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Introduction: Why baryon spectroscopy?

Quark models Lattice QCD
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Further study baryon spectroscopy in order to:
- Solve the missing resonance problem

- Extract a precision-spectrum as a better basis for comparison for non-perturb.
theoretical calculations (quark models, lattice QCD, UxPT, ...)

- (light) baryon spectrum is valuable input for modelling final-state interactions
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Complications: Spin & Coupled Channels

Dyson-Schwinger (Faddeev-) framework
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[G. Eichmann and Ch. S. Fischer, Few Body Syst. 60 (2019) 1, 2]
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Complications: Spin & Coupled Channels

Partial-wave analysis (amplitude analysis) for baryons difficult, because:
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[Few Body Syst. 60 (2019) 1, 2]

- Dense population of resonances in one partial wave J© — Breit-Wigner techniques not

useful
- Need spin to excite baryonic states (— pol.-measurements, complete experiments, .. .)
- Inherent coupled-channels problem (in particular, 3 light 3-body state: |77 /V))
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Complications: Spin & Coupled Channels

Dyson-Schwinger (Faddeev-) framework
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Solution: Construct and fit so-called energy-dependent )
(‘'ED’) partial-wave analysis ('PWA') models, utilizing The Analytic
(as good as possible) the S-Matrix Constraints: S-Matrix
- Unitarity,
- Analyticity,

- Crossing Symmetry.

Y. Wunderlich Overview of partial-wave analyses for baryon spectroscopy 2/18



S-Matrix Constraints I: Unitarity

Transitions a — b (a, b € 'channel-space’ = {|7N) ,[7wN) ,...}) described by
matrix-element (b| S |a) of an abstract operator ('S-Matrix'):

§$=1+2iT (amplitude: Ts o (f] T|i)).
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S-Matrix Constraints I: Unitarity

Transitions a — b (a, b € 'channel-space’ = {|7N) ,[7wN) ,...}) described by
matrix-element (b| S |a) of an abstract operator ('S-Matrix'):

§$=1+2iT (amplitude: Ts o (f] T|i)).

Conservation of probabilities, i.e. >, Payp = 1, QM irrigation-system’

A2
with P, = ‘(b\ S |a)‘ , leads to: (AN|=———" ———|zN)
! N & & N
1L 5, |6181a)] = %24 (@I 8T 1b) (6l S1a) (i mh)
= {al $151a), w=____—m
i.e., is equivalent to the of S: . [cf. Taylor, scatt. theory, Fig. 16.1]
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S-Matrix Constraints I: Unitarity

Transitions a — b (a, b € 'channel-space’ = {|7N) ,[7wN) ,...}) described by
matrix-element (b| S |a) of an abstract operator ('S-Matrix'):

§$=1+2iT (amplitude: Ts o (f] T|i)).

Conservation of probabilities, i.e. >, Payp = 1, QM irrigation-system’

.12
with P, = ‘(b\ S |a)‘ , leads to: (AN|=———" ———|zN)
! N & 2 \_—
1L 5, |6181a)] = %24 (@I 8T 1b) (6l S1a) (i mh)
= {al 5751a). W= —m
i.e., is equivalent to the of S: . [cf. Taylor, scatt. theory, Fig. 16.1]

) Unitarity-condition for the T-matrix:
T — 7T =2iTTT (‘optical theorem in operator-notation’).

) Unitarity-condition for matrix-elements:

L (16 T1a) — (6] T3} ) = 55, (6] 71 |n) (] T |a)
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S-Matrix Constraints I: Unitarity

Transitions a — b (a, b € 'channel-space’ = {|7N) ,[7wN) ,...}) described by
matrix-element (b| S |a) of an abstract operator ('S-Matrix'):
S=1+2iT (amplitude: Tz oc {f] T |i}).

Conservation of probabilities, i.e. Zb P,_p =1, QM irrigation-system’

.2
with P, = ‘(b\ S |a>‘ , leads to: (AN[=———" ~————|zN)

1L, [0181a)] =55, (al $7 1) b1 S 12 (an p—
= (a| 515 a), <7N\: [—

S 1\ )
i.e., is equivalent to the of S: . [cf. Taylor, scatt. theory, Fig. 16.1]

*) Unitarity-condition for the T-matrix:
T — 1T =2iTTT (‘optical theorem in operator-notation’).
) Unitarity-condition for matrix-elements:

% (6 T1a) = (6l T11a)) = 52, (bl T7[n) (o] T |a).

- Unitarization techniques facilitate dynamical generation of resonances,

- Unitarity alone does not (!) fix the amplitude uniquely,

- In case: unitarity @ 'complete experiment’ — different story ... (see slide 18).
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S-Matrix Constraints Il: Analyticity

Principle: Scattering amplitude T, = (b| T |a) has to be analytic (i.e. complex
differentiable) function of the external Lorentz-invariants
< connected to microcausality [cf. Gell-Mann et al., Phys. Rev. 95, 1612 (1954)]

- In particular: 2-body part.-wave Tp,(W) analytic in the complex energy z = W.
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S-Matrix Constraints Il: Analyticity

Principle: Scattering amplitude Tp, = (b| T |a) has to be analytic (i.e. complex
differentiable) function of the external Lorentz-invariants
<> connected to microcausality [cf. Gell-Mann et al., Phys. Rev. 95, 1612 (1954)]

- In particular: 2-body part.-wave Tp,(W) analytic in the complex energy z = W.
Singularities: dictated by Physics, i.e.:

) Poles <+ (meta-stable) bound states

— Resonances are T-matrix poles on the 2™
Riemann-sheet, above threshold:
Re['pole’] <+ mass, 2Im ['pole’] <> width,
Residues <+ branching fractions.

— Bound states, virtual states, ...
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[Fig. courtesy of M. Déring]
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S-Matrix Constraints Il: Analyticity

Principle: Scattering amplitude T, = (b| T |a) has to be analytic (i.e. complex
differentiable) function of the external Lorentz-invariants
< connected to microcausality [cf. Gell-Mann et al., Phys. Rev. 95, 1612 (1954)]

- In particular: 2-body part.-wave Tp,(W) analytic in the complex energy z = W.
Singularities: dictated by Physics, i.e.:

) Poles <+ (meta-stable) bound states
— Resonances are T-matrix poles on the 2™
. [Sul !
Riemann-sheet, above threshold: 1800

Re['pole’] <+ mass, 2Im ['pole’] <+ width, 100
Residues <> branching fractions. o
— Bound states, virtual states, ...
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Principle: Scattering amplitude T, = (b| T |a) has to be analytic (i.e. complex
differentiable) function of the external Lorentz-invariants
< connected to microcausality [cf. Gell-Mann et al., Phys. Rev. 95, 1612 (1954)]

- In particular: 2-body part.-wave Tp,(W) analytic in the complex energy z = W.
Singularities: dictated by Physics, i.e.:

) Poles <+ (meta-stable) bound states

— Resonances are T-matrix poles on the 2™
Riemann-sheet, above threshold:
Re['pole’] <+ mass, 2Im ['pole’] <> width,
Residues <+ branching fractions.

— Bound states, virtual states, ...

[Snl
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[Fig. courtesy of M. Déring]

) Branch-points <+ thresholds
— mmN-system parametr.
effectively as mA-, o N-
and pN-contributions
< branch-points pushed

into complex plane
[S. Ceci et al., PRC 84, 015205 (2011)]

£
E [Déring, Baryons School (2021)]
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S-Matrix Constraints Il: Analyticity

Principle: Scattering amplitude T, = (b| T |a) has to be analytic (i.e. complex
differentiable) function of the external Lorentz-invariants
< connected to microcausality [cf. Gell-Mann et al., Phys. Rev. 95, 1612 (1954)]

- In particular: 2-body part.-wave Tp,(W) analytic in the complex energy z = W.
Singularities: dictated by Physics, i.e.:

) Poles <+ (meta-stable) bound states

— Resonances are T-matrix poles on the 2™
Riemann-sheet, above threshold:
Re['pole’] <+ mass, 2Im ['pole’] <> width,
Residues <+ branching fractions.
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[Fig. courtesy of M. Déring]
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S-Matrix Constraints Il: Analyticity

Principle: Scattering amplitude Tp, = (b| T |a) has to be analytic (i.e. complex
differentiable) function of the external Lorentz-invariants
<> connected to microcausality [cf. Gell-Mann et al., Phys. Rev. 95, 1612 (1954)]

- In particular: 2-body part.-wave Tp,(W) analytic in the complex energy z = W.
Singularities: dictated by Physics, i.e.:

) Poles <+ (meta-stable) bound states

— Resonances are T-matrix poles on the 2™
Riemann-sheet, above threshold:
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Parametrization-methods for models |

K-matrix approach: Lippmann-Schwinger type approach:

) Parametrization:
N o\ 1
F=R(1-iR) " with:

- K: hermitean (in most cases real
& symmetric) 'K-matrix’,
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Parametrization-methods for models |

K-matrix approach: Lippmann-Schwinger type approach:

) Parametrization:
F=k(1- ik)fl, with:
- K: hermitean (in most cases real
& symmetric) 'K-matrix’,
) Unitarity:
T-Tt=2iTtT,
& (ThH=1—T-1 =21,
e (T4 =(T-1+i1).
< Define: K1 := 71 + 1.
%) 'Punchline’: T is unitary

whenever K is hermitean
(in most cases: real symm.).
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Parametrization-methods for models |

K-matrix approach: Lippmann-Schwinger type approach:
) Parametrization: ) Parametrization:
f':R(l—iR)il,with: T=V4+VeT=V+TGV

- K: hermitean (in most cases real

& symmetric) ' K-matrix’ - V: interaction (pseudo-) potential,

intermediate-state 'propagator’.
) Unitarity:

T-Tt=2iTtT,
e (THh1-T1=2i1,
e (T4 =(T-1+i1).
< Define: K1 := 71 + 1.
%) 'Punchline’: T is unitary

whenever K is hermitean
(in most cases: real symm.).
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Parametrization-methods for models |

K-matrix approach:

«) Parametrization:
" R A\ —1
- K(l—iK) . with:

- K: hermitean (in most cases real
& symmetric) 'K-matrix’,

«) Unitarity:
T-Tt=2iTtT,
& (TH1-T-1=2i1,

e (T i)t =(T1411).

< Define: K~1:= T-1 41

«) 'Punchline’: T is unitary
whenever K is hermitean
(in most cases: real symm.).

Lippmann-Schwinger type approach:

*) Parametrization:

T=V+VGT =V+TGV

AAAAA

- V: interaction (pseudo-) potential,

- G: intermediate-state 'propagator’.

) Unitarity:

RHS collapses to in case:

Disc (v) -V — Ut =0 & Disc (G) —2i1.

Y. Wunderlich
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Parametrization-methods for models |

K-matrix approach:

«) Parametrization:
" R A\ —1
- K(l—iK) . with:

- K: hermitean (in most cases real
& symmetric) 'K-matrix’,

«) Unitarity:
T-Tt=2iTtT,
& (TH1-T-1=2i1,

e (T i)t =(T1411).

< Define: K~1:= T-1 41

«) 'Punchline’: T is unitary
whenever K is hermitean
(in most cases: real symm.).

Lippmann-Schwinger type approach:

*) Parametrization:

T=V+VGT =V+TGV

AAAAA

- V: interaction (pseudo-) potential,

- G: intermediate-state 'propagator’.

) Unitarity:

RHS collapses to in case:

Disc (v) -V — Ut =0 & Disc (G) —2i1.

x) For ReG — 0: recover K-matrix approx.

Y. Wunderlich
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Parametrization-methods for models |l

K-matrix approach: Lippmann-Schwinger type approach:
) Parametrization: ) Parametrization:
f-:R(l_iR>_1 T=V4+VET=V+ TGV
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Parametrization-methods for models |l

K-matrix approach:

) Parametrization:

~ ~ A\ —1
T:K(l—iK) ,

%) Models:
- Bonn-Gatchina ('BoGa’)

[Anisovich et al., EPJ A 48, 15 (2012)]
- SAID (CM12 photoprod.-fit)
[Workman et al., PRC 86, 015202 (2012)]
- Kent-State University ('"KSU")
[Shrestha & Manley, PRC 86, 055203 (2012)]
- Giessen
[Shklyar et al., PRC 87.1, 015201 (2013)]

Lippmann-Schwinger type approach:

) Parametrization:
T=V+VET=V+TGEV

AAAAA

*) Models:

- Jiilich-Bonn (-Washington),
"JuBo’ ("JiiBoW’)
[Rénchen et al., arXiv:2208.00089]
[Mai et al., PRC 106, no.1, 015201 (2022)]
- ANL-Osaka

[Kamano et al., arXiv:1909.11935]
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Parametrization-methods for models |l

K-matrix approach: Lippmann-Schwinger type approach:
) Parametrization: ) Parametrization:
Pk (k)
=V+VGV+VGVGV +..,
*) Models: *) Models:
- Bonn-Gatchina ('BoGa’) - Jilich-Bonn (-Washington),
[Anisovich et al., EPJ A 48, 15 (2012)] "JiBo' ("JiBoW')
- SAID (CM12 photoprod.-fit) [Ranchen et al., arXiv:2208.00089]
[Workman et al., PRC 86, 015202 (2012)] [Mai et al., PRC 106, no.1, 015201 (2022)]
- Kent-State University ('"KSU') - ANL-Osaka
[Shrestha & Manley, PRC 86, 055203 (2012)] [Kamano et al., arXiv:1909.11935]
- Giessen

[Shklyar et al., PRC 87.1, 015201 (2013)]

Alternative approaches:
- Isobar models (MAID, JLab JM15, ...)
- L+P pole-extraction method [Svarc et al. PRC 88, 035206 (2013); see Alfreds Talk]
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Parametrization-methods for models |l

K-matrix approach: Lippmann-Schwinger type approach:

) Parametrization:
T=V4+VGT=V+TGCV

AAAAA

) Parametrization:

f:/%(l—ik)_l,

%) Models:

Bonn-Gatchina ('"BoGa’)
[Anisovich et al., EPJ A 48, 15 (2012)]
SAID (CM12 photoprod.-fit)
[Workman et al., PRC 86, 015202 (2012)]
Kent-State University ("KSU")
[Shrestha & Manley, PRC 86, 055203 (2012)]
Giessen

[Shklyar et al., PRC 87.1, 015201 (2013)]

*) Models:

- Jiilich-Bonn (-Washington),
"JiiBo’ ('JiiBoW’)
[Rénchen et al., arXiv:2208.00089]
[Mai et al., PRC 106, no.1, 015201 (2022)]

- ANL-Osaka

[Kamano et al., arXiv:1909.11935]

Now: Discuss two exemplary models in more detail ...

Y. Wunderlich
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The Bonn-Gatchina Model - |

Bonn-Gatchina 'l' ("pure’ K- matrix up to & 2014) [cf. Anisovich et al., EPJ A 48, 15 (2012)]

- Ansatz: A.p = Kac (1 /pK) {A=T}, where Kop(s) =", Mzg” + fap(s).

fap(s) = % (511 and S3;1 waves), f,p(s) = const. otherwise.
-1

- Production-reactions in 'P-vector approach”: afl = Ph (1 - iﬁk) E
a

— Dedicated pole-search in A,p, once (coupled-channels) fit has converged.

- 'Background':

7/18
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The Bonn-Gatchina Model - |

Bonn-Gatchina 'l' ("pure’ K—matrix up to & 2014) [cf. Anisovich et al., EPJ A 48, 15 (2012)]
- Ansatz: A.p = Kac (1 /pK) {A=T}, where Kop(s) =", szg” + fap(s).

- 'Background': fa5(s) = W (
ab

S11 and S3; waves), fo5(s) = const. otherwise.
-1

- Production-reactions in 'P-vector approach’: all = P! (1 — iﬁk) ,
a

— Dedicated pole-search in A,p, once (coupled-channels) fit has converged.

Bonn-Gatchina 'II' ("N/D-based" approach, from ~ 2015 onwards)

Use 'D-matrix’ formalism: [cf. Anisovich et al., EPJ A 52.9, 284 (2016)]
n K
B (s) Sim J m J K 2 m Bk
Dim=Du Yottt — _—=— X _r—+=
m J
nn K

[cf. A. Sarantsev, Talks at HADRON2017 and NSTAR2019]
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The Bonn-Gatchina Model - |

Bonn-Gatchina 'l' ("pure’ K—matrix up to & 2014) [cf. Anisovich et al., EPJ A 48, 15 (2012)]

- Ansatz: A.p = Kac (1 /pK) {A=T}, where Kop(s) =", szg” + fap(s).

- 'Background’: f,5(s) = % (S11 and S3; waves), fup(s) = const. otherwise.
ab
~1

- Production-reactions in 'P-vector approach’: all = P! (l — iﬁk) ,
a
— Dedicated pole-search in A,p, once (coupled-channels) fit has converged.

Bonn-Gatchina 'II' ("N/D-based" approach, from ~ 2015 onwards)

Use 'D-matrix’ formalism: [cf. Anisovich et al., EPJ A 52.9, 284 (2016)]
K J m J K PN m 8k
BX"(s 6
m: JkZaM2() (—):O:::O:O:+_—
K

[cf. A. Sarantsev, Talks at HADRON2017 and NSTAR2019]
- Write 'loop-functions’ in a once-subtracted dispersive representation:

B . ©ds" pa(s’, Mia, ma) L)j i i
Bl — (R b _ M2 als, a ] (Lj _— (R)lBa (L)J.
o (s) = &a + (s — Ma) (5 —s_i0)(s — M) | & & Bagd

~ ~ A oA\ 1 ~
— Reduction to: A=K (1 - BK) , with Byg = dapBa and Re[B] # 0.
= Analytic properties of the model have been improved!
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The Bonn-Gatchina Model - Il

Recently included meson photoproduction data

DATA 2011-2016 added in 2016-2018

yn — AK, Y™K 49 (CLAS), E (CLAS)

yn— 7 p do %, P E, Y (CLAS)

= nn do 5 4o mAm) 92 (h = 1) (CB-ELSA)

yp — np do S(GRAAL) do F,T MAMN T, P, H, G,(CB-ELSA)
E, Y (CB-ELSA,CLAS)

= n'p preik

yp — KTA 4o 3, P,T,Cx,Cz,0,1,0, 3, P,T,0.,O. (CLAS)

yp — K+%0 do 3, P,Cy,Cs 3, P, T, O, O- (CLAS)

T p— mtrn

T p— 7r_7r0p

do /dS2 (HADES)
do /dS) (HADES)

yp = 70n0p

do/dQ, S, E, I, Is

T,P,H, F, Py, P, (CB-ELSA)
do /dQ, I, Is (CLAS)

Yp — wp do /dQ, %, pffj, E, G (CB-ELSA) 3 (CLAS) P,T,F,H (CLAS)
’yp—)K*A da/dQ, Pij
[cf. A. Sarantsev, Talk at NSTAR2019]
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The Bonn-Gatchina Model - Il

The analysis of the new yp — 7)p data. do/dS2 (MAMI)

eta0 do/dQ MAMI 2017 etad do/dQ2 MAMI 2017

5
5
)
5
5
ki
3
5

' 7 s /fm /M
E‘_%T_.—‘_‘i% 2‘.'_"’1‘ ?‘é"—f = =S e
A,M,/A\/’A\/M\ 8 ﬁ

L

/:5{“ P |;57
-1 0 -1 0 1

[cf. A. Sarantsev, Talk at NSTAR2019]

-
e
P4
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The Bonn-Gatchina Model - Il

The analysis of the new yp — 7)p data. 7" (CB-ELSA, Preliminary), (MAMI scale 1.4)

(CB 2014) np T (MAMI 2016) np
1 1495 1520 1540 1565 1585 1495 1515 1535 1560
05|
¢
oleretleet  [rprotensty ey .
+ oles P TN ;’“—“‘\N% /“'\MON
A 1 1 n n nn n nn 1 i 1
[ 1610 1640 1590 1615 1645 1675
05|
00, ¢
JATRA TN s . bt 1
A [P 7 i
0
A 1 1 nn 1 1
1b 1850 1910 % 1700 1745 1795 1850
M i syt Pt |
. i m g f M
‘ i f
R n n n nn
I R E R R 7 y K] 0 ] 0 i § i
cos 6

[cf. A. Sarantsev, Talk at NSTAR2019]
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The Bonn-Gatchina Model - Il

The analysis of the new yp — 7)p data. F/ (CB-ELSA, Preliminary), F' (MAMI) (scale 1.4)

E (CB 2017) np F (MAMI 2016) np
4 1515 { 1575 1630 1690 1495 1515 1535 1560
fhretoo bl 0oy [
R W 05

1970 2065 2155

o
B

1
cos B

[cf. A. Sarantsev, Talk at NSTAR2019]
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The Bonn-Gatchina Model - |V

Resonance content: [cf. J. Miiller et al., Phys. Lett. B 803, 135323 (2020)]

) All PDG #  *x and « * %, N- as well as A-resonances are included in the
PWA (solution BnGa 2019), as well as most ** resonances.
Noteable exceptions: * * x resonance N(2600)11/2~ and
% % % resonance A(2420)11/2F.

) Noteable newly included state: N (1895)1/2~.
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The Bonn-Gatchina Model - |V

Resonance content: [cf. J. Miiller et al., Phys. Lett. B 803, 135323 (2020)]

) All PDG #  *x and « * %, N- as well as A-resonances are included in the
PWA (solution BnGa 2019), as well as most ** resonances.
Noteable exceptions: * * x resonance N(2600)11/2~ and
% % % resonance A(2420)11/2F.

) Noteable newly included state: N (1895)1/2~.

Recent developments:

) Big coupled-channels fit including recent polarization measurements for
pn-photoproduction
[J. Miiller et al., Phys. Lett. B 803, 135323 (2020)]

) Elaborate analyses on hyperon resonances
[M. Matveev, et al., Eur. Phys. J. A 55, no.10, 179 (2019)]
[A. Sarantsev, et al., Eur. Phys. J. A 55, no.10, 180 (2019)]
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The Jiilich-Bonn-Washington Model - | [cf. D. Rénchens Talk]

Hadronic model: dynamical coupled-channels (DCC) fit of various reactions

Lippmann-Schwinger eq. ('scattering eq.’) in the partial-wave basis:

(L'S'P'| T, |LSp) = (L'S'p'| V17, |LSp) +
1
! ncgr
> / dgq® (L'S'p'| V}, |L"S"q >—E 5

@ (L"S"q| T, |LSPp) .
,yL//S//
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The Jiilich-Bonn-Washington Model - | [cf. D. Rénchens Talk]

Hadronic model: dynamical coupled-channels (DCC) fit of various reactions

Lippmann-Schwinger eq. ('scattering eq.’) in the partial-wave basis:

(L'S'P| TR, |LSp) = (L'S'p'| V17, |LSp) +

Z / dq q2 <L/5/p/| V;Ill'y |L//S//q> <L//5//q| T!;,j,, |L5p> )
0

1
E—E\(q)+ic

’Y,LHSH
:1t A :Tt A A kL9
. ' ) potentials V' from chiral
V= LN - L a ~aso) + . effective lagrangians
R %) 'pole-part’ TP:
Nao " Yo" "'(d)"\/ genuine resonance states

: " TNP.
. 3 - K %) 'non-pole part’ TV":
. N dyn. generation of poles
N \

N trized A
A |_T"| 5 *) N parame rlze. as A,
I oN, pN contributions

Y. Wunderlich Overview of partial-wave analyses for baryon spectroscopy 11/18



The Jiilich-Bonn-Washington Model - | [cf. D. Rénchens Talk]

Hadronic model: dynamical coupled-channels (DCC) fit of various reactions

Lippmann-Schwinger eq. ('scattering eq.") in the partial-wave basis:

(L'S'P'| T, |LSp) = (L'S'p'| V17, |LSp) +

> [ daa wseIvih s
0

,YJ_//S//

1
E B & (L"S"q| TL, |LSp).

Photoproduction model: phenomenological potential V.., approximated by

energy-dependent polynomials [see D. Rénchens Talk]
7T: 77 f\/ -~ < 7T1 77
+ K m R K
\ .7
\ e
N B N
T
\, % G A Y
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The Jiilich-Bonn-Washington Model - | [cf. D. Rénchens Talk]

Hadronic model: dynamical coupled-channels (DCC) fit of various reactions

Lippmann-Schwinger eq. ('scattering eq.’) in the partial-wave basis:

<L/5/p/| IJVILSp>:<L/5/p/| UV|L5,D>—|—

1
! V "t gt 1J .
7LHSH/ dgq® (L'S'p/| 4 IL"S"q >—E—Ey(q)+ie (L"S"q| T, |LSp)

A different type of visualization for one rescattering contribution:

.yorm P A
. : ®-.P
N, N ‘AN LA s
N_.A._. \ t L J L 4 +...
t-exchange from u-exchange for s-exchange
3-body unitarity Left-hand cut Resonance

[cf. M. Déring, Baryons School (2021)]
Y. Wunderlich
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The Jiilich-Bonn-Washington Model - Il

x) mN — X: 2 7000 data points

*) YN — X:

Reaction Observables (# data points) p./channel
vp — 7 do/d (18721), £ (2927), P (768), T (1404), A3 (140),

G (393), H (225), E (467), F (397), Gy (74), G,y (26) 25,542
yp— wtn do /dS2 (5961), & (1456), P (265), T (718), Aoy (231),

G (86), H (128), E (903) 9,748
yp = np do/dQ (9112), £ (403), P (7), T (144), F (144), E (129) 9,939
~p = KTA | do/dQ (2478), P (1612), 3 (459), T (383),

Cy (121), C,r (123), O,/ (66), O,/ (66), Oy (314), O, (314), 5,936
~p — KT30 | do/d (4271), P (422), S (280), T (127), C,r s (188), O, (254) 5,542
vp = KOSt | do/do (242), P (78) 320

in total 57,027

[M. Déring, Talk at APCTP meeting, Jeju-do (2022)]
*) More (steadily updated) details: https://jbw.phys.gwu.edu/
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The Jiilich-Bonn-Washington Model - IlI

iF
1737 1747 1757 1766 Ecqm1810 MoV 1852
osf- % 1
§ OR,
08 1776 }H
? 05 i 4
el e « originaldala_|gata; Pterson (OLAS) PRC 93
. o Ak L smetormewe I
05 x
o ]
05 }
Sl 1804 1813 1823 1832 1841 1850 1859
‘ by
°5/\\/\;\NMMMM’\M b
z 0 0 30 60 90 120150 0 30 60 90 120 150 180
05 SRR SR T
B 1868 1877 1886 1895 1904 1913 1921 1930 p-->K'E"
05
1
0 05
05 E,,=1730 MeV 1757
) 1039 1947 1956 1964 1973 1981 1080 1998 p o
1 + +
1 F:) A T 1835 1860
05 i 5 iy A & /V&f\ 05 i
0 o d t
05
B 2006 2015 2027 2043 2059 2075 2002 OS] A Aguar 8atsome
0 30 60 90 120150 0 30 60 90 120150 0 30 60 90 120150 0 30 60 90 120150 0 30 60 90 120150 0 30 60 90 120150 0 30 60 90 120 150 180 1 P""R"C“‘Z“”l_
o 0 fdeg) 30 60 9 120150 0 30 60 90 120 150 180
P — T P deg) cosd
[D. Rénchen et al., Eur. Phys. J. A 50, no.6, 101 (2014)] [D. Rénchen et al., arXiv:2208.00089 [nucl-th]]
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The Jiilich-Bonn-Washington Model - IV

Resonance content: (including newest KX-analyses) [cf. D. Ronchen et al., arxiv:2208.00089]

%) All % % %+ N- and A-resonances with J < g are included, with the exception
of N(1895)1/2~ (@ some states with a rating of < s * %)

x) Indications for new dynamically generated poles, e.g. A (1920)3/2%
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The Jiilich-Bonn-Washington Model - IV

Resonance content: (including newest KX-analyses) [cf. D. Ronchen et al., arxiv:2208.00089]

) All % % xx N- and A-resonances with J < % are included, with the exception
of N(1895)1/2~ (@ some states with a rating of < x * %)

x) Indications for new dynamically generated poles, e.g. A (1920)3/2%

Recent

development: N1520 Rem? i) N(1533) Re £, i)
analysis of

e~ -production in

JiiBoW-approach:

«) JiiBo-model is
boundary-cond.
at Q2 =0,

x) Consistency
requirements at
pseudothres-
hold g =0

('Siegert’s g A S
theorem’). i
[cf. Talk by M. Mai] wioew) 15 it

0

[M. Mai et al., Phys. Rev. C 106, no.1, 015201 (2022)]
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A Compendium of Models

Model(s) BoGa I/l SAID MAID KSU Giessen Jiilich-Bonn
(CM12) ANL-Osaka

Constraints from No (Yes) (Yes) No Yes Yes

chiral lagrangians?

Explicit

resonance Yes No Yes Yes Yes Yes/No

terms?

Analyticity (phys.; disp.)  No/Yes Yes No No Yes

Effective |[rmN)? Yes Yes Yes Yes Yes Yes

3-body unitarity? No No No No No Yes
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A Compendium of Models

Model(s) BoGa I/l SAID MAID KSU Giessen Jiilich-Bonn
(CM12) ANL-Osaka

Constraints from No (Yes) (Yes) No Yes Yes

chiral lagrangians?

Explicit

resonance Yes No Yes Yes Yes Yes/No

terms?

Analyticity (phys.; disp.)  No/Yes Yes No No Yes

Effective |[7mN)? Yes Yes Yes Yes Yes Yes

3-body unitarity? No No No No No Yes

> ED PWA groups perform and publish fits of large collections of datasets on
(polarization) measurements

> The PDG Baryon-group filters publications and assigns star-ratings to states:
{ % % k% OF * % . established states,
sk of *: controversial/claimed states; need confirmation ...
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Progress in terms of "x'-ratings

PDG 2002 vs. PDG 2020 (changes in red):

[A. Thiel, F. Afzal & YW, PPNP 125, 103949 (2022), Tab. 16]

Particle JP overall PWA N~ N7 A No Nn AK XK Np Nw
N 1/2+ koK
N(1440) 1/2+ *okokk 0 0g * > Fokkok *okkok *okokok kK ~ N
N(1520) 3/2~ ok 00 x> ook ok ok *ok ok o
N(1535) 1/27 *okkok 00 x> Fokokk Fkkk *kk * sokkok o
N(1650) 1/27 ok 00 x> ok ok okok * ok *_ . .
N(1675) 5/2~ sHokokok 00 x> ook ok ok Hokok * * * _
N(1680) 5/2F Hokokok 0o %D Kook Kok okkok Hokok * * * .
N(1700) 3/2~ Hokok o *k Kokok ok * * o _ _
N(1710)  1/2% HHkk oonp KR kR K okk ok * * *
N(1720) 3/2Jr *kokok 0O %D *kok ok sk Kok ok * * sokokok * *_ *
N(1860) 5/2™ Hx > * ** * *
N(1875) 3/27 Kk oD %%k k% * *%k * * * * *
N(1880) 1/2% Hokok o *k * ok * * *ok *k *k
N(1895) 1/2— FHkk o Hokokok * * * Ak Kk sk * *
N(1900) 3/2+ KKKk ocoD *kkk *k *k * * *k * _ *
N(1990) 7/2% *x oo *x *k * " «
N(2000)  5/2% ** o % *k * ok * * R R o *
N(2040) 3/27 * > *
N(2060) 5/27 Hoxk 0 0g 1> Hxk *k * * * * * * *
N(2100) 1/2% Fokok o *% Hkk *% *k * * * *
N(2120) 3/27 Hoxok oD Hkk *x *k *x% ok * *
N(2190) 7/2~ Hokkok 00 x> Kok ok ko *ok * ok * * *
N(2220)  9/2% Hokkok 00 % *k Hokkok * * *
N(2250) 9/2™ Fkokok 00 x> *k sokkok * ¥ «

o: BnGa-2019, ¢: JiiBo-2017 ('g’ for dynamically generated), x: SAID-MA19, >: KSU PWA

Y. Wunderlich Overview of partial-wave analyses for baryon spectroscopy 16/18



Progress in terms of 'multiplets’

— Work with spin-flavor SU(6) symmetry and assign quarks to fundamental rep.
6=(utdtstul,dlsl)’.
= Baryon (super-) multiplet structure arises from decomposition into irrep.'s:
60626 =565®70y D70y 204
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Progress in terms of 'multiplets’

— Work with spin-flavor SU(6) symmetry and assign quarks to fundamental rep.
=(wtdtstul,dlsl)’
= Baryon (super-) multiplet structure arises from decomposition into irrep.'s:
6R6R6=56570y, 70y D 204.
= Assign PDG-resonances to multiplets: [cf. E Klemt & B. Metsch, EPJ A 48, p. 127 (2012)]

[A. Thiel, F. Afzal & YW, PPNP 125, 103949 (2022), Figs 50,51]

- Liq
Lowest Baryon Supermultiplets Lowest Baryon Supermultiplets
SU®)  O3) symmatry PDG 2002 SU(@) O3 symmetry DG 2020
PDG Rating: PDG Rating:
(5‘6‘3')(7 ,3};}(20.3') (5§.3 7! Il )(20 3)
= AR A 3 . e _
= =
=
(62702) @pz) @3) 3
o Wl W " !
EufRory 2 -
S
(70,|N) (20,1) (55 1) (70, 1) 170,1,)12“,‘) (717.1) (20,1) (56 A )(70 1 ) (70,1)(20,1) 5
Bl i f i B et 1 Bl B £ l-fel-zs,nl eHeeH £
b H----1---BH B BEE Hews i o FEBH-H 5
8
»
(660 (66,0(709) (660 (660(70.9) ey
B " 1o TEE oo 0. R " 1o B e ic
0 110 210 3 ho N 0 110 210 3 1o N
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Progress in terms of 'multiplets’

< Work with spin-flavor SU(6) symmetry and assign quarks to fundamental rep.
6=(utdtstul.dlsl)
= Baryon (super-) multiplet structure arises from decomposition into irrep.'s:
6R6R6=565270y, 70y D 204.
= Assign PDG-resonances to multiplets: [cf. £ Kiemt & B. Metsch, EPJ A 48, p. 127 (2012)]

[A. Thiel, F. Afzal & YW, PPNP 125, 103949 (2022), Figs 50,51]

Lowest Baryon Supermultipiets oo owesi Baryon Supermultipiets
SU(6) x O(3) symmetry PDG 2002 SU(6) x O(3) symmetry DG 2020
PDG Rating: PDG Rating:
(5‘5,1 Y ,CIMKZD,J ) (5‘6,3 N7 ,:In)(m,:( )

s %EEE% . . gﬁéﬂﬁlﬂﬁﬁ AAAAAAA -~
= =

<

(62702 @2) 0.2) S

2 mmliE% 2020 s 2 0zcotsse =
: : S

H H o

H H >

1) @ (66,1 (70,1 70,1)20,1) o) @1 (66,1)70,1)i(70,1)20.1) 2

o - - - 8

1 Hil wa 0B BheHEE . 1 ol o Bulintiats 5
| 8

' 3

(5‘5 0) (5‘6.0‘ (70,0°) (5? 0) lS\G,ﬂ?(?D,D') »bb
g " B e o s B e i
0 110 2 ho 3 he N 0 110 2he 3 te N

All this progress is great, but is there a way to tell when we are finished?
< There is: one needs a coupled-channels complete experiment.
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Dream: the 'coupled-channels complete experiment’

Consider exemplary channel-space {|xN) ,|yN),|r7N)}, i.e.:

TrN, =N Trn AN TrN,mrN
(T&)=| Tynan  Tonan =0 Tywnman
7:r7rN,7rN 7:T7TN,’)/N 7:r7rN,7r7rN
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Dream: the 'coupled-channels complete experiment’

Consider exemplary channel-space {|xN) ,|yN),|r7N)}, i.e.:

7;rN,rN 7;rN,’yN 7;rN,7r‘rrN
(T&)=| Tynan  Tonan =0 Tywnman
7:r7rN,7rN 7:T7TN,’YN 7:r7rN,7r7rN

— Measure individual complete experiments with perfect phase-space coverage and
overlap among individual reactions (complete exp.’'s determinable using graphs):

Reaction Example complete experiment (yields |b;| & ¢;;)

N — 7N (Ng = 2) o0, P,R, A

N — N (Na = 4) Uo,foJ5 ’5 Pya@yyaézyv yz!

YN — N (N4 = 4) oo, %, T,P,E,H, L, X/

AN — 7N (Na=8) o9, Py, y,o ,,Oyy, O PP IO Py, Pr Py, P3 PY PSP PG

[YW et al., PRC 102, no.3, 034605 (2020)] & [YW, PRC 104, no.4, 045203 (2021)]

= For these 4 reactions, we have T; = e * Ty, with T fixed.
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Dream: the 'coupled-channels complete experiment’

Consider exemplary channel-space {|xN) ,|yN),|r7N)}, i.e.:

7;rN,rN 7;rN,’yN 7;rN,7r7'rN
(T&)=| Tynan  Tonan =0 Tywnman

7:r7rN,7rN 7:T7TN,’YN 7:r7rN,7r7rN

— Measure individual complete experiments with perfect phase-space coverage and
overlap among individual reactions (complete exp.’'s determinable using graphs):

Reaction Example complete experiment (yields |b;| & ¢;;)

N — 7N (Ng = 2) o0, P,R, A

N — N (Na = 4) Uo,f\éyJBz,’\5 Pya@yyaézyv yz!

YN = 7N (Na=4) 00,5, T,PEH, Ly, X,

YN — 7N (N4 =8)  00,Py, P, ,(9 ,,Oyy , Py(D,I@,FV’X,FV’Z,IE’X/,Fv’j,FV’)@,FV’Z‘,ﬁQ,IBS

[YW et al., PRC 102, no.3, 034605 (2020)] & [YW, PRC 104, no.4, 045203 (2021)]

= For these 4 reactions, we have T; = e * Ty, with T fixed.

< Fit at least two (or more) complementary ED PWA-models (BnGa, JiiBo, ...),
which have to have as good unitarity-constraints as possible, to this database
= Missing phase-information e*? fixed and resonance-spectrum (hopefully) unique!
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Dream: the 'coupled-channels complete experiment’

Consider exemplary channel-space {|xN) ,|yN),|r7N)}, i.e.:
7;TN,7rN 7;rN,’yN TIFN,T(T(N
(T&)=| Tynan  Tanyn =0 Tonmen

7;r7rN,7rN 7;r7rN,’yN 7;#[\/,7?7\"\/

— Measure individual complete experiments with perfect phase-space coverage and
overlap among individual reactions (complete exp.’'s determinable using graphs):

Reaction Example complete experiment (yields |bi| & ¢j;)

aN—aN(Ns=2) o00,P,RA

N — N (N_A 24) 0'07Ey7FZ7VPX\f>Ify'JOyy\f7OZ}//7OyZ/

YN = 7N (Na=4) o0, X, T,P,E,H, Ly, Ty

'YN_>7T7TN (N.A :8) 0'0,p}”’\jy/,éy@y/,éyy/,IB}ED,,#}ED,IG’p)ﬁp27px/7p§7p><®7Fv’zcngyp)(?,

[YW et al., PRC 102, no.3, 034605 (2020)] & [YW, PRC 104, no.4, 045203 (2021)]

= For these 4 reactions, we have T; = /775, with T fixed.

— Fit at least two (or more) complementary ED PWA-models (BnGa, JiiBo, ...),
which have to have as good unitarity-constraints as possible, to this database
= Missing phase-information e*? fixed and resonance-spectrum (hopefully) unique!

Issues: - Can we assume perfect time-reversal inv., to relate 3 — 2 to 2 — 3 processes?
- 3 — 3-process 7N — 7N unmeasurable. Does this hurt the proposal?
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Thank You!



Additional Slides



The L+P-method

) Is there a simple parametrization to extract pole- instead of BW-parameters?
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The L+P-method

) Is there a simple parametrization to extract pole- instead of BW-parameters?

*) Illustration of (complica-
ted) analytic structure of
the P;; partial wave from
the Jiilich-Bonn model:
[3varc et al. PRC 88, 035206 (2013)]

Imz

N(939) .
( 7)[N o N Physical nN
o

e N'(1440)

FeN(1a40) N(1710)

*
N(1750)J
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The L+P-method

%) Is there a simple parametrization to extract pole- instead of BW-parameters?

*) Illustration of (complica-
ted) analytic structure of
the P;; partial wave from
the Jiilich-Bonn model:
[3varc et al. PRC 88, 035206 (2013)]

+r N'(1440)

FeN(1a40) N(1710)

N(1750)_J

< Try to model analytic structure using L+P- ('Laurent+Pietarinen’-) Ansatz:

Npole . N1 N2
Xj + 1yj
W)y=> L +3 X W)k+> dY W)
M( ) ; VVJ VY] +k:0 Ck (O[,XP ) + o ! (/87XQ ) +
N—— - -
'Laurent’ 'Pietarinen’
- Pole-position: W; € C; Residue: ag)l =X+ iyj
a—vze_— with:

- Pietarinen-functions: X (o, xp; W) := a+\/7

*) 'shape-parameter’: a € R; branch-point coordinate: xp € C.
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The L+P-method

%) Is there a simple parametrization to extract pole- instead of BW-parameters?

*) Illustration of (complica-
ted) analytic structure of
the P;; partial wave from
the Jiilich-Bonn model:
[3varc et al. PRC 88, 035206 (2013)]

+r N'(1440)

FeN(1a40) N(1710)

N(1750)_J

< Try to model analytic structure using L+P- ('Laurent+Pietarinen’-) Ansatz:

Npole . Ny N,
M(W) = ] H—kkz_:OCkX(me; W)k + ;d,Y(ﬁ,xQ; Wy + ...
"Laurent’ 'Pietarinen’
- Pole-position: W; € C; Residue: ag)l =X + iy
= omVxXe Wi

- Pietarinen-functions: X(a, xp; W) := =
*) 'shape-parameter’: o € R; branch-point coordinate: xp € C.

< Method already successfully applied for pole-extraction [ see Alfreds Talk]
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