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The N∗ and ∆∗ Spectrum from Lattice QCD

mπ = 396 MeV

∆(1700)

∆(1620)

N(938) ∆(1232)

Missing states?

R. Edwards et al., Phys. Rev. D 84, 074508 (2011); Phys. Rev. D 87, 054506 (2013)

Exhibits broad features expected of SU(6)⊗O(3) symmetry
Ü Counting of levels consistent with non-rel. quark model, no parity doubling.
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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 ) (3)

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

Volker Credé Baryon Spectroscopy



Introduction
Spectroscopy of Baryon Resonances

Heavy-Flavor Resonances
Summary and Conclusions

The Nucleon Spectrum

/ 1/2+ 3/2+ 5/2+ 7/2+ 9/2+ 11/2+ 13/2+ 1/2- 3/2- 5/2- 7/2- 9/2- 11/2- 13/2-J

M
ass

 [M
eV

]

1000

1500

2000

2500

3000

****

****

  *

****

 **

****

 **  **

****

 **

****

****

  *

****

***

 **

****

 ** ****
****

***

  S

  S   S

***

Spectrum of N∗ Resonances N∗ JP (L2I,2J ) 2010 2020

N(1440) 1/2+ (P11) ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗
N(1520) 3/2− (D13) ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗
N(1535) 1/2− (S11) ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗
N(1650) 1/2− (S11) ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗
N(1675) 5/2− (D15) ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗
N(1680) 5/2+ (F15) ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗
N(1685) ∗
N(1700) 3/2− (D13) ∗ ∗ ∗ ∗ ∗ ∗
N(1710) 1/2+ (P11) ∗ ∗ ∗ ∗ ∗ ∗ ∗
N(1720) 3/2+ (P13) ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗
N(1860) 5/2+ ∗∗
N(1875) 3/2− ∗ ∗ ∗
N(1880) 1/2+ ∗ ∗ ∗
N(1895) 1/2− ∗ ∗ ∗ ∗
N(1900) 3/2+ (P13) ∗ ∗ ∗ ∗ ∗ ∗
N(1990) 7/2+ (F17) ∗∗ ∗ ∗
N(2000) 5/2+ (F15) ∗ ∗ ∗ ∗
————N(2080) D13 ∗ ∗
————N(2090) S11 ∗
N(2040) 3/2+ ∗
N(2060) 5/2− ∗ ∗ ∗
N(2100) 1/2+ (P11) ∗ ∗ ∗ ∗
N(2120) 3/2− ∗ ∗ ∗
N(2190) 7/2− (G17) ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗
————N(2200) D15 ∗ ∗

V. C. & W. Roberts, Rep. Prog. Phys. 76 (2013)

2. Excitation Band:
(56, 0+

2 ), (56, 2+
2 ) 3

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

2 ) (3)
(20, 1+

2 ) (3)
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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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s-channel production: γ∗p → p η (CLAS)

t-channel production: γp → ω (p η)
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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, J-PARC
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)

Ü pp reactions at FAIR (new idea) ?
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Spin and Parity Measurement of the Λ(1405) Baryon

Data for γp → K +Λ(1405) support JP = 1
2
−

Decay distribution of Λ(1405)→ Σ+π−

consistent with J = 1/2.

Polarization transfer, ~Q, in Y ∗ → Yπ:

S-wave decay: ~Q independent of θY
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S-wave decay P-wave decay
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K. Moriya et al. [ CLAS Collaboration ], Phys. Rev. Lett. 112, 082004 (2014)

b

S-wave: JP = 1
2
−

P-wave: JP = 1
2

+
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The Λ(1405) Baryons at GlueX

Fit of (1) two coherent
Flatté amplitudes plus
(2) incoherent Λ(1520),
and (3) backgrounds.

Preliminary fit results
support the two-pole
structure.

1 Measurement of the Σπ photoproduction line shapes near the Λ(1405)
K. Moriya et al. [ CLAS Collaboration ], Phys. Rev. C 87, no. 3, 035206 (2013)

More coming from GlueX on Λ(1405)→ Σ0π0
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The Λ(1405)/Λ(1520) Baryons at GlueX

0 0.5 1 1.5 2
)2/c2) (GeV

min
-(t-t

0.4−

0.2−

0

0.2

0.4
11
0ρ

0 0.5 1 1.5 2
)2/c2) (GeV

min
-(t-t

0.4−

0.2−

0

0.2

0.4

)
31

0ρRe(

0 0.5 1 1.5 2
)2/c2) (GeV

min
-(t-t

0.4−

0.2−

0

0.2

0.4

)
1−3

0ρRe(

0 0.5 1 1.5 2
)2/c2) (GeV

min
-(t-t

0.4−

0.2−

0

0.2

0.4
11
1ρ

0 0.5 1 1.5 2
)2/c2) (GeV

min
-(t-t

0.4−

0.2−

0

0.2

0.4

33
1ρ

0 0.5 1 1.5 2
)2/c2) (GeV

min
-(t-t

0.4−

0.2−

0

0.2

0.4

)
31
1ρRe(

0 0.5 1 1.5 2
)2/c2) (GeV

min
-(t-t

0.4−

0.2−

0

0.2

0.4

)
1−3

1ρRe(

0 0.5 1 1.5 2
)2/c2) (GeV

min
-(t-t

0.4−

0.2−

0

0.2

0.4

)
31
2ρIm(

0 0.5 1 1.5 2
)2/c2) (GeV

min
-(t-t

0.4−

0.2−

0

0.2

0.4

)
1−3

2ρIm(

1.46 1.48 1.5 1.52 1.54 1.56 1.58
)2 (GeV/c-inv. mass pK

0

50

100

150

200

250

300

350

400

2
ev

en
ts

 / 
1.

2 
M

eV
/c

 

1.46 1.48 1.5 1.52 1.54 1.56 1.58
)2 (GeV/c-inv. mass pK

50−
0

50

re
si

du
al

s

Measurement of the Σπ photoproduction line shapes near the Λ(1405)
K. Moriya et al. [ CLAS Collaboration ], Phys. Rev. C 87, no. 3, 035206 (2013)

Measurement of SDMEs in Λ(1520) photoproduction at 8.2− 8.8 GeV
S. Adhikari et al. [ GlueX Collaboration ], Phys. Rev. C 105, no. 3, 035201 (2022)

−(t − t0) ∈ [ 0.3,0.5 ] GeV2
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Spectroscopy of Excited Λ∗ Baryons

First direct mass and width determination for the Λ(1670)
[ Belle Collaboration ], Phys. Rev. D 103, no. 5, 052005 (2021)

all PDG listings based on PWA

Λ+
c → Λ(1670)π+
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Spectroscopy of Excited Λ∗ Baryons

First direct mass and width determination for the Λ(1670)
[ Belle Collaboration ], Phys. Rev. D 103, no. 5, 052005 (2021)

all PDG listings based on PWA

GlueX
very preliminary

Mass (ηΛ)

Volker Credé Baryon Spectroscopy



Introduction
Spectroscopy of Baryon Resonances

Heavy-Flavor Resonances
Summary and Conclusions

N? Spectroscopy: Measurements at GlueX
The Study of Strangeness−1 Hyperons
Spectroscopy of Ξ Resonances

/ 1/2+ 3/2+ 5/2+ 7/2+ 9/2+ 11/2+ 13/2+ 1/2- 3/2- 5/2- 7/2- 9/2- 11/2- 13/2-J

M
ass

 [M
eV

]

1000

1500

2000

2500

3000

****

****

  *

****

 **

****

 **  **

****

 **

****

****

  *

****

***

 **

****

 ** ****
****

***

  S

  S   S

***

Spectrum of N∗ Resonances

V. C. & W. Roberts, Rep. Prog. Phys. 76 (2013)
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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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CLAS g11a: Excited States in γp → K +K +π− (X )
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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.
Phys. Rev. C 76, 025208 (2007)

Need high-statistics, high-energy data from
an experiment designed to see Ξ states:

3- or 4-track trigger

Reconstruction of full decay chain

Higher photon energy

Improved detectors

Ü CLAS 12 and GlueX at Jefferson Lab
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CLAS g11a: Excited States in γp → K +K +π− (X )
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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.
Phys. Rev. C 76, 025208 (2007)

Need high-statistics, high-energy data from
an experiment designed to see Ξ states:

3- or 4-track trigger

Reconstruction of full decay chain

Higher photon energy

Improved detectors

Ü CLAS 12 and GlueX at Jefferson Lab

Belle: PRL 122, 072501 (2019)

Ξ0(1620)(∗)

Ξ0(1690) (∗∗∗)

M Ξ−π+
(L)

[GeV]Ξ+
c → (Ξ−π+)Ξ∗π+ Ü
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The Ξ∗ Spectrum in a Dyson-Schwinger Approach
C. Fischer et al., PoS Hadron 2017 (2018) 007
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Possible Production Mechanisms
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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

Ü Band denotes current
systematic uncertainties,
not final.

Courtesy of Jesse Hernandez (FSU)

[ CLAS Collaboration ], Phys. Rev. C 98 (2018) 6, 062201
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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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Peak Hunting for Heavy-Flavor States

https://www.nikhef.nl/ pkoppenb/particles.html
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Doubly-Heavy (Charmed) Resonances

2017: The LHCb (Large Hadron Collider beauty) collaboration at CERN’s
Large Hadron Collider in Switzerland has reported the observation of a doubly
charmed particle, Ξ ++

cc → Λ+
c K−π+π+.

R. Aaij et al., PRL 119 (2017) 112001

Volker Credé Baryon Spectroscopy



Introduction
Spectroscopy of Baryon Resonances

Heavy-Flavor Resonances
Summary and Conclusions

Outline

1 Introduction
The Nucleon Spectrum

2 Spectroscopy of Baryon Resonances
N? Spectroscopy: Measurements at GlueX
The Study of Strangeness −1 Hyperons
Spectroscopy of Ξ Resonances

3 Heavy-Flavor Resonances

4 Summary and Conclusions

Volker Credé Baryon Spectroscopy



Introduction
Spectroscopy of Baryon Resonances

Heavy-Flavor Resonances
Summary and Conclusions

Open Issues in (Light) Baryon Spectroscopy
1 What are the relevant degrees of freedom in (excited) baryons?

Ü Can the high-mass states be described by the dynamics of three
flavored quarks? To what extent are diquark correlations, gluonic
modes or hadronic degrees of freedom important in this physics?

2 Can we identify unconventional states in the strangeness sector,
e. g. a Λ(1405) or N(1440)? What is the situation with the (20,1+

2 )?
3 What is the nature of non-quark

contributions, e. g. meson-baryon
cloud or dynamically-generated states?
Ü Probe the running quark mass and

determine the relevant degrees of
freedom at different distance scales.

4 How do nearly massless quarks acquire
mass? (as predicted in DSE and LQCD)
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Summary and Conclusions
A “low”-energy p beam on a fixed target would be a novel spectroscopy tool:

Photoproduction at 8− 9 GeV seems to be able to produce isolated
N∗ peaks in t-channel prroduction. Would this be possible in pp
reactions? (certainly not a selling point for a new facility).
Spectroscopy of Λ∗ and Σ∗ resonances ideal for KL - and K− - beam
facilities. Jefferson Lab, J-PARC, and FAIR appear to have a similar
timeline, i.e. first physics runs around 2027 / 2028.

J-PARC also plans to study Ω and charmed baryons.
Spectroscopy of (low-mass) Ξ resonances important to understand the
systematics of the baryon spectrum.

1. What about the Ξ(1620) /Ξ(1690) states?
2. Is Ξ(1620) the doubly strange partner of the Λ(1405)?

Ü Selling point for hadron spectroscopy with proton beams is charmonium
production & study of hyperons in decay of excited charmed hadrons,
e.g. in the reaction pp → Λ+

c p D̄0.
Volker Credé Baryon Spectroscopy
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