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From K-nucleus optical potential to -nucleus interactionϕ
Toward  meson in nuclear matter:ϕ



- Introduction 

- K-nucleus optical potential measurement  
  (J-PARC E42) 

- -Nucleus correlation study 
  (J-PARC SA RE, RHIC-STAR, theoretical work)

ϕ

Φ

Outline  



Introduction: φN interaction to φ in nuclear medium
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Attractive (J=3/2) (HAL QCD) 
Bound (J=1/2)? (E.Chizzali et al.,2025)

s s̄ s s̄

s s̄

s s̄

s s̄ s s̄

How do we connect? 

pp in LHC-ALICE

pA (small R) in J-PARC SA RE 
AA (large R) in RHIC-STAR

Φ pA in J-PARC SA RE ( ) 
J-PARC E16 ( )

Φ ϕ → KK
ϕ → ee

Possible to understand them based on phi-N int.? 

In vacuum 

p p
n

Mass modification, 
width broadening,  

Polarization dependent mass shift? 

1. Measurement of K-nucleus optical potential (→ φ self energy) 
2. φ-nucleus interaction through femtoscopy (→ φN interaction)

ϕ



1. K-nucleus optical potential 
2. -Nucleus correlationϕ

This work is based on the draft submitted recently,  
and currently under review. 
F.Oura et al. (2026), https://arxiv.org/pdf/2606.18398

https://arxiv.org/pdf/2606.18398


Link between φ self energy and K-nucleus optical potential 
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 self energy =  ϕ ΠKK̄
ϕ (q) ∼ g 2

ϕKK̄ ∫ d4k
(2π)4 F(q, k) DK(q − k) DK̄(k)

Kaon propagator: DK̄(ω, k; ρ) = 1
ω2 − k2 − m2

K − ΠK̄(ω, k; ρ)

self-energy  and Kaon optical potential  : 
 

 

Measurement of  constraints  energy 

ΠK̄(ω, k; ρ) UK̄(ω, k; ρ)

ΠK̄(ω, k; ρ) ≃ 2ωUK̄(ω, k; ρ)

UK̄(r) = (V0 + iW0)
ρ(r)
ρ0

ϕ
Πtotal

ϕ = ΠKK̄
ϕ + ΠϕN

ϕ + ⋯

By measuring  and , we constrain the in-medium  propagator 

 ̶ an essential input to the -cloud contribution to the  self-energy.

V0 W0 K

KK ϕ

F. Oura, Pohang, July 24th, 2026



K-nucleus optical potential 
K−p

K−
Nucleus

Strong attraction  
in   K̄N (I = 0)

-nucleus potential  
deep or shallow ?
K̄ K−

p

n

-escape will give 
new information.
K̄

Two questions still remain open :  
　Is K-nucleus potential “shallow” or “deep” ? ( )  
　How is Kaon absorbed in nucleus? ( )  

-atom X-ray：Limited on nuclear surface（Low density） 
　　　　　　　→ Difficult to determine interaction 
In-flight ：Possible to probe nuclear interior（High density） 
　　　　　　　→ Possible to determine interaction 

This study：First measurement of  escaping from nucleus via In-flight ,   
　　　　　　leading to determination of optical potential 

V0
W0

K̄

(K−, p)

K− (K−, p)

 Uopt(r) = (V0 + iW0)
ρ(r)
ρ0

6F. Oura, Pohang, July 24th, 2026
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Fig. IT. Shift and width values for kaonic atoms. The continuous lines join points calculated with the 
potential discussed in Section 4.2. 

best-fit optical 

Ref. [44]. For ease of reference, the complete data set listed in [44] will be referred to as ALL. 
The data set with 180 and 98Mo omitted will be denoted LESS, whilst the measurements for the 
two isotope pairs 160-180 and 92Mo-98Mo will be referred to as ISO. 

Theoretical calculation on  
optical potential parameters

Two contrasting families of solutions. 
- Phenomenological  approx. (based on ) → “Shallow” potential 

- Density-Dependent (DD)  
　adding  term → “Deep” potential

tρ K̄N

ρ2

 ReVopt = V0 = ∼ − (40 to 80) MeV
ImVopt = W0 = ∼ − (30 to 60) MeV

 ReVopt = V0 = ∼ − (150 to 200) MeV
ImVopt = W0 = ∼ − (60 to 100) MeV

Shallow？Deep？ 
Limited to 2 regions but X-ray measurement is not enough

[3] T. Waas and W. Weise (1997)
[4] A. Ramos and E. Oset (2000)
[5] L.Tolós, A. Ramos, and, E. Oset (2000)
[6] C. J. Batty, E. Friedman, and A. Gal (1997)
[7] E. Friedman, A. Gal (2007)
[8] E. Friedman, A. Gal (2013)

[3-5]

[6-8]

 :  absorption strength 
　　 , 
W0 K

KN → πY KNN → YN

7F. Oura, Pohang, July 24th, 2026



 Inclusive measurement via inflight  reaction 
(J-PARC E05)

12C(K−, p)
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[9] Y. Ichikawa et al. (2020)

Comparison between data and calc model with various  values [9]V0

 missing-mass measurement  

Determined optical potential of  s→ 

12C(K−, p)

11B + K

(V0 , W0) = (−80 , − 40) MeV

K−

12C
11B + K

scattered p

Important result by inflight reaction 
Limited on real part   
However, no sensitivity  
on imaginary part  

V0

W0

Limits  V0
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 contour plot for  and χ2 V0 W0

 0                                         140−V0 [MeV]

20
   

   
   

   
   

   
   

   
   

   
  8

0
−

W
0

[M
eV

]

F. Oura, Pohang, July 24th, 2026



Gating grid
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Inclusive measurement via 12C(K−, p)
K−

12C 11B + K scattered p

scattered p

Quasi-free  
by HypTPC

K−

3D tracking detector (HypTPC) measures 
quasi-free elastic  (escape process) 
 → determine optical potential  

K−

V0, W0

Exclusive measurement via inflight  reaction  
(J-PARC E42) 

12C(K−, p)

X = escape prob. 
1-X = absorption prob. 
 ＝  absorption strengthW0 K̄

F. Oura, Pohang, July 24th, 2026



 detection spectrumK−
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Quasi-free kaon
Physical BG

Inclusive 
 detectionK−

Inclusive 
 detectionK−

K−p → K−p

K−p → K−π0p K−p → K−π0π0p

Spectrum with  PID：  detection spectrum 

Quasi-free Kaon is observed. 
There still remains background in un-bound region. 

K− K−

F. Oura, Pohang, July 24th, 2026



Decomposition of  /  by missing momentum analysis K−p K−π0p
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Fitting  for each  binPdiff = | ⃗P miss − ⃗P K−(TPC) | BK

Simulation

K−p → K−π0p

Simulation 

K−p → K−p

Pdiff = | ⃗P miss − ⃗P K−(TPC) |

Fit data for each  bin (5 MeV)  
using two components.

BK

 0.030 < − BK < 0.035 GeV  0.080 < − BK < 0.085 GeV  0.120 < − BK < 0.125 GeV  0.160 < − BK < 0.165 GeV

F. Oura, Pohang, July 24th, 2026
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Decomposition of  /  by missing momentum analysis K−p K−π0p

0.3− 0.2− 0.1− 0.0 0.1 0.2 0.3
 [GeV]KB-
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)esc
−, pK−KC(12Escape:

 signalp−K→"p"−K
 backgroundp0π−K→"p"−K

K−p → K−p

K−p → K−π0p

Fitting  distribution assuming two components  /   

 → Decomposed  detection spectrum :  escape spectrum
Pdiff = | ⃗P miss − ⃗P K−(TPC) | K−p K−π0p

K− K−

F. Oura, Pohang, July 24th, 2026
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Optical potential deduction
Simultaneous fit of escape and inclusive spectra 
Inclusive&escape signal：DWIA calculation 
BG：inelastic K“N” processes generated by simulation 
 
Inclusive process: Green func calc + BG process  
Escape process: Green func calc  
Parameters: , factor of each BG process 

Fixed the ratio of inclusive and escape.  
Possible to effectively limit the ratio and spectrum shape. 

V0, W0

Scanned likelihood distribution and obtained optimum  :  

　  

　

(V0, W0)

V0 = − 72+3
−5 (stat.)+0

−8 (syst.) MeV

W0 = − 100+7
−1(stat.)+0

−16(syst.) MeV

F. Oura, Pohang, July 24th, 2026



Comparison with other data and theoretical calculations
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[12] D. Guha Roy and S. Banik (2025)

This work (J-PARC E42) 
　  

　  

 
 : “shallow” (consistent with J-PARC E05)  
 : too large for  potential to explain. 

　Consistent with phenomenological DD potential.  
　Suggests contribution from  
　multi-nucleon involving process within the nucleus.  
 
This result favors:  
Kaon condensation occurs at ~4  (Hard) in neutron star 

Consistent with recent analysis using observation data ( ) [12]

V0 = − 72+3
−5 (stat.)+0

−8 (syst.) MeV

W0 = − 100+7
−1(stat.)+0

−16(syst.) MeV

V0

W0 tρ

ρNucl

UK = − 66 MeV

[3-5]

[3] T. Waas and W. Weise (1997)
[4] A. Ramos and E. Oset (2000)
[5] L.Tolós, A. Ramos, E. Oset (2000)

[6] C. J. Batty, E. Friedman, A. Gal (1997)
[7] E. Friedman, A. Gal (2007)
[8] E. Friedman, A. Gal (2013)
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[11]

[11]

[11] J. Yamagata-Sekihara et al. (2025)
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1. K-nucleus optical potential 
2. -Nucleus correlationϕ



φ–Nucleus Interaction 

OZI suppression 
No common valence quark between phi-N 
Strong attraction b/w phi-p (J=1/2) suggested by ALICE  
What mechanism of interaction? How about b/w phi-Nucleus? 

ALICE: PRL 127, 172301 (2021), E.Chizzali et al. (2025) 

In-medium effect, Chiral symmetry 

What relation with mass shift and broadening of phi in matter?  
(KEK PS324, J-PARC E16/E88) 

ALICE p–φ correlation
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Φ-mesic nucleus? 
If phi-p (J=1/2) binds, then how about phi-Nucleus?  
Some theoretical predictions: bound by a few–20 MeV E.Chizzali et al. (2025) extracted 

phi-p interaction (f0,d0) with J=1/2 
using HAL-QCD calculation with J=3/2

F. Oura, Pohang, July 24th, 2026



What can be measured: φ-Nucleus correlation
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Light nuclei can be produced with high yields in low-energy pA and AA collisions :  

(pA in J-PARC SAPHIRE / AA in RHIC-STAR) 
That enables to measure correlation between phi and light nuclei! (Femtoscopy)

sNN < ∼ 15 GeV

s s̄

s s̄

s s̄
s s̄ s s̄

Observable: correlation function Theory side Experimental side

= C
NSameEvent(k*)
NMixedEvent(k*)

ϕ − p ϕ −2 H
ϕ −3 He

ϕ −3 H

ϕ −4 He
Example Image

Possible to approach! F. Oura, Pohang, July 24th, 2026



phi-Nucleus potential / correlation function 
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Possible to explain all the system with common ? 
By systematic study,  
possible to understand  interaction and phi-Nucleus?

V1/2, V3/2

V1/2

phi-N interaction (S wave) from rotation symmetry

Folding with nuclear density 

Operator for nucleus with A nucleons and spin Sx 

Weight Basis 



φN interaction — a missing input for φ in nuclear medium 
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To understand φ in nuclear medium, the φN interaction is the necessary input.  
The J=1/2 channel in particular is poorly constrained (coupling to ΛK/ΣK)  
̶ φ‒nucleus (A=2‒4) correlations can help.

s s̄ s s̄

s s̄

s s̄

s s̄ s s̄

How do we connect? 

pp in LHC-ALICE

pA (small R) in J-PARC SA RE 
AA (large R) in RHIC-STAR

Φ pA in J-PARC SA RE ( ) 
J-PARC E16 ( )

Φ ϕ → KK
ϕ → ee

Possible to understand based on phi-N int.? 

In vacuum 

F. Oura, Pohang, July 24th, 2026



LL & KP framework
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1. Lednicky-Lyuboshitz model  
    (analytic)

Scat. Amp. Scat. Length：f0 (hadron conv.) 
Effective range：d0 

Source Size (Gaussian source radius)：R

2. Koonin-Platt formula (numerical)

Fit data with C(k*)  
fit parameter: R, Potential is fixed

w/ interaction w/o interaction  
Free wave 
Spherical Bessel func

Starting point of LL/KP：Definition of correlation function

Actually, what is solved is radial Schrodinger eq. (u=rψ)

- Solve this equation using Numerov method  
　(algorithm of differential equations using recurrence relation like Runge-Kutta)

Fit data with C(k*)  
fit parameter: R, d0, f0

Recently I have prepared calculation framework for LL and KP. 



Validation of the framework 
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1. My solver vs analytic square well  
Phase shift calculated with Numerov method compared with analytic solution → consistent (<1%) 

2. KP vs LL consistency 
Using same potential, compare KP and LL → consistent for large source size (<0.1%) 

3. Imaginary potential  
Wave function conservation for imaginary well potential calculated 
Compare Numerov results and analytic results 
→ consistent (<0.1%)

F. Oura, Pohang, July 24th, 2026



Reproduction of ALICE phi-p result (LL calculation)
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Reproduce result of phi-p femto@ALICE(2021) using their scattering length, effective range, source size

In addition, for checking KP, I have reproduced some paper results. (Later shown)
F. Oura, Pohang, July 24th, 2026
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Folding phi-N potential with nuclear density

Because 4He has spin0, spin-spin comp vanishes. 4He density: Gauss (RMS=1.56fm) 

Decompose with total spin J

J=3/2 Two Pion Exchange potential also used in E.Chizzali et al. (2025)

E.Chizzali et al. (2025) extracted 
phi-p interaction (f0,d0) with J=1/2 
using HAL-QCD calculation with J=3/2

CF calc for Phi-alpha system (KP)



CF calc for Phi-alpha system (KP)
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TPE potential also used in E.Chizzali et al. (2025)

Etminan calculation: CF with Woods-Saxon potential based on HAL-QCD/QMC-model phi-N (J=3/2) interaction  
                               (blue band / green band regions) 
 
My calculation: CF with TPE potential (Same as Chizzali) with folding ：q/fold（black line） 
In addition, TPE (HAL QCD phi-N (J=3/2)) + 1Gauss (which can reproduce f0(1/2)=-1.54fm)  with folding 

What I have done : Calculated phi-alpha correlation functions using only J=3/2 folded OR J=3/2+J=1/2 folded 
　　　　　　　　　 AND compared with Etminan et al (2026) (only J=3/2, Woods-Saxon type)

F. Oura, Pohang, July 24th, 2026



Binding energy and scattering length for phi-alpha system 
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Phi-alpha Potential 

 
-3.03 

-2.57 ー -1.73

f0 [fm]   
1.38 

0.73 ー 1.19

r0 [fm]
Quartet with folding 
Doublet + Quartet with folding 

  
6.2 

9.2ー22.7

BEexact [MeV]

F. Oura, Pohang, July 24th, 2026



1. Kaon-Nucleus potential 
- I have derived Kaon-Nucleus optical potential via escape Kaon from nucleus first time 
- Suggesting that some mechanism beyond one-nucleon absorption like KN→πY.  

2. Phi meson physics   

- -nucleus correlation can possibly help understanding phi meson in nuclear medium  

- Theoretical framework has been prepared recently.  
- Interested in transportation model study, precision few-body calculation,… 

- Actually, -nucleus correlation in STAR is ongoing. Already checked.  
However, today I cannot show anything related to physics because of the Collab. 
rule.  
I would like to show the results soon. 

ϕ

ϕ

Summary 





Validation of the framework 
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1. Solver vs analytic square well 

Phase shift calculated with Numerov method compared with analytic solution 

Scattering length：f0=0.5586 fm (solver) vs f0=0.5610 fm (analytical)

2. KP vs LL consistency 
With same Gaussian potential（For LL, f0,d0 are derived from potential using Numerov method）

F. Oura,SelfIntroWS, ASRC Hadron Gr., July 16th



Validation of the framework
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Comparing analytical solution and results obtained with Numerov method

How large the outgoing wave is, and with what phase, 
relative to incoming wave 
When ImV(r)<0, 　　　    <1 

Line: analytic 
Dots: my framework

Line: analytic 
Dots: my framework

3. Validation with imaginary well potential 
Asymptotic form at r=∞  



Binding energy and scattering length for phi-alpha system 
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Phi-alpha Potential 

F. Oura,SelfIntroWS, ASRC Hadron Gr., July 16th


