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Introduction

The Nucleon Spectrum

The N* and A* Spectrum from Lattice QCD

R. Edwards et al., Phys. Rev. D 84, 074508 (2011); Phys. Rev. D 87, 054506 (2013)
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Exhibits broad features expected of SU(6) @ O(3) symmetry
=» Counting of levels consistent with non-rel. quark model, no parity doubling.
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Introduction
Spectros

The Nucleon Spectrum

Spectrum of N* Resonances SU(6) (2+'multiplets; u, d, s, spin)
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S. Capstick & N. Isgur, Phys. Rev. D34 (1986) 2809
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Introduction

The Nucleon Spectrum

Spectrum of N* Resonances - P (lazg) | 2010 | 2020
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Introduction

The Nucleon Spectrum

Spectrum of N* Resonances
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N* Spectroscopy: Measurements at GlueX
The Study of Strangeness —1 Hyperons
Spectroscopy of = Resonances

Spectroscopy of Baryon Resonances

Outline

e Spectroscopy of Baryon Resonances
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N* Spectroscopy: Measurements at GlueX
The Study of Strangeness —1 Hyperons
Spectroscopy of = Resonances

Spectroscopy of Baryon Resonances

N* Spectroscopy at GlueX

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

@ N~ resonances are abundantly produced at E, > 7 GeV.
@ Interesting program on N* physics is possible.
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Spectroscopy of Baryon Resonances

N* Spectroscopy at GlueX
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Spectroscopy of Baryon Resonances
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Spectroscopy of Baryon Resonances

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).
@ Fixed-Target Experiments
Photo-/electroproduction, e. g. Jefferson Lab, ELSA, MAMI, etc.
e.g. YN (e" N) = (e")N*/A*
AN (e N) = (e")KY* (Y3 =N\ %)
7 / K-induced production, e.g. HADES@GSI, J-PARC
e.g. N — N*/A*
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Spectroscopy of Baryon Resonances

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).
@ Fixed-Target Experiments
Photo-/electroproduction, e. g. Jefferson Lab, ELSA, MAMI, etc.
e.g. YN (e" N) = (e")N*/A*
AN (e N) = (e")KY* (Y3 =N\ %)
7 / K-induced production, e.g. HADES@GSI, J-PARC
e.g. N — N*/A*
@ Collider Experiments
at e"e~ machines, e.g. BESII, Belle, BaBar, etc.
e.g. =t (ANY) = [ nt]z-nt (K)orete™ — J/yp — N*N
at pp machines, e.g. LHC
e.g. =, = =, nn~ (LHCb, CMS)
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Spectroscopy of Baryon Resonances

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).
@ Fixed-Target Experiments
Photo-/electroproduction, e. g. Jefferson Lab, ELSA, MAMI, etc.
e.g. YN (e" N) = (e")N*/A*
AN (e N) = (e")KY* (Y3 =N\ %)
7 / K-induced production, e.g. HADES@GSI, J-PARC
e.g. N — N*/A*
@ Collider Experiments
at e"e~ machines, e.g. BESII, Belle, BaBar, etc.
e.g. =t (ANY) = [ nt]z-nt (K)orete™ — J/yp — N*N
at pp machines, e.g. LHC
e.g. =, = =, nn~ (LHCb, CMS)
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Spectroscopy of Baryon Resonances N* Spectroscopy: Measurements at GlueX
P Py 4 The Study of Strangeness —1 Hyperons
Spectroscopy of = Resonances

Spin and Parity Measurement of the A(1405) Baryon

K. Moriya et al. [ CLAS Collaboration], Phys. Rev. Lett. 112, 082004 (2014)

Data for yp — K*+A(1405) support | J© =

N|—

@ Decay distribution of A(1405) — Xt~
consistent with J = 1/2.

@ Polarization transfer, é, in Y* — Yr:

e S-wave decay: é independent of 9y S-wave decay P-wave decay
Ldea |\ A1405) 1 :
BEAs20) Bk s L 4

B:=1385)  —Y'(1670)
+

counts /(5 MeV/c)
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Spectroscopy of Baryon Resonances

The A(1405) Baryons at GlueX

@ Measurement of the 7 photoproduction line shapes near the A(1405)
K. Moriya et al. [ CLAS Collaboration], Phys. Rev. C 87, no. 3, 035206 (2013)

More coming from GlueX on A(1405) — ¥%7°

Hyperon Spectrum for yp to K * 3010
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Spectroscopy of Baryon Resonances

The A(1405)/A(1520) Baryons at GlueX

@ Measurement of the X7 photoproduction line shapes near the A(1405)
K. Moriya et al. [ CLAS Collaboration], Phys. Rev. C 87, no. 3, 035206 (2013)

@ Measurement of SDMEs in A(1520) photoproduction at 8.2 — 8.8 GeV
S. Adhikari et al. [ GlueX Collaboration ], Phys. Rev. C 105, no. 3, 035201 (2022)
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Spectroscopy of Baryon Resonances

Spectroscopy of Excited A* Baryons

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

A(1670) WIDTH
+ ) 6 O + VALUE (MeV) DOCUMENT ID TECN  COMMENT
/\C ( 1 7 )7T 25 to 35 (~ 30) OUR ESTIMATE
— T T T T T T T T 361+ 24448 LEE 214 BELL AT - Aqero)rt |
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T
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Spectroscopy of Baryon Resonances

Spectroscopy of Excited A* Baryons

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

T
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200F- ¥(1385) " 13848 4+03+14 381+15+21
100F- : -
: e all PDG listings based on PWA
TS R N RN ST R R ¥
Mass (n/)

Volker Credé Baryon Spectroscopy



N* Spectroscopy: Measurements at GlueX
The Study of Strangeness —1 Hyperons
Spectroscopy of = Resonances

Spectroscopy of Baryon Resonances

Spectrum of N* Resonances
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V.C. & W. Roberts, Rep. Prog. Phys. 76 (2013)
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Spectroscopy of = Resonances

The =* and Q* Spectrum from Lattice QCD

R. Edwards et al., PRD 87, 054506 (2013) z(1320) = s An o 1(F) = 1 (57)
N =-391 =(1530) *** — =r /(JP) =1 (g*)
. EJ:E]J _ia _ =(1620) * azi? I(JP) = %(%: or 1*)
o DC’ T - =(1690) **  — YK 1) =3(377)
e e Teo © =(1820) **  — AK! 1Py =1(37)
s o i} o 3
g1 S :?;’:/ - Z(1950) **  — =w, YK /(J ) =1 (g ?),“broad”
s 12 ;/ = = T =(2030) ** — YK /(JP) =4 ( > g’)
= i  — - — —
10 _ T 1. Excitation Band: (70, 17)
osf = | Octet | '70 — 109 4§ @.28 & 21
Lﬁ;L:L r & T : IL:L.L:L: r F & T
2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2

Exhibits broad features expected of SU(6) © O(3) symmetry
-» Counting of states of each flavor and spin consistent with QM for the lowest
negative- and positive-parity bands.
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Spectroscopy of Baryon Resonances

CLAS g11a: Excited States in yp — KTK* 7~ (X)

From the paper: Although a small enhancement is observed in the =°z~ invariant
mass spectrum near the controversial 1-star =~ (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 = states:

@
&

@
-]

M:1.5392 = 0.0014

@ 3- or 4-track trigger

I:0.015 = 0.005

N:71:26
72/Ndf: 30.0/31.0

Counts/(10 MeV/c?)
N
bl

@ Reconstruction of full decay chain
@ Higher photon energy

@

=)

N
S
RRRN RN R AR R R R AR AR R N

@ Improved detectors

o

=» CLAS 12 and GlueX at Jefferson Lab

i’ B TS B i SN +
15 155 16 165 1.7 175 18 185 19 195

M(z’) (GeV/c?)
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CLAS g11a: Excited States in yp — KTK* 7~ (X)

Spectroscopy of Baryon Resonances

From the paper: Although a small enhancement is observed in the =°z~ invariant
mass spectrum near the controversial 1-star =~ (1620) resonance, it is not possible
to determine its exact nature without a full partial wave analysis.

Phys. Rev. C 76, 025208 (2007)

Belle PRL122 072501 (2019)

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

@ 3- or 4-track trigger

Events/(0.003 GeV/c?)

@ Reconstruction of full decay chain
@ Higher photon energy
@ Improved detectors

=» CLAS 12 and GlueX at Jefferson Lab

=L E 1)zt ME*”(B [GeV]
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Spectroscopy of Baryon Resonances

The =* Spectrum in a Dyson-Schwinger Approach

C. Fischer et al., PoS Hadron 2017 (2018) 007

=(1320) - Ar /(JP) -1 (%*)
s vz () <4 (3)
=(1620) L=t I(JP) = %(%* or 1{)
“] =(1690) () =1 (177)
1.8 =(1820) — AK /(J”) =3 (g*)
=(1950) 1P =1 (377)
167 =(2030) ** - YK /(JP) =1 ( > g-’)
1.4
- E(1320)
1.2

+

Njw
N|w

N|=

1
2
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Spectroscopy of Baryon Resonances

The =* Spectrum in a Dyson-Schwinger Approach

C. Fischer et al., PoS Hadron 2017 (2018) 007

3
2

£(1820)

] = %(1530)

£(1320)

+

N|=
njw

1
2
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Possible Production Mechanisms

J\Y/VVVVWWWV\/T""""'K ------------ KY(=~K"), KT (Z°K?), K%(=°K™)
a) K+/ K+* = =» Cross sections, beam asymmetries
" (similar to prm & p KK *)
P N
y K* At other facilities (for comparison):
NANANANANANANNANNNANG- = == m e d L
R 0 K—p — K=" | J-PARC (2029?)
b) K/K = L0~ | Kop— K'=° | HallD (2026/30)
P N K+ pp — = )j LHCb
pp — == PANDA ?
eter » =X Belle I, BES llI

* W. Roberts et al., Phys. Rev. C 71, 055201 (2005)
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Spectroscopy of Baryon Resonances

Possible Production Mechanisms

b 6000fF
> E _
J\YNVVVWWWV\/T ----------------------- gsooo:— :(1320)—
: ;40002—

a) K/K i E_ g 30005_ GL%

= F
// W 2000 Preliminary

1.3 1.35 14 1.45
+ M(ATT) (GeV/c?)

) KK | B =(1820)"

Sux
Preliminary

W = K* (K*=") = K* (pn~ K7)K* : - -

16 18 2 212
M(AK) [GeV/c?

Courtesy of Jesse Hernandez, Chandra Akondi (FSU)
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Spectroscopy of Baryon Resonances

GlueX: Cross Sections in yp — KTK*=(1320)~

[ CLAS Collaboration], Phys. Rev. C 98 (2018) 6, 062201
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N* Spectroscopy: Measurements at GlueX
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Spectroscopy of = Resonances

Opportunities with Secondary K? Beams in Hall D

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

Spectroscopy of Baryon Resonances

@ 2- & 3-body reactions producing S = —1 hyperons

200

@ 2-body reactions producing S = —2 hyperons 0 —
_ Z _ _ S K°p — K+ =0
SKOp — KHZ0, ptK+=—; KHZ0% gtz vw 0P
@ 3-body reactions producing S = —3 hyperons o GlueX - 10d
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Outline

e Heavy-Flavor Resonances
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Heavy-Flavor Resonances

Peak Hunting for Heavy-Flavor States
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Heavy-Flavor Resonances

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, =;F - ALK nfnt.
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Summary and Conclusions

Open Issues in (Light) Baryon Spectroscopy

@ What are the relevant degrees of freedom in (excited) baryons?
-» 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?

@ Can we identify unconventional states in the strangeness sector,
e.g. a A\(1405) or N(1440)? What is the situation with the (20,17)?

> "meson dressed quark '
)30 - LQCD, DSE, and ...

; confinement
8 020 : /
4 b

2

é

0.15 1

5 current quark
0.05 %

PR
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Summary and Conclusions

Open Issues in (Light) Baryon Spectroscopy

@ What are the relevant degrees of freedom in (excited) baryons?

-» 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?

@ Can we identify unconventional states in the strangeness sector,
e.g. a A\(1405) or N(1440)? What is the situation with the (20,17)?

© What is the nature of non-quark
contributions, e. g. meson-baryon
cloud or dynamically-generated states?

5
meson dre$sed quark '

LQCD, DSE,and ... |

N confinement
=» Probe the running quark mass and g 020 e
determine the relevant degrees of £
i H 0.10 ) )
freedom at different distance scales. £ current quark
. Whig 2
© How do nearly massless quarks acquire o« . Hitutts sl i U3

mass? (as predicted in DSE and LQCD) "“"I T 4
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Summary and Conclusions

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 A* and ~* resonances ideal for K; - 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 Q and charmed baryons.
@ Spectroscopy of (low-mass) = resonances important to understand the
systematics of the baryon spectrum.
1. What about the =(1620) / =(1690) states?
2. Is =(1620) the doubly strange partner of the A(1405)7?
=» 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 — Afp D°.
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