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The excited baryon spectrum:

Connect experiment & QCD in the non-perturbative regime
How do quarks get confined in hadrons?

Theoretical predictions of excited hadrons

Experimental study of hadronic reactions e.g. from relativistic quark models:
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source: ELSA; data: ELSA, JLab, MAMI

Loring et al. EP) A 10, 395 (2001), experimental spectrum: PDG 2000
In the past: elastic or charge exchange 7N scattering

u “missing resonance problem”
In recent years: photoproduction reactions
m large data base, high quality polarization observables prog part.nucl phys. 125 (2022), Prog.Part.Nucl.Phys. 111 (2020)
In the future: electroproduction reactions
= 10 data points for 7N, nN, KY, TN review: e g prog part Nucl phys. 67 (2012) 9 JU LICH
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The excited baryon spectrum:

Connect experiment & QCD in the non-perturbative regime

How do quarks get confined in hadrons?

Theoretical predictions of excited hadrons

Experimental study of hadronic reactions ... or lattice calculations (with some limitations):
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source: ELSA; data: ELSA, JLab, MAMI

In the past: elastic or charge exchange 7N scattering
® “missing resonance problem”
In recent years: photoproduction reactions
m large data base, high quality polarization observables rrogpart.nucl.phys. 125 (2022), prog.Part Nucl.Phys. 111 (2020)
In the future: electroproduction reactions
= 10 data points for 7N, nN, KY, 7N review: e.z. prog partNucl phys. 67 (2012) 9 JU LICH

Member of the Helmholtz Association November 11, 2024 Slide 1113 Forschungszentrum



The excited baryon spectrum:
Connect experiment & QCD in the non-perturbative regime

How do quarks get confined in hadrons?

Theoretical predictions of excited hadrons

Experimental study of hadronic reactions ... or Dyson-Schwinger approaches:
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source: ELSA; data: ELSA, JLab, MAMI

In the past: elastic or charge exchange 7N scattering
= “missing resonance problem”
In recent years: photoproduction reactions
m large data base, high quality polarization observables prog part. Nucl phys. 125 (2022), Prog.Part.Nucl.Phys. 111 (2020)
In the future: electroproduction reactions
= 10° data points for =N, NN, KY, 7N Review: c.g. prog part.Nucl.Phys. 67 (2012) 9 JU LICH
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The excited baryon spectrum:

Connect experiment & QCD in the non-perturbative regime
How do quarks get confined in hadrons?

Theoretical predictions of excited hadrons

Experimental study of hadronic reactions e.g. from relativistic quark models:
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Electroproduction reactions

major progress in recent years, e.g., from JLab, MAMI, ...

Baryon Transition Form Factors (TFFs)

Q? dependence of residues of helicity amplitudes
— conclusions on the nature of resonances

m Zero crossing: important for quark models,
DSE (meson cloud contributions or radial
excitation of the nucleon?)

Reviews: e.g. Rev.Mod.Phys. 91(2019), Prog.Part.Nucl.Phys.

136 (2024)
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= 10° data points for 7N, nN, KY, N electroproduction

m access the Q? dependence of the amplitude:

perturbative QCD < quark confinement

N(1440)1/ 2t
f 1
1' ———- LFQM 1 ’
-40r —— CsQM ]
Holographic LO
n n n | n n n 1 n n n 1 n n n ]
-80 0 2 4 6 8
Q(GeV?)

q ) JULICH
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Baryon Transition Form Factors

N(1440)1/2%
"points”: NOT experimental data! )

= 0 [ = extracted from 7N and 7N
MO A electroproduction data (CLAS)
e n PRC 80 (2009), PRC 86 (2012), PRC 93 (2016)
<§' L v = unitary isobar model

-40r —— CsQM ] .

Holographic LO| | = established resonances
805 ——— ‘2 T z‘t e ‘6 E— = some parameters fixed to PDG BW values

Q’(GeV?

Figure from Prog.Part.Nucl.Phys. 136 10¢

Constraints from pion-induced reactions!

Forschungszentrum
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Baryon Transition Form Factors Y-F. Wang et al. PRL 133 (2024)

from Jiilich-Bonn-Washington model, pole parameters instead of Breit-Wigner resonances

+ . . .
N(1 440)1 /2 TFFs defined independently of the hadronic final
100F state as (Workman et al. PRC 87 (2013))
sof ] 1£,0 2 pan 2m(2) + V) 2p ~is 1, 2
] H,=(Q7) =G = = H,(07),
l£,1
wo my RTFN’
Of -~
/ = 1/2,3/2 helicity, H ( =.A or S) helicity amplitudes, H,

—50} ~

I mReA;»/(107Gev™"?) o Re ANL/Osaka R residues, z, pole position

_100f mImA;»/(1073GeV"?) A Im ANL/Osaka
00 02 04 06 08 10

= constraints from photon- &

0*/GeV? S .
pion-induced reactions!

m Zero crossing at smaller Q?
2 2 2 2
M= (ks W, Q%) = Ry (X, 4/47) (vw*(k, W, Q )+Z/dpp Ty (e, p, W) G (ps W) Vi (p, W, Q ))
~ 0

= Input from photoproduction: V.~ (k, W, Q’=0) M. Mai et al. PRC 103 (2021)
= Input from pion-induced reactions: T, (k, p, W) — universal pole positions l ' JUL'CH
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Photoproduction reactions

hadronic rescattering

process
T, N, A%
s N 4 < ]"
\ 7
\ e
N
Tk N

Constraints from pion-induced reactions!

IJ JULICH

Member of the Helmholtz Association November 11, 2024 Slide 5113 Forschungszentrum



Role of pion beams in baryon spectroscopy

light, non-strange sector

= Pion-induced reactions
= Photon-induced reactions

TN TN
TN — ¢ nN, KA, K FYIN = { N, KA, KX
7N, N, ... N, TN, ...
TN TN
nN, KA, KX < {nN, KA, KY
Data' q nN, N, ... nnN,mnN, ...

= hadronic FS interaction as subprocess

= 2 complex amplitudes (g, h) u 4 (photo) or 6 (electro) complex
amplitudes (CGLN F;)

v, v*-induced reactions have more d.o.f, analysis depends on 7-induced data. |
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Pion-induced data: 7N — 7N

Fig. from EPJA 54, 210 (2018)
KX n°N (a)
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Pion-induced data: 7N — 7N

o [mb]
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Fig. from EPJA 54, 210 (2018)
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Pion-induced data: 7N — 7N

Fig. from EPJA 54, 210 (2018)
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Polarization observables: impact on well-established N(1650)1 /2~

m T, P, H, G, E (CBELSA): very first data on H, G (and P) in this channel wiier (caeisams) pus sos,
135323 (2020)

= PDG estimates 2 (2010):

TP np N(1535)1/27: 45-60% vs. N(1650)1/2": 3-10%

l{hﬂl bbb 5 new polarization data (CLAS, MAMI, CBELSA) YN — nN

e new BnGa fit — N(1650)1/2:

T
F"N 33 4 4% (s 803 (2020)
t

o4l 1481MeV<W<1513MeV [ 1513 MeV<W <1531 MeV. ot

* 1720172
Y o . ANt N |
— e new JiBo fit — \ﬁ| = 34(12)% vs. 18(3)% (before)

I
(epon 58 (2022) (=2 = 12% vs. 7% )
t

Loaf  1531Mev<w<issdmev  F Y83 Mev < W < 1574 v

ot b Note: photocoupling Ay also up to changes!

0.2 \

] — =

02f. o E o . _

= 1N residue N(1650)1/2™ much larger

Figure from PLB 803, 135323 (202 N m Better pion-induced data to determine resonance

black lines: BnGa fit parameters! (especially: inelastic residues)

other lines: predictions by various groups
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N* vs. A resonance spectrum: recent advances based on N data

m 6 new N*’s

Status as seen in

Status as seen in
Particle  JP overall Ny Nm  Ar XK Np Ap

Particle  JP  overall O = No Ny AK SK Np Nu Ny MABY GT e e e
N 172 wxxx 1600) 3/2%  werw RRRk kkk Rk

N(1440) 1/2% wxnx HREE KRR RREE RRE A(1620) 1/27 e wRaE RREE RkER

KARK RRKK RRER RKER RK RKEE A(1700) 3/27  wonr P

Hork P ook A(1750) 1/27 = * * *
KEAK RRE ARRR kR K ke K 1900) 1/2°  wes o ek xRk
T A(1905) 5/2F  wenr P
Hrrk KREE KKK RRKE KR K * * A(1910)  1/27 ke T I T *
P * . A(1920) 3/2% e P .
[rET— a2 % % A(1930) 5/27  wex * ek x
HREE kR RRE % * ek . . (1940) 3/27  xx * *x * *
* . . A1950) T/ZT werr Mk kRE ak Rk
o ox o x x x %% A@2000) 52" s * ook *
o . ox . A . A(2150) _1/27  * *
4 MR X R x wes wx A % % weer 2200) T/2 ek M ek
N(0) B3/27 wesi>  weee ws e+ ke e . - A(2800) 9727 o
N(1990) . o oa . . * A(2350) 5/27 = *
- " s W e s . A(200) 7/27 s *
* A(2400) 9/27 ¢ PP
o A % . « . * . . A(2420)  11/2F sewns * .
W owmk o owe w k% xx o A(2750) 13/27 xx **
o oax we P x  x A@2950) 15/2F #*
WEEE wmkk wskk R K 0 X X
P, « oxx )
R D = no new A’s, less 4 stars
.

- — more & better data 7N — KX ?

N(260 e -

) 15/2" v - (I =1/2 and 3/2 contribution)

) JULICH
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Pion-induced data base: K>_ channels

2 Fr T T T =
LT [17245Mev]_
T
05 P Of $ L ) 17 ]
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o t
0.2 11
&Y
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e relative good data e some P data, o only few do/d2
e consistent P data inconsistent e no Pdata

Re-fit without K™Z~ — much better description of K3 (red dashed) Jigo epia 49 (2013)
—» strong constraints on A resonances from KX~ .
@) JULICH
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Recent advances for pion-induced data

High-precision data from EPECUR Alekseev PRC 91 (2015) (blue points)
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Recent advances for pion-induced data

HADES at GSl: m~p — 7~ p, 7w n, 7r07r7p HADES PRC 102 (2020)

o [mb]

9
8
7
6
5
4 1/2
3
2
1
P

46 148 15 152 154 156
W [GeV]

——12 —P, ©

 [mb]
o) iy N w S (5, [=2]

ST —— T
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W [GeV]

O world data ®HADES data

PWA
Refs. [6-9] == PWA Bn-Ga

Member of the Helmholtz Association

(Figure from HADES PRC 102 (2020))
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charged pions — study decay of N*'s, A’s to p/N!

(poorly known so far, not in PDG listings)

BnGa fit:

= dominated by / = 1/2, J =

I7T+

ITK'O

+ 3+

1
3 15 PWs

w~ p main contribution: Dy3 & pN

= branching ratios for N(1535)1 ", N(1520)3

7~ nmain contribution: Dy3, Py & A,

oN

T — pN

J-PARC will also measure

7N — 7N, 7N, KY

Slide 12113
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Summary

N* and A resonance spectrum: many open questions remain

= large amount of new data from photoproduction — some new states, updated
parameters

= access Q2 dependence in electroproduction — information on the inner structure

Prerequisite: well-determined resonance parameters!

= pion-induced reactions:

e data enters photo- & electroproduction analyses
e direct determination of resonance parameters
o fewer d.o.f

Need data of high quality & quantity for all three reaction types! )

IJ JULICH
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Thank you for you attention!



Appendix



Status as seen in

Overall
The Hyperon Spectrum (1*sand =) S
. . . xz ) — P ——
What happens if we replace a light quark with an s quark?  susso) s D s+
2(1620) * * * *
2(1660) ok Wkk kkk dkk
2(1670) 3 xRk KRR RERE RRRE
) sk sk % *Hk
. . . X(1775) RRRE KRR RRRE KK
= Very little new experimental data in the last decades for the 2(1780) % s
complete resonance region ;E;f;,:;; oo
3(1910) Kok N * -
2(1915) HREK KK KRRk
— spectrum much less known than N* or A %Eidffﬂ 9 L
but equally important to understand QCD at low energies! fg;fﬁg
X(2080)  3/2 * *
2(2100) * * * *
. _ 2(2110) * * . *
m 4 groups world-wide re-analyzed old K~ p data over the (2230) 4 o oo s
complete resonance region > )’; =
520) * *
e KSU, JPAC, ANL/Osaka, BnGa z .nuu; * -
. . i . . (3170 *
e JiBo: DCC analysis of KN reactions in progress il
Prospects for new data: Status updated Quantum numbers updated New

m K| facility at JLab: Strange Hadron Spectroscopy with a secondary K; Beam at GlueX 2008.08215
u planned new experiment at ELSA in Bonn: yp — Kt A* — KtX070, np — K+3* — K+ AxO

u PANDA at FAIR: pp — Y Y*: besides Z* and Q* also A* and X* spectrum accessible 09033905
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How to determine TFFs?

Example: Jiilich-Bonn-Washington (JBW) parametrization M. Mai et al. PRC 103 (2021)

H = ResA or ResS (“Helicity amplitudes”, calculated from “multipole amplitude” M)

My (k, W, Q%) = Ry (X, 0/47) (v kW, 0+ / dp p” Tun (ky p, W) G (p, W)V, (p, W, oz>)
® o0

i AN /

(Pseudo)-threshold behavior For Q2=0 (real photons) identical to

Siegerts's theorem siegert(1973)

with meson/photon momenta Jilich-Bonn photoproduction amplitude A“‘”‘"ﬁ;{;‘;}lﬁ}%i
- F
limy_o By, = k* Ve, W, Q%) = ViIBO(ke, W) - Fi(Q) - Ve = (const.) - VEe

limy_o Ly, =q" e} (1 + O m2 B0 m2) jg)
o Q% my Q7 )°P, ...at pseudo-threshold

® simultaneous fit to 7N, n/N, KA electroproduction off proton (W < 1.8 GeV, 0% < 8GeV?)
= Input from photoproduction: V. (k, W, Q?=0)

= Input from pion-induced reactions: Ty (k, p, W), G (p, W)
— universal pole positions and residues (fixed in this study)
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The light baryon spectrum:

Many open questions

Missing resonances?
Different analyses often not agree on parameters or even existence of a state

1500
E.g., the Roper resonance N(1440)1/2": discussed since > 50 years
(Review: e.g. Burket & Roberts Rev.Mod.Phys. 91 (2019))

g> quark models: first 1/2~ state lower than first 1/27F state

1000
lattice QCD: e.g. Lang 2017 phys. rev. D 95, 014510 ;
T
& LZTZ.V
$ 200 200
)
g 150 150 e not a standard Breit-Wigner shape
= 100 100
% 50 50 e influence by meson-baryon background interaction?
g 0 0
= 1 o effects from nearby thresholds?
0.8 0.8
<< 06 % 06 . . crge
T o4 ¢ Suiss % 04 — not a simple radial excitation of the nucleon?
0.2 * SE-SI 0.2 . . .
o st o — information from photo- and electroproduction!
1012 14 16 18 10 12 1.4 16 18 20 (Q? dependence of helicity amplitudes)

E (GeV) E (GeV) S
(Review: Ramalho & Pena Prog.Part.Nucl.Phys. 136 (2024))

Fig. from PRC 62 025207 (2000)

lJ JULICH
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Jiilich-Bonn-Washington (JBW) parametrization

M. Mai et al. PRC 103 (2021), PRC 106 (2022), EPJ A 59 (2023)

My (k, W, Q%) = Ry (X, 0/ qy) (v (k, W, 0% + > / dp p” T (ks ps W) G (p, W)V (p, W, oz>>
]

T AN /

(Pseudo)-threshold behavior For Q2=0 (real photons) identical to Siegerts's theorem siegert(1973)
with meson/photon momenta Jilich-Bonn photoproduction amplitude o A““"’}?Q;';{lﬁlgi
limy_ o Eyy = k* Vi, W, 0%) = VITBOU, W) - Fi(Q) - Vles = (const.) - VEes
lim,_oL,, = q° o /NQm} (1 + O m2 B +(02Im2)? ;:)
o Q7 my 4 (@ my Yy ...at pseudo-threshold

¥*p — KAat W = 1.7 GeV
m simultaneous fit to 7N, nN, KA electroproduction off

proton (W < 1.8GeV, Q* < 8GeV?) 0.13 Re Ms-/am Im M- /am
m 533 fit parameters, 110.281 data points 0‘% Mivees
-0.06
= Input from JiBo: Vi (k, W, Q% = 0), Tuw(k, p, W), -0.13
Gr (P7 W) o011 Re M, /am Im M3, /am
— universal pole positions and residues (fixed in this 0.06f
0.
study) ~0.0
= long-term goal: fit pion-, photo- and electron-induced -0l
reactions simultaneously ! 2. 4. 6. . |
Member of the Helmholtz Association November 11, 2024 Slide 418 Eyrschungszentrum
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Baryon Transition Form Factors Y-F. Wang et al. PRL 133 (2024)

based on most recent JBW, pole parameters from JiiBo2017

A states:
A Aspp Sip
S0FA(1620)1/2
20 mRe H/(107°GeV™"2) .
o e N—
mImH/(107°Gev"2) 5
-20
-50
1234567 17234567
70 A(1232)3/27
N
- P T
~100} s
_180 Y & ReMAID o Re ANL/Osaka
_270. o InMAID A Im ANL/Osaka
1234567 1234567 12345671
90[ A(1600)3/2"
40 - .
0?;"”* — —
-40 = /
-90 /
1234567 1234567 1234567
250[ A(1700)3/2”
1708
'm\
~60 =
1234567 1234567 1234567
0*/GeV? 0*/GeV? 0*/GeV?

[ANL/OSAKA: Kamano Few Body Syst. 59, 24 (2018), MAID: Tiator et al. PRC94 (2016)] [ 4 ' JULICH

Member of the Helmholtz Association November 11, 2024 Slide 518 Forschungszentrum



Baryon Transition Form Factors

based on most recent JBW, pole parameters from JiiBo2017

N* states:

Aip
140f N(1535)1/2
90
50
10
~40)
1234567
100F N(1650)1/2"
70
404
10
-20|
1234567
140 N(1440)1/2°
90
50
40|
17234567
40f N(T10)1/2"
20
_—
-30)
-50)

1234567
0%/GeV?

[ANL/OSAKA: Kamano Few Body Syst. 59, 24 (2018), MAID: Tiator et al

Az

mRe H/(107GeV~"%)
mImH/(107GeV™"?)

0*/GeV?
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Sip

J—

1234567

Ap

Y.-F. Wang et al. PRL 133 (2024)

40fN(T710)1727
20,

1234567

—

TIEAEET

AT

SOfN(1520)3/2°

1 234567
© Re ANL/Osaka
a Im ANL/Osaka

1234567

1234567
Q*/GeV?

November 11, 2024

i

1234567 34567 1234567
N673)35/2
20/
of
20,
1234567 34567 1234567

N(1680)5/2°

=

&

7234567
0*/GeV?

. PRC94 (2016)]

T234567
0*/GeV?

Slide 518

7234567
0/GeV?
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Baryon Transition Form Factors Y-F. Wang et al. PRL 133 (2024)

based on most recent JBW, pole parameters from JiiBo2017

The Roper resonance N(1440)1/2%:
Transverse charge density p of p — N(1440)

transition:
following Tiator et al. Chin. Phys. C 33 (2009)

m study flavor decomposition, v and d quark
distribution

I mReA;;2/(107°GeV™"?) o Re ANL/Osaka ‘
mImA,»/(107GeV™"?) A Im ANL/Osaka h
-1.0-0500 05 1.0

-100f; : . . . . . 0030
0.0 0.2 0.4 0.6 0.8 1.0 < b/fm bo/fm
2 2 002
0*/GeV
m Zero crossing in ReA; / at smaller Q2 than in 000

Breit-Wigner determinations or in ANL/OSAKA 02 04 06 08 10 12 14

[Kamano, Few Body Syst. 59, 24 (2018)] bl/fm
Orange band: JBW, red line: MAID 2007.

u |mportan¥ for quark .mOdeI.s’ QSE: meson cloud Insets: light/dark shades represent negative/positive values
contributions or radial excitation of the b: transverse position in xy-plane
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PhOtOprOducﬁon in a semi-phenomenological approach EPJ A 50, 101 (2015)

Multipole amplitude - ™
~ K
N ’
R .
0oyl Z I I L
My = Viy + TunGrViy [+ ]«
K s A, 2

(partial wave basis)

m=mnK,B=N,A A

T full hadronic T-matrix as in pion-induced reactions

Photoproduction potential: approximated by energy-dependent polynomials (field-theoretical description
numerically too expensive )

5
Vi (B,q)= R PEE) + 3 v (@) PF(E)
N my M - E—mb
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JiBo2024: Data base Christian Schneider
Reaction Observables (# data points) p./channel
aN — 7N PWA GW-SAID WIO8 (ED solution) 8,396
TTp—nn do /d§2(676), P (79) 755
7~ p— K°A do /d$2 (814), P (472), B (72) 1,358
a7 p— K20 do /d§2 (470), P (120) 590
77 p— KTE™ | do/dQ(150) 150
atp = KT8t | do/dQ (124), P (551), 8 (7) 1,682
yp — 7p do /d$) (18721), 3 (3287), P (768), T (1404), Ao (140),

G (393+198), H (225), E (1227+495), F (397), CXL/ (74), CZL/ (26) 26,662
vp — whn do /dQ (5670), 5 (1456), P (265), T (718), Aoy (231),

G (86+217), H (128), E (903) 9,457
vp = np do /d§2 (9112+320), 3 (535+80), P (63), T (291), F (144),

E (306), G (47), H (56) 10,554
vp— KTA do/dS2 (2563), P (1663), & (459), T (383),

C,s (121), C,s (123), O,/ (66), O,/ (66), Oy (314), O, (314), 6,072
vp — K+0 do /d) (4381), P (402), = (280)

T (127), C,s (94), C,/ (94), O, (127), O, (127) 5,632
vp = K0t do /d$2 (281), P (167) 448

in total 73,066

Update K'S*: S, T, P, Oy, O, with CLAS Collaboration, 2404.19404 [nucl-ex]
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