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MOTIVATION



 How much do we know about multi-strangeness baryons?

 Baryons with S = -2
 quark content (qss) with q being light u/d quark
 B = 1, I = 1/2, Q = 0 or -1
 name: Ξ
 first discovery of the Ξ: about 60 years ago

 Baryons with S = -3
 quark content (sss)
 B=1, I=0, Q = -1
 name: Ω
 first discovery of the Ω: about 50 years ago
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T H E  D I S C O V E R Y  O F  𝛺 -

spin-3/2 Ω-  
crucial prediction of the QM
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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*
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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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spin of Ω- 
BABAR Collab. (2006)

1964 The discovery of Ω-  
1969 Nobel prize

Citation: K.A. Olive et al. (Particle Data Group), Chin. Phys. C38, 090001 (2014) (URL: http://pdg.lbl.gov)

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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16 15. Quark model
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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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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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• Only                   and                   are four-star rated.

• Only three states with known spin-parity: those of other states should be 
explored.
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direct formation were possible, (2) the production cross sections
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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].
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∗∗∗∗ 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
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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 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

• Where are the other resonances?
‣ only 2 resonances are four-star rated

• Their quantum numbers?
‣The spin-parity quantum numbers 
are assigned only to 3 states

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)
3. What are their spin-parity quantum numbers?
    comparison with theoretical predictions

Ξ(1620)?

Ξ(1690)?

CLAS: PRC 76 (2007)

Ξ(1530)

BaBar Collab.: JP of Ξ(1690) is 1/2-  
PRD 78 (2008)
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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

HTTP://PDG.LBL.GOV Page 1 Created: 6/18/2012 15:08

Ξ(1620) vs Ξ(1690)
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VOLUME 23, NUMBER 15 PHYSICAL REVIEW LETTERS 13 OcTQBER 1969

vert hidden-variable emergence rates into quantum
mechanical counting rates.
~It has been shown by D. Bohm and Y. Aharonov,

Phys. Rev. 108, 1070 (1957), that the WS experiment
is a decisive refutation of a hypothesis studied by W. H.

Furry, Phys. Rev. 49, 393, 476 {1936).
For details see M. A. Horne, thesis, Boston Univer-

sity, 1969 (unpublished).
The distribution is given in H. S. Snyder, S. Paster-

nack, and J. Hornbostel, Phys. Rev. 73, 440 (1948).

:- RESONANCES IN K P - "mK AT 2.87 GeV/c*

S. Apsell, N. Barash-Schmidt, L. Kirsch, and P. Schmidt
Department of Physics, Brandeis University, Waltham, Massachusetts 02154

and

C. Y. Chang, R. J. Hemingway, B. V. Khoury, A. R. Stottlemyer, H. Whiteside, f and G. B. Yodh
Department of Physics and Astronomy, University of Maryland, College Park, Maryland 20742

and

M. Goldberg, K. Jaeger, C. McCarthy, B. Meadows, and G. C. Monetize
Department of Physics, Syracuse University, Syracuse, New York 13210

and

J. Bartley, R. M. Dowd, J. Schneps, and G. Wolsky
Department of Physics, Tufts University, Medford, Massachusetts 02155

(Received 25 August 1969)

Evidence is presented for four - resonances in the reaction K p " ~'E . In addi-
tion to the well known "(1530), significant structures are observed in the "m system at
masses of 1630, 1800, and 1960 MeV, although the latter two are not statistically distin-
guishable from a single broad structure at 1950 MeV. No significant enhancements at
these masses are observed in the ™~7tK' final state.

K P @+K,

K f) " n'K. (2)

For this study, all film was scanned twice. for
events with at least two visible decays of strange
particles. Those events with one or more suc-
cessful kinematic fits (confidence level) 0.1%)
were inspected for consistency with observed ion-
izations. A total of 635 events achieved a unique

:.resonances are produced with relatively
small cross sections, cannot be studied in forma-
tion experiments, and have complex decay topolo-
gies. For these reasons, only large bubble-
chamber exposures have yielded significant in-
formation bearing on the existence and proper-
ties of these particles. This experiment, de-
signed for the study of " resonances below a
mass of 2 GeV, involves 10' pictures of K p in-
teractions at 2.87 GeV/c taken at the Brookhaven
National Laboratory 31-in. bubble chamber at the
alternating-gradient synchrotron. ' The equiva-
lent of 24 events/p, b has been accumulated to
date. In this Letter, we report on =n mass spec-
tra observed in the reactions

fit to Reaction (1), while 265 events fit Reaction
(2) uniquely. The 94 events fitting both reactions'
have been apportioned to each with a weight of
0.5.
The Dalitz plot for Reaction (1), shown in Fig.

1, shows strong production of ='(1530) and
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FIG. 1. Dalitz plot for the reaction Z"P n'Jf', .
with I (" x') and M (E vr") projections.
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The distribution is given in H. S. Snyder, S. Paster-

nack, and J. Hornbostel, Phys. Rev. 73, 440 (1948).
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Evidence is presented for four - resonances in the reaction K p " ~'E . In addi-
tion to the well known "(1530), significant structures are observed in the "m system at
masses of 1630, 1800, and 1960 MeV, although the latter two are not statistically distin-
guishable from a single broad structure at 1950 MeV. No significant enhancements at
these masses are observed in the ™~7tK' final state.

K P @+K,

K f) " n'K. (2)

For this study, all film was scanned twice. for
events with at least two visible decays of strange
particles. Those events with one or more suc-
cessful kinematic fits (confidence level) 0.1%)
were inspected for consistency with observed ion-
izations. A total of 635 events achieved a unique

:.resonances are produced with relatively
small cross sections, cannot be studied in forma-
tion experiments, and have complex decay topolo-
gies. For these reasons, only large bubble-
chamber exposures have yielded significant in-
formation bearing on the existence and proper-
ties of these particles. This experiment, de-
signed for the study of " resonances below a
mass of 2 GeV, involves 10' pictures of K p in-
teractions at 2.87 GeV/c taken at the Brookhaven
National Laboratory 31-in. bubble chamber at the
alternating-gradient synchrotron. ' The equiva-
lent of 24 events/p, b has been accumulated to
date. In this Letter, we report on =n mass spec-
tra observed in the reactions

fit to Reaction (1), while 265 events fit Reaction
(2) uniquely. The 94 events fitting both reactions'
have been apportioned to each with a weight of
0.5.
The Dalitz plot for Reaction (1), shown in Fig.

1, shows strong production of ='(1530) and
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FIG. 1. Dalitz plot for the reaction Z"P n'Jf', .
with I (" x') and M (E vr") projections.
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K*+(890). Further structure in the " m' system
can be seen more clearly in the mass projection
of Fig. 2(a). The plot shows, in addition to the
"(1530), peaking near 1630, 1800, and 1960 MeV.
Qf the four peaks, the structure at 1630 MeV has
not been previously observed, and corresponds
to a &3 standard deviation effect. ' Resonances
in the 1750- to 2000-MeV region have been pre-
viously reported, ' ' but no enhancement in M("~)
spectra has been seen near 1800 MeV. All peaks
remain, with reduced significance, when events
in the K*'(890) band are removed (shaded spec-
trum). On the other hand, the M(= m') spectrum
of Reaction (2) [see Fig. 2(b)] with less than half
the events and poorer resolution, ' exhibits no ob-
vious structure in addition to the = (1530) and
K*'(890) (latter not shown).
A maximum-likelihood fit to the events of Re-

action (1) has been carried out to obtain the
masses, observed widths, and percentages of
the four "m enhancements. ' The results of this
fit are given in Table I, and the best fit curve is
superimposed on the histogram of Fig. 2(a). An
average" X' of 18.3 is calculated from the " m'
mass spectrum for 12 degrees of freedom. An
equally acceptable fit to Reaction (1) is obtained
when the resonant amplitudes at 1800 and 1960
MeV are replaced by a single amplitude ()(' of
23.6 for 15 degrees of freedom); the resulting
mass and width in this case are 1952+ 26 MeV
and 300+ 110 MeV, respectively. " A similar fit
to Reaction (2), including =(1530), K*(890), and
phase space, yields a g' of 18.8 for 19 degrees
of freedom. The curve corresponding to this fit
is superimposed on the histogram of Fig. 2(b).
There is no evidence for additional resonant ac-
tivity" in the " m' system.
We now compare our results with those of oth-
er groups reporting resonances in M(:-s) spectra

(a)
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FIG. 2. (a) Mass of the - 7I' system of Reaction (1).
The shaded distribution shows the spectrum after re-
moval of K*(890) events l. 865&M(Kvr) & 915 Mev).
(b) Mass of the w system of Reaction (2). The solid
curves result from maximum-likelihood fits to the da-
ta (see text).

Table I. Best values of resonant masses, observed widths, and fractions of resonance production and phase
space, resulting from maximum-likelihood fits to the -wK final state (see text). Underlined numbers were not var-
ied in the fit.

Process (MeV) (%)
M

(MeV)

P ~ PK+

r
(MeV) (%)

"(1530)K
=-(1630)K
(1800)K
(1960)K

=-K+(890)
Phase space

1530
1628 +5
1801+ 13
1962+ 14
891

13+2
15+5
78 +33
147+55
72 +12

22+2
3+1
9+2
22 +3
44 g4
0+5

891

28+22

65+ 30

12+3

26+5
62+6
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seen in the reaction 

K p ~ K + E ( 2 0 3 0 ) ,  

E(2030) ~ E K  

- ~ A K .  (12) 

The mass distribution of / A K ]  °K+° has been shown in fig. 7 and it is 
\ ] E 

apparent  that there is no evidence for "-(2030) production. An upper limit (95% 
confidence level) of 1.3/~b may be placed on its production cross section. This may 
be compared with a value of 2.7 -+ 0.3/~b observed at 4.2 GeV/c .  However, again it 
should be noted that we study a different set of reactions from the 4.2 G e V / c  
experiment. Scaling the 4.2 G e V / c  data to correspond to our channels gives a cross 
section of 1.5 -+ 0.3/~b. 

5. Search for new ~_* states 

We now turn our attention towards a systematic search for other E* states. We 
split the search into two sections, first the two-body E* decays and then the 
three-body decays. 

If u is the 4-momentum transfer squared between the K and the E we may 
define the quantity u' = u - um~, 

u - 2 ( p  K p.= -Iv~llp-*_-I),  (13) 

which is always negative (the momenta  being defined in the c.m.s.). It has been 
found by a number  of experiments, e.g. [23], that the signal to noise ratio for E* 
production can be improved by the imposition of a cut on u'. We have tried a 
number  of different cuts and did not find that the position of the cut had a marked 
effect on any resonances seen. The plots shown here have no cut on u' for the 2-body 
channels and a cut [u' I < 2.0 GeV 2 for the 3-particle mass combinations. 

5.1. TWO-BODY MASS COMBINATIONS 

The E-~r + and E rr ° effective mass distributions are shown in figs. 6 and 8. 
There is no evidence for the production of any resonance except the well known 
E(1530), and in particular we find no evidence for the production of a E(1630) which 
several previous experiments have claimed, decaying into Ecr* [24]. 

Figs. 9a, b show the inclusive Z + K and Z ° K  mass spectra and again there is 
no evidence for E* production. The "--.(1680) which was seen as a threshold 

* Various reports of resonances in this region have appeared. A full list of references is given in [9]. 
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We present results from a high statistics (46 events/~b) experiment on K p interactions in 
the Argonne 12 foot bubble chamber. In particular we make a systematic search for .E* resonances. 
We confirm recent evidence of a -(2370), and see a number of other well estabhshed states. We 
also give cross sections for various exclusive and inclusive reactions, including those in which 
are produced. 

1. Introduction 

This paper describes the analysis and results of  an experiment in which the 
Argonne 12 foot bubble chamber was exposed to a 6.5 G e V / c  K beam. The film 
was taken in several exposures starting in March 1973. Results have previously been 
reported making use of partial data samples [ l -3 ] .  The purpose of this paper is to 
describe the experimental methods used and to give results based on the complete 
data. 

The principal aim of this experiment was to investigate the spectrum of S = - 2  
baryon resonances. Data on the masses, spins, parities, widths and decay modes of 
baryon resonances are needed to test various models of  the baryon spectrum; for 
example models based on group theory (e.g. SU(6)w [4]) or based on the quark 
model (e.g. refs. [5-7]). A recent review of the experimental situation may be found 
in ref. [8]. Extensive data exist [9] on S = 0 and S = - 1 resonances, notably derived 
from phase-shift analyses of  ~rN and KN scattering. However, such formation 
experiments cannot be used for S ~ < - 2  baryons, and one is obliged to rely on 

* Work supported by the UK Science Research Council. 
l Now at Bell Telephone Laboratories, Columbus, Ohio, USA. 

** Work supported in part by the National Science Foundation, USA. 
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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

Ξ (1690) WIDTHSΞ (1690) WIDTHSΞ (1690) WIDTHSΞ (1690) WIDTHS

MIXED CHARGESMIXED CHARGESMIXED CHARGESMIXED CHARGES
VALUE (MeV) DOCUMENT ID

<30 OUR ESTIMATE<30 OUR ESTIMATE<30 OUR ESTIMATE<30 OUR ESTIMATE

HTTP://PDG.LBL.GOV Page 1 Created: 10/6/2015 12:29
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Abstract. We report the first observation of the ⌅

�
⇡

+ scattering mode of the ⌅

0(1690), confirming the
existence of this resonance. The ⌅

0(1690) were produced by ⌃

� of 345 GeV/c mean momentum of copper
and carbon targets. The mass and width are close to those observed earlier for the ⌅

�(1690) in the ⇤K

�

decay channel. The product of inclusive production cross section and branching ratio is given relative to
that of the ⌅

0(1530).
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1 Introduction

More than three decades after the first observation of ex-
cited states of hyperons, the excited states of ⌅

� and ⌦

�

are still largely unexplored. Of the ⌅

⇤ states, only the
⌅(1530) rates four stars in the PDG ranking, while four
other states, the ⌅(1690), ⌅(1820), ⌅(1950) and ⌅(2030)
rate three stars [1].

First experimental evidence for the ⌅(1690) came from
a bubble chamber experiment using a K

� beam of
4.2 GeV/c. A strong threshold enhancement was observed
in the ⌃K mass spectra, with weaker evidence from the
⇤K spectra [2]. The first direct observation of the ⌅(1690)
as a resonance resulted from a hyperon beam experiment
at CERN. Here, a peak at 1690 MeV/c

2 was observed
in ⇤K

� pairs produced di↵ractively in a ⌅

� beam of
116 GeV/c [3]. In an earlier run of that experiment, a cor-
responding signal at around 1700 MeV/c

2 with poorer
mass resolution was seen [4].
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Fig. 1. Invariant mass destribution of the ⌅

�
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+ combinations.
a the ⌅

0(1530) and ⌅

0(1690) mass region; b the ⌅

0(1690)
mass region only; c the ⌅

0(1690) mass region after background
subtraction

Table 1. Fitted mass value for ⇤

0, ⌅

�, ⌦

�, ⌅

0(1530), and
⌅

0(1690) and mass resolutions obtained in data and in Monte
Carlo

particle reconst. Mass �

Data

�

MC

MeV/c

2 MeV/c

2 MeV/c

2

⇤!p⇡

� 1115.7 ± 0.1 1.93 1.62
⌅

�!⇤⇡

� 1321.0 ± 0.1 2.68 2.32
⌦�!⇤K� 1672.5 ± 0.9 2.4 2.1
⌅

0(1530) 1532.2 ± 0.5 3.7 3.21
⌅

0(1690) 1686 ± 4 3.28

the result of the fits together with the results obtained for
the ⌅

0(1530) and the ⌅

0(1690). The mass scale up to the
mass of the ⌦

� shows no bias. The measured width the
data is in general 10–15% larger than the one obtained
in Monte Carlo. We accounted for that e↵ect by taking
the measured resolution at the ⌅

0(1530) in the fit of the
⌅

0(1690)
Figure 1b shows the mass region between 1600 and

1800 MeV/c

2 in more detail. A resonance signal at about
1690 MeV/c

2 is visible above a large background. For a
more quantitative analysis the background was fitted with
a Legendre polynomial of second order in the mass range
from 1610 to 1792 MeV/c

2 but excluding the resonance
region. In Fig. 1c the resonance signal is shown after back-
ground subtraction. Its mass and intrinsic width obtained
in a fit of the function defined in (1) are

M = 1686 ± 4 MeV/c

2
, � = 10 ± 6 MeV/c

2
.

For this fit the resolution was fixed to �⌅0(1530) obtained
in the fit of the ⌅

0(1530). The number of observed events
above background is 1400±300. Note that all quoted errors
include uncertainties due to reasonable variations of the
signal and background shapes.

The assignment of strangeness -1 to the observed res-
onance depends on the assumption that the positive par-
ticle emitted in the decay is a ⇡

+ and not a K

+ (we ne-
glect the very unlikely proton hypothesis). This assump-
tion cannot be verified by requiring pion identification
with the RICH, since only half of the ⇡

+ candidates have
momenta large enough (greater than about 12 GeV/c) to
be within the geometric acceptance of the RICH. We have
no clear evidence for a ⌅

�
⇡

+ signal in this reduced sam-
ple, which is explained by the fact, that anyway the ma-
jor part of all particles in the relevant momentum range
are pions. Positive identification of K

+ requires momenta
above 25 GeV/c, and we do not observe a significant ⌅

�
⇡

+

signal with this momentum requirement. We also do not
observe a ⌅

�
K

+ signal in the sample with RICH-identified
K

+.
Kinematics provide strong arguments against the hy-

pothesis of a reflection from a narrow ⌅

�
K

+ state. A
narrow state at 1900 MeV/c

2, decaying to ⌅

�
K

+ and
erroneously reconstructed as ⌅

�
⇡

+, would extend from
1485 to 1755 MeV/c

2 and would therefore have to de-
cay extremely anisotropically to produce a narrow reflec-
tion. Moreover, this state would be still close to the ⌅

�
⇡

+

threshold and its decay to ⌅

�
⇡

+ would be suppressed.
Finally, ⇤ and ⌃ hyperons are well explored around and
above 2 GeV and all states found have widths of about
100 MeV/c

2 or more.
To measure the product of the production cross sec-

tion and branching ratio, � · BR, for ⌅

0(1690) relative to
⌅

0(1530), we determined the apparatus acceptances from
a Monte Carlo calculation. Within the observable kine-
matic range 0.1 < xF < 1 1 the ratio of acceptances rA

is very close to unity as expected from the similar decay
kinematics: rA = A(⌅0(1690) ! ⌅

�
⇡

+)/A(⌅0(1530) !
⌅

�
⇡

+) = 0.98 ± 0.02. Within the large statistical uncer-
tainties, the xF distribution of the ⌅

0(1690) is consistent
with that of the ⌅

0(1530). We therefore assume them to
be equal and obtain within the range of 0.1 < xF < 1 a
ratio for the � · BR values of

� · BR(⌅0(1690) ! ⌅

�
⇡

+)
� · BR(⌅0(1530) ! ⌅

�
⇡

+)
= 0.022 ± 0.005. (2)

This number should be corrected for contributions from
the ⌅

� admixture to the beam. The ⌅

� flux was mea-
sured to be (1.3 ± 0.1)% of the ⌃

� flux. The production
rate of the ⌅

�(1320) by ⌅

� is about equal to the produc-
tion rate by ⌃

� at xF ⇡ 0 and enhanced by one order of
magnitude at xF ⇡ 0.5 [9]. The latter feature is related
to the di↵erent numbers of common valence quarks in the
projectiles and the produced ⌅

�(1320). As expected from
the smaller di↵erence in the quark-overlap between a ⌅

�

1
x

F

is defined as x

F

= p

z

/p

zmax

⇡ 2p

zcms

/

p
s, and mea-

sures the momentum transfer in forward direction

1690
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M.V. Purohit,66 R.M. White,66 J. R. Wilson,66 M. T. Allen,67 D. Aston,67 R. Bartoldus,67 P. Bechtle,67 J. F. Benitez,67

R. Cenci,67 J. P. Coleman,67 M.R. Convery,67 J. C. Dingfelder,67 J. Dorfan,67 G. P. Dubois-Felsmann,67 W. Dunwoodie,67

R. C. Field,67 T. Glanzman,67 S. J. Gowdy,67 M. T. Graham,67 P. Grenier,67 C. Hast,67 W.R. Innes,67 J. Kaminski,67

M.H. Kelsey,67 H. Kim,67 P. Kim,67 M. L. Kocian,67 D.W.G. S. Leith,67 S. Li,67 B. Lindquist,67 S. Luitz,67 V. Luth,67

H. L. Lynch,67 D. B. MacFarlane,67 H. Marsiske,67 R. Messner,67 D. R. Muller,67 H. Neal,67 S. Nelson,67 C. P. O’Grady,67

I. Ofte,67 A. Perazzo,67 M. Perl,67 B. N. Ratcliff,67 A. Roodman,67 A.A. Salnikov,67 R. H. Schindler,67 J. Schwiening,67

A. Snyder,67 D. Su,67 M.K. Sullivan,67 K. Suzuki,67 S. K. Swain,67 J.M. Thompson,67 J. Va’vra,67 A. P. Wagner,67

M. Weaver,67 W. J. Wisniewski,67 M. Wittgen,67 D.H. Wright,67 H.W. Wulsin,67 A.K. Yarritu,67 K. Yi,67 C. C. Young,67

V. Ziegler,67 P. R. Burchat,68 A. J. Edwards,68 S. A. Majewski,68 T. S. Miyashita,68 B. A. Petersen,68 L. Wilden,68

S. Ahmed,69 M. S. Alam,69 R. Bula,69 J. A. Ernst,69 B. Pan,69 M.A. Saeed,69 S. B. Zain,69 S.M. Spanier,70

B. J. Wogsland,70 R. Eckmann,71 J. L. Ritchie,71 A.M. Ruland,71 C. J. Schilling,71 R. F. Schwitters,71 J.M. Izen,72

X. C. Lou,72 S. Ye,72 F. Bianchi,73 D. Gamba,73 M. Pelliccioni,73 M. Bomben,74 L. Bosisio,74 C. Cartaro,74 F. Cossutti,74

G. Della Ricca,74 L. Lanceri,74 L. Vitale,74 V. Azzolini,75 N. Lopez-March,75 F. Martinez-Vidal,75 D. A. Milanes,75

A. Oyanguren,75 J. Albert,76 Sw. Banerjee,76 B. Bhuyan,76 K. Hamano,76 R. Kowalewski,76 I.M. Nugent,76 J.M. Roney,76

R. J. Sobie,76 T. J. Gershon,77 P. F. Harrison,77 J. Ilic,77 T. E. Latham,77 G. B. Mohanty,77 H. R. Band,78 X. Chen,78

S. Dasu,78 K. T. Flood,78 P. E. Kutter,78 Y. Pan,78 M. Pierini,78 R. Prepost,78 C.O. Vuosalo,78 and S. L. Wu78

(BABAR Collaboration)

1Laboratoire de Physique des Particules, IN2P3/CNRS et Université de Savoie, F-74941 Annecy-Le-Vieux, France
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amplitude in the !!!þ system is inferred, and its interference with the !ð1530Þ0 amplitude provides the

first clear demonstration of the Breit-Wigner phase motion expected for the !ð1530Þ. The P1ðcos"!!Þ
Legendre polynomial moment indicates the presence of a significant S-wave amplitude for !!!þ mass

values above 1:6 GeV=c2, and a dip in the mass distribution at approximately 1:7 GeV=c2 is interpreted as
due to the coherent addition of a !ð1690Þ0 contribution to this amplitude. This would imply JP ¼ 1=2!

for the!ð1690Þ. Attempts at fitting the!ð1530Þ0 line shape yield unsatisfactory results, and this failure is
attributed to interference effects associated with the amplitudes describing the Kþ!þ and/or !!Kþ

systems.

DOI: 10.1103/PhysRevD.78.034008 PACS numbers: 13.30.Eg, 14.20.Jn, 14.20.Lq

I. INTRODUCTION

The!ð1530Þ is the only cascade resonance whose prop-
erties are reasonably well understood. It decays&100% to
!! and <4% to !# [1], and its mass [PDG fit:
mð!ð1530Þ0Þ ¼ 1531:80' 0:32 MeV=c2] and width
[PDG fit: "ð!ð1530Þ0Þ ¼ 0:1' 0:5 MeV] are reasonably
well known [1]. A spin-parity analysis of data on the
reactions K!p ! !ð1530Þ0;!K0;þ carried out by Schlein
et al. [2] showed that JP ¼ 3=2þ (i.e., the Pwave) or JP ¼
5=2! (i.e., the D wave) is favored, and that the data are
consistent with J ( 3=2; however, they stated that spin
>3=2 is not required and, on this basis, concluded that
JP ¼ 3=2þ. This conclusion was supported by Button-
Schafer et al. [3] in a similar analysis. Both experiments
ruled out J ¼ 1=2, but the claim that J > 3=2 was not
required was the basis for the conclusion that JP ¼
3=2þ. In the present paper, the #! spin analysis proce-
dures described in Ref. [4] are extended to the quasi-two-
body decay $þ

c ! ð!!!þÞKþ, for which the !!!þ in-
variant mass distribution exhibits a dominant !ð1530Þ0
signal [5]. Under the assumption that the $þ

c has spin
1=2, it is established that the !ð1530Þ has spin 3=2. On
the basis of the analyses of Refs. [2,3], it follows that
positive parity is established.

The data sample and event selection procedures are
described in Sec. II, and the !ð1530Þ spin measurement
is presented in Sec. III. In Sec. IV, the amplitude structure
in the !ð1530Þ region is investigated in some detail, and
this is followed by an examination of the !!!þ system at
higher mass values in Sec. V. The unsuccessful attempts at
precise measurements of the mass and width of the
!ð1530Þ0 are presented in Sec. VI, and their implications
considered. Finally, the conclusions drawn from this analy-
sis are summarized in Sec. VII.

II. THE BABAR DETECTOR AND !þ
c ! "!!þKþ

EVENT SELECTION

The data sample used for this analysis was collected
with the BABAR detector at the PEP-II asymmetric-energy
eþe! collider operating at center-of-mass (c.m.) energies
10.58 and 10.54 GeV, and corresponds to a total integrated
luminosity of about 230 fb!1.

Charged particles are detected with a five-layer, double-
sided silicon vertex tracker (SVT) and a 40-layer drift

chamber (DCH) with a helium-isobutane gas mixture,
placed in a 1.5-T solenoidal field produced by a super-
conducting magnet. The charged-particle momentum reso-
lution is approximately ð$pT=pTÞ2 ¼ ð0:0013pTÞ2 þ
ð0:0045Þ2, where pT is the transverse momentum in
GeV=c. The SVT, with a typical single-hit resolution of
10 %m, measures the impact parameters of charged-
particle tracks in both the plane transverse to the beam
direction and along the collision axis.
Charged-particle types are identified from the ionization

energy loss (dE=dx) measured in the DCH and SVT, and
from the Cherenkov radiation detected in a ring-imaging
Cherenkov device. Photons are detected by a CsI(Tl)
electromagnetic calorimeter with an energy resolution
&ðEÞ=E ¼ 0:023 ) ðE=GeVÞ!1=4 * 0:019.
The return yoke of the superconducting coil is instru-

mented with resistive plate chambers for the identification
of muons and the detection of neutral hadrons. The detec-
tor is described in detail in Ref. [6].
The selection of $þ

c candidates requires the intermedi-
ate reconstruction of events consistent with !! ! $!!

and $ ! p!!. Particle identification (PID) selectors
based on specific energy loss (dE=dx) and Cherenkov
angle measurements are used to identify the proton, pion,
and kaon final state tracks [6]. Each intermediate state
candidate is required to have invariant mass within a
'3& window centered on the fitted peak position of the
relevant distribution, where & is the mass resolution ob-
tained from the fit. A fit is then performed to the complete
decay topology with the $ and !! candidates constrained
to their known mass values [1]. The fit probability is
required to be greater than 0.001 in order to ensure simul-
taneous satisfaction of the topological and mass constraint
requirements; this reduces combinatorial background sig-
nificantly and retains good signal efficiency. Since each
weakly decaying intermediate state (i.e., hyperon) is long-
lived, an improvement of the signal-to-background ratio is
achieved by requiring that the decay vertex of each hy-
peron be displaced from its point of origin in the direction
of its momentum vector. The distance between the
!!Kþ!þ vertex and the !! decay vertex in the plane
perpendicular to the collision axis must exceed 1.5 mm in
the !! direction, and the distance between the !! and $
decay vertices must exceed 1.5 mm in the direction of the
$ momentum vector. Finally, the momentum of the $þ

c
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Figure 6: The Λ+
c mass-sideband-subtracted, Ξ(1690)0 mass-sideband-subtracted, efficiency-

corrected cosθΛ distribution in data. The horizontal line represents the expected distribution for
JΞ(1690) = 1/2, the dashed curve corresponds to JΞ(1690) = 3/2, while the solid curve corresponds
to JΞ(1690) = 5/2. In Fig. (a) no correction has been made for Dalitz plot interference effects.
Fig (b) shows the resulting distribution after correction for Dalitz plot interference effects.

JΞ(1690) Fit χ2/NDF Fit C.L. Comment
1/2 11.0/9 0.28 Fig. 6(a), solid line
3/2 35.7/9 4 × 10−5 Fig. 6(a), dashed curve
5/2 42.9/9 2 × 10−6 Fig. 6(a), solid curve

Table 2: The cosθΛ angular distribution fit C.L. values of Fig. 6(a) corresponding to Ξ(1690)0 spin
hypotheses 1/2, 3/2 and 5/2 for Ξ(1690)0 → ΛK̄0 data assuming JΛc = 1/2. No correction has
been made for Dalitz plot interference effects.

JΞ(1690) = 1/2, the dashed curve corresponds to JΞ(1690) = 3/2, while the solid curve corresponds
to JΞ(1690) = 5/2 (Eqs. (6) - (8), respectively). The fit C.L. values are summarized in Table 2.

In Fig. 7 the results of treating the MC model of the Dalitz plot intensity distribution in the
same way are shown (where the parameters of the MC model are the ones of Fig. 4). As the Monte
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MODELS

•  Classify the states as members of octet or decuplet 
•  Use spin-parity (if known) and Gell-Mann—Okubo mass relation 

•  Works before 1975: reviewed by  
 Samlos, Goldberg, Meadows RMP 46 (1974) 

•  Recent work along this line 
 Guzey & Polyakov, hep-ph/0512355 (2005) 

•  No dynamics 

Direct extension of the classification in the quark model 

•  Most parameters of models are fixed by the !=0 and !=−1%sector  
! in principle, no free parameter for the !=−2,%−3 

•  Most models give (almost) correct masses for "(1318) and "(1530) 
"  Requirement to survive 
"  SU(3) group structure 

•  But they give very different spectrum for the excited " states! 

Hadron models for Ξ baryons 
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Non-relativistic quark model
Chao, Isgur, Karl PRD 23 (1981)

• Ξ(1690)*** has JP = ½+ ?
• The first negative parity state  
  appears at ~ 1800 MeV 
• Decay widths are not fully  
  calculated because of the limited
  final states 
  (but indicates narrow widths)

The 3rd lowest state  
at 1695 MeV?

from S. Capstick 
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Relativistic quark model
Capstick, Isgur PRD 34 (1986)

from S. Capstick 

• Negative parity states have 
  lower masses
• The 3rd lowest state has 
  JP = ½-  at ~ 1750 MeV 
• Then, where is Ξ(1690)?

The 3rd lowest state  
at 1750 MeV?

NRQM
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One-boson exchange model
Glozman, Riska Phys. Rep. 268 (1996)

from S. Capstick 

Negative parity states have a  
lower mass
• Degeneracy pattern appears
• No clear separation between  
   (+) and (-) parity states
• Then, where is Ξ(1690)?

The 3rd lowest state  
at 1760 MeV?



Large Nc (Constituent QM)

•  Based on  quark model 

•  Expand the mass operator by  expansion 

•  Mass formula (e.g.  70-plet) 

•  Fit the coefficients to the known masses and predict. 

Large NC quark model 

M = cnÔn
n=0

11

∑ + dnB̂n
n=1

3

∑

from J.L. Goity 

The 3rd lowest state  
at 1780 MeV?

 Where is Ξ(1690)?



H Y P E R O N  S P E C T R U M

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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 Baryon structure and Ξ/Ω spectra



•  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
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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

32

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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Mass sum rules

modification to GMO and equal spacing rule  
 

hyperfine relation

These relations are hold for 

3⇤+ ⌃� 2(N + ⌅) = ⌃⇤ ��� (⌦� ⌅⇤)

(⌦� ⌅⇤)� (⌅⇤ � ⌃⇤) = (⌅⇤ � ⌃⇤)� (⌃⇤ ��)

3⇤+ ⌃� 2(N + ⌅) = 0

(⌦� ⌅⇤) = (⌅⇤ � ⌃⇤) = (⌃⇤ ��)

⇤(1/2�),⌃(1/2�),⌃(3/2�),⌅(1/2+),⌅(3/2+),⌦(3/2�)

Bound State Model

⌃⇤ � ⌃+
3

2
(⌃� ⇤) = ��N
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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
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Are there three!ð1950Þ states?

M. Pavón Valderrama,1,* Ju-Jun Xie,1,2,3 and J. Nieves1
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Different experiments on hadron spectroscopy have long suspected the existence of several cascade

states in the 1900–2000 MeV region. They are usually labeled under the common name of !ð1950Þ. As
we argue here, there are also theoretical reasons supporting the idea of several !ð1950Þ resonances. In
particular, we propose the existence of three !ð1950Þ states: one of these states would be part of a spin-

parity 1
2
# decuplet and the other two probably would belong to the 5

2
þ and 5

2
# octets. We also identify

which decay channels are more appropriate for the detection of each of the previous states.

DOI: 10.1103/PhysRevD.85.017502 PACS numbers: 14.20.#c, 11.30.Hv, 11.30.Rd

There exists scarce data on cascade (!) resonances. This
is because (i) they can only be produced as a part of a final
state, (ii) the production cross sections are small, and
(iii) the final states are topologically complicated and
difficult to study with electronic techniques. Thus, the
bulk of information about cascade states comes entirely
from old bubble chamber experiments where the numbers
of events are small. There are just two four star resonances,
!ð1318Þ and !ð1530Þ with spin parity JP ¼ 1

2
þ and 3

2
þ,

respectively. Those correspond to the lowest-lying S-wave
quark model states. Other four cascade states deserve the
rating of three stars in the Particle Data Group (PDG) [1].
Among the latter resonances, the chiral structure and spin
parity of two of them, !ð1690Þ and !ð1820Þ, seem to be
theoretically understood [2–6].1 The other two three star
cascade resonances quoted in the PDG are the!ð1950Þ and
!ð2030Þ states, which spin parity have not been deter-
mined yet. Here we will focus on these two states, in
particular, on the !ð1950Þ resonance.

The !ð1950Þ resonance was discovered in 1965 by
Badier et al. [7] in the decay channels K#p ! !#K0!þ

and K#p ! !#Kþ!0. The Breit-Wigner parametrization
fit resulted in a mass and width of M ¼ 1933& 16 MeV
and " ¼ 140& 35 MeV, respectively. Later, Alitti et al.
[8] confirmed the existence of a cascade resonance with
M ¼ 1930& 20 MeV and " ¼ 80& 40 MeV in the
K#p ! !#!#!þKþ channel. The authors of Ref. [8]
theorized that this resonance may complete the 5

2
# octet

composed of the Nð1675Þ, #ð1830Þ, and $ð1775Þ reso-
nances. Several experimental searches have since then

found evidence for this state [9–12], providing different
and sometimes incompatible values for its mass and width,
see Table I. However, the !ð1950Þ has not been observed
in several works searching for !' states [14,15], while
other experiments see at most a bump [13,16], thus ex-
plaining the current three stars status for the!ð1950Þ in the
PDG [1].
The possibility that there may be several cascade reso-

nances in the 1900–2000 MeV region was first suggested
by Briefel et al. [10] who noticed that different values for
the !ð1950Þ mass were to be found in different decay
channels. This expectation has been commonly discussed
in later experimental searches. Indeed, Biagi et al. [13]
commented that several bubble chamber experiments have
seen indications of a rather broad signal in this region but
in general the statistical significance is low and it is not
clear if they are all observing the same resonance.
There are also theoretical/phenomenological reasons to

suspect for the existence of several cascade states in the
vicinity of 1950MeV. SU(3)-flavor symmetrywas proposed
by Gell-Mann [17] and Ne’eman [18] as an ordering princi-
ple for hadron spectroscopy [19]. This symmetry allows one
to classify baryons and mesons into multiplets of particles
with the same spin and parity. Two consequences of
SU(3)-flavor symmetry are the Gell-Mann–Okubo (GMO)
mass relation [17,20], and the correlation between the decay
widths of the different hadrons conforming amultiplet.Here
we will use the GMO mass relation to identify possible
cascade resonances with masses not far from M ¼
1950 MeV and then try tomatch the predicted decaywidths,
assuming the !ð1950Þ belongs to a particular multiplet, to
the scarce experimental information available.
The GMOmass relation [17,20] relates the masses of the

baryons composing a particular multiplet. For the octet
case we have 2ðmN þm!Þ ¼ 3m# þm$, while for the
decuplets the GMO relation predicts m% #m! ¼ m! #
m$ ¼ m$ #m&. In the fundamental octet and decuplet,
these relations are satisfied at the 1% level.

*m.pavon.valderrama@ific.uv.es
1The !ð1820Þ is dynamically generated from the & decuplet-

pion octet chiral interaction [4,5], and it could be the partner of
the Nð1520Þ in a 3

2
# octet. The!ð1690Þ and the one star!ð1620Þ

appear in unitary chiral approaches to the scattering of
Goldstone bosons off baryons of the nucleon octet [2,3,6], and
they would be partners [3,6] of the Nð1535Þ, Nð1650Þ, #ð1405Þ,
and #ð1670Þ in two 1

2
# octets.

PHYSICAL REVIEW D 85, 017502 (2012)
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Ξ(1690) as a K̄Σ molecular state
Takayasu Sekihara
Research Center for Nuclear Physics (RCNP), Osaka University, Ibaraki, Osaka, 567-0047, Japan

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
We show that a Ξ∗ pole can be dynamically generated near the K̄Σ threshold as an s-wave K̄Σ
molecular state in a coupled-channels unitary approach with the leading-order chiral interaction.
This Ξ∗ state can be identified with the Ξ(1690) resonance with JP = 1/2−. We find that the
experimental K̄0Λ and K−Σ+ mass spectra are qualitatively reproduced with the Ξ∗ state.
Moreover we theoretically investigate properties of the dynamically generated Ξ∗ state.

1. Introduction Investigating the internal structure of hadrons is one of the most important
subjects in hadron physics. The motivation for the investigation is that we expect the existence of
exotic hadrons, which are not able to be classified as qqq for baryons nor qq̄ for mesons. Actually,
the fundamental theory of strong interaction, QCD, does not prohibit such exotic systems as long as
they are color singlet, and there are indeed several exotic hadron candidates which cannot fit into the
classifications by the constituent quark models [1]. In order to clarify the internal structure of exotic
hadron candidates and to discover genuine exotic hadrons, great efforts have been continuously
made in both experimental and theoretical sides. In this context, it is very encouraging that charged
quarkonium-like states and charmonium-pentaquark states were observed in the heavy quark sector
by Belle [2] and by LHCb [3], respectively.
In this Article we focus on the Ξ(1690) resonance and theoretically investigate its structure in terms
of the K̄Σ component. Historically this resonance was discovered as a threshold enhancement in
both the neutral and charged K̄Σ mass spectra in the K−p → (K̄Σ)Kπ reaction at 4.2 GeV/c [4].
Several experimental and theoretical studies have followed in, e.g., Refs. [5–11] and Refs. [12–20],
respectively, and today the Ξ(1690) resonance is attributed a three-star status in the Particle Data
Group table [1]. Its mass and width are 1690 ± 10 MeV and < 30 MeV, respectively [1], but a
relatively narrow width, e.g., 10± 6 MeV [7] was reported as well. In addition, the small ratio of
the Ξ(1690) branching fractions Γ(πΞ)/Γ(K̄Σ) < 0.09 has been observed [1]. Its spin/parity has
been expected to be JP = 1/2− from the beginning [4], and this was supported by a recent exper-
iment [10]. Then, a difficulty emerges; assuming JP = 1/2−, Ξ(1690) couples to the πΞ channel
in s wave, and hence Ξ(1690), as a qqq state, should inevitably decay to the πΞ channel to some
extent in a naı̈ve quark model, which contradicts the above experimental results and implications.
This implies that Ξ(1690) might have some nontrivial structure than usual qqq state.
In this study, in order to describe Ξ(1690), we perform a coupled-channel analysis of the s-
wave K̄Σ, K̄Λ, πΞ, and ηΞ scatterings. For this purpose we employ the so-called chiral unitary
approach [21–25], which is formulated with the meson–baryon coupled-channels scattering equation
in an algebraic form based on the combination of the chiral perturbation theory and the unitariza-
tion of the scattering amplitude. One of the most remarkable properties of this approach is that a
simple driving term, or interaction kernel, provided by the chiral Lagrangian with a small number
of free parameters can reproduce experimental observables such as cross sections fairly well. The

c⃝ The Author(s) 2012. Published by Oxford University Press on behalf of the Physical Society of Japan.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License
(http://creativecommons.org/licenses/by-nc/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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M A G N E T I C  M O M E N T S

✴ Magnetic moment operator  
 

✴ Sum rules

µ̂ = µ̂s + µ̂v

We now consider the R ! "J1 # J2$ term in the mass
formula (12). As we have discussed before, this term only
gives the mixing of the ! resonances, in particular, for
!1=2#;1 and !1=2#;2 as both of them have the same quantum
numbers except jm. By using the state wave functions
given in Table IV, we obtain

 h!1=2#;2jR ! Kj!1=2#;1i % h!1=2#;1jR !Kj!1=2#;2i %
!!!
3
p

2
:

(19)

Thus the mixing term in the mass is estimated to be

 "M %
!!!
3
p

4I
"c1 # c2$ & 9:6 MeV: (20)

Therefore, when we define !H;L as

 

!H % cos!!1=2#;1 ' sin!!1=2#;2;

!L % # sin!!1=2#;1 ' cos!!1=2#;2;
(21)

we have the masses of !H and !L as 1660 and 1614 MeV,
respectively, with ! & 27:5(. So the effect of this mixing
on the mass spectrum is small and may be neglected.

IV. MAGNETIC MOMENTS

The magnetic moment operator can be written as [46]

 "̂ % "̂s ' "̂v; (22)

where
 

"̂s % "s;0Rz '"s;1J
z
1 '"s;2J

z
2;

"̂v % #2""v;0 '"v;1n1 '"v;2n2$D33;
(23)

with D33 % #IzRz=I2. Here, "s;0 and "v;0 are the mag-
netic moment parameters of the SU(2) sector while "s;1
and"v;1 ("s;2 and"v;2) are those for the P-wave (S-wave)
kaon. The number of P-wave and S-wave kaons is denoted
by n1 and n2, respectively. There are totally six parameters
and they can be calculated for a given model Lagrangian
[46,51,55,63–65].

With the wave functions of baryons obtained in the
previous section, it is straightforward to express the mag-
netic moments of baryons in terms of those six parameters.
The results are given in Table VII.

The values of the magnetic moment parameters depend
on the dynamics of the soliton-meson system. Unlike the
mass spectrum, we do not have empirical data on the
magnetic moments of odd-parity hyperons. Therefore, in-
stead of making predictions on the values of baryon mag-
netic moments, we suggest several magnetic moment sum
rules.

TABLE VII. Magnetic moments of baryons. Here, Iz repre-
sents the third component of the isospin.

Particle Magnetic moment

N 1
2"s0 ' Iz 4

3"v0

" 3
2"s0 ' Iz 4

5"v0

#1=2' ;0
1
2"s1

$1=2' ;0
2
3"s0 # 1

6"s1 ' Iz 2
3 ""v0 '"v1$

$3=2' ;0 "s0 ' 1
2"s1 ' Iz""v0 '"v1$

#1=2# ;1
1
2"s2

$1=2# ;1
2
3"s0 # 1

6"s2 ' Iz 2
3 ""v0 '"v2$

$3=2# ;1 "s0 ' 1
2"s2 ' Iz""v0 '"v2$

!1=2';0 # 1
6"s0 ' 2

3"s1 # Iz 4
9 ""v0 ' 2"v1$

!3=2';0
1
2"s0 '"s1 ' Iz 4

3 ""v0 ' 2"v1$
!1=2#;1

1
2"s0 ' Iz 4

3 ""v0 '"v1 '"v2$
!1=2#;2 # 1

6"s0 ' 1
3 ""s1 '"s2$ # Iz 4

9 ""v0 '"v1 '"v2$
!3=2#;1

1
2 ""s0 '"s1 '"s2$ ' Iz 4

3 ""v0 '"v1 '"v2$
!1=2';1 # 1

6"s0 ' 2
3"s2 # Iz 4

9 ""v0 ' 2"v2$
!3=2';1

1
2"s0 '"s2 ' Iz 4

3 ""v0 ' 2"v2$
%3=2' ;0

3
2"s1

%1=2# ;1
2
3"s1 # 1

6"s2
%3=2# ;1 "s1 ' 1

2"s2
%1=2' ;1 # 1

6"s1 ' 2
3"s2

%3=2' ;1
1
2"s1 '"s2

%3=2# ;2
3
2"s2

TABLE VI. Mass spectrum of our model. The underlined
values are used to determine the mass parameters. The values
within the parenthesis are obtained by considering the mixing
effect. The question mark after the particle name means that the
spin-parity quantum numbers are not identified by PDG.

Particle name Mass (MeV) Assigned state

N 939
" 1232
#1=2' ;0 1116 #"1116$
#1=2# ;1 1405 #"1405$
$1=2';0 1164 $"1193$
$3=2';0 1385 $"1385$
$1=2#;1 1475 $"1480$?
$3=2#;1 1663 $"1670$
!1=2';0 1318 !"1318$
!3=2';0 1539 !"1530$
!1=2#;1 1658"1660$) !"1690$?
!1=2#;2 1616"1614$) !"1620$?
!3=2#;1 1820 !"1820$
!1=2';1 1932 !"1950$?
!3=2';1 2120 !"2120$?
%3=2';0 1694 %"1672$
%1=2#;1 1837
%3=2#;1 1978
%1=2';1 2140
%3=2';1 2282 %"2250$?
%3=2#;2 2604
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For the ground state baryons, we have
 

!!!"#$ %!!!"%$ & 3
2f!!!#$ %!!!%$g;

!!!#$ #!!!%$ & 4
3f!!p$ #!!n$g% 2

3!!"$;
!!!"#$ #!!!"%$ & 2f!!p$ #!!n$g# 2!!"$;
!!#0$ #!!#%$ & %1

3f!!p$ #!!n$g# 8
3!!"$;

!!#"0$ #!!#"%$ & !!p$ #!!n$ # 4!!"$;
!!#"0$ %!!#"%$ & %3f!!#0$ %!!#%$g;

!!$$ & 3!!"$;

(24)

where the symbols represent the octet and decuplet ground
state baryons. The above relations hold by replacing !, !",
#, #", and $ by !1=2%;1, !3=2%;1, #1=2#;1, #3=2#;1, and
$3=2%;2, respectively.

Other interesting sum rules include

 

!!#0
3=2%;1$ %!!"1=2%;1$ % 1

2f!!!#1=2%;1$ %!!!%1=2%;1$g & !!#0
3=2#;0$ %!!"1=2#;0$ % 1

2f!!!#1=2#;0$ %!!!%1=2#;0$g;
!!#%3=2%;1$ %!!"1=2%;1$ # 1

2f!!!#1=2%;1$ %!!!%1=2%;1$g & !!#%3=2#;0$ %!!"1=2#;0$ # 1
2f!!!#1=2#;0$ %!!!%1=2#;0$g;

!!#0
1=2%;1$ # 3!!#0

1=2%;2$ & !!#%1=2%;1$ # 3!!#%1=2%;2$ & 2f!!"1=2#;0$ #!!"1=2%;1$g; (25)

The relations for the excited $ baryons are

 !!$1=2%;1$ & 4
3!!"1116$ % 1

3!!"1405$;
!!$3=2%;1$ & 2!!"1116$ #!!"1405$;
!!$1=2#;1$ & %1

3!!"1116$ # 4
3!!"1405$;

!!$3=2#;1$ & 1
3!!"1116$ # 2!!"1405$;

(26)

by using "1=2#;0 & "!1116$ and "1=2%;1 & "!1405$.

V. CONCLUSION

One of the successes of the bound-state approach of the
Skyrme model is that it provides a unified way to explain
both "!1116$ and "!1405$. The mass difference between
the two particles is explained mainly by the energy differ-
ence between the P-wave kaon and the S-wave kaon. In
this paper, we have shown that this feature can be extended
to other low-lying excited states of hyperons. In particular,
in the # baryon spectrum, #!1820$ can be explained by
the bound state of the soliton and kaons of one in P-wave
and one in S-wave. Then the existence of #!1690$ and
#!1620$ baryons of JP & 1=2% is required as they are
parity partners of #!1318$12#, while #!1690$ would have
JP & 1=2# in the nonrelativistic quark model of Chao
et al. [18].

Although the bound-state model has a strong resem-
blance to the nonrelativistic quark model for the ground
state baryons, our results show that the similarities may be
lost for excited baryons. The presence of two low-lying #
resonances of JP & 1=2%, which we identify as #!1620$
and #!1690$, comes out naturally in our model and this is
evidently different from other quark model predictions. In
addition, unlike the assumption of Ref. [34], we do not
need to require the existence of very low mass nucleon and
" resonances. We also note that the spin-parity quantum
numbers of #!1620$ and #!1690$ of our model are con-

sistent with Ref. [35] and with Ref. [36]. We also found
that the bound-state model predicts # resonance with JP &
1=2# at a mass of around 1930 MeV. This would be a good
candidate for the observed three-star resonance #!1950$.
Therefore, it is quite different from the quark model pre-
diction, e.g., of Ref. [66], where #!1950$ was interpreted
to have JP & 5=2% as the Gell-Mann-Okubo mass relation
for JP & 5=2% states [with N!1675$, !!1765$, and
"!1830$] requires a # at a mass of around 1960 MeV.
(See Ref. [67] for a recent discussion.) It would be inter-
esting to note that the Skyrme model study for radially
excited states of Ref. [68] suggests JP & 1

2
# for the

#!1950$, although #!1690$ was speculated to be a JP &
3
2
% state.

The quark-based models [18,20,29] predict that the low-
est $!12%$ is degenerate in mass with the lowest $!32%$.
However, this degeneracy is no longer valid in the bound-
state model which predicts that the mass difference be-
tween the two $ resonances is around 140 MeV. But our
model predicts that the first excited $ resonance would
have JP & 1=2% as in the quark models.

In ! hyperon resonances, we found that !!1670$32% fits
well as the parity partner of !!1385$. Our result for !!12%$
strongly implies that the one-star-rated !!1480$, which
was recently confirmed by COSY experiment [69], would
have JP & 1

2
% being the parity partner of !!1193$. This

should be compared with other model predictions on
!!1480$ [34,36,70,71].

Of course, as mentioned before, the bound-state model
cannot be applied to all hyperon resonances. In particular,
in the Skyrme model, Y" resonances should be explored
by introducing fluctuating pion fields explicitly [57] and
the resonances above the threshold should be treated in a
different manner [53,72]. However, the pattern observed in
the empirical mass spectrum of low-lying hyperon reso-
nances, i.e., (approximately) equal spacings between parity
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For the ground state baryons, we have
 

!!!"#$ %!!!"%$ & 3
2f!!!#$ %!!!%$g;

!!!#$ #!!!%$ & 4
3f!!p$ #!!n$g% 2

3!!"$;
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3!!"$;
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(24)

where the symbols represent the octet and decuplet ground
state baryons. The above relations hold by replacing !, !",
#, #", and $ by !1=2%;1, !3=2%;1, #1=2#;1, #3=2#;1, and
$3=2%;2, respectively.

Other interesting sum rules include

 

!!#0
3=2%;1$ %!!"1=2%;1$ % 1

2f!!!#1=2%;1$ %!!!%1=2%;1$g & !!#0
3=2#;0$ %!!"1=2#;0$ % 1

2f!!!#1=2#;0$ %!!!%1=2#;0$g;
!!#%3=2%;1$ %!!"1=2%;1$ # 1
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2f!!!#1=2#;0$ %!!!%1=2#;0$g;

!!#0
1=2%;1$ # 3!!#0

1=2%;2$ & !!#%1=2%;1$ # 3!!#%1=2%;2$ & 2f!!"1=2#;0$ #!!"1=2%;1$g; (25)

The relations for the excited $ baryons are

 !!$1=2%;1$ & 4
3!!"1116$ % 1

3!!"1405$;
!!$3=2%;1$ & 2!!"1116$ #!!"1405$;
!!$1=2#;1$ & %1

3!!"1116$ # 4
3!!"1405$;

!!$3=2#;1$ & 1
3!!"1116$ # 2!!"1405$;

(26)

by using "1=2#;0 & "!1116$ and "1=2%;1 & "!1405$.

V. CONCLUSION

One of the successes of the bound-state approach of the
Skyrme model is that it provides a unified way to explain
both "!1116$ and "!1405$. The mass difference between
the two particles is explained mainly by the energy differ-
ence between the P-wave kaon and the S-wave kaon. In
this paper, we have shown that this feature can be extended
to other low-lying excited states of hyperons. In particular,
in the # baryon spectrum, #!1820$ can be explained by
the bound state of the soliton and kaons of one in P-wave
and one in S-wave. Then the existence of #!1690$ and
#!1620$ baryons of JP & 1=2% is required as they are
parity partners of #!1318$12#, while #!1690$ would have
JP & 1=2# in the nonrelativistic quark model of Chao
et al. [18].

Although the bound-state model has a strong resem-
blance to the nonrelativistic quark model for the ground
state baryons, our results show that the similarities may be
lost for excited baryons. The presence of two low-lying #
resonances of JP & 1=2%, which we identify as #!1620$
and #!1690$, comes out naturally in our model and this is
evidently different from other quark model predictions. In
addition, unlike the assumption of Ref. [34], we do not
need to require the existence of very low mass nucleon and
" resonances. We also note that the spin-parity quantum
numbers of #!1620$ and #!1690$ of our model are con-

sistent with Ref. [35] and with Ref. [36]. We also found
that the bound-state model predicts # resonance with JP &
1=2# at a mass of around 1930 MeV. This would be a good
candidate for the observed three-star resonance #!1950$.
Therefore, it is quite different from the quark model pre-
diction, e.g., of Ref. [66], where #!1950$ was interpreted
to have JP & 5=2% as the Gell-Mann-Okubo mass relation
for JP & 5=2% states [with N!1675$, !!1765$, and
"!1830$] requires a # at a mass of around 1960 MeV.
(See Ref. [67] for a recent discussion.) It would be inter-
esting to note that the Skyrme model study for radially
excited states of Ref. [68] suggests JP & 1

2
# for the

#!1950$, although #!1690$ was speculated to be a JP &
3
2
% state.

The quark-based models [18,20,29] predict that the low-
est $!12%$ is degenerate in mass with the lowest $!32%$.
However, this degeneracy is no longer valid in the bound-
state model which predicts that the mass difference be-
tween the two $ resonances is around 140 MeV. But our
model predicts that the first excited $ resonance would
have JP & 1=2% as in the quark models.

In ! hyperon resonances, we found that !!1670$32% fits
well as the parity partner of !!1385$. Our result for !!12%$
strongly implies that the one-star-rated !!1480$, which
was recently confirmed by COSY experiment [69], would
have JP & 1

2
% being the parity partner of !!1193$. This

should be compared with other model predictions on
!!1480$ [34,36,70,71].

Of course, as mentioned before, the bound-state model
cannot be applied to all hyperon resonances. In particular,
in the Skyrme model, Y" resonances should be explored
by introducing fluctuating pion fields explicitly [57] and
the resonances above the threshold should be treated in a
different manner [53,72]. However, the pattern observed in
the empirical mass spectrum of low-lying hyperon reso-
nances, i.e., (approximately) equal spacings between parity

# AND $ BARYONS IN THE SKYRME MODEL PHYSICAL REVIEW D 75, 074002 (2007)

074002-9

Expt. 2.02 = 3⇥ 0.163 = 1.84
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proportional to the baryon charge (Q) in the SU(3) limit

proportional to the baryon isospin (I3) in the strongly broken SU(3) limit
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Abstract 

In the SU3 Skyrme model the electric quadrupole moments of ~+ baryons show a strong sensitivity with respect to flavor 
distortions in baryon wavefunctions. SU3 symmetric wavefunctions lead to quadrupole moments proportional to the charge 
of the baryon whereas for strongly broken flavor symmetry a proportionality to baryomc isospin emerges. Since the flavor 
distortions in the wavefunctions also determine the strangeness content of the proton the Skyrme model provides a link 
between both quantities. 

This short note is concerned with the electric 
quadrupole moments (nlOe2ln) of decuplet baryons 
B where recent quenched lattice gauge calcula- 
tions [ 1 ] for the non-strange members of the de- 
cuplet find them to be proportional to their charge 
(nlOe2ln) ~ (BIO_IB) = e(nl½? + I3[n). These 
calculations are in slight contradiction with another 
recent prediction [2] from chiral perturbation theory 
where the quadrupole moments are closer to a pro- 
portionality to baryonic isospin alone, a pattern that 
also follows from the SU2-Skyrme model [ 1 ]. 

In the Skyrme model [3,4] baryons are described 
as a hedgehog configuration UH = e '* ex(r) performing 
time dependent flavor rotations A (t):  

U(r ,  t) = A ( t )  U H ( r ) A t ( t )  , 

A t A = --~12bAb . Z (1) 

I E-mad schwesinger@hrz uni-siegen d400 de 

For such a rotating hedgehog minimal substitution of 
the potential a ° for a static electric field E = - V a ° ( r )  
into the Skyrme lagrangian simply adds the potential 
everywhere to the rotational velocities [ 5 ] 

(_] --~ A { [AtA, UH] + i a ° [ A t Q a ,  UH] } A t 

= _ i  (l~b -- ea°Deb(A))  A[,tb, UH]A t. (2) 
2 

We use the standard definitions for the D-functions 
in the regular representation, Dab(A) = I tr AaAAbA t, 
and the abbreviation that the index e stands for the 
linear combination of flavors entering into the charge 
operator, (Dea = D3a for SU2 and Dea = D3a -q- ~1 D8a 
for SU3 e.g.). 

Rotational velocities in the Skyrme model la- 
grangian occur in two places: (i) quadratically in the 
rotational kinetic energy 

Trot[U] ~ ~ d3r~)ab(r) (•a -- ea°Dea) 

x (lib -- ea°Deb). (3) 
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Table l 
Quadrupole moments of  the baryon decuplet in units 10-1e • fm 2 
m slow rotator approxtmatton (SRA) compared to chlral pertur- 
batmn theory (CPT), Ref [2] 

B SRA CPT 

Fig 1 Quadrupole moments versus the strangeness content of  
the proton The funcUons have been obtained m ngld rotator 
approximation, Ref [9],  with the parameters quoted there. The 
strangeness content is vaned through a change of the kaon mass 
inK. The vemcal hne indicates the position where mr = 495 MeV. 

ing ratio of the lattice gauge calculation [ 1 ]. 
In conclusion we have shown that three different 

approaches to the electric quadrupole moments of de- 
cuplet baryons: a quenched lattice gauge calculation, 
chiral perturbation theory and the Skyrme model, lead 
to three slightly different predictions which apparently 
differ in the amount of SU3 symmetry breaking in 

A ++ - -087  - -08  + 0 5  
A+ --0.31 --0 3 -4- 0 2 
A ° + 0  24 + 0  1 2 +  0 05 
A-- + 0 8 0  + 0 6  4 - 0 3  

1)-- +0.24 +0  09 4- 0 05 

X *+ --0 42 --0.7 4- 0 3 
2~ *° + 0  05 --0.13 4- 0 07 
X*-  + 0 5 2  + 0 4  4 - 0 2  

E *° - 0 .07  - 0 . 35  4- 0 2 
-~*-  + 0 3 5  + 0 2  4-0.1 

the decuplet states: the lattice gauge results are clos- 
est to SU3 symmetry whereas chiral perturbation the- 
ory is closest to the strong symmetry breaking limit. 
The SU3 Skyrme model, finally, allows a smooth in- 
terpolation between the two limits as a function of the 
strangeness content of the proton and predicts a pat- 
tern intermediate between those mentioned, if empir- 
ical SU3 symmetry breaking is employed. 
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where B denotes a spin 1/2 octet baryon and B* a member of
the spin 3/2 baryon decuplet.

A. Missing one-quark quadrupole operator

In applications of the GP, a hierachy in the importance of
one-, two-, and three-body operators is often found. One-
body operators usually give a larger contribution to the ma-
trix element than two-body operators, and two-body opera-
tors are usually more important than three-body operators
!1". This hierachy results from the additional gluon ex-
changes needed to generate two-quark and three-quark op-
erators. The quark-gluon coupling #s!g2/4$ is such that
diagrams involving higher powers of g are suppressed. In the
GP method this is regarded as an empirical fact; in QCD with
a large number (Nc) of colors this is because g2 is inversely
proportional to Nc , i.e., g%1/!Nc, and diagrams involving
higher powers of g are suppressed.
However, for quadrupole moments, one-body operators

containing rank 2 spherical harmonics in orbital space, e.g.,
eiY 2( x̂), do not contribute, because the GP method employs
only L!0 wave functions. In Morpurgo’s formulation, any
possible D-state admixture in the QCD states !B& is moved
from the wave function to the effective two- and three-quark
operators Q acting in spin-flavor space. Even if D-waves
were included in the Hilbert space, the orbital one-body con-
tribution would be small due to the small D-state probability
in the nucleon and ' wave functions !5". In any case, for
quadrupole moments, we are left with two- and three-quark
operators.

B. Two- and three-quark quadrupole operators

The two- and three-body operators in Eq. (2) act in spin-
flavor space. Although they formally operate on valence
quark states, they are mainly a reflection of the qq̄ and gluon
degrees of freedom that have been eliminated from the Hil-
bert space, and which reappear as a quadrupole tensor in spin

space !6,7". As spin tensors of rank 2, they can induce spin
1/2→3/2 and 3/2→3/2 transitions.
Evaluating Eq. (2) between, e.g., N and ' spin-isospin

wave functions leads to the following results for the ' and
the N→' quadrupole moments

Q'"!*W'"!Q[2]"Q[3]!W'"&!4B"2C ,

Qp→'"!*W'"!Q[2]"Q[3]!Wp&!2!2B#2!2C .
(4)

Similarly, the electric quadrupole moments for the other de-
cuplet baryons and the octet-decuplet transition moments are
calculated and listed in Tables I and II. In this way Morpur-
go’s method yields an efficient parameterization of baryon
quadrupole moments in terms of few unknown parameters.

C. Determination of the GP constants

In order to determine the two constants B and C we need
two experimental inputs. From recent measurements of the
ratio of electric quadrupole over magnetic dipole amplitudes
in electromagnetic pionproduction (E2/M1 and C2/M1 ra-
tios) !8,9", one can extract the N→' transition quadrupole
moment Qp→'". For a first determination of Q'" from
photo-pionproduction data in the ' resonance region see
Ref. !8". Because the decuplet quadrupole moments or other
octet-decuplet transition quadrupole moments are not yet
very well known, we cannot fix the smaller constant C with
sufficient accuracy at this stage. Therefore, we assume C
+0 for the numerical evaluation. Our assumption that three-
body (C) terms in the charge operator are smaller than two-
body (B) terms is supported by work using the GP !3" and
the 1/Nc expansion !4" methods. In both methods, !C/B! is
estimated to be at most 0.3.
We take the following approach in determining the con-

stant B. In a quark model with exchange currents, it was
found that the N→' and ' quadrupole moments receive the

TABLE I. Two-quark (B) and three-quark (C) contributions to quadrupole moments of decuplet baryons
in the SU(3) symmetry limit (r!1) and with broken flavor symmetry. SU(3)-flavor symmetry breaking is
characterized by the ratio of u-quark and s-quark masses r!mu /ms . Two types (quadratic and cubic) of
flavor symmetry breaking are considered.

Q(r!1) Q(quadratic) Q(cubic)

'# #4B#2C #4B#2C #4B#2C
'0 0 0 0
'" 4B"2C 4B"2C 4B"2C
'"" 8B"4C 8B"4C 8B"4C

,*# #4B#2C #(4B"2C)(1"2r)/3 #(4B"2C)(1"r"r2)/3
,*0 0 2(B#C)(1#r)/3 !2B(1"r#2r2)#C(2#r#r2)"/3
,*" 4B"2C !4B(2"r)#2C(1#4r)"/3 !4B(2"2r#r2)#2C(1#2r#2r2)"/3

-*# #4B#2C #(4B"2C)(2r"r2)/3 #(4B"2C)(r"r2"r3)/3
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Quadrupole moments of decuplet baryons and the octet-decuplet transition quadrupole moments are calcu-
lated using Morpurgo’s general QCD parametrization method. Certain relations among the decuplet and the
octet to decuplet transition quadrupole moments are derived. These can be used to predict the # quadrupole
moments which are difficult to measure.
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I. INTRODUCTION

We use Morpurgo’s QCD parametrization $1% to calculate
all baryon octet-decuplet transition and decuplet quadrupole
moments and to derive certain relations between them. The
chosen method makes it clear from the outset that the results
obtained do not depend on the particular quark-quark inter-
action model. We compare our relations with those obtained
in a group theoretical analysis. Finally, we provide numerical
estimates that can be compared with experiment.
Unfortunately, quadrupole moments of the decuplet bary-

ons are still unknown. They are important for providing evi-
dence for baryon nonsphericity. We believe that the electric
quadrupole moment of the &!, as well as the octet-decuplet
transition quadrupole moments, are amenable to measure-
ment and we discuss some possible techniques in the sum-
mary.

II. MORPURGO’S GENERAL PARAMETRIZATION
METHOD FOR QUADRUPOLE MOMENTS

The general parametrization !GP" method, developed by
Morpurgo, is based on the symmetries and the quark-gluon
dynamics of the underlying field theory of quantum chromo-
dynamics !QCD". Although noncovariant in appearance, all
invariants that are allowed by Lorentz invariance are in-
cluded in the operator basis !see below".
The basic idea is to formally define, for the observable at

hand, a QCD operator & and QCD eigenstates !B' expressed
explicitly in terms of quarks and gluons. The corresponding
matrix element can, with the help of the unitary operator V,
be reduced to an evaluation in the basis of auxiliary three-
quark states !(B'

)B!&!B'")(B!V†&V!(B'")WB!O!WB' . !1"

The auxiliary states !(B' are pure three-quark states with
orbital angular momentum L"0. The spin-flavor wave func-
tions $2% contained in !(B' are denoted by !WB' . The opera-

tor V dresses the pure three-quark states with qq̄ components
and gluons and thereby generates the exact QCD eigenstates
!B'. Furthermore, it is implied that V contains a Foldy-
Wouthuysen transformation allowing the auxiliary states to
be written in terms of Pauli spinors.
One then writes the most general expression for the op-

erator O, in the present case for the electric quadrupole op-
erator Q, that is compatible with the space-time and inner
QCD symmetries. The orbital and color space matrix
elements1 are absorbed into a priori unknown parameters,
called B and C, multiplying the spin-flavor invariants appear-
ing in the expansion of O. The method has been used to
calculate various properties of baryons and mesons $1,3%.
The electric quadrupole operator is composed of a two-

and three-body term in spin-flavor space

Q"B*
i+ j

3

ei!3, iz, jz!!i•!j"

#C *
i+ j+k

3

ek!3, iz, jz!!i•!j", !2"

where ei"(1#3- iz)/6 is the charge of the ith quark. More
general operators containing second and third powers of the
quark charge are conceivable $4% but are not considered here.
Their contribution is suppressed by factors of e2/4.
"1/137. The z-component of the Pauli spin !isospin" matrix
!i ("i) is denoted by , iz (- iz).
Decuplet baryon quadrupole moments QB* and octet-

decuplet transition quadrupole moments QB→B* are obtained
by calculating the matrix elements of the quadrupole opera-
tor in Eq. !2" between the three-quark spin-flavor wave func-
tions !WB'

QB*")WB*!Q!WB*' ,

QB→B*")WB*!Q!WB', !3"

*Email address: alfons.buchmann@uni-tuebingen.de
†Email address: henley@phys.washington.edu

1Note that on the right-hand side of the last equality in Eq. !1" the
integration over spatial and color degrees of freedom has been per-
formed.
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Summary & Outlook

Study on the spectrum of Ξ baryons
opens a new window for understanding baryon structure

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
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Summary & Outlook

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

EM properties of hyperons

We definitely need more data.

Omega baryons ?


