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Outline

Overview of formalism and applications of DCC models [2505.02745/Review]
* Meson and photon-induced production of light baryons
e Mesons: The curious case of the K(1460) [2511.02543]

A and X spectrum with DCC = D. Ronchen'’s talk

Three-body unitary DCC calculations for excited mesons = S.
Nakamura's talk

(mN)- and three(nrnN)-body effects in baryons (IVU) = Jinzi Wu's talk
Baryon transition form factors = Yufei Wang's talk

Unitarized triangle effects > Ajay Sakthivasan's talk

Plenary talk by T. Sato on the EBAC and ANL/Osaka amplitudes

[other non-DCC approaches for.data analysis: SAID, Bonn-Gatchin, MAID, JPAC,....]
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I White paper baryon spectroscopy

Physics opportunities with meson beams [1503.07763 ]
William J. Briscoe, Michael Doring, Helmut Haberzettl, D. Mark Manley,
Megumi Naruki, Igor I. Strakovsky and Eric S. Swanson
Eur. Phys. J. A (2015) 51: 129 DOI 10.1140/epja/i2015-15129-5

Strange Hadron Spectroscopy with Secondary KL Beam in Hall D

KLF Collaboration « Moskov Amaryan (Old Dominion U.) Show All(152)
Aug 18, 2020 [2008.08215 ]

Hadron Physics Opportunities at FAIR ~ [2025.1598¢]

J. G. Messchendorp®*, F. Nerling®?%**, P. Achenbach?, J. Aichelin®f, M. Albaladejo®, L. An®, K. Aokil, G. Appagere’,




GW
Different DCC approaches (baryons)

[2505.02745/Review and

https://collaborations.fz-juelich.de/ikp/meson-baryon/main
https://www.rcnp.osaka-u.ac.jp/~anl-osk/]

« EBAC and ANL/Osaka analysis.
 Juelich-Bonn (JuBo)-Washington/JBW analysis

* Both share many aspects of channel space and formalism but differ in
some details such as coupling of the photon. ANL/Osaka:
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* ANL/Osaka has been extended to analysis of mN final, KY, and neutrino-
induced reactions

« JBW analysis focused on electroproduction reactions, also extensions to
charm

 Related approaches in 3-body meson physics (Nakamura, IVU) and
infinite-volume physics for lattice QCD (FVU) Maxim Mai's talk
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I Three-body unitarity with isobars * [1706.06118]

(@142, 3| (T=T1)|p1,p2,p3) = ifp a1, G2, 3| T k1, ko, k) (k1 ko, k3| T|p1, p2,p3>

1;[ [d% m)6t (k2 — m2)] (27)*s* < Z kg>

delta function sets all mtermedlate
particles on-shell

/Idea: To construct a 3B A
amplitude, start directly from
unitarity (based on ideas of
60's); match a general

\_amplitude to it .

* “Isobar” stands for two-body sub-amplitude which can be resonant or
not; can be matched to CHPT expansion to one loop if desired. Isobars
are re-parametrizations of full 2-body amplitudes [Bedague] [Hammer]



https://inspirehep.net/literature/504210
https://inspirehep.net/literature/504210
https://inspirehep.net/literature/504210
https://inspirehep.net/literature/1609072

I Three-body unitarity

(a1, a2, 3| (T=T")|p1, p2,p3) = ifp<917Q2>Q3|TT|7€1>/€2,k3></€1,k2,k3|T\P1,p2,p3>
‘ S S v v v

General Ansatz for the isobar-spectator interaction
— B & t are new unknown functions



I Three-body unitarity

(91,02, 3| (T—=T)|p1,p2,p3) = i [plar, a2, q3|T |k, ko, k3) (K, k2, k3|T|p1, p2, p3)
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I Three-body unitarity

(91,02, 3| (T—=T)|p1,p2,p3) = i [plar, a2, q3|T |k, ko, k3) (K, k2, k3|T|p1, p2, p3)
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I Three-body unitarity

<q17 q2, Q3|(T_TT)|p17p27p3> — ifP<Q17 q2, Q3|TT|k17 kQa k3><k17 k27 k3|T|p17p27p3>

~
’
\
/
- X

®




I Three-body unitarity

<Q17 q2, Q3|(T_TT>|p17p27p3> — ifP<Q17 q2, Q3|TT|k17 k27 k3><k17 k27 k3|T|p17p27p3>
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I Three-body unitarity

(@142, 3| (T—=T1)|p1, pa,p3) = i (a1, g, g3|TT|ky, ko, k3) (K1, ka2, ks|T|p1, Do, p3)
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I Scattering amplitude

3 — 3 scattering amplitude is a 3-dimensional integral equation

52\ A b o\ 0
A &) \5) &)
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>‘®@®‘<=>‘®=B=®_—<+f5;r ;T; LS-type

« Imaginary parts of B, S are fixed by unitarity/matching

« B, S are determined consistently through 8 different relations

O Eg —+/m? 2
Matching 2 Disc B(u) = 2mi\? < : - ) _\7 y
2\/m? + Q2 =+ \/

* un-subtracted dispersion relation
>\2
+C

B(s = —
WBCIP) =~ o v
« one-mexchange in TOPT — RESULT, NOT INPUT ! § C{ VS %
* One can map to field theory but does not have to. : T '
Result is a-priori dispersive. Add. Steps to map to theory
might be needed [Brett (2021)]



https://inspirehep.net/literature/1841349
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Unitarity exchanges visible in lattice: 3™

I

1 Horz, Hanlon data [1905.04277]
Prediction

""" Non-interacting

T

Ay

(0) £,(0)

S D (lowest participating wave)

[1911.09047,
GWQCD/Culver et al.]

|

Particle exchange quantitatively
predicts energy eigenvalues




Scattering equation

« 4-dim BSE requires 3D reduction

dk

(@l T(s)p) = (al B(s) Ip) + (a| C(s) |p) +/ ) (gl (B(s) +C(s)) |k) (o (k) (K[ T(s) |p) ,

T

Exchange:

« Complex

* Required
by
unitarity

;=TX+><J+[X+><J%T:

Contact term:

« Does not destroy
unitarity

* Free parametrization:

fit to data

Isobar-
spectator
Green'’s
functions

14



GW
JBW DCC approach (Jijlich-Bonn-Washington)

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

The scattering equation in partial-wave basis

(L'S'p'|T},ILSp) = (L'S'p'|Vy.,ILSp) +
o0
Z d 2 <L/S/ /|VU |L//S// > 1 <L//5// |7-Ij |LS>
q q PV iy D E T E Tk q| TS, ILSp
~, LS 0 Y q

channels v, u, ~:

77PJ KA f(E:-DJUJ

oN
TA | Np 1
1486

Ecy[MeV]

1611 1688 1729



GW

JBW DCC approach (Jijlich-Bonn-Washington)

The scattering equation in partial-wave basis

('SP |Th,ILSpy = (L'S'p'|VI,|LSp) +
1
2 L/S/ / \/lj L//S// L//S// TU LS
qg- (L'S'P|Vy.l q>E_EW(q)+iE< qlT5.,1LSp)
Y
A T, .
\,» potentials V/ constructed from
A effective £
V= ; + + N (15200 + .,
E : . i : TP
N on e v s-channel diagrams: T
(a) ®) @ genuine resonance states
[ P . K
T . Tt // T \\ ,/ t- and u-channel: TNP
\\ ,’I “, J/ dynamical generation of poles

N .——A T 2 partial waves strongly correlated

\Y G contact terms
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Details channel transitions
e 222 and 2> 3 transitions

ct

A(1232) P10 = mmm e 7 N
+ \\ e .
n N - A(1232 t — channel o, p

NNz Yl e eececeeee-- N
b4 /4
s — channel
N nN — zN



Transitions in s, t, and u-channels

« 21 s-channel exchanges (resonance)
« Contactterms
« tand u-channel exchanges (ANL/Osaka & JuBo/JBW):

TN nN KA KX oN A
N’ A, aop, N K*’ E’ K*s A’ P, N P N, A
(x7),, 0. £ S z, 3+,
(@n),y, p k k
N, f, K*, A, K*, X, w, N
K 2*, K
w, fo: ¢, ps Ay, K’ K*s
E, B* =, B* A
p, W, ¢’ K’ K*,
fos ag» 2, 2
o, N
| s, N, A

GW

oN

18



I Three-body channels oN, 1A, pN

e Resonant sub-channels

* Fit2->2 amplitude to 2> 2
scattering data

* Include as sub-channel in
3-body amplitude:

°[3—body unita rity:}Requires,
e.g.
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I JuBo: Data base

o N — X: > 7,000 data points (TN — 7wN: GW-SAID WI08 (ED solution))

L update: 7N — wN [2208.03061/Wang]

* IN=X Upcoming data from JParc
Reaction Observables (# data points) p./channel
vp — w0p do/dQ (18721), T (2927), P (768), T (1404), Aoy (140),
G (393), H (225), E (467), F (397), Cy (74), C,y (26) 25,542
vp — mtn do/dQ (5961), = (1456), P (265), T (718), Aoy (231),
G (86), H (128), E (903) 9,748
vp — np do/dQ (9112), 3 (403), P (7), T (144), F (144), E (129) 9,939
~p — KTA | do-/dQ (2478), P (1612), = (459), T (383),
/ (121), C,» (123), O,/ (66), O, (66), Oy (314), O, (314), 5,936
~p — KT30 Q (4271), P (422), = (280), T (127), G,/ (188), O, (254) 5,542
~p — KOS+ ||d (242), P (78) 320
in total 57,027

\ AN
—_— \

Roenchen et al. New interface [https://ibw.phys.qwu.edu/]



https://jbw.phys.gwu.edu/

| Results: Resonance spectrum
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' Highlight: P11

Im (E) (MeV)

ANL/Osaka [0909.1356/nucl-th]
Roper and N(1710) (?) in

ANL/Osaka from one genuine
s-channel state & channel
dynamics

A(1357,-76) // PR [ ———
-100 F / pN
/
f\ —--7
2200 F B(1364,-105)
C(1820,-248)
-300 f .
ON o= =
1400 1600 1800
Re (E) (MeV)

160 —

120

80

e JuBo [1211.6998/nucl-th]
* Roper generated from p t-channel but

also strong coupling to N channel
[9911080/nucl-th]

But genuine pole in IVU/Wu's talk

* N(1710) comes from fitting KA, and
appears right in elastic TN (!) 2 not
entirely stable result across all
analyses
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[See also talk by S. Nakamural] GW

I DCC for mesons: the K(1460)

[2511.02543,

MD, K. Khemchandani, A. Martinez
fo/ —~
oo K K* Kfy/Kay KKK

K fo/ag \/E

« Hadronic molecule hypothesis (stable, mass-degenerate fy and ay):

Zhang, Hanhart et al. [Eur. Phys. J A 58,22 (2022)] predict binding energy in MeV:

o A[GeV] t(a) +1(b) +s(a) +s(b) +streched +crossed
boxes boxes

| o 0.5 | 0.51(1) | 0.66(1.29) | 0.83(1.63) | 0.52(1.02) | 0.58 (1.14) | 0.68 (1.33) | x =0
| 1 0.5 | 1.63(1) | 2.51(1.54) | 3.93(2.41) | 1.63(1) | 1.86(1.14) | 2.21(1.36) |
|

11 0.5 | 1.58(1) | 2.44 (1.54) | 3.81(2.41) | 1.59 (1.01) | 1.81(1.15) | 2.16 (1.37) |

23



Kf,/Ka

I Pole trajectory

GW

Stable isobars (slightly different model)
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Realistic, coupled-channels isobars
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0.8F

0.2f
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Vs/MeV

[Kf({”_{ e Kaé{K Kay" KKEE gk nnK“]

All that remains is an
enhanced cusp
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Almost on-shell
kaon exchange

I Production reactions > triangle!
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GW

Summary

* Dynamical coupled channel models can capture many S-matrix
principles
* Multi-channel dynamics for two-body and three-body states with true
unitarity

« Complex thresholds, triangle singularities (TS) automatically contained

« Useful for phenomenological analyses of
* Meson and photon-induced baryon production with two and more final
states.
* Resonance usually included as genuine states but sometimes

states arise generated from meson-baryon dynamics or are
explained as kinematic effects (TS)

* Related approaches for finite-volume applications (FVU) and
conceptual advances (IVU)



Spare slides
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| Bare states & resonances

* The bare state masses heavily
depend on
* Regularization
* Included channels
* Indirectly, also on the

non-resonant interactions

// ,/1 //’ -“\\ Y
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|EBAC: nrrN final states

\ i 7 \\ // 7 \ 7 7 \\ // 7 ~ "— 4
\ ’ ’ Sy . ’ \ / / S . / A - ’
! > o B Py < o N 2 §p.o 1
N N N N A N A N N
(a) (b) (c) (d) (e)
7wN - 7N
N‘*A\ ',/ ,v,’ \~‘A,\/"//"/ \\\ \"/ ‘/z \\\ \',/ ,',/ ----‘~,.’~-V’ ---"‘~/___V
/’/4\:<, ,/ \\»/\ ‘// \4/‘/\ 37 \\/<: ‘,,' gp’G ",' gp
N N A A A A N A
() (9) (h) (i) 1)) (k)
/ / s / / / -7 7
/7 - / / / | mp w /
V4 ya pal V4 Vi o
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(@ (b) (c) (d)
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- - 7 74 —_——
%/ %’M d M/\/\’/W”"’p W‘” eff -~ P |T
pa Z yavi A Z
N, A N, A N, A N, A N
(e) (f) (9 (h) (i) )



GW

I How to solve the scattering equation

Tji(s,p', p)

A
=|Bji[s,p",p) + Cji(s,p',p +/
0

 Three-bodyv cuts

* Angle, energy dependent

 Dependalsoonp’andp

» Solve LSE for complex
momenta on a deformed
contour

dl [2

(27)3 2El ~9’“(3’p/’l) +éﬂ'k(371">l)) Fx(01) Tij(s,1,p)

—p i@, P—p—p')
—Ep — Epip) +ic

(] 'U; (pa P — p
Ep’+p(\/§_ Ep

1.5

. ¥ o N, " R H gy~
3 = X anev 70 30D ot gmbe P sen
P A Ak AT g W SN I PR
I~ e . A3 =75 18 - Ly etk # B
LOF =02 i il s A
- -

0.5} : * ;-_.. .
" ,\ ]
= o.o b A .
=~ = E
= = (74 0i) m, 1
K= 1
-0.5 -
e e ® ]

-1.0

-15

Rep [m,|



q /ms

 No solution for real momenta
in"critical region”
q p
3.5 _ 2mg + my /
3.0F { \ / :
L 3m, A~ St - ]
2.5 : - . ‘~.'\
; Unphysical e ]
2.0F \/
1.5 ,:_" ‘~_ -~ .;' / P}L\"Si('a‘l f
1.0f = s ~<
(e =12m)
05F
0'0 é'I PR S S S N S S S S S S R T S S S S S | .I{O. 1). PR |
3 4 5 6 7 8

How to get the solution for real, physical

V3/my = 7.6, d /mg = 0.01

momenta

Imp/m,

P
S W

|
S o ©
(9] o (9]

| |
— —
()} o

(2myg + my)/my; = 3.6

-2

-1 0 1 2
Rep/m

GW

Solution 1: Contour deformation [Cahill & Sloane]

1.5

Imp/m;,
=
=

-0.5f
-10f

~156

Brrsnfo(q3p), Vs =T.6m,, ¢ =34m,, mg =1.2m,

Lof

0.5F

.............................

-2 -1 0 1 2
Rep/m;,

31



GW

How to get the solution for real, physical
momenta

Solution 2: Direct inversion [Ziegelmann et al.]

P d . B A dq q2 B B
roauction  fT(s o'y = D;(s,q¢') + / - Bji(s,¢',q) 7:(o(9)) T (s, q)
amplitude o (27m)°2E,

) N [1;z(a — 9)
Ansatz I'(q)~ ) T7(q:)Hi(q) with Lagrange polynomials Hi(q) = ij :
= Hj;éz'(fh' — qj)
Makes integral equation a I7(q;) = D(g;) + A;iTT (q:)

matrix equation

~

. | A dgq? .
With singular integrals Aji—/o (2r)39E, B(qj,q) 7(o(q)) Hi(q) -

... for which many established algorithms exist



Im p/m

GW

How to get the solution for real, physical
momenta

Solution 3: Continued fractions
* Not rigorous as methods 1 and 2, but very good extrapolation properties

« Sample the solution on complex contour and evaluate the continued

fraction at real momenta
r — I
f(z) = fz1) +
r — Iy
p(x1,x2) + —
— X3
p2(x1, 22, 23) — fz1) +

[example: 2511.02543, p3 (21, 22,3, T4) — p(T1,22) + - -~

MD, K. Khemchandani, A. Martinez

0.0} 1 '
I | 0.6f
L CQ J 04}

4T T T T 1
s =1491. MeV

Vs =1491. MeV

0.2 -
ImT

Im T

-0.5F
r . 02p — I on Cy
| =< 5 0.0r . e | o C,
-1.0f = = )
L m w7 from (Y
ReT .
—02F I' from Cy
-1.5¢
I o
1 1 1 1 L L L L a L -0.4k L . L L —
0 2 4 6 0 200 400 600 800 1000 0 200 400 600 800 1000
Re p/m Re p/m

Re p/m



I Partial-wave decomposition

7o Plane-wave basis N

Tyva(p,q1) = (Bya(p,q1) +C) + |

(Bax (p, 1) + C)m(a(1)Tra(l,q1)

X

/

+1

{BL{N((ILP) = 27T/dl di\i () Bax (g1, P) Bl (qi.p) = ULAB}{A/((Ilap)UA’L’J

~1

{J LS basis:

A

T (q1,p) =

/‘ di [?
(27”)32E1

Ko

\

(BZL/(Qlap) + CLL/(qup)) 4

(BLL” (¢1,1) + Crrr(q1,1)) (o ()T (1, p)

/

34



Analytic cont. 3-body

[Sadasivan (2021)] §

[Doering (2009)] ~
/Ti]L’(‘h’I:)//(BiL’(QhP)+CLL'(Q1,p))+ I

.l2
/ 232E @ r(q1,1) + Crpr (q1,l)a(l))TL’,,L,(l,p)
N Y
(o)=K'-%,
2 9 Nk~
/.k 1 o v(k)*v(k) | ) vi(P—p—7p,p)ox(P—p—1p,p)

2m)3 2E), o'2[0 — 4E2 + ie @”@m:ﬂ%wﬁ_%_%,

— Epip + i)

e Two contours (SMC and )
« Deform both “adiabatically” to go to complex s
« Setof rules:
« Contours cannot intersect with each others
« Contours cannot intersect with (3-body) cuts
« Passing singularities left or right determines sheet 35



https://inspirehep.net/literature/1985644
https://inspirehep.net/literature/1985644
https://inspirehep.net/literature/816278

GW

I Phase motion

) [arb’U]

T
0

Kf

Im I'(

) [arb’U]

K f5™

Im I(

p=122 MeV

150

100

50

-50

-100

p=133 MeV p=144 MeV p=156 MeV

150

100

50

-50

-100

-100 0 100 200

Re I'(K f7™) [arb’U]
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I Excited pseudoscalar mesons

« Adding JF=0* quantum numbers to pseudoscalar mesons (7, 1, K)

In S-wave

- Excited pseudoscalar mesons

* Found in CLEO [JHEP 05 (2017)]
* Notin Compass

e State found in lattice QCD
[Dudek et al., PRD 82, 2010]

« Dynamically generated from mf?
[Martinez et al. PRD 84, 2011]

« New evidence from lattice QCD
[Yan, Mai, Y. Feng, MD et al.2510.09476 [hep-lat]

/V
S-wave
.,

S-wave

I

S-wave

@
@

W S-wave

Experimentally well
established

Hadronic molecule Kfy-Kag?

[Albaladejo PRD82 (2010)
Martinez PRC 83 (2011);

Filikhin PRD 102 (2020),

Zhang, Hanhart EPJA 58 (2022)]
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GW

A new model for strange mesons

« Two-body input from experiment when available, chiral models if
not: Full coupled-channel amplitudes

e Channels: Kf()KK Kfi™ Ka(lfK Ka,g" RKQKK TrE™ 77I<DK7r

. > > Strangess-2
Sub-channels have fy(zr, KK), ay(zn, KK) kaon cluster

« Hanhart result reproduced: With stable isobars, one gets very

shallow 3-body bound state in Kf&X KalX

* Slowly switch on all channels and full cc two-body amplitudes

State Mg —il'r/2
fo(500) 471.97 — ¢189.07
fo(980) 988.08 — i17.36 Two-body resonances
ao(980) 982.32 — i53.63
K (700) 832.57 — i230.70
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