chiral Perturbation ap-
proach [44], is that, there seems to require the S = �1
hyperon resonance contribution to reproduce the exist-
ing data. To pin down the role of a particular resonance
among them requires more precise and complete data, in
addition to a more complete theoretical model such as
that of Argonne-Osaka group based on Dynamical Cou-
pled Channels approach [45].
Finally, the present work is our first step toward build-

ing a more complete reaction theory to help analyze and
extract ⌅ resonances in future experimental e↵orts in ⌅
baryon spectroscopy. This will also help in analyzing
the data to understand the production mechanisms of ⌅
baryons. It is a complementary work to that of a model-
independent analysis performed recently by the same au-
thors [47].
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Appendix

In this Appendix, we give the e↵ective Lagrangians
and phenomenological dressed baryon propagators from
which the s- and u-channel amplitudes M

s

and M
u

dis-
cussed in Sec. II are constructed. We follow Refs. [24, 25,
62–64] and consider not only the spin-1/2 ground state ⇤
and ⌃ but also their respective excited states with spin
up to 7/2.
In the following we use the notations for the iso-doublet

fields

N =

 

p

n

!

, ⌅ =

 

⌅0

�⌅�

!

,

K =

 

K+

K0

!

, K
c

=

 

K̄0

�K�

!

,

and for the iso-triplet fields

⌃ =

0

B

@
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1

C

A

.

We also introduce the auxiliary operators in Dirac
space (Check DJ below for J > 1/2)

D
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@
⌫
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where �(+) ⌘ �
5

and �(�) ⌘ 1. m
B

stands for the mass
of the baryon B. The parameter � has been introduced
to interpolate between the pseudovector (� = 0) and the
pseudoscalar (� = 1) couplings. Note that in the above

equation the order of the subscript indices in D
1/2(±)

B

0
BM

is

important, i.e., D1/2(±)

B

0
BM

6= D
1/2(±)

BB

0
M

.

The e↵ective Lagrangians for spin-1/2 hyperons ⇤ and
⌃ (or their resonances) are, then, given by
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where the superscripts ± refer to the positive (+) and
negative (�) relative parity of the baryons.

Flavor SU(3) symmetry relates the coupling constants
among the members of the octet JP = 1/2+ ground state
baryons and JP = 0+ pseudoscalar mesons. We have

g
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where g
8

= g
NN⇡

= 13.45 empirically and the D/F
mixing parameter ↵ = 2/5 from SU(6) considerations.

For spin-3/2 hyperons, we have
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where m
K

denotes the Kaon mass.

For spin-5/2 hyperons [25, 65],
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For spin-7/2 hyperons [25, 65],
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The coupling constants in the above Lagrangians cor-
responding to ⇤ and ⌃ resonances are free parameters
adjusted to reproduce the existing data. For those reso-
nances considered in the present work, they are given in
Table. ??.
The MBR vertices �̂†

MBR

(�̂
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) in Eq. (11)
are obtained from the above Lagrangians
(Eqs. (A.2,A.4,A.5,A.6)). In addition, each MBR
vertex is multiplied by an o↵-shell form factor given by
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where p2
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and m
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are the square of the 4-momentum and
mass of the exchanged hyperon, respectively. ⇤
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cut-o↵ parameter chosen to have a common value of ⇤
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⇤ = 900 MeV for all the MBR vertices in order to keep
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where �
r

is the energy dependent baryon width. For a
stable (ground state) baryon, �

r

/2 ! ✏, with ✏ positive
infinitesimal.

For spin-3/2, the dressed propagator reads in a
schematic matrix notation
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where all indices are suppressed, i.e., g is the metric ten-
sor and � is the Rarita-Schwinger tensor written in full
detail as
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where ↵, �, and " enumerate the four indices of the �-
matrix components (summation over " is implied). The
inversion in Eq. (A.9) is to be understood on the full 16-
dimensional space of the four Lorentz indices and the four
components of the gamma matrices. The motivation for
the ansatz (A.9) and the technical details how to perform
this inversion is given in Ref. [62, 63].

Similarly, the propagator for a spin-5/2 resonance is
given by [25, 65]
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. (A.13)

The propagator for a spin-7/2 resonance is given by
[25, 65]

Ŝ7/2

r

(p
r

) =



(p/
r

�m
r

)g � i
�

2
�
r

��1

�, (A.14)

where

� ⌘ �
�1�2�3
↵1↵2↵3

=
1

36

X

P (↵),P (�)

⇢

ḡ
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⌃(1193) 1
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+
3.58 1.0 � 13.26 1.0 900 2 5.0922 1.8164 �0.3853 0.7257

⌃(1750) 1
2

� �0.66 1.0 0.66 1.0 900

⌃(2250) 3
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+ �0.24 0.24 900 ⇤
S

= 1 GeV ↵ = 2.75

TABLE III. On the left are the resonances and the corresponding fitted parameter values (see the Appendix) in the present
work. The underlined entries in boldface are taken from Ref. [24]. On the right are the fitted contact amplitude parameters
introduced in Eq. (14). Here, ↵T

L

0 = �T

L

0 = ↵ is used. KN: Perhaps the uncertainties in the fit values should be quoted.)
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FIG. 2. (Color online) Total cross section for the K� + p ! K+ + ⌅� reaction. Left panel: The solid blue line represents the
result of the full calculations of the present model. The red dashed line shows the combined ⇤ hyperons contribution. The
magenta dash-dotted line shows the combined ⌃ hyperons contribution. The green dash-dot-dotted line gives the contribution
from the contact term. Right upper panel: The solid red line represents the combined ⇤ hyperons contribution that is the
same as the red dashed line in the left panel. The red dotted line represents the ground state ⇤(1116) contribution while
the red dashed line shows the ⇤(1820) contribution. Right lower panel: The solid magenta line represents the combined ⌃
hyperons contribution that is the same as the magenta dash-dotted line in the left panel. The magenta dotted line represents
the ground state ⌃(1193) contribution while the magenta dashed line represents the ⌃(1750) and the magenta dash-dotted line
the ⌃(2250). The experimental data are adopted from Ref. [42]. (KN: Increase the y-axis scale to 200 instead of 250 µb in the
right figure. Also, you might want to use the line styles consistent between the left and right panels.

TABLE IV. Results for �2/N when assuming di↵erent JP for

the ⌃(2250). From these results we assume JP = 3
2

+
for the

⌃(2250) in the present work.

JP 1
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+ 1
2

� 3
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+ 3
2

� 5
2

+ 5
2

� 7
2

+ 7
2

�

�2/N 1.86 1.87 1.67 1.89 1.85 1.85 1.80 1.83

next, which is practically due to the ⇤(1820) resonance
alone as can be seen from the upper left panel. The rel-
ative contribution of the ⌃ hyperons is much larger here
than in the charged ⌅ production. In particular, it shows
a more pronounced peak around W ⇠ 2.2 GeV due to
the interference of the ⌃(2250) resonance with the now
largest ⌃(1193) contributions as shown in the lower right
panel. As a consequence, the full result reveals a rapid
drop in the cross section between W ⇠ 2.2 and 2.3 GeV
due to the interference of the ⌃ hyperons with the other
contributions. Unfortunately, the existing data cannot

tell whether such a feature is or isn’t in fact there.

The results for di↵erential cross sections in both K�+
p ! K++⌅� and K�+p ! K0+⌅0 are shown in Fig. 4
in the energy domain up to W = 2.8 GeV for the former
and up to W = 2.5 GeV for the latter reactions. Overall,
the model reproduces the data quite well. There seems
to be some discrepancies for energies W = 2.33 and 2.42
GeV in the charged ⌅� production. Our model cannot
reproduce a rather rapid change in the observed shape of
the angular distribution as a function of energy in this re-
gion (compare the results for W = 2.28 and 2.33 GeV).
As in the total cross sections, the data for the neutral
⌅0 production are fewer and less accurate than for the
charged ⌅� production. In particular, the ⌅0 production
data at W = 2.15 GeV seems incompatible with those
at nearby lower energies and that the present model is
unable to reproduce the observed shape at backward an-
gles.

The results for the recoil polarization asymmetries are
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FIG. 2. (Color online) Total cross section for the K� + p ! K+ + ⌅� reaction. Left panel: The solid blue line represents the
result of the full calculations of the present model. The red dashed line shows the combined ⇤ hyperons contribution. The
magenta dash-dotted line shows the combined ⌃ hyperons contribution. The green dash-dot-dotted line gives the contribution
from the contact term. Right upper panel: The solid red line represents the combined ⇤ hyperons contribution that is the
same as the red dashed line in the left panel. The red dotted line represents the ground state ⇤(1116) contribution while
the red dashed line shows the ⇤(1820) contribution. Right lower panel: The solid magenta line represents the combined ⌃
hyperons contribution that is the same as the magenta dash-dotted line in the left panel. The magenta dotted line represents
the ground state ⌃(1193) contribution while the magenta dashed line represents the ⌃(1750) and the magenta dash-dotted line
the ⌃(2250). The experimental data are adopted from Ref. [42]. (KN: Increase the y-axis scale to 200 instead of 250 µb in the
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TABLE IV. Results for �2/N when assuming di↵erent JP for

the ⌃(2250). From these results we assume JP = 3
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for the

⌃(2250) in the present work.
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next, which is practically due to the ⇤(1820) resonance
alone as can be seen from the upper left panel. The rel-
ative contribution of the ⌃ hyperons is much larger here
than in the charged ⌅ production. In particular, it shows
a more pronounced peak around W ⇠ 2.2 GeV due to
the interference of the ⌃(2250) resonance with the now
largest ⌃(1193) contributions as shown in the lower right
panel. As a consequence, the full result reveals a rapid
drop in the cross section between W ⇠ 2.2 and 2.3 GeV
due to the interference of the ⌃ hyperons with the other
contributions. Unfortunately, the existing data cannot

tell whether such a feature is or isn’t in fact there.

The results for di↵erential cross sections in both K�+
p ! K++⌅� and K�+p ! K0+⌅0 are shown in Fig. 4
in the energy domain up to W = 2.8 GeV for the former
and up to W = 2.5 GeV for the latter reactions. Overall,
the model reproduces the data quite well. There seems
to be some discrepancies for energies W = 2.33 and 2.42
GeV in the charged ⌅� production. Our model cannot
reproduce a rather rapid change in the observed shape of
the angular distribution as a function of energy in this re-
gion (compare the results for W = 2.28 and 2.33 GeV).
As in the total cross sections, the data for the neutral
⌅0 production are fewer and less accurate than for the
charged ⌅� production. In particular, the ⌅0 production
data at W = 2.15 GeV seems incompatible with those
at nearby lower energies and that the present model is
unable to reproduce the observed shape at backward an-
gles.

The results for the recoil polarization asymmetries are

K�p ! K+⌅�
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FIG. 3. (Color online) Same as Fig. 2 for the K� + p ! K0 + ⌅0 reaction. The experimental data are from Ref. [42].
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FIG. 4. (Color online) Kaon angular distributions in the center-of-mass frame for K� + p ! K+ + ⌅� (left figure) and for
K� + p ! K0 + ⌅0 (right figure). The blue lines represent the full model results. The numbers in the upper right corners
correspond to the centroid total energy of the system W in the energy bins. Data are from [? ]. Color online.

shown in Fig. 5 in the energy interval of W = 2.1 to
2.5 GeV. We reproduce the data nicely overall. Here,
we note that these data are close to zero and do not
impose much constraints on the model parameters in the
sense that once the cross section data are reproduced,
the model always yields very close results to the data,
independent on whether or not one includes these data
in the fit procedure. This corroborates the findings of
Ref. [42].
For the reminder of this section, we shall present

our predictions for the spin observables, as defined in
Ref. [47], for some selected energies. It should be men-
tioned here that the some of the spin observables are
expected to be more sensitive to the rescattering term
(V GT ) in Eq. (2) than the cross sections, for they are
proportional to the imaginary part of the product of the
spin-flip and spin-non-flip amplitudes. This means that
the driving potential V alone leads to a vanishing contri-

bution to these observables, for the corresponding spin
amplitudes are either pure real or pure imaginary. This
is the case of the recoil asymmetry P . In our present
model the complex nature of the spin amplitudes arises
only from the hyperon resonance contributions due to
the finite resonance widths. The phenomenological con-
tact amplitude M

c

can and should be complex in prin-
ciple, since it accounts for the rescattering contribution
(V NPGTNP ) of the non-pole T -matrix which is complex
in general. However, due to the lack of more spin polar-
ization data that can fix the coupling strength parame-
ters in the contact amplitude (cf. Eq. (14)), we have cho-
sen these parameters to be pure real in the present work.
As mentioned before in connection to the discussion of
Fig. 5, unfortunately, the existing recoil asymmetry data
– which are very small – do not impose a stringent con-
straint on the model parameters. This situation might
have been quite di↵erent if this observable were more

K�p ! K0⌅0

Prelim
inary
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FIG. 3. (Color online) Same as Fig. 2 for the K� + p ! K0 + ⌅0 reaction. The experimental data are from Ref. [42].
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FIG. 4. (Color online) Kaon angular distributions in the center-of-mass frame for K� + p ! K+ + ⌅� (left figure) and for
K� + p ! K0 + ⌅0 (right figure). The blue lines represent the full model results. The numbers in the upper right corners
correspond to the centroid total energy of the system W in the energy bins. Data are from [? ]. Color online.

shown in Fig. 5 in the energy interval of W = 2.1 to
2.5 GeV. We reproduce the data nicely overall. Here,
we note that these data are close to zero and do not
impose much constraints on the model parameters in the
sense that once the cross section data are reproduced,
the model always yields very close results to the data,
independent on whether or not one includes these data
in the fit procedure. This corroborates the findings of
Ref. [42].
For the reminder of this section, we shall present

our predictions for the spin observables, as defined in
Ref. [47], for some selected energies. It should be men-
tioned here that the some of the spin observables are
expected to be more sensitive to the rescattering term
(V GT ) in Eq. (2) than the cross sections, for they are
proportional to the imaginary part of the product of the
spin-flip and spin-non-flip amplitudes. This means that
the driving potential V alone leads to a vanishing contri-

bution to these observables, for the corresponding spin
amplitudes are either pure real or pure imaginary. This
is the case of the recoil asymmetry P . In our present
model the complex nature of the spin amplitudes arises
only from the hyperon resonance contributions due to
the finite resonance widths. The phenomenological con-
tact amplitude M

c

can and should be complex in prin-
ciple, since it accounts for the rescattering contribution
(V NPGTNP ) of the non-pole T -matrix which is complex
in general. However, due to the lack of more spin polar-
ization data that can fix the coupling strength parame-
ters in the contact amplitude (cf. Eq. (14)), we have cho-
sen these parameters to be pure real in the present work.
As mentioned before in connection to the discussion of
Fig. 5, unfortunately, the existing recoil asymmetry data
– which are very small – do not impose a stringent con-
straint on the model parameters. This situation might
have been quite di↵erent if this observable were more

Prelim
inary
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FIG. 5. (Color online) Results for d�

d⌦P for both the K�+p !
K++⌅� and K�+p ! K0+⌅0 reactions. The blue solid line
represents the total result. he numbers shown in the upper
right corners correspond to the centroid total energy of the
system W in the energy bins. Data are from [? ]. (KN: P

y

should read P . Change the brown dashed lines to black solid
lines.

sizable. In contrast, the target-recoil asymmetries are
proportional to either the real part of the product of the
spin-flip and spin-non-flip amplitudes or to the di↵erence
in the magnitudes of these amplitudes. Therefore, here,
the driving potential V already leads to a non-vanishing
contribution and the assumption of the pure real coupling
strength parameters in the contact amplitude is expected
to be more justified as is for the cross sections.

With the above discussion in mind, we show in Fig. 6
the recoil polarization asymmetry P (which equals the
target asymmetry T ), and the target-beam asymmetries
K

xx

(= K
zz

) and K
xz

(= �K
zx

) and the correspond-
ing quantities multiplied by the unpolarized cross sec-
tion, i.e., d�

d⌦

P , d�

d⌦

K
xx

, and d�

d⌦

K
xz

for the reaction
K� + p ! K+ +⌅�. The recoil asymmetry P is seen to
be relatively small, especially for higher energies where
it becomes almost zero. Perhaps, this behavior of P can
be understood in connection to the discussion in the pre-
vious paragraph, if we recall that the dominant hyperon
resonance contribution in the present model is due to
⇤(1820) which has a relatively small width of � ⇡ 80
MeV (cf. Table. I). In contrast to the recoil asymmetry,
the target-recoil asymmetries are quite sizable which is
not surprising in view of the discussion in the previous

paragraph. One feature that is worth noted here is that
by mirror symmetry [47]

K
xx

= K
zz

�

�

cos ✓=±1

= ⇡
⌅

, (15)

where ⇡
⌅

denotes the parity of the produced ⌅. Also,
K

yy

= ⇡
⌅

, independent on scattering angle, by symme-
try [46, 47]. Since we have assumed that the ground state
⌅ has a positive parity, obviously, K

xx

= K
zz

= +1 at
cos ✓ = ±1.
Figure 7 shows the analogous results to those shown in

Fig. 6 for the reaction K� + p ! K0 + ⌅0. The results
here reveal a number of noticeable di↵erences compare to
the corresponding results for the charged ⌅� production.
The recoil polarization at the lower energies exhibits a
sin ✓ cos ✓ dependence which is typical for the P - and
D- partial wave interference. At around W ⇠ 2.2 � 2.3
GeV, it shows an enhancement at forward angles which
arises from the ⌃ hyperons contribution. Note that ⌃
hyperons contribute much more to this reaction than to
the ⌅� production reaction (cf. Figs. 2,3). At higher
energies, the recoil asymmetry gets small. The target-
recoil asymmetries also exhibit a more pronounced angu-
lar shape than those for the ⌅� production. In particular,
K

zx

(= �K
xz

) around cos ✓ = 0 and at higher energies
becomes close to +1 while it is negative in the ⌅� pro-
duction case. We also see that our model seems to predict
K

xz

behaving erratically at energies above W > 2.5 GeV
and cos ✓ ⇡ �1. While this is the case, the reason is
not due to any strange dynamics happening in this kine-
matic region, but rather the very small amplitudes here.
In fact, the right panel of Fig. 7 shows this same spin ob-
servable multiplied by the unpolarized cross section d�

d⌦

and it is clearly seen that the amplitudes in this region
are very small causing the rapid oscillations ofK

xz

. (KN:
I am not happy with this explanation.)

IV. CONCLUSION

In this work we have presented our analysis of the re-
action K� +N ! K + ⌅ within an e↵ective Lagrangian
approach that includes a phenomenological contact term
to account for the rescattering contribution of the non-
pole part of the reaction amplitude in the Bethe-Salpeter
equation and for other possible (short-range) dynamics
that are not taken into account explicitly in the model.
By introducing the phenomenological contact term, we
avoid the problem of a strong u-channel hyperon con-
tribution which keeps growing as a function of energy
leading to ever increasing cross sections, a common fea-
ture of the e↵ective Lagrangian approaches. The present
model also includes the ⇤(1820), ⌃(1750), ⌃(2030) and
⌃(2250) resonance contributions, apart from the ground
states ⇤(1116) and ⌃(1193).

The available total and di↵erential cross section as well
as the recoil asymmetry data in both the K� + p !
K++⌅� and K�+p ! K0+⌅0 processes are well repro-
duced by the present model. The total cross section data

Prelim
inary
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Multi-strangeness hyperons: a new window for studying baryon 
structure 

Study on the spectrum of Ξ baryons 
test for existing models 

Theoretical models for Ξ spectrum 
different and even contradictory predictions 
mass and quantum numbers of the third lowest state 
Skyrme model: Ξ(1620) and Ξ(1690) as analogue states of 𝛬(1405) 

Experimental side: More precise data are needed 
existence of Ξ(1620) 
should confirm other poorly established Ξ resonances and their 
quantum numbers 
almost no information about 𝛺 baryons



Role of 𝛬 and 𝛴 resonances in Ξ production processes 

offers a chance to study these resonances 

higher mass and high spin resonances 

J-PARC gives a new chance for Ξ physics. 

larger yields than photoproduction 

needs various polarization measurements 

CLAS12 will give complementary information.

Thank You
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•  The predicted masses for the third lowest state are higher than 1690 MeV 
(except NRQM) 

•  How to describe !(1690)?  

•  The presence of !(1620) is puzzling, if it exits. 

Highly model-dependent ! 

Cf. similar problem in QM:  Λ(1405)  
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Skyrme Model
1960s, T.H.R. Skyrme

Baryons are topological solitons within a nonlinear theory of pions.

L =
f2
⇡

4
Tr

�
@µU

†@µU
�
+

1

32e2
Tr

⇥
U†@µU,U

†@⌫U
⇤2

Topological soliton
winding number = integer

interpret as baryon number



45

Starting point: flavor SU(3) symmetry is badly broken

treats light flavors and strangeness on a different footing

Lagrangian

The soliton provides a background potential that traps K/K* (or heavy) 
mesons.

bound kaon 

Callan, Klebanov,  NPB 262 (1985)

SU(3) ! SU(2)⇥U(1)

L = LSU(2) + LK/K⇤

Bound State Model
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Bound State Model
Anomalous Lagrangian

Pushes up the S = +1 states to the continuum g no bound state

Pulls down the S = -1 states below the threshold g allows bound state  
g description of hyperons

Renders two bound states with S = -1

the lowest state: p-wave g gives (+)-ve parity Λ(1116)

excited state: s-wave g gives (-)-ve parity Λ(1405)

Mass formula includes parameters: depends on dynamics

after quantization

270 MeV energy difference

we fix them to known masses and then predict
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Experimental Data
Experimental Data

289 MeV 

290 MeV 

285 MeV positive parity 

negative parity 

parity undetermined 



MASS FORMULA
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M (i, j, jm ) =Msol + n1ω1 + n2ω2 +
1
2I
{i(i+1)+ c1c2 jm ( jm +1)+ (c1 − c1c2 ) j1( j1 +1)+ (c2 − c1c2 ) j2 ( j2 +1)

                     + c1 + c2
2

j( j +1)− jm ( jm +1)− i(i+1)[ ]+ c1 − c2
2

R ⋅ (

J1 −

J2 )}

Fitted values
Msol = 866 MeV,         I =1.01 fm
ω1 = 211 MeV,       c1 = 0.754,         c1 = 0.532
ω2 = 479 MeV,       c2 = 0.641,         c2 = 0.821

cf.   c1 = c1
2,   c2 = c2

2   in Kaplan, Klebanov, NPB 335 (1990)

8 parameters: fit to the available data 
!  give predictions to the other resonances 
The last term gives a mixing between the states which have same  
i, j, jm but different R, J1, J2  

the kaon. It is well known that the bound state of kaon is
obtained only for jK ! 1=2 [41]. In order to represent ! in
terms of good quantum numbers, one makes use of the
relation

 ! ! "cJK: (4)

This defines the constant c which plays the role of the
hyperfine splitting constant. Therefore, as pointed out by
Ref. [59], the rotational energy is very similar to the
magnetic moment interactions of quark models since Erot
contains the spin-spin interactions. In this sense, the con-
stant c distinguishes the strength of the interactions with
strange quarks from that of the light-quark-light-quark
interactions. When there are n bound kaons of the same
kind, the mass formula of Ref. [43] gives

 

M#i; j$ ! Msol % n!%
1

2I
fcj#j% 1$ % #1" c$i#i% 1$

% c#c" 1$j1#j1 % 1$g; (5)

where j1 ! njK as constrained by the Bose statistics.
If there are two kinds of bound mesons, such as the

system including both the P-wave and S-wave kaons or the
system of K meson and D meson, the rotational energy
reads

 Erot !
1

2I
#R"!1 "!2$2: (6)

By defining Jm ! J1 % J2, the mass formula of Ref. [44]
gives

 

M#i; j; jm$ ! Msol % n1!1 % n2!2 %
1

2I

!
i#i% 1$ % c1c2jm#jm % 1$ % #c1 " c2$&c1j1#j1 % 1$ " c2j2#j2 % 1$'

% &j#j% 1$ " jm#jm % 1$ " i#i% 1$'
"
c1 % c2

2
% c1 " c2

2

j1#j1 % 1$ " j2#j2 % 1$
jm#jm % 1$

#$
; (7)

where !i, ji, and ci are the energy, grand spin, and hyper-
fine constant of the ith kind of bound meson whose number
is represented by ni.

3

However, the assumptions made to arrive at the mass
formula (7) require further consideration. First, it is as-
sumed that

 ! 2 ! c2J2
K: (8)

As mentioned before, R is the isospin of the kaon em-
bedded in the soliton field. It was pointed out in Ref. [49]
that !2 can be exactly calculated in the infinite heavy mass
limit thanks to the simplicity of the heavy meson (spatial)
wave function. In this limit, ! is nothing but the isospin
operator sandwiched by ! ( r̂. As a result, !2 can be
calculated exactly as

 ! 2 ! J2
K ! 3

4; (9)

which evidently shows the failure of the approximation (8)
in this limit. It should also be mentioned that the role of
vector mesons is crucial to get the correct heavy quark
limit. With this observation, one can show that the soliton-
meson bound-state model is equivalent to the nucleon-
meson bound-state model of Ref. [47] in the heavy quark
limit. Another ambiguity in calculating !2 is that the kaon-
kaon interactions which have been neglected so far should
contribute to this term. Including the kaon-kaon interac-
tions would have an important role especially for multi-
strangeness baryons and !2 may depend on the
strangeness of the baryon. However, this requires one to

expand the soliton Lagrangian up to the kaon quartic terms,
which is laborious [60] and beyond the scope of this work.4

Instead of working with a specific model Lagrangian, we
introduce another parameter !c,

 ! 2 ! !cJ2
K; (10)

as suggested by the authors of Refs. [59,60]. Therefore the
approximation (8) corresponds to !c ! c2, which is shown
to be comparable to the quark model with magnetic mo-
ment interactions [59,60]. However, it should be kept in
mind that, in the heavy quark limit, one has !c! 1 and c!
0, which shows that the relation !c ! c2 does not hold in
general. By working with Eq. (10), the mass formula is still
in the form of Eq. (5) but c2 is replaced by !c.

Second, in order to arrive at the expression for the (c1 "
c2) term of Eq. (7), J1 " J2 is assumed to precess about
the Jm direction, which is similar to the case of anomalous
Zeeman effect in weak magnetic field. This assumption
allows us to write

 #J1 " J2$ ( R )
#J1 " J2$ ( Jm

J2
m

R ( Jm; (11)

which then leads to the geometrical factor of the (c1 " c2)
term. However, this can be a good approximation only
when the vector J1 " J2 precesses about the Jm axis.
But, in fact, this term can be calculated directly from the

3The typographical errors committed in Refs. [44,45] were
corrected in Ref. [46].

4The anharmonic corrections in the bound-state soliton model
were first addressed by Björnberg et al. in Ref. [61] within a
concise form of the effective Lagrangian. By treating the kaon
quartic terms as a perturbation, the authors found that the
anharmonic corrections would lead to an about 10% correction
to the P-wave kaon energy.

YONGSEOK OH PHYSICAL REVIEW D 75, 074002 (2007)

074002-4

causes mixing
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Bound State Model
Best-fitted results based on the derived mass formula

YO,  PRD 75 (2007)

Particle Prediction (MeV) Expt

N 939* N(939)

� 1232* �(1232)

⇤(1/2+) 1116* ⇤(1116)

⇤(1/2�) 1405* ⇤(1405)

⌃(1/2+) 1164 ⌃(1193)

⌃(3/2+) 1385 ⌃(1385)

⌃(1/2�) 1475 ⌃(1480)?

⌃(3/2�) 1663 ⌃(1670)

⌅(1/2+) 1318* ⌅(1318)

⌅(3/2+) 1539 ⌅(1530)

⌅(1/2�) 1658 (1660) ⌅(1690)?

⌅(1/2�) 1616 (1614) ⌅(1620)?

⌅(3/2�) 1820 ⌅(1820)

⌅(1/2+) 1932 ⌅(1950)?

⌅(3/2+) 2120* ⌅(2120)

⌦(3/2+) 1694 ⌦(1672)

⌦(1/2�) 1837

⌦(3/2�) 1978

⌦(1/2+) 2140

⌦(3/2+) 2282 ⌦(2250)?

⌦(3/2�) 2604

Ω’s would be discovered  
in future. 

Unique prediction of this model. 
The Ξ(1620) should be there. 

still one-star resonance 

Recently confirmed by COSY 
PRL 96 (2006) 

BaBar : the spin-parity of  
Ξ(1690) is 1/2�"
PRD 78 (2008) 

NRQM predicts 1/2+ 

puzzle in QM
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More Comments
Two Ξ states 

Other approaches 

  Unitary extension of chiral perturbation theory
Ramos, Oset, Bennhold, PRL 89 (2002): 1 / 2−state at 1606 MeV
Garcia-Recio, Lutz, Nieves, PLB 582 (2004): claim tht the Ξ(1620) and Ξ(1690) are 1 / 2−states

Kaons: one in p-wave and one in s-wave
    ⇒


J =

Jsol +


Jm        (


Jm =


J1 +

J2 )

         

Jsol :  soliton spin (=1/ 2),     


J1(

J2 ) :  spin of the p(s)-wave kaon  (=1/ 2)

         Jm = 0 or 1: both of them can lead to J P =1/ 2−  Ξ states
         Therefore, two J P =1/ 2−  Ξ states and one J P = 3 / 2−  Ξ states
In this model, it is natural to have two J P =1/ 2−  Ξ states at 1616 MeV & 1658 MeV
Clearly, different from quark models


