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Introduction: Baryon spectrum in

experiment and theory

o Theoretical predictions: lattice
calculations and quark models

Lattice calculation (single hadron

approximation):
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[Edwards et al, Phys.Rev. D84 (2011)]

e above 1.8 GeV much more states are
predicted than observed,

“Missing resonance problem”

o PDG listing: Until recently major part
of the information from 7N elastic

alub

o Experimental studies:
Photoproduction: e.g. from JLab, ELSA,
MAMI, GRAAL, SPring-8
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source: ELSA; data: ELSA, JLab, MAMI
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o enlarged data base with high quality
for different final states

o (double) polarization observables
— alternative source of information
besides TN — X, e.g. 7p — KA
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iment and theory

o Theoretical predictions: lattice
calculations and quark models

Relativistic quark model:
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Loring et al. EPJ A 10, 395 (2001), experimental spectrum: PDG 2000

e above 1.8 GeV much more states are
predicted than observed,

“Missing resonance problem”

o PDQG listing: Until recently major part
of the information from 7w/ elastic

o Experimental studies:
Photoproduction: e.g. from JLab, ELSA,
MAMI, GRAAL, SPring-8
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o enlarged data base with high quality
for different final states

(double) polarization observables
— alternative source of information
besides TN — X, e.g. 7p — KA



Kaon photoproduction

KY final states

certain (missing) resonances might couple predominantly to strangeness channels

measurement of recoil polarization easier due to self-analyzing weak decay of
hyperons
— more recoil and beam-recoil data, which are needed for a complete experiment

Photoproduction of pseudoscalar mesons:

= 16 polarization observables:

asymmetries composed of beam, target and recoil polarization measurements

= Complete Experiment: unambiguous determination of the amplitude
8 carefully selected observables chiang and Tabakin, PRC 55, 2054 (1997)
eqg. {o,%, T,P, E, G, G, G}

(unambiguous up to an overall phase and experimental uncertainties)



Different analyses frameworks: a few examples
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Edwards et al,, Phys.Rev. D84 (2011)]

o GWU/SAID approach: PWA based on Chew-Mandelstam K-matrix
parameterization
o unitary isobar models: unitary amplitudes + Breit-Wigner resonances
MAID, Yerevan/JLab, KSU
o multi-channel K-matrix: BnGa (mostly phenomenological Bgd, N/D approach),
GieRen (microscopic Bgd)

o dynamical coupled-channel (DCC): 3-dim scattering eq., off-shell intermediate
states

ANL-Osaka (EBAC), Dubna-Mainz-Taipeh, Jiilich-Bonn



Different analyses frameworks: a few examples

E[GeV]
E e o [ &
1sjm 8= = ala"
. == ‘ -
w W@ T o)W ig===
== [ERS] =_ |
g = L ===""
1 < 12 : -

3
E1Gov

Edwards et al,, Phys.Rev. D84 (2011)]

o GWU/SAID approach: PWA based on Chew-Mandelstam K-matrix
parameterization
o unitary isobar models: unitary amplitudes + Breit-Wigner resonances
MAID, Yerevan/JLab, KSU
o multi-channel K-matrix: BnGa (mostly phenomenological Bgd, N/D approach),
GieRen (microscopic Bgd)

o dynamical coupled-channel (DCC): 3-dim scattering eq., off-shell intermediate
states

ANL-Osaka (EBAC), Dubna-Mainz-Taipeh, Jiilich-Bonn



The Jiilich-Bonn DCC approach



The Jiilich-Bonn DCC approach EPJ A 49, 44 (2013)

Dynamical coupled-channels (DCC): simultaneous analysis of different reactions

The scattering equation in partial-wave basis

(US'P|THILSp) = (L'S'p'|VL,ILSp) +
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potentials V' constructed from
effective £

s-channel diagrams: T”

genuine resonance states

t- and u-channel: TNP

dynamical generation of poles

partial waves strongly correlated

contact terms



The Jiilich-Bonn DCC approach

Resonance states: Poles in the T-matrix on the 2"¢ Riemann sheet

o pole position £ is the same
in all channels

1800 o residues— branching ratios
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Re(Eq) = “mass”, -2Im(Ep) = “width”

o (2-body) unitarity and analyticity respected

o 3-body mwN channel:

- parameterized effectively as 74, oN, pN

- wN/mm subsystems fit the respective phase oN
shifts

L branch points move into complex plane



PhOtOpI‘OdUCﬁOI‘I EPJ A 50, 101 (2015)

Multipole amplitude

o _ U Il 1 .
Muy=Vu Z TGV iy v ‘

(partial wave basis)

m=mn K,B=N,A A

Tur: Jilich hadronic T-matrix =~ — Watson’s theorem fulfilled by construction
— analyticity of T: extraction of resonance parameters

Photoproduction potential: approximated by energy-dependent polynomials

vy

Vin(E.q=

a P
Vi (P (E)
* Z E— mf

NP
P,

'y“, '714 .; hadronic vertices — correct threshold behaviour, cancellation of singularity at £ = m

— 7},,; affects pion- and photon-induced production of final state mB

i: resonance number per multipole;  p: channels N, NN, ©A, KY Polynomials 8



Data analysis and fit results



Combined analysis of pion- and photon-induced reactions EPI A 54, 110 (2018)

Simultaneous fit

Fit parameters: s-channel: resonances (T7)
o N — 7N A L
7 p— nn, KOA, K50, K5~ .
mtp — Ktxt !
N \\\ﬂ
= 134 free parameters S Mbare + fman

11 N* resonances X (1 mpare+ couplings to ©N, pN, nN, TA, KA, KX)
+ 10 A resonances X (1 mpgre+ couplings to TN, pN, A, KX)

e contact terms: one per partial wave, couplings to 7N, nN, (TtA,) KA, KX
= 61 free parameters

o vp— m0p, wtn, np, KTA:
couplings of the polynomials
= 566 free parameters

P
=- 761 in total, calculations on the JURECA supercomputer [jilich Supercomputing Centre, JURECA

General-purpose supercomputer at Jiilich Supercomputing Centre, Journal of large-scale research facilities, 2, A62 (2016)

e t- & u-channel parameters: fixed to values of hadronic DCC analysis (JiBo 2013) 0



Data base

Combined analysis of pion- and photon-induced reactions

EPJ A 54, 110 (2018)

Reaction Observables (# data points) p./channel
N — 7N PWA GW-SAID WI08 (ED solution) 3,760
TTp—nn do /dQ (676), P (79) 755
7~ p — KA do/dQ) (814), P (472), B (72) 1,358
7= p— KOx0 do/dQ) (470), P (120) 590
7~ p— KtX~ | do/dQ (150) 150
ntp — Kt2t | do/dQ (1124), P (551), B (7) 1,682
yp — 70p do/dQ (10743), X (2927), P (768), T (1404), Aosq (140),

G (393), H (225), E (467), F (397), CX( (74), CZ( (26) 17,564
yp — 7tn do/dQ2 (5961), X (1456), P (265), T (718), Ao3q (231),

G (86), H (128), E (903) 9,748
Yp — np do/dQ2 (5680), X (403), P (7), T (144), F (144), E (129) 6,507
p — KTA do/dQ2 (2478), P (1612), £ (459), T (383),

Cy (121), G, (123), O, (66), O,/ (66), O« (314), O, (314), 5,936

in total 48,050
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Fit result KT A photoproduction EPJ A 54, 110 (2018)

simultaneous fit of yp — 7%, 7ntn, np, KtAand 7N — «N, nN, KA, K2

vp — KTA:
Differential cross section Recoil polarization
L e T LI B L | Y U
+F
04l Ea=1651Mev | 2345 MeV 1835 MeV 2345Mev.
5 02 MC10 05 1
go3r Juid
a P o
3 02 4
B 0.1 ]
3 051 R
o 1 MCO04
ol ) 0 : I T R ‘
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JUT4: Jude PLB 735 (2014), MC10: McCracken PRC 81 (2010) MC04: McNabb PRC 69 (2004), MC10: McCracken PRC 81 (2010)

Beam asymmetry Target asymmetry

T L e
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LLO7: Lleres EPJA 31 (2007), ZEO3: Zegers PRL (2003) LL09: Lieres EPJA 30 (2000) 12



Fit result K™ A photoproduction: beam-recoil asymmetries EPJ A 54, 110 (2018)

simultaneous fit of yp — 7%, 7ntn, np, KtAand 7N — «N, nN, KA, K2

vp — KTA:
CZ/
T T T
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LLO9: Lleres EPJA 39 (2009) LL09: Lleres EPJA 39 (2009)



Fit result KT A photoproduction EPJ A 54, 110 (2018)

simultaneous fit of yp — 7%, ntn, np, KTAand 71N — 7N, nN, KA, KX

o Fit of new CLAS data (Paterson et al. Phys. Rev. C 93, 065201 (2016)):

Data not included
— Fit JuBo2017-1
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Fit result KT A photoproduction EPJ A 54, 110 (2018)

simultaneous fit of yp — 7%, ntn, np, KTAand 71N — 7N, nN, KA, KX
o Fit of new CLAS data (Paterson et al. Phys. Rev. C 93, 065201 (2016)):

Data not included
— Fit JuBo2017-1
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Fit result KT A photoproduction EPJ A 54, 110 (2018)

simultaneous fit of yp — 7%, ntn, np, KTAand 71N — 7N, nN, KA, KX
o Fit of new CLAS data (Paterson et al. Phys. Rev. C 93, 065201 (2016)):

Data not included
— Fit JuBo2017-1
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Fit result KT A photoproduction EPJ A 54, 110 (2018)

simultaneous fit of yp — 7%, ntn, np, KTAand 71N — 7N, nN, KA, KX

o Fit of new CLAS data (Paterson et al. Phys. Rev. C 93, 065201 (2016)):

Data not included
— Fit JuBo2017-1
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The resonance spectrum




Resonance spectrum

Resonance states: Poles in the T-matrix on the 2" Riemann sheet

o Re(Eg) = “mass”, -2Im(Eg) = “width”

o elastic 7N residue (|rxn|, Oxn—sxn), Nnormalized
residues for inelastic channels (\/T'znT'u/Tiot, Orn—sp)

h
_Agale el? , h=1/2, 3/2

100

o 160 N
m 50 1500 &
6/41@,,/ 1400 v@q,\“\

e photocouplings at the pole: Apale

I+ isospin factor
ap (kp): meson (photon) momentum at the

pole
Ah o= /F gp 2m (2)+1)Eg Res Ah =1L+ 1/2 total angular momentum
pole kp  myn RN Eg: pole position

N elastic N residue

Ahi helicity multipole

In the present analysis:

o all 4-star N and A states up to / = 9/2 are seen (exception: N(1895)1/2~
+ some states rated with less than 4 stars

o one additional s-channel diagram included: N(1900)3/2F

o hints for new dynamically generated poles



Uncertainties of extracted resonance parameters

Challenges in determining resonance uncertainties, e.g.:

o elastic 7N channel: not data but GWU SAID PWA

— correlated x? fit including the covariance matrix 3 (available on SAID webpage!)
PRC 93, 065205 (2016)

XA =X (A) + (A-ATET(A-A)
A ~ vector of fitted PWs, A ~ vector of SAID SE PWs

— same x? as fitting to data up to nonlinear and normalization corrections

e error propagation data — fit parameters — derived quantities:
bootstrap method: generate pseudo data around actual data, repeat fit

o model selection, significance of resonance signals:

determine minimal resonance content using Bayesian evidence [Pri 108, 182002 PRC 86,
015212 (2012)
or the LASSO method [Prc 95, 015203 (2017); 1. R Stat. Soc. B 58, 267 (1996)]:

imax

Xp=x"+2)lal

i=1

A ~ penalty factor, a; ~ fit parameter

L talk by R. Molina on Wednesday

20



Uncertainties of extracted resonance parameters

In JiiBo framework: such methods are numerically challenging, but planned for the
(near) future

Estimation of uncertainties of extracted resonance parameters in the present study:
from 9 re-fits to re-weighted data sets
individually increase the weight in each reaction channel
extract resonance parameters from refits
maximal deviation of resonance parameters of the refits = "error”

only a qualitative estimation of relative uncertainties, absolute size not well
determined

20



Resonance spectrum: selected results | = 1/2, J® = 3/2F

EPJ A 54, 110 (2018)

N(1900) 3/2% | Re Ep —2Im Ey | |ren| OrN_smN
* K Kk [MeV] [MeV] [MeV] [deg]
2017 1923(2) 217(23) 1.6(1.2) —61(121)
PDG 2018 1920 + 20 150450 | 442 —20 + 30
1/2.1/72
7"9/[;7’\' % OrN—yN 71";/’1;(1;}(/3 4 OrN—kA ;1’{/152/;}(/22 . Ornoks
2017 1.1(0.7) —10(79) | 21(1.4) 1.7(86) 10(7) —34(74)
PDG (BnGa) 52 70+£60 | 342 90 + 40 442 110 4 30
N(1720) 3/2 | Re Ep —2Im Ey | |ren] OrN_smN
* ok Kok [MeV] [MeV] [MeV] [deg]
2017 1689(4) 191(3) 2.3(1.5) —57(22)
2015-B 1710 219 42 —47
PDG 2018 1675 £15 25070 | 15TL° —130 £ 30
1/2.1/2 1/2.1/2 1/2.1/2
I B BN F"/P':;K/A 6l Oxn—ka 7"/1@"0"(/2 ] Oxnoks
2017 0.3(0.2) 139(35) 1.5(0.9) —66(30) 0.6(0.4) 26(58)
2015-B 0.7 106 1.1 —70 0.2 79
PDG (BnGa) 3+£2 — 6+ 4 —150 +45 | — —

21



Resonance spectrum: selected results | = 1/2, J© = 3/2+ EPJ A 54,110 (2018)

N(1900) 3/2% | Re Ep —2Im Ey | |ren| OrN_smN
* %k ok [MeV] [MeV] [MeV] [deq]
2017 1923(2) 217(23) 1.6(1.2) —61(121)
PDG 2018 1920 + 20 150450 | 442 —20 + 30
1/2.1/72
mlymtm\’ M Ornosn Flr/'lyz(l.j(/i’ b Oxn—ka F;/INZ(:}/ZZ [ Oxnoks
2017 1.1(0.7) —10(79) | 21(1.4) 1.7(86) 10(7) —34(74)
PDG (BnGa) 52 70+£60 | 342 90 + 40 442 110 4 30

E1y, My multipoles in yp — KTA:

E o1 (\_—\__: - AN Red lines: JiiBo2017
E N - 3
SN PP Black (dashed) lines: BnGa2014-02
g - =~ 1. Gutz et al. EPJ A 50, 74 (2014)
Py 1 2F E
2 E. t t t t M,
E s { o5 '\/\/_ N(1900) 3/2+:
E By 1 % -~ seen by several other groups
< o5 3 1%k -7 7%
E oL \ R _1'51 EN_, 3 included (“by hand”) to improve fit result for
| Nl > i 1 1 p = KtA
1800 2000 2200 2400 1800 2000 2200 2400
E,,, [MeV] E,, [MeV]

21



Resonance spectrum: selected results | = 1/2, J® = 3/2F

EPJ A 54, 110 (2018)

Gy, [Mb]

N(1900) 3/2% | Re Ep —2Im Ey | |ren| OrN_smN
* %k ok [MeV] [MeV] [MeV] [deq]
2017 1923(2) 217(23) 1.6(1.2) —61(121)
PDG 2018 1920 + 20 150450 | 442 —20 + 30
1/2.1/72
mlymtm\’ M Ornosn Flr/'lyz(l.j(/i’ b Oxn—ka F;/INZ(:}/ZZ [ Oxnoks
2017 1.1(0.7) —10(79) | 21(1.4) 1.7(86) 10(7) —34(74)
PDG (BnGa) 52 70+£60 | 342 90 + 40 442 110 4 30

31

—~<.
-
ST TSN

S

1700 1800

21‘00
MeV]

1900 2000

o[

2200 2300

Total cross section 7—p — K+~
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Resonance spectrum: selected results | = 1/2, /¥ =5/2~ EPJ A 54, 110 (2018)

N(1675) 5/2~ Re Eq —2lm Ey [rren| OxN—nN
* ok Kok [MeV] [MeV] [MeV] [deg]
2017 1647(8) 135(9) 28(2) —22(3)
2015-B 1646 125 24 —22
PDG 2018 1660 & 5 135170 28+5 —25+5
1725172 1/2.1/2 1/2.1/2
% B OxnomN % 4 OxNoKA % 4 OxNnokE
2017 9.1(1.8) —45(3) 07(0.2) —91(6) 23(0.2) —175(10)
2015-B 4.4 —43 0.1 100 3.1 —175
PDG 2018 — — — — — —
dynamically generated '
N(2060) 5/2~ Re Eq —2lm Ey [ren| OxN—nN
* K ok [MeV] [MeV] [MeV] [deq]
2017 1924(2) 201(3) 0.4(0.1) 172(12)
PDG 2018 2070%% 400739 20110 —110 + 20
172,172 1/2.1/2 1/2.1/2
71“1;\:[1;7”\/ W OrN—yN ;"/‘[’\Jl:f/‘“ o OxNnokA ;"/’]NJ[I;K/Z % Oxnoks
2017 0.2(0.2) 109(20) 2.2(0.2) —86(3) 3.1(0.3) 86(3)
PDG (BnGa) 543 40 £ 25 14+0.5 — 442 —70 £+ 30

22



Resonance spectrum: selected results | = 1/2, /¥ =5/2~ EPJ A 54, 110 (2018)

E2, My multipoles in vp — KTA:

To2f ] 0-2 F - "‘~~-E Red lines: JiiB02017
E 0'01 3 J 02[ ] Black (dashed) lines: BnGa2014-02
< o1f N 04 F g Gutz et al. EPJ A 50, 74 (2014
& 02 \\N,/’)——o.ef ]
0.3 N(2060) 5/27:
Eo2f ,~
E orly seen by several other groups
< o0 inconclusive indications already in previous
E-o1p JiiBo fits (-2Im Ey > 600 MeV)
02 1800 2000 2200 2400 1800 2000 2200 2400
E,, [MeV] E,,, [MeV]
dynamically generated '
N(ZOGO) 5/2~ Re Ey —2Im Ey ‘rﬂ-Nl OxN_s N
* %k [MeV] [MeV] [MeV] [deg]
2017 1924(2) 201(3) 0.4(0.1) 172(12)
PDG 2018 2070%% 4002 20110 —110 + 20
T/21/2 1/2.1/2 /2,172
T INTIN r/or Tt
?m(m % OrxN—snN 7"?(01’0\ % OrnokA 7""}/le2 % OrNnoks
2017 0.2(0.2) 109(20) 2.2(0.2) —86(3) 3.1(0.3) 86(3)
PDG (BnGa) 543 40 + 25 1£05 — 4+£2 —70 £ 30
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RENENTE spectrum: A states EPJ A 54, 110 (2018)

KA pure | =1/2
mixed isospin wN, KX channels = changes in / = 3/2 spectrum
most of the well established A’s similar to previous JiiBo results

in general larger uncertainties than for / = 1/2 (— extension to YN — KX )

Example: A(1600) 3/2+ -

pl/2p1/2
A(1600) 3/27 | Re Ey —2Im Ey | |ren| OrNs N % BN kS
ok ok [MeV] [MeV] [MeV] [deg] %] [deg]

2017 1579(17) 180(30) 11(6) —162(41) | 13(7) —21(40)
2015-B 1552 350 23 —155 13 —5.6
PDG 2018 1510 & 50 2704+70 | 25415 180+30 | — —

AL i A 7

1073 Gev™ %] [deg] 1073 GeV™ %] [deg]
2017 54(25) 144(31) 46(19) 172(36)
2015-B 230 138 332 —71
BnGa 1 53+ 10 1304+ 15 | 55410 152+ 15

[1] V. Sokhoyan et al. EPJ A51 95 (2015)
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Summary and outlook

Impact of K+ A photoproduction on the resonance spectrum in the JiiBo DCC approach:

o confirmation of N(1900)3/2% and N(2060)5/2~
e many resonances move closer to PDG values

e hints for additional new states

Outlook:

e extension to KX photoproduction (already in progress)
e include N covariance matrices in fit

o model selection methods (LASSO): find the minimal model, reduce number of fit
parameters
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Details of the formalism

Polynomials:

= Ey = 1077 MeV

Z (E - EO) o~ 9hni1(E—Eo) - giF?/" gz‘sz fit parameter
= my

- e~ 9(E=E0): appropriate
high energy behavior

_n=3

n i
PNP(E) _ gNP ﬂ /e—gﬁf),,Jrq(E_EO)
I3 ) mn
0

j:



The scattering potential: s-channel resonances

- it resonance number per PW

- Yo ("/Z.,): creation (anntihilation) vertex function

n a c . .
VP — Z M with bare coupling f (free parameter)
Z — P - z: center-of-mass energy
=0 ! - mP: bare mass (free parameter)

Vertex Lint

N*(SNm LUy 70,70 + he
N*(S11)Nn ﬁ@mwaw\p + hc
N*(Si1)Np U=y’ 175, U + he
N*(Si)Ar L U\«~°59,7 A" + hec

Mo

o J<3/2:

Vo (V) from effective £

0 5/2</<9/2

correct dependence on L (centrifugal barrier)

k
("5- =404 "5+ = 50"
("), =4 () () e = £ (g0
Y %7 =\ %7 il %+ RV v %+
(Yo =L (o), () gs = £ (40
- Tw Oy v w0



The scattering potential: t- and u-channel exchanges

N pN nN A oN KA KX

N NAmm),, N, A Ct, N, ap N, A, p N, 7 I, 35, K* A, T*
(mm),y T, ®, a) K*

pN N, A, Ct,p - N, n = = 5

nN N, fo = = K*, A 3, o*, K*
TA N, A, p b - -

oN N, o - -

KA E, 2% f, E,E%p

®, Q
K= 5, 2% 6,
o, @, p

2 2\ "
Free parameters: cutoffs A in the form factors: F(q) = (f&%;;) ,n=1,2



(=N

K*

[0}




i

s




K*

N
N
(o}
K
s
0
K
K
K*

A
P
®
z
K
T
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Interaction potential from effective Lagrangian

J. Wess and B. Zumino, Phys. Rev

Phys. A 11, 5183 (1996),

163, 1727 (1967); U-G. MeiRner, Phys. Rept. 161, 213 (1988); B. Borasoy and U-G. MeiRner, Int. J. Mod

o consistent with the approximate (broken) chiral SU(2) x SU(2) symmetry of QCD

Vertex Lint Vertex Lint
NN | — Nz St 7. 9, 7 NNew | —gane T[v" — 55 0#7 0, Jw, ¥
NAr | WAz ARSH. 9,70 + he wrp | LT, 005 - 04w
pTT —Gprn (T X Op7) - P NAp —iq/\,fy#ﬁ*‘ 4#5t. PV + he
NNp | —gwe [V = 5o Ou]7 - ppp gNNn(ﬁu X py) - pr
NNo | —owe Tk Nop | e G207, x )
onmw qgn:r o7 - Mo AAT gAmﬁw A, Ay TARS, R
ooo —JoooMe000 AAp _gAApAT('Y _ lthYip " d,)
P - TAT
NNpm | 2N 2N, Ty Y 7O (fy X ) NN | =D oy g,
NNay | — 2Nz, Ty oy 703, NNao | gnngg M BT
amp —zgnfu"j 2107 X Gy — B, 7 X Gu] - (045 — V5] | 7na0 | GrnagmenF - o
+292’;ZW [7 X (8 pv — O] - (043 — 8] .




Generalization to SU(3)

e t- and u-channel exchange: TNP
o s-channel: resonances

coupling constants fixed from SU(3) symmetry

d
K
3
e.g. ANk = 7%9/\/'\/# (14 2aggp) 4
J. I. de Swart, Rev. Mod. Phys. 35, 916 (1963) [Erratum-ibid. 37, 326 (1965)
1K A
1
1
1 ‘\rr
1 ]‘v Ay
[ 2% %Y )
1
1 d
1 b)) s K
1 d
' N ’,
[ A N* A*
1
1
1
Yoow, N AN x
N
' Y
1
1
1
- New free parameters:
V K A

bare couplings gn=ky and

New free parameters: cutoffs A garks



Theoretical constraints of the S-matrix

Unitarity: probability conservation
o 2-body unitarity
o 3-body unitarity:
discontinuities from t-channel exchanges

— Meson exchange from requirements of

the S-matrix [Aaron, Almado, Young, Phys. Rev. 174, 2022 (1968)

Analyticity: from unitarity and causality

e correct structure of branch point, right-hand cut (real, dispersive parts)

o to approximate left-hand cut — Baryon u-channel exchange

P3. A3 P Pas M P3, A3
1 P3Ny Pas M
! s
A A

PR
-l o — Resonances

1
A
, AN

oy P2 Ao o \/u Ao

G=P—Ps 7=a - G=p+h=0



The SAID, BnGa and JiiBo approaches

All three approaches:

o coupled channel effects o amplitudes are analytic
e unitarity (2 body) functions of the invariant mass
SAID PWA Bonn-Gatchina (BnGa) PWA
based on Chew-Mandelstam K-matrix Multi-channel PWA based on K-matrix (N/D)
e K-matrix elements parameterized as o mostly phenomenological model

energy-dependent polynomials
gy=aep poy o resonances added by hand

e resonance poles are dynamically generated

(except for the A(1232)) e resonance parameters determined from large

experimental data base:
e masses, width and hadronic couplings from

pion-, photon-induced reactions, 3-body final
fits to pion-induced ©N and nN production

states

Julich-Bonn (JiiBo) DCC model

based on a Lippmann-Schwinger equation formulated in TOPT

. ) ) ) e resonances as s-channel states (dynamical

o hadronic potential from effective Lagrangians ) ;
generation possible)

o photoproduction parameterized by

. e resonance parameters determined from pion-
energy-dependent polynomials

and photon-induced data



Construction of the multipole amplitude M

Ky

o Field theoretical approaches : DMT, ANL-Osaka, Jiilich-Athens-Washington, ...

Example: Gauge invariant formulation by Haberzettl, Huang and Nakayama
Phys. Rev. C56 (1997), Phys. Rrev. C74 (2006), Phys. Rev. C85 (2012)
o satisfies the generalized off-shell Ward-Takahashi identity
o earlier version of the Jilich-Bonn model as FSI

Photoproduction amplitude: 7@%— - )4 . ’i‘)f . i"— . }

mME = ME 4 ME M

coupling to external legs

U &[Q‘r o b e ]

coupling inside hadronic vertex

Strategy: Replace /8) ! ﬁ(‘ by phenomenological contact term such that the
generalized WTI is satisfied

o Alternative gauge invariant chiral unitary method: Borasoy et al, Eur. Phys. J. A 34 (2007) 161
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