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◻ Missing Resonance Puzzle:
   More baryon resonances are predicted
   by quark models than are observed in
   experiments.



❏ The heavy pentaquark states, Pc [uudcc], were observed in the weak decays “Λb
0 → J/ψ p K-”.

1. introduction
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[PRL.122.222001 (2019), PRL.128.062001 (2022)]                                                 [PRL.115.072001 (2015)]

Pc(4380)                4380 ± 8 ± 29                 205 ± 18 ± 86
Pc(4450)                4449.8 ± 1.7 ± 2.5          39 ± 5 ± 19
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❏ Candidates of exotic structures?

Compact multiquarks
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Triangle Singularity
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❏ The heavy pentaquark states, Pc [uudcc], were observed in the weak decays “Λb
0 → J/ψ p K-”.

[PRL.122.222001 (2019), PRL.128.062001 (2022)]
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❏ Candidates of exotic structures?

Compact multiquarks

Hadronic molecules

Tetraquark            Pentaquark

Meson-Meson             Baryon-Meson
07

Pc = D(*) Σc molecules?

❏ The heavy pentaquark states, Pc [uudcc], were observed in the weak decays “Λb
0 → J/ψ p K-”.

[PRL.122.222001 (2019), PRL.128.062001 (2022)]
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❏ The heavy pentaquark states, Pcs [udscc], were observed in the weak decays.    

“Λb
0 → J/ψ Λ K-”                                                                                                         “B- → J/ψ Λ p” 
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[Sci.Bull.66.1278 (2021)] [PRL.131.031901 (2023)]
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: No longer listed
  in PDG 2024.
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Exotic states

including possibly non-qq states
(charmonium-like / XYZ states)



❏ First findings on exotic mesons

2967 citations

 χc1(3872) 0+(1++)

Y(3940), Z(4430)

Meson          Tetraquark

    기존의입자와는성질이전혀
   다른새로운유형의 X, Y, Z

   입자를세계최초로발견했다 .

1. introduction
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1. introduction

❏ The doubly charmed tetraquark, Tcc
+ [ccud], were observed in the “D0 D0 K+” mass spectrum.

12

Compact Tetraquark (ccqq)

Hadronic molecules (DD*)

◻ Breit-Wigner parameterization

◻ Found just below DD* threshold

◻ JP = 1+ and I = 0 is favored.

[NaturePhys.18.751 (2022)]



❏ Existence and properties (mass, width, decay mode, ...) of most N* and Δ* resonances
    were derived from partial wave analyses (PWA) of γN and πN elastic scattering data.

SAID                model independent single channel PWA [πΝ → (πΝ, ηΝ), γΝ → (πΝ, ηΝ)]
                         http://gwdac.phys.gwu.edu/

BnGa                multichannel partial wave analysis [πΝ, ηΝ, ππΝ, ΚΛ, ΚΣ, γΝ]
                         http://pwa.hiskp.uni-bonn.de/

MAID              unitary isobar model, single channel  [γΝ → πΝ, ηΝ, ΚΛ, KΣ]
                         http://www.kph.uni-mainz.de/MAID/

Jü lich               dynamical model with coupled channel [πΝ, ηΝ, ππΝ, ΚΛ, ΚΣ, ..., γΝ]

Gießen             coupled channel unitary Lagrangian model [πΝ, ηΝ, ππΝ, ΚΛ, ΚΣ, γΝ]

ANL-Osaka     dynamical model with coupled channel [πΝ, ηΝ, ππΝ, ΚΛ, ΚΣ, ..., γΝ]

❏ Those of Λ* and Σ* resonances were derived from KN elastic scattering data.

❏ Single channel analysis is also important.
13
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1. introduction

             How to produce multistrangeness baryons in hadron physics?

❏ Multistrangeness baryons are of importance in our understanding of
    strong interactions. However, the information of them is very limited currently.

❏ SU(3) flavor symmetry allows as many S = -2 baryons, i.e. Ξ, but only
    11 Ξ baryons are observed, whereas there are ~ 25 Λ* or Ʃ* resonances (S = -1).

❏ This is mainly because multistrangeness hadron production have small
    cross section rates relatively.

❏ (a) pp interaction (p p → Ξ(*) Ξ(*), Ω(*) Ω(*)) at GSI-FAIR
    (b) photoproduction (γ p → K K Ξ(*), K K K Ω(*)) at JLab
    (c) K induced reaction (K- p → K(*) Ξ(*)) at J-PARC
        > [KimSH, et al, PRC.107.065202 (2023)]

    > May provide substantial contributions
       to the spectroscopy of cascade baryons.



(a) pp interaction (p p → Ξ Ξ)                   (b) photoproduction (γ p → K K Ξ)         (c) K induced reaction (K- p → K Ξ)
     at GSI-FAIR                                              at Jefferson Lab                                       at J-PARC
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1. introduction

             How to produce multistrangeness baryons in hadron physics?

❏ Multistrangeness baryons are of importance in our understanding of
    strong interactions. However, the information of them is very limited currently.

❏ SU(3) flavor symmetry allows as many S = -2 baryons, i.e. Ξ, but only
    11 Ξ baryons are observed, whereas there are ~ 25 Λ* or Ʃ* resonances (S = -1).

> (a,b) The production mechanism is a two-step process.
> (c)    Ξ baryons are produced directly when we use only K beams.

~ 10 nb (theory)                                              ~ 10 nb                                                     ~ 102 μb



(a) pp interaction (p p → Ω Ω)                  (b) photoproduction (γ p → K K K Ω)     (c) K induced reaction (K- p → K K Ω)
     at GSI-FAIR                                              at Jefferson Lab                                       at J-PARC
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1. introduction

             How to produce multistrangeness baryons in hadron physics?

❏ Multistrangeness baryons are of importance in our understanding of
    strong interactions. However, the information of them is very limited currently.

❏ SU(3) flavor symmetry allows as many S = -2 baryons, i.e. Ξ, but only
    11 Ξ baryons are observed, whereas there are ~ 25 Λ* or Ʃ* resonances (S = -1).

> For Ω baryon production, the mechanisms become more complicated.

~ 1 pb (theory)                                         ~ 1 μb



◻ We consider only the ground state, Y(Λ, Σ),
   due to the lack of information on “Y* ⟶ K Ξ*”.
◻ Only one decay channel is listed in the PDG.

◻ The calculations can be further simplified than γ N ⟶ K K Ξ.

◻ Several Y*(Λ*, Σ*) states should be included
   since multiple “Y* ⟶ K Ξ” decay channels
   exist.
   [Liu, PRC.69.045204 (2004)]
    [Nakayama, PRC.74.035205 (2006)]
    [Man, PRC.83.055201 (2011)]

γ N ⟶ K K Ξ

γ N ⟶ K K Ξ*

Λ(*), Σ(*)

Λ, Σ

17

◻ In this work, we study the reaction γ N ⟶ K K Ξ* in a hadron exchange model.

Σ(2250) → K Ξ* [B = 18 %]

2. theoretical framework
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Cross Sections

(c.m.)
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(Peskin)

(Ours)

Baryon Propagator

(Ours)
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Effective Lagrangians
◻ EM vertex

◻ strong vertex

2. theoretical framework
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Invariant Amplitudes

2. theoretical framework
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Gauge Invariant; Contact terms
Extension from one-meson to two-meson photoproduction
[Haberzettl, PRC.56.2041 (1997), 58.R40 (1998), Nakayama, PRC.74.035205 (2006)]

⟶ self gauge invariant

2. theoretical framework
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Gauge Invariant; Contact terms
Extension from one-meson to two-meson photoproduction
[Haberzettl, PRC.56.2041 (1997), 58.R40 (1998), Nakayama, PRC.74.035205 (2006)]

⟶ self gauge invariant

γKNY                                KNY γKYΞ*                                 KYΞ*

2. theoretical framework
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3. numerical results

γ p ⟶ K+ K+ Ξ*-

Preliminary Result

◻ The processes (a – d) are more dominant than those of (a' – e').
◻ The results of invariant-mass distributions and Dalitz plots will come soon.

[CLAS, PRC.98.062201 (2018)]
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3. numerical results

γ p ⟶ K+ K+ Ξ-

27

Only spin-(1/2, 3/2) Λ* and Σ* resonances are included. [Nakayama, PRC.74.035205 (2006)]

Spin-(5/2, 7/2) Λ* and Σ* resonances are additionally included. [Man, PRC.83.055201 (2011)]

[CLAS, PRC.98.
062201(R) (2018)]

◻ The absence of any structure is due to
   the absence of S=+2 exotic meson production.

◻ The local structure is due to Σ*(2030, 7/2+).



3. numerical results

γ p ⟶ K+ K+ Ξ-

27

◻ The absence of any structure is due to
   the absence of S=+2 exotic meson production.

◻ The local structure is due to Σ*(2030, 7/2+).



γ N ⟶ K π Σ (Invariant Mass Distributions)

[Nacher, PLB.455.55 (1999)

 CLAS, PRC.87.035206 (2013)]

100%

42%

4. applications
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Λ*, Σ*



[CLAS, PRC.87.035206 (2013)]

γ N ⟶ K π Σ (Invariant Mass Distributions)

4. applications
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                                  π Σ*(1385)   π Σ    π Λ [%]
Λ(1600,1/2+  ****) ⟶    9                 35
Λ(1670,1/2-  ****) ⟶    6                 40
Λ(1710,1/2+  *      ) ⟶  20                 21
Λ(1800,1/2-  ***  ) ⟶    9                 27
Λ(1810,1/2+  ***  ) ⟶ 40                 16
Λ(1820,5/2+  ****) ⟶   7.5              11
Λ(1830,5/2-  ****) ⟶ > 15              55
Σ(1775,5/2-   ****) ⟶ 10                  3.5   17

γ N ⟶ K π Σ* γ N ⟶ K π Λ*

                                π Λ*(1405)   π Σ   π Λ [%]
Σ(1660,1/2+ ***  ) ⟶   4                   37     35       

                                π Λ*(1520)                   [%]
Σ(1620,1/2- *      ) ⟶  10                  17       9
Σ(1750,1/2- ***  ) ⟶    2                  16     14
Σ(1775,5/2- ****) ⟶  20                   3.5   17
Σ(1880,1/2+ **   ) ⟶    2

(1385) (1405, 1520)Σ*

4. applications

30

◻ These reactions provide a valuable opportunity to study higher Λ* and Σ* resonances
   by measuring cross sections, invariant-mass distributions, and Dalitz plots, etc.

Λ*, Σ*



γ N ⟶ K π Σ* γ N ⟶ K π Λ*

(1385) (1405, 1520)

4. applications
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(1385) (1405, 1520)

Λ*, Σ* Σ*

◻ These diagrams should essentially be included as part of the background contribution.

◻ We can directly apply our current theoretical formalism to these reactions.
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γ N ⟶ K K Ξ* π N ⟶ K K Ξ*
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γ N ⟶ K K Ξ* π N ⟶ K K Ξ*

The number of possible Feynman
diagrams is much reduced.
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4. applications

33◻ These reactions provide a valuable opportunity to study higher Ξ* resonances.

K N ⟶ K(*) π Ξ*
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K N ⟶ π K Ξ*
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◻ These reactions provide a valuable opportunity to study higher Λ* and Σ* resonances.
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K N ⟶ π K Ξ*
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◻ These reactions provide a valuable opportunity to study higher Λ* and Σ* resonances.
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◻ Higher Λ* and Σ* resonances can be identified through bump structures.

[KimSH et al, PRC.107.065202 (2023)]
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[KimSH, 2602.01768 (2026)]
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K N ⟶ K K Ω

Slide by K. Shirotori

38

(2021)



◻ We consider
   both parts numerically.

Rescattering effect (γ p ⟶ φ p)                                 Final state interaction (γ p ⟶ φ p)
S. Sakinah,  SHKim, HMChoi, 2604.14814 (2026) S. Clymton, SHKim, HChKim, in preparation (2026)

◻ T matrix is derived the Haftel-Tabakin method
    for matrix inversion:

◻ An off-shell coupled-channel formalism is essential.

39
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Rescattering effect (γ p ⟶ φ p)                                 Final state interaction (γ p ⟶ φ p)
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◻ Two pronounced cusp structures are
   located at the DΛc and D*Λc thresholds.

◻ Different cusp structures are generated
   automatically. 40
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◻ We studied the γ p ⟶ K+ K+ Ξ*- reaction in a hadron exchange model.
   Nine Feynman diagrams are rigorously taken into account in a gauge invariant manner.

◻ The total cross section is calculated and is fitted to the JLAB/CLAS data.
   The results of invarianrt-mass distributions and Dalitz plots will come soon.

◻ We can apply our formalism to other 3-body reaction channels:
    γ N ⟶ K π Σ* (JLab), K N ⟶ π K Ξ*, K K Ω (J-PARC), etc.

◻ A comprehensive understanding of multistrangeness baryons requires
    a detailed investigation of three-body reaction mechanisms.
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◻ We studied the γ p ⟶ K+ K+ Ξ*- reaction in a hadron exchange model.
   Nine Feynman diagrams are rigorously taken into account in a gauge invariant manner.

◻ The total cross section is calculated and is fitted to the JLAB/CLAS data.
   The results of invarianrt-mass distributions and Dalitz plots will come soon.

◻ We can apply our formalism to other 3-body reaction channels:
    γ N ⟶ K π Σ* (JLab), K N ⟶ π K Ξ*, K K Ω (J-PARC), etc.

◻ A comprehensive understanding of multistrangeness baryons requires
    a detailed investigation of three-body reaction mechanisms.
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