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Particle Zoo

Name “proton” given to H nucleus by Rutherford in 1920
He had discovered earlier that proton was a candidate
to be a fundamental particle & building block of nitrogen,
and all other heavier atomic nuclei.

1932 Neutron

1947 First Mesons: π+, π−, K +, K−

1951 Strange baryons: Λ with |uds〉
1964 Ω− with |sss〉

1964 Quark model

1968 Discovery of “partons” at SLAC

after 1970:
Quantum Chromodynamics

Volker Credé 70 Years of Hyperon Spectroscopy



Introduction and Motivation
Baryon Spectroscopy

Summary and Conclusions
Experimental Studies of Baryons

1964: Discovery of the Ω Baryon at BNL

K− p → Ω− K + K 0

Ω− → Ξ0 π−

Ξ0 → Λ0 π0
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Nuclear Femtography: Non-Perturbative QCD

How does QCD give rise to excited nucleons?

Relevant degrees of freedom
Quark-quark interactions
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SU(4) Multiplet Structure of Baryons

Multiplet structure for flavor SU(3):

3 ⊗ 3 ⊗ 3 = 10S ⊕ 8M ⊕ 8M ⊕ 1A
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SU(4) Multiplet Structure of Baryons

Multiplet structure for flavor SU(4):

4 ⊗ 4 ⊗ 4 = 20S ⊕ 20M ⊕ 20M ⊕ 4A

Ü Great progress also for charmed and bottom baryons (Belle, LHCb).
V.C. and J. Yelton, review submitted to Reports on Progress in Physics
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How do we study baryons experimentally?

Light-flavor baryons are typically studied in fixed-target experiments (nuclear
physics), heavy-flavor baryons are studied at colliders (high-energy physics).

1 Fixed-Target Experiments
Photo-/electroproduction, e. g. Jefferson Lab, ELSA, MAMI, etc.

e. g. γN (e− N)→ (e−) N ∗/∆∗

γN (e− N)→ (e−) K Y ∗ (Y ast = Λ∗,Σ ∗)

π /K -induced production, e. g. HADES@GSI, (future J-PARC, JLab)
e. g. πN → N ∗/∆∗

2 Collider Experiments
at e+e− machines, e. g. BES III, Belle, BaBar, etc.

e. g. Ξ+
c (Λ+

c )→ [Ξ−π+]Ξ∗π+ (K +) or e+e− → J/ψ → N ∗N̄
at pp machines, e. g. LHC

e. g. Ξ ∗−
b → Ξ−

b π
+π− (LHCb, CMS)
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Spectrum of N∗ Resonances

S. Capstick & N. Isgur, Phys. Rev. D34 (1986) 2809

Theory

Experiment

2. Excitation Band:
(56, 0+

2 ), (56, 2+
2 ) 3

(70, 0+
2 ), (70, 2+

2 ) (3)
(20, 1+

2 ) ( ? )

1. Excitation Band:
(70, 1−1 ) 3

SU(6) ( 2S+1multiplets; u, d , s, spin )

6 ⊗ 6⊗ 6 = 56S ⊕ 70M ⊕ 70M ⊕ 20A

⇒ 56 = 410⊕ 28 “ground states”
70 = 210⊕ 48⊕ 28⊕ 21
20 = 28⊕ 41
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Hadron Spectroscopy
π + Nucleus

γ p Photoproduction

e+ e−

p̄ p

The GlueX Collaboration
∼135 members, 29 institutions
(Armenia, Canada, Chile, China, Germany, Greece, Russia, UK, USA)

GlueX phase-I complete (120 PAC days)
First physics published in 2017
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N∗ Spectroscopy at GlueX

GlueX is not the ideal experiment for N∗ spectroscopy without a polarized target.
However,

N∗ resonances are abundantly produced at Eγ > 7 GeV.

Interesting program on N∗ physics is possible.

N(1535) γp → p η η ′ Data selection:

General cuts to improve overall
event kinematics (CL, missing
mass, etc.).

No cuts (yet) to enhance
γp → η ′ N(1535) production.

Possibly, direct access to N(1535) 1
2

due to t-channel production.

Courtesy Jason Barlow, FSU

Eγ > 7.5 GeV
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N∗ Spectroscopy at GlueXRecognizing States in 𝜔𝜂p : N(1535)

● These events can be 
removed without damaging 
the area of interest in the 𝜔𝜂 
mass distribution

11

N*

DNP

Reaction: γp → p η ωpreliminary

Data selection:

General cuts to improve overall event
kinematics (CL, missing mass, etc.).

8.2 GeV < Eγ < 8.8 GeV

−t < 0.6 GeV2

No cuts (yet) to enhance
γp → ωN(1535) production.

Possibly, direct access to N(1535) 1
2 due to

t-channel production.

Courtesy Edmundo Barriga, FSU
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N∗ Spectroscopy at GlueX

Mass: 1.5396 ± 0.0016 GeV
Width: 0.0705 ± 0.0092 GeV
Resolution: 0.0207 ± 0.0013 GeV 

Description with rel. Voigtian

Barrier factor of L = 1
ηω MC background
Mηω < 2 GeV/c2

Ü Γ = 70.5± 9.2 MeV

Courtesy Edmundo Barriga, FSU

V. C. et al. [ GlueX ], Few Body Syst. 64 (2023) 2, 32
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The Ξ∗ and Ω∗ Spectrum from Lattice QCD

Octet

Decuplet

R. Edwards et al., PRD 87, 054506 (2013)

Exhibits broad features expected of SU(6)⊗O(3) symmetry
Ü Counting of states of each flavor and spin consistent with QM for the lowest

negative- and positive-parity bands.

1. Excitation Band: (70, 1−1 )

70 = 210 ⊕ 48 ⊕ 28 ⊕ 21
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Particle Data Group: Unstable (Light-Flavor) Baryons

S11(1535) ←→ N(1535) 1
2
−
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Ξ Resonances using K− Beams
VOLUME 51, NUMBER 11 PHYSICAL REVIEW LETTERS 12 SEPTEMBER 198$
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of P~, b values. An empirical relationship for the
variation of two-body production in the reaction
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FIG. 3. Missing mass squared {X)for K +p K+
+X. (a) Acceptance. (b) Kz, cross hatched areas
are events with detected A-p~. (c) Kz. Smooth
curves in (b) and (c) are fits to background plus reso-
nances.

v =AP), b "
with & -3.o to 3.5.' A source of data for such re-
actions comes from the CERN 4.2-GeV/c bubble-
chamber experiment. "Table l also lists the
computed cross sections using & =3.5 and shows
that there is good agreement with our measure-
ment for all the well-established = states.
Many experiments have observed the four well

established states =(1317), (1530), +1820), and
-"(2030).' The downstream MPS detectors enabled
the detection of A's associated with some of the
events, and helped in verifying that the bumps
indeed behave like particles. The =(1317),
:-(1530), and (1820) have &'s in over 95Vo of
their decays. A selection is indicated in the
shaded region of Fig. 3(b), and in fact, about 50'%%uo

of the events in these three peaks have a detect-
ed A, consistent with the observation probability
of the A.
=(2030) is not observed in the cross-hatched

area in Fig. 3(b), as expected, because it decays
predominantly to &K where only 20'fo have a de-
tected A. The difference in cross section for the
:-(2030) between K~ and Ks is attributed to statis-
tical fluctuations. No ~ selection is presented

TABLE I. Reported = states are listed in column 1. The PDG (Particle Data Group) status (Ref. 3) is listed in
column 2 (4 means well established, 1 means weakly established). FWHM are the detector resolutions. The cross-
section errors are statistical first and systematic second. An extrapolation of the K p K+ - * cross sections
from the 4.2-GeV/c experiment is in column 9 (0«&zpp) The last column has the weighted average cross sections
for (1820) and - (2030) and the best value from either detector for the other states—errors are statistical only.
The upper-limit cr 's are 95% confidence level.

Mass FTHM
State PGD (MeV) (MeV)

Mass
(MeV)

KB
FWHM
(Mev) ( p, b)

+extra p
(pb)

K~ and/or K~
CT Mass

(p, b) (MeV)

=(1320)
=-(1530)
- (1630)
=(1680)
=(1820)
- (1940)
"„-(2030)
„--(2120)
=(2250)
=(2370)
=(2500)

2218+ 6

4 1320+ 6
4 1541+12
2
2
3 1823+ 6
2
3 2022+ 9
1
1
2
2

158
106

49

7.2+ 0.6+ 0.6
2.8+ 0.6+ 0.2

& 1.Q
3.4+ 0.6+ 0.3

& 1.3
1.1+0.6+ 0.1

& 1.1
2.0+ 1.0+ 0.2 2197~ 12

2356 + 10
2505+ 10

32
36
36

1813+ 15 92

2022 + 12 63

2.7 +
& 0.8
2.1+

& 1.4
1.0+
0.9+
1.0+

7.4
2.7

0.7+ 0.2 3.0

0.5 + 0.2 1.5

0.3+ 0.1
0.3+ 0.1
0.5+ 0.1

7.2 + 0.6 1320+ 6
2.8 + 0.6 1541+ 12

& 1.Q
3.1+0.5 1822 + 6

& 0.8
1.7+ 0.4 2022+ 7

& 1.1
1.0+ 0.3 2214 + 5
0.9+ 0.3 2356+ 10
1.0+ 0.5 2505+ 10

953

K− p → K + X− Ü
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Excited Ξ∗ States: 1500 - 1750 Mass Region
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From the paper: Although a small enhancement is observed in the Ξ0π− invariant
mass spectrum near the controversial 1-star Ξ−(1620) resonance, it is not possible
to determine its exact nature without a full partial wave analysis.
[ CLAS ], Phys. Rev. C 76, 025208 (2007)

Belle: PRL 122, 072501 (2019)
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Ξ0(1690) (∗∗∗)
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Possible Production Mechanisms
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Courtesy of Jesse Hernandez, Chandra Akondi (FSU)

Λ
K−

γp → K + (K + Ξ−∗)→ K + (p π− K−) K +
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Possible Production Mechanisms

a)

b) K / K
+      +*
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K / K
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K
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*       *
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p

a

a

/
U

K +(Ξ−K +), K +(Ξ0K 0), K 0(Ξ0K +)

Ü Cross sections, beam asymmetries
(similar to p ππ & p KK ∗)

At other facilities (for comparison):

K−p → K + Ξ∗− J-PARC (2029?)

KL p → K + Ξ∗0 Hall D (2026/30?)

p p → Ξ∗ X LHCb

p p → Ξ∗ Ξ PANDA ?

e+ e− → Ξ∗ X Belle II, BES III

∗W. Roberts et al., Phys. Rev. C 71, 055201 (2005)
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GlueX: Cross Sections in γp → K +K + Ξ(1320)−

Measurements of

Differential cross sections

Polarization observables

Mass, width, spin

Courtesy of Jesse Hernandez (FSU)
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GlueX: Cross Sections in γp → K +K + Ξ(1320)−
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Spectroscopy of (low-mass) Ξ resonances very important to understand the
systematics of the baryon spectrum:

What about the properties of the Ξ(1620) /Ξ(1690) states?
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+

Spectroscopy of (low-mass) Ξ resonances very important to understand the
systematics of the baryon spectrum:

What about the properties of the Ξ(1620) /Ξ(1690) states?

Is the Ξ(1620) more than one state? Is the Ξ(1620) the doubly strange
partner of the Λ(1405)?

Where is the radial excitation of the Ξ(1320)?

Arifi et al., PRD 105, 094006
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Opportunities with Secondary K 0
L Beams in Hall D

Possible reactions to be studied (elastic and charge-exchange reactions):

2- & 3-body reactions producing S = −1 hyperons
2-body reactions producing S = −2 hyperons
Ü K 0

L p → K + Ξ0; π+K + Ξ−; K + Ξ0∗; π+K + Ξ−∗

3-body reactions producing S = −3 hyperons
Ü K 0

L p → K +K + Ω−; K +K + Ω−∗
GlueX - 10 d
(projected)
≈ 104 Ξ∗ / m
≈ 102 Ω∗ / m

world
data

K 0 p → K + Ξ0

K− p → K + Ξ− (a) K− p → K 0 Ξ0 (b)
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