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History

» Hadron resonances can be accessed on the lattice from scattering its decay particles
e.g. A(1405) at SU(3) point: Javier Suarez-Sucunza+, arXiv:2605.28447

» We have seen many interesting and important two-body resonances

See state-of-art NN: Miguel Salg (Wednesday 9:20)

» Three-body example: m(1300) — mrm: it was possible to extract m(1300) from mrmr scattering
I = 0 w(782): [agemo] Haobo Yan+, PRL133, 211906 (2024)
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History

» Hadron resonances can be accessed on the lattice from scattering its decay particles
» We have seen many interesting and important two-body resonances e.g. A(1405) at sU(3) point: Javier Suarez-Sucunza+, arXiv:2605.28447

» Three-body example: w(782) — nrm: it was possible to extract w from mrrm scattering considering only light d.o.f.
I = 0 w(782): [agemo] Haobo Yan+, PRL133, 211906 (2024)
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N { \\\ . \\ \ M\ 17
\ 0.6 \ ' \ =
sy 5 N lg 08f 0.00 o ) «——— : W
\ § . M. = SN= Generic or EFT
A, ol . M, = 305MeV -— S
. : N : : parametrization
N N 16 M = 208MeV
S 0.71 '
0.5 46 05) \ AN -0.011
IEN e 0.6¢ \ N\
} § i 4 \\ ] 7 \\\ N . / R
1, : 0.6 s = &
goaf : 05} \ = ~=-0.021 ‘
\ \ 6 g [ "
N 0.4} l
. . g
AN
. } 3 =
2y s |5 osf EFT2
] 0.4 14 P
0.3 0.031{ 2224 Mphys.
3 . . \ ~— PDG
13 03t | A
032 04
0.2F Ml Elastic levels 13 0.04 4
1111l Inelastic levels 13 o
12 EFTA4 fit 2 B & ; ;
32 8 32 8 023 ® 9333 3 3 A 5 6
L/a L/a L/a L/a Re E.S/Mw

Multi-hadron resonances



History

» Hadron resonances can be accessed on the lattice from scattering its decay particles
» We have seen many interesting and important two-body resonances e.g. A(1405) at sU(3) point: Javier Suarez-Sucunza+, arXiv:2605.28447

» Three-body example: w(782) — nrm: it was possible to extract w from mrrm scattering considering only light d.o.f.
I = 0 w(782): [agemo] Haobo Yan+, PRL133, 211906 (2024)

mm 208 MeV mm 305 MeV 0.8 7T 208 MeV mrm 305 MeV [ = 17(1300): [agemo] Haobo Yan+, PRL136, 141901 (2026)
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> But w is not the only one in this region, there could be w — ¢ mixing, though mostly w — nirr and ¢ - KK

» Quantization condition should be updated to deal with 2 — 3 coupled channel
Multi-hadron resonances
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Parametrizations
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k Operator set Finite-volume spectra Resonance parameters Riemann sheet pole /
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Operator construction

» OpTion is utilized to generate general N-hadron operators with arbitrary momenta

[ README.md Update the published paper link 9 months ago Releases 2

> OpTion 1.1.0 ( Latest

. last year
README  MIT license 7z =

+ 1 release

OpTion Packages

No packages published
Publish your first package

license MIT Mathematica 10.x 11.x 12.x 13.x

OpTion (Operator construcTion) is a Mathematica package for operator construction in lattice QCD. Contributors 1

Installation 9 wittscien Haobo Yan

There is a Test.nb file under the repository Tests and it can run directly. To install the package,
Languages

* Download the source zip file from GitHub.
Wolfram Language 100%

o Extract the zip file and move the repository to the Applications directory inside (or directly clone at)

Haobo Yan+, JHEP 10 (2025) 210 (https://qithub.com/wittscien/OpTion)

Haobo Yan Multi-hadron resonances


https://github.com/wittscien/OpTion

Operator construction

» OpTion is utilized to generate general N-hadron operators with arbitrary momenta

r’ ® i# omega3.nb 100% v

v W v |+ B e vim 58] 5 8 e 8] @) e [T B L P e Q

n[ ]= Get[FileNameJoin[{DirectoryName[DirectoryName [NotebookFileName[]]], "package/OpTion.wl"}]1];
b b

(» I=0 sumr w =)

PrintNHadronOperatorAll[ {0, 06, 0}, "T1-", 3, 2, {"P", "P", "P"}];

Multi-hadron resonances



Operator construction

» OpTion is utilized to generate general N-hadron operators with arbitrary momenta

rﬂ @ omega3.nb 100% v1

E:E: v @ v | Input v| m] g] {";.] %‘u dr 8] () Gmw fg 53 j & LV__\ @ O\
In[1]:= Get[FileNameJoin[{DirectoryName[DirectoryName [NotebookFileName[]]], "package/OpTion.wl"}11];
OpTion: package for Operator construcTion in lattice QCD.

Author: Haobo Yan

Contact: haobo@stu.pku.edu.cn

(» I=0 sutm w *)

PrintNHadronOperatorAll[ {0, 06, 0}, "T1-", 3, 2, {"P", "P", "P"}];

Multi-hadron resonances



Operator construction

» OpTion is utilized to generate general N-hadron operators with arbitrary momenta

r’ [ ) omega3.nb 100% v
B}y m v |+ @AER. vim g 5 & dp & () e [T B AP 0@ Q

In[1]:= Get[FileNameJoin[{DirectoryName[DirectoryName [NotebookFileName[]]], "package/OpTion.wl"}]11];

OpTion: package for Operator construcTion in lattice QCD.

Author: Haobo Yan

Contact: haobo@stu.pku.edu.cn

In[2:= (» I=0 yum w *)

PrintNHadronOperatorAll[ {0, 0, 0}, "T1-", 3, 2, {"P", "P", "P"}];

Pi[ex,y] P2[-ey] Pa[-ex] - Pi[ex,-y] P2[ey] P3[-ex] - P1[e_x,y| P2[-ey]| P3[ex] +
Pi[ex,-y] P2[ey] Pslex] - Pi[ex,y| P2[-ex] P3[-ey] + P1[e x,y] Pa[ex] P3[-ey] + P1[ex,-y] P2[-ex] P3[ey] - P1[ex,-y] Palex] P3ey]

Pl[ey] P2 [ex] P3[e-x,—y] - Py[ex] Pz[ey] P3[e-x,—y] “Pl[—ey] P2 [ex] P3[e—x,y] + Py [ex] PZ[‘ey] P3 [e—x,y] -
Pi[ey] P2[-ex] Ps[ex,-y]| + Pi[-ex] Pa[ey] Ps[ex,-y] + P1[-ey] P2[-ex] P3[ex,y| - P1[-ex] P2[-ey] P3|ex,y]

Pl[eY] Pz[ex,—y] P3[-ex] —Pl[—ey] PZ[ex,y] P3[-ex] - Pl[ey] Pz[e_x,_y] P3[ex] +
Pi[-ey] P2a[ex,y| Palex] - Pilex] Pa[ex,y| Ps[-ey] + P1[-ex] P2[ex,y] Pa[-ey]| + P1lex] Pa[ex,-y] P3[ey] - Pi[-ex] P2[ex,-y| P3[ey]

Pl[ex,y,z] PZ[—ey] P3[e—x,—z] -P1 [ex,—y,z] P2 [ey] P3[e—x,—z] +P1 [ex,y,—z] P2 [—ey] PB[e—x,z] = Pl[ex,—y,—z] Pz[ey] P3[e—x,z] = Pl[e-x,y,z] PZ[—ey] P3[ex,—z] * Pl[e—x,-y,z] P2 [ey] P3[ex,—z] =
P1 [e—x,y,—z] PZ[—ey] P3[ex,z] + Pl[eAx,—y,—z] PZ[ey] P3[ex,z] - Pl[ex,y,z] P2 [-ex] P3[e—y,—z] + Pl[e—x,y,z] P2 [ex] P3[e—y,—z] - P1 [ex,y,—z] P2 [-ex] P3 [e—y,z] +
P1 [e—x,y,—z] P2[ex] P3 [e—y,z] + Pl[ex,—y,z] P2 [-ex] P3[ey,—z] = Pl[e—x,—y,z] P2 [ex] P3[ey,—z] * Pl[ex,—y,—z] P>[-ex] P3 [ey,z] -P1 [e—x,—y,—z] P2[ex] P3 [ey,z]

Pi[ex,y,z] P2[e.y,-z] Pa[-ex] + Pi[ex,y,-z] P2[e.y,z] P3[-ex] - P1[ex,-y,z| P2[ey,-z| Pa[-ex] - P1[ex,-y,-z]| P2[ey,z] P3[-ex] - P1[e_x,y,z]| P2[e_y,-z] P3[ex] - P1[e_x,y,-z] P2[e_y,z] P3[ex] +
P1 [e—x,—y,z] P?_[ey,—z] P3[ex] + Pl[e—x,—y,—z] PZ[ey,z] P3[ex] - Pl[ex,y,z] P2 [e—x,—z] PS[—ey] - Pl[ex,y,—z] PZ[e—x,z] P3[—ey] + Py [e—x,y,z] Pz[ex,—z] P3[—ey] +

Pl[e—x,y,—z] P2[ex,z] P3[_ey] * Pl[ex,—y,z] PZ[e—x,—z] P3 [ey] + Pl[ex,—y,—z] PZ[e—x,z] P3[ey] = Pl[e—x,—y,z] P2[ex,—z] P3[ey] = Pl[e—x,—y,—z] ) [ex,z] P3[ey]

Multi-hadron resonances



Operator construction

» OpTion is utilized to generate general N-hadron operators with arbitrary momenta

rﬂ [ ) omega3.nb

v m v [+ @ e vim 8 5 % i 8 @ e RSP

In[1]:= Get[FileNameJoin[{DirectoryName[DirectoryName [NotebookFileName[]]], "package/OpTion.wl"}]11];

OpTion: package for Operator construcTion in lattice QCD.
Author: Haobo Yan
Contact: haobo@stu.pku.edu.cn

In[2:= (» I=0 yum w *)

PrintNHadronOperatorAll[ {0, 0, 0}, "T1-", 3, 2, {"P", "P", "P"}];

[Pilex,y] P2[-ey] Psl-exl} Pi[ex,-y] P2[ey] Pal-ex] - Pi[ex,y] P2[-ey] Palex] +
Pi[ex,-y] P2[ey] Pslex] - Pi[ex,y| P2[-ex] P3[-ey] + P1[e x,y] Pa[ex] P3[-ey] + P1[ex,-y] P2[-ex] P3[ey] - P1[ex,-y] Palex] P3ey]

Piley] Palex] P3fex,y] -Pilex] Pa[ey] P3ex,y] -Pi[-ey] Palex] Ps[ex,y] +Pilex] P2[-ey] P3fex,y] -
Pl[ey] P2 [-ex] P3[ex,—y] +P1[-ex] PZ[ey] P3[ex,—y] +Pl[_ey] P2 [-ex] P3 [ex,y] -Pi[-ex] P2[—ey] P3[ex,y]
Pl[ey] Pz[ex’_y] P3[-ex] —Pl[—ey] Pz[ex’y] P3[-ex] - Pl[ey] Pz[e_x,_y] P3[ex] +
Pi[-ey] P2a[ex,y| Palex] - Pilex] Pa[ex,y| Ps[-ey] + P1[-ex] P2[ex,y] Pa[-ey]| + P1lex] Pa[ex,-y] P3[ey] - Pi[-ex] P2[ex,-y| P3[ey]

100% v

DeEQ

+
Sy
_——9 ~
&

Pl[ex,y,z] PZ[—ey] P3[e—x,—z] -P1 [ex,—y,z] Pz[ey] P3[e—x,—z] +P1 [ex,y,—z] P2 [—ey] P3[e—x,z] = Pl[ex,—y,—z] Pz[ey] P3[e—x,z] = Pl[e—x,y,z] PZ[—ey] P3[ex,—z] * Pl[e—x,—y,z] P2 [ey] P3[ex,—z] =
P1 [e—x,y,—z] Pz[—ey] P3[ex,z] + Pl[e,x,,y,,z] Pz[ey] P3[ex,z] - Pl[ex,y,z] Py [-ex] P3[efy,7z] + Pl[e—x,y,z] P2 [ex] P3[e—y,—z] - P [ex,y,—z] P2 [-ex] P3 [efy,z] +

Pi[ex,y,-z] P2lex] Ps[e_y,z] + P1[ex,-y,z| P2[-ex] Ps[ey,-z| - P1[e_x,-y,z]| P2lex] Pa[ey, z] + P1[ex,-y,-z] P2[-ex] P3[ey,z] - P1[e_x,-y,-z]| P2[ex] P3[ey,z]

Pl[ex,y,z] PZ[eAy,—z] P3[-ex] +P:1 [ex,y,—z] Pz[e—y,z] P3[-ex] - Pl[ex,gy,z] Pz[ey,—z] P3[-ex] - Pl[ex,—y,gz] Pz[ey,z] P3[-ex] - P:1 [e—x,y,z] Pz[e—y,—z] P3[ex] - P1 [e—x,y,—z] Pz[e—y,z] P3[ex] +
Pilex,y,z] Pa[ey, z] Palex] + Pi[ex,.y,-z] P2[ey,z] Palex] - Pi[ex,y,z] Pa[ex,z] Ps[-ey] ~Pifex,y, 2] Pa[ex,z] Ps[-ey] + Pr[ex,y,z] Pa[ex, 2] P3[-ey] +

Pl[e—x,y,—z] P2[ex,z] P3[_ey] * Pl[ex,—y,z] PZ[e—x,—z] P3 [ey] + Pl[ex,—y,—z] PZ[e—x,z] P3[ey] = Pl[e—x,—y,z] PZ[ex,—z] P3[ey] = Pl[e—x,—y,—z] ) [ex,z] P3[ey]

Multi-hadron resonances
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Operator construction

» OpTion is utilized to generate general N-hadron operators with arbitrary momenta

See also software by John Bulava (Monday 14:40)
See improvement on distillation by Juan Urrea-Nifio (Monday 14:00)

rﬂ [ ) omega3.nb
v m v [+ @ e vim 8 5 % i 8 @ e RSP

In[1]:= Get[FileNameJoin[{DirectoryName[DirectoryName [NotebookFileName[]]], "package/OpTion.wl"}]11];

OpTion: package for Operator construcTion in lattice QCD.
Author: Haobo Yan
Contact: haobo@stu.pku.edu.cn
In[2:= (» I=0 yum w *)
PrintNHadronOperatorAll[ {0, 0, 0}, "T1-", 3, 2, {"P", "P", "P"}];
Pi[ex,y] P2[-ey] Pa[-ex] - Pi[ex,-y] P2[ey] P3[-ex] - P1[e_x,y| P2[-ey]| P3[ex] +
Pi[ex,-y] P2[ey] Pslex] - Pi[ex,y| P2[-ex] P3[-ey] + P1[e x,y] Pa[ex] P3[-ey] + P1[ex,-y] P2[-ex] P3[ey] - P1[ex,-y] Palex] P3ey]
Pl[ey] P2 [ex] P3[e-x,—y] - Py[ex] Pz[ey] P3[e-x,—y] —Pl[“ey] P2 [ex] P3[e—x,y] + Py [ex] PZ[‘ey] P3 [e—x,y] -
Pi[ey] P2[-ex] Ps[ex,-y]| + Pi[-ex] Pa[ey] Ps[ex,-y] + P1[-ey] P2[-ex] P3[ex,y| - P1[-ex] P2[-ey] P3|ex,y]
Pl[eY] Pz[ex,—y] P3[-ex] —Pl[—ey] PZ[ex,y] P3[-ex] - Pl[ey] Pz[e_x,_y] P3[ex] +
Pi[-ey] P2a[ex,y| Palex] - Pilex] Pa[ex,y| Ps[-ey] + P1[-ex] P2[ex,y] Pa[-ey]| + P1lex] Pa[ex,-y] P3[ey] - Pi[-ex] P2[ex,-y| P3[ey]

100% v

0@ E QA

IPl[ex,y,z] PZ[—ey] P3[e—x,—z]|— Py [ex,—y,z] Pz[ey] P3[e—x,—z] + P [ex,y,—z] P2 [—ey] P3[e—x,z] = Pl[ex,—y,—z] Pz[ey] P3[e—x,z] = Pl[e—x,y,z] PZ[—ey] P3[ex,—z] + Pl[e—x,—y,z] P2 [ey] P3[ex,—z] =
P1 [e—x,y,—z] PZ[—ey] P3[ex,z] + Pl[e—x,—y,—z] PZ[ey] P3[ex,z] - Pl[ex,y,z] P2 [-ex] P3[e—y,—z] + Pl[e—x,y,z] P2 [ex] P3[e—y,—z] - P1 [ex,y,—z] P2[-ex] P3 [e—y,z] +

P1 [e—x,y,—z] P2[ex] P3 [e—y,z] + Pl[ex,—y,z] P2 [-ex] P3[ey,—z] = Pl[e—x,—y,z] P2 [ex] P3[ey,—z] * Pl[ex,—y,—z] P>[-ex] P3 [ey,z] -P1 [e—x,—y,—z] P2[ex] P3 [ey,z]

Pl[ex,y,z] PZ[eAy,—z] P3[-ex] +P:1 [ex,y,—z] Pz[e—y,z] P3[-ex] - Pl[ex,gy,z] Pz[ey,—z] P3[-ex] - Pl[ex,—y,gz] Pz[ey,z] P3[-ex] - P:1 [e—x,y,z] Pz[e—y,—z] P3[ex] - P1 [e—x,y,—z] Pz[e—y,z] P3[ex] +
P1 [e—x,—y,z] PZ[ey,—z] P3[ex] + Pl[e—x,—y,—z] PZ[ey,z] P3[ex] - Pl[ex,y,z] P2 [e—x,—z] P3[—ey] - Pl[ex,y,—z] Pz[e—x,z] P3[—ey] + Py [e—x,y,z] Pz[ex,—z] P3[—ey] +
Pl[e—x,y,—z] P2[ex,z] P3[_ey] + Pl[ex,—y,z] PZ[e—x,—z] P3 [ey] + Pl[ex,—y,—z] PZ[e—x,z] P3[ey] - Pl[e—x,—y,z] PZ[ex,—z] P3[ey] - Pl[e—x,—y,—z] P2 [ex,z] P3[ey]

Multi-hadron resonances
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Operator construction

» Isospin projection

333=(10305QR3=10305°07.

(@)oo = W +wd),

($)oo =,

(bm)oo ==z [ptn™ +p7at + gt — pra? — pint + ptnl]]

(KK)oo = % [K+* K~ + K°K°],

(rmm)o,0 = \/% [—rtnvn~ + ntrdn~ + wuntn” —nidntn” +rtr— % — e
L —r—atat +ratad — ¥t 4l ot ot t — 7r_7rd7r+] :

> pm operators up to 2 mom, KK operators up to 4 mom, and one nrr operator

I = 3: [HadSpec] Maxwell Hansen+, PRL 126, 012001 (2021), Maxim Mai and Micheal Déring, PRL 122, 062503 (2019)... Related talks:

I = 2: [HadSpec] Raul Bricefio+, arXiv: 2510.24894, PRL (2026), Feng+, arXiv:2601.16916, PRD (2026) Maxim Mai (Thursday 11:50)

[ = 11(1300): [agemo] Haobo Yan+, PRL136 (2026) 14, 141901 Andrew Jackura (Thursday 14:20)
I =1 a;(1260): [GWQCD] Maxim Mai+, PRL 127, 222001 (2021) Max Hansen (Tuesday 16:50)

I = 0 w(782): [agemo] Haobo Yan+, PRL133, 211906 (2024) Juan Jimenez (Tuesday 14:40)

Multi-hadron resonances 12



Finite-volume spectra and fit

E/M,
3 4 5 6 7 8 9
4 - T T T \\\I\ \I\ \I T
; DN "N M, = 208 MeV
\\\\ S I - ~ \
32k " Sl NNy e~
» CLQCD N; = 2 + 1 Wilson-Clover ensembles
» M, =305 and 208 MeV and two volumes each
0.2 0.3 0.4 0.5 0.6 0.7 0.8
[CLQCD] Zhicheng Hu+ PRD 109, 054507 (2024)
Il Elastic levels === [nelastic levels
» [ =1p - nrlevels as expected
3 4 5 6 7
BTN T Tapmt My =305MeV
32k, ® 1 \\\Q 1 ~ i .| - ) 1
0.3 0.4 0.5 0.6 0.7 0.8
ak
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Finite-volume spectra and fit

E/M,
3 4 5 6 7 8 9
4 C T ) T T \\\I\ \I\ \1 T
; ° "N M, = 208 MeV
\\\\ S I - ~ \
32k " Sl NNy e~
» CLQCD N; = 2 + 1 Wilson-Clover ensembles
» M, =305 and 208 MeV and two volumes each
0.2 0.3 0.4 0.5 0.6 0.7 0.8
[CLQCD] Zhicheng Hu+ PRD 109, 054507 (2024)
Il Elastic levels === Inelastic levels
» [ =1p - nrlevels as expected
3 4 5 6 7
BT T N e My =305MeV
32' P < ] \\\Q ] ~ | ~ = \
03 0.4 0.5 0.6 0.7 0.8
ak
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Finite-volume spectra and fit

E/M,

4 5 6 7 8 9

48 - 5} W) N
\\\
32k o . o
48F T E
32¢ ot bt
0.2 0.3 0.4 0.5 0.6
Hl Flastic levels === [nelastic levels
3 4 5) 6 7

48F ® ' \~

32

N

S

“pplet My =305 MeV

Haobo Yan

» CLQCD N; = 2 + 1 Wilson-Clover ensembles

» M, =305 and 208 MeV and two volumes each
[CLQCD] Zhicheng Hu+ PRD 109, 054507 (2024)

» [ =1p - nmlevels as expected

» Clear indication of w and ¢

Multi-hadron resonances 15



Finite-volume spectra and fit

E/M,

4 5 6 7 8 9

48 - 5} W) N
\\\
32t o . o
48F A
32 C o oA
0.2 0.3 0.4 0.5 0.6
Hl Flastic levels === [nelastic levels
3 4 5) 6 7

48F ® ' \~

32

N

S

“pplet My =305 MeV

Haobo Yan

» CLQCD N; = 2 + 1 Wilson-Clover ensembles

» M, =305 and 208 MeV and two volumes each
[CLQCD] Zhicheng Hu+ PRD 109, 054507 (2024)

» [ =1p - nmlevels as expected

» Clear indication of w and ¢
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Finite-volume spectra and fit

E/M,

4 5 6 7 8 9

48 - 5} W) N
\\\
32t o . o
48F R
32kt o kol |
0.2 0.3 0.4 0.5 0.6
Hl Flastic levels === [nelastic levels
3 4 5) 6 7

48F ® ' \~

32

N

S

“pplet My =305 MeV

Haobo Yan

» CLQCD N; = 2 + 1 Wilson-Clover ensembles

» M, =305 and 208 MeV and two volumes each
[CLQCD] Zhicheng Hu+ PRD 109, 054507 (2024)

» [ =1p - nmlevels as expected

» Clear indication of w and ¢
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Finite-volume spectra and fit

E/M,
4 5 6 7 8 9
48 C %) L) \\\I\ \I\ \1 T
S M, = 208 MeV
32k ol ! iol | ~ \po-q' | I
48 C ) T o T T
32 C [ e a2 Y |
0.2 0.3 0.4 0.5 0.6
Il Elastic levels === [nelastic levels
3 4 5) 6 7
32t 4 1 ™ ol 1 i .| - ) 1

Haobo Yan

CLQCD N = 2 + 1 Wilson-Clover ensembles

M, = 305 and 208 MeV and two volumes each

[CLQCD] Zhicheng Hu+ PRD 109, 054507 (2024)

I =1 p - nw levels as expected
Clear indication of w and ¢

Additional levels compared to light-only operators
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Routine

\ e desired quantum number —— )
— —>

L Eip

» To extract the information from spectra
Quantization condition: f(M (E,), F(En, L)) =0
» Quantization condition accounts for the polynomial finite-volume effects

Multi-hadron resonances
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Quantization condition from unitarity

> In FVU (Finite-Volume Unitarity): Unitarity = integral equation of the three-body amplitude

& |-

Maxim Mai and Micheal Doéring, PRL 122, 062503 (2019)

» This work: extend FVU to the two-three-body coupled systems
T - Erp 0) (Tp 0) 1 B (Tp O)
<X1“ ( o o)t o Jit@mrepPT9(0 1

See a more complete introduction to FVU by Maxim Mai (Thursday 11:50)

)=

State-of-the-art formalisms

> FVU [Mai and Déring, 2017]

> RFT [Hansen and Sharpe, 2014]

> NREFT [Hammer, Pang, and Rusetsky, 2017]

See FVU extension to two-body system with left-hand cut by Ivan Vujmilovic (Friday 14:00)
See extension to the Roper channel N(1440) by Jinzi Wu on Friday at Fri(1440)

See Mai PRL (2019) for quantitative tests of smooth and hard cutoffs

Multi-hadron resonances 20



Quantization condition from unitarity

’ C{Ul 1:.0 ]
p mp p lCp
» In the angular mom basis, three-body C = R
plichy P Z25p
i ¢ |

Hp_l == ao + CllO'

two-body 1§ _ _4E2 [4E2
Rl = s : K( K)

S

» Spectator mom cutoff = 1,1, 1]
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Quantization condition from unitarity

> y?/d.o.f.~ 1.6
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Quantization condition from unitarity

> x?/d.o.f.~ 1.9
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Summary

» Including strangeness produces more levels, and they are low in the spectra
» Extension of FVU to coupled 2-3 channels

» We are working on extracting w and ¢ simultaneously from coupled-channel scattering
» Radial excitations of kaons
» Finally Roper in the long future

» Matrix element with three-body hadronic state

» | made my thesis available on 2 weeks ago: arXiv:2607.12508

Thank you!
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