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- Introduction

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

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



Introduction: N interaction to ¢ in nuclear medium

pA (small R) in J-PARC SA®RE pA in J-PARC SADRE (¢ — KK)
AA (large R) in RHIC-STAR J-PARC E16 (¢p — ee)

op in LHC-ALICE I. .r.
o O ¢ ‘)
In vacuum ‘ Mass modification,

Attractive (J=3/2) (HAL acp) ~ width broadening, |
Bound (J=1/2)? (E.Chizzali et al.,2025) Polarization dependent mass shift?

1. Measurement of K-nucleus optical potential (= ¢ self energy)
2. d-nucleus interaction through femtoscopy (= N interaction)



1. K-nucleus optical potential
2. ¢-Nucleus correlation

First Measurement of the K~ Escape Cross Section in the 2C(K~,p) Reaction
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We investigated the K-nucleus interaction through the simultaneous measurement of the in-
clusive *C(K~,p) and exclusive K ~-escape "*C(K ~,pK_,.) reactions at 1.8 GeV/c at J-PARC.
The present measurement explicitly focuses on the K~ escape process for the first time, success-
fully accomplishing a direct experimental determination of the imaginary part of the K~ opti-
cal potential. The differential cross section for the K ™ -escape reaction was determined to be
436 + 6 (stat.) + 44 (syst.) pub/sr. A simultaneous likelihood fit yielded real and imaginary po-
tential strengths of Vo = —72 132 ) o ) MeV and Wy = —100 17 0.
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Link between ¢ self energy and K-nucleus optical potential

d*k
(2m)*

¢ self energy =T1KX(q) ~ gixx [ S—F(q. k) Di(q — k) D(k)

1
w? — k? — mg — g(w, k; p)

Kaon propagator: Dy(w, k; p) =

self-energy Ily(w, k; p) and Kaon optical potential Ug(w, k;p) :
[g(w,k; p) ~ 20U, k; p)

p(r)

Measurement of Ug(r) = (V, + iWO)p—
0

constraints ¢ energy
HE{())tal — HgIZ

%N + ...



K-nucleus optical potential

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

U,p(r) = (Vo + iWO)&

Po

K-atom X-ray : Limited on nuclear surface (Low density)

— Difficult to determine interaction

In-flight (X~, p) : Possible to probe nuclear interior (High density)

— Possible to determine interaction

Strong attraction
in KN (I = 0)

N\

K-nucleus potentia,l'/
deep or shallow ©

.......

K-escape will give

new information.

This study : First measurement of K~ escaping from nucleus via In-flight (K—, p),
leading to determination of optical potential




Theoretical calculation on

optical potential parameters -

10° -

Two contrasting families of solutions.
- Phenomenological #p approx. (based on KN) — “Shallow” potential

A-1 _ vy =
2V () = —4n (1 B ) bop(r)  ReVip = Vo=~ —(401080) MeV

m A ImV, , = Wy = ~ — (30 to 60) MeV [3-5]
- Density-Dependent (DD)

. ) ) . W, : K absorption strength ;E
adding p* term — “Deep” potential :

KN — zY, KNN — YN

bo — bo + Bolp(r)/pol ReV, =V, =~ — (150 to 200) MeV

opt

ImV,,, = Wy =~ — (60 to 100) MeV [6-8]

3
4
Shallow ? Deep ? N
7
3

Limited to 2 regions but X-ray measurement is not enough
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3] T. Waas and W. Weise (1997)

4] A. Ramos and E. Oset (2000)

[.. Tolos, 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)




Inclusive measurement via inflight '“C(K—, p) reaction
(J-PARC EO05)

B+ K

-8

o 12C(K~, p) missing-mass measurement

scattered p
>

°  Determined optical potential of !'B + K

(V() o Wo) — (_80 . 40) MeV

Important result by inflight reactior

Limited on real part V,

However, no sensitivity
on imaginary part w,

d°6/dQ/dM [ub/sr/5MeV]

160

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

—+ Data 35<9 <45 ) 35<6 <45
140f - - v, - 0 Mev Kp(Lab) A S op| Kp(Lab) A
120f=|" = Vo=-40 MeV ,/’ \\\\ . "lﬂ % 120 #ﬁ
100f-| " Vo= 00 MeY L“;-\ N 5> E 100 - g, ™
V, = -120 MeV _;t - ~"?-:}-§9% g =T o i
80F |- - v,=-150Mev| % = 80F|- - v, - oo
/ S efF 0 &7 "7
[ J a
Limits Vv, | £ «
“c 20
SIS T 00 =150 =200 90 00 50 500
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8_ I12000
— 10000 U( E) . (V OWQf (E)) p(r)
oooo v, = (Vo T1 phase 2(0)

6000
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[9] Y. Ichikawa et al. (2020)



Exclusive measurement via inflight “*C(K~, p) reaction
(J-PARC E42)

12¢ HB +K

K-
Inclusive measurement via '“C(K—, p) ,g - @

3D tracking detector (HypTPC) measures

scattered p

00—

quasi-free elastic K~ (escape process)

— determine optical potential V,, W, Quasi-free K~
by HypTPC

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

7 Gating grid
W~ GEMs

W, = K absorption strength

L ) e
R ~2026 9




K~ detection spectrum

Spectrum with K~ PID : K~ detection spectrum

Quasi-free Kaon is observed.
There still remains background in un-bound region.
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Decomposition of K=p / K=z by missing momentum analysis

P diff — | P miss P K—(TPC)‘
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Decomposition of Kp / K~ zp by missing momentum analysis

Mmiss

— P x-rey | distribution assuming two components K—p / K~ z%

— Decomposed K~ detection spectrum : K~ escape spectrum
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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 &2
S
Inclusive process: Green func calc + BG process <
A
Escape process: Green func calc S
Parameters: V,, W,, factor of each BG process S
=
N
<|C
Fixed the ratio of inclusive and escape. ©

Possible to effectively limit the ratio and spectrum shape.

Scanned likelihood distribution and obtained optimum (v, W;) : O

V)= — 72J_r§ (stat.)fg (syst.) MeV

W, = — lOOﬂ(stat.)J_“%(syst.) MeV
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Comparison with other data and theoretical calculations

K-nucleus optical potential at pg

ThiS WOrk (J-PARC E42) 140‘ shallowideep
' | Kaonic atom
V, = 2+3 (stat.)™V s (syst.) MeV 120} Thiswork  E—— (shallow soin) [11]
S | (Koo measurement) i
Wy = — 100+7(stat ) 1c(syst.) MeV 2 100} e
o _ H— :
S 80f i
V, : “shallow” (consistent with J-PARC EQ5) S col wunit B - A NANNNNNNN [6-8]
: . = . (single-nucleon) | Phenomenological
. - | l (deep / density-dep.) Kaonic at
W, : too large for 7 potential to explain. < aof R conic atom |\,
. . . . L | Acluci
Consistent with phenomenological DD potential. RN s 3-5) (clusive only)
Suggests contribution from L o | | |
. : : ‘thhe 50 100 150 200 250 300
multi-nucleon involving process within the nucleus. Vs [MeV] (real part. depth)
3] T. Waas and W. Weise (1997) 6] C.J. Batty, E. Friedman, A. Gal (1997)

This result favors:
Kaon condensation occurs at ~4p,, ., (Hard) in neutron star

Consistent with recent analysis using observation data (U, = — 66 MeV) [12]

I 1
L

] A. Ramos and E. Oset (2000)
5] L.Tolos, A. Ramos, E. Oset (2000) 1

[11] J. Yamagata-Sekihara et al. (2025)

7
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E. Friedman, A. Gal (2007)
E. Friedman, A. Gal (2013)

[12] D. Guha Roy and S. Banik (2025)




1. K-nucleus optical potential
2. ¢-Nucleus correlation



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

ALICE p—¢ correlation _

®d—Nucleus Interaction A pa
s 0.7<S.<1.0 _
2 :— o ALICqu)(Japq) ) _:
1 N N Crnodel = 3 Cop* §1'C1/2 ]
OZl suppression 15 =
No common valence quark between phi-N - -
1 ‘ —Q— 1 —O— 1 —O— i o ——
Strong attraction b/w phi-p (J=1/2) suggested by ALICE . -
What mechanism of interaction? How about b/w phi-Nucleus? 0.5 [— —
- 5:""":
d-mesic nucleus? o :
If phi-p (J=1/2) binds, then how about phi-Nucleus? : » Y e
Some theoretical predictions: bound by a few—20 MeV E.Chizzali et al. (2025) extracted

phi-p interaction (fO,d0O) with J=1/2

using HAL-QCD calculation with J=3/2
. . 1/2

In-medium effect, Chiral symmetry Re fi'/ = —1.54"03](stat.) g o3 (syst.) fm,

I 1/2) - 0. OO+O35 tat. +0.16 t)f ,
What relation with mass shift and broadening of phi in matter? mf( “0.00(StaL.)Zg po(Syst.) tm

(1/2) _ 0.09 0.02
(KEK PS324, J]-PARC E16/E88) Re d;'™ = +0.397 po(stat.)” g 3(syst.) fm,
Imd ' = 0.00*)3(stat.)*000(syst.) fm.
F. Oura, Pohang, July 24th, 20286



What can be measured: ¢-Nucleus correlation

Light nuclei can be produced with high yields in low-energy pA and AA collisions i, /syy < ~ 15GeV

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

Observable: correlation function Theory side Experimental side
* - N amer.ven (k*)
C(k) = [ drsr) |9 @) = gt
NMixedEvent(k ) |
3 Example Image
¢—p ¢ —*H ¢ — He ¢ —* He e ARAREARASSARGRARERS A :

'~'| Gaussian source, R === fittractive

— Attractive + bound state |
2 0k — Repulsive '

»—H

Possible to approach! ‘

0 50 100 150 200 250 300
k™ (MeV/c)

F. Oura, Pohang, July 24th, 20267



phi-Nucleus potential / correlation function

_ : :
phi-N interaction (S wave) from rotation symmetry R ch Weight Basis
VqﬁN(T) — ‘/C(T) - %S(T’) (S¢SN) (b-p J:3/2 +% V + évss — V:'S/Q
J:1/2 —1 ‘/(: o Vss — VI/Q
Operator for nucleus with A nucleons and spin Sx )
(b_ H J=2 +1 2‘/( + Vss — 2‘/3/2
V= Z[ (I7¢ — 7i]) +Vss(|7—°’¢—7_“’z'|)(s¢°5i)} J=1 —1 2V, -V, =2V, + 23V,
Folding with nuclear density X ‘ 5 1/2
5 . . ¢_3H/3He J:3/2 +% 3‘/( T %Vss — 2‘/( + ‘/3/2
Ua(R) = [ d'r px(r) [AV. + Vi (1 - 7)
J:1/2 —1 3‘/( o Vss — 2‘/( + V1/2
D) __ 2 1 -“4He J=1 (H— 0 4V,
Cl¢P) = 3 CJ:3/2 [V3/2] 3 CJ:1/2 [V1/2] ¢ ( ) §

CO™ ) = 8Oy _y[2Va)0] + 2 C oy [EVajn + 41 )0] + 5 Cyop[2V7)5)

C(#-°H/*He) 2 Cr_3/2[2V, + Vyjo| + 5 Cy_1/2[2V, + V1]

CO(¢-*He) _ 1. C,_,[4V.] Possible to explain all the system with common V,,, V;,7

By systematic study,
possible to understand V,,, interaction and phi-Nucleug?



&N interaction — a missing input for ¢ in nuclear medium

To understand ¢ in nuclear medium, the ¢ N interaction is the necessary input.
The J=1/2 channel in particular is poorly constrained (coupling to AK/2K)
— ¢ -nucleus (A=2-4) correlations can help.

pA (small R) in J-PARC SADRE pA in J-PARC SADRE (¢ — KK)
AA (large R) in RHIC-STAR J-PARCE16 (¢ — ee)
pp in LHC-ALICE

In vacuum ‘

¢

F. Oura, Pohang, July 24th, 20269



LL & KP framework

Recently | have prepared calculation framework for LL and KP.

C(k*) = /d3r S(r) \\I/gj)(r)|2 Starting point of LL/KP : Definition of correlation function

1. Lednicky-Lyuboshitz model ) _ 4k 2 R? ﬁ ﬂ( do ) _ 2Ref : [m f -
(analytiZ) y C(k*) =1+ agge —|—%l:wchgbym R - 7R ﬁRFl(zk R) — —=Fy(2k R)_

1
Scat. Amp. f(k*) = ( | | ldo k*2 zk*) Scat. Length : fO (hadron conv.)
fo 2 Effective range : dO
Fit data with C(k) Fi(2) :foleZQ(”’Q_l)daz — D(z)/z (Dawson function), Fy(z) = (1 — e~ %) /2

fit parameter: R, dO, fO

Source Size (Gaussian source radius) : R

2. Koonin-Platt formula (numerical)

C(k*) = 1+ agse ™ +3 " wap gsym / a7r? S(r; R) [ o (k*, 7) 2 = jo(k*r)?] dr.
O

ch w/ interaction w/0 interaction
: : Actually, what is solved is radial Schrodinger eq. (u=ry Free wave
F.'t data with C(k¥) o d J a- { ) Spherical Bessel func
fit parameter: R, Potential is fixed o (1) = [(%QV(T) B k*z]u(r)’ u(0) = 0,

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



Validation of the framework

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%)

21



Reproduction of ALICE phi-p result (LL calculation)

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

Figure 1. p-¢ ALICE LL baseline validation at R=1.08 fm

, ALICE LL source band R=1.03-1.13 fm
ALICE: fp =0.85+ 0.16/ fm, dg = 7.85 fm ALICE LL fit. R=1.08 fm

16 - max |AC| = 1e-06 for k™ <200 MeV/c = = cf-fitter ALICE reproduction

1.4 A
x
S 1.2

1.0

0.8 -

0 50 100 150 200 250 300
k™ [MeV/c]

In addition, for checking KP, | have reproduced some paper results. (Later shown)

22



CF calc for Phi-alpha system (KP)

Folding phi-N potential with nuclear density ~ Vyny = V. + Vss(Sy - sn)

Uso(R) = /d3r pa(r) Ve(|R — 7|). Because 4He has spin0, spin-spin comp vanishes. 4He density: Gauss (RMS=1.56fm)

| +1  (3/2) . :
— ly 2/ S, .syv) =4 2 Decompose with total spin J
C gV1i/2 + 3V3/2  (Sysw) 1(1/2) P P
—2ma T
. . (r7bi)2 e M . . .
J=3/2 Two Pion Exchange potential Vas(r) = Z a;e” (/%7 4 asms f(r; bs) 2 also used in E.Chizzali et al. (2025)
i:1’2 = [T *rrrrr1rrrrr1rrrrr1rrrrr1r T L
S’ 25 pp Vs =13 TeV
High-mult. (0 —0.17% INEL > 0)
07<S,<10
2 o ALICE p-06 ® p-0
] (;model - (% Cop §1 ' C1/2)

C1/2

E.Chizzali et al. (2025) extracted
phi-p interaction (fO,d0O) with J=1/2
using HAL-QCD calculation with J=3/.

[
i
+
i

n
3
I
I

|
3y

I

I

0 50 700 150 200 250 300
k* (MeV/c)



C(k™)

CF calc for Phi-alpha system (KP)

What | 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)

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 : g/fold (black line)

In addition, with folding
—2ma T
. —(r/b;)? 4 . € . . .
TPE potential  Vai(r) = a;e + asm, f(r; b3) o also used in E.Chizzali et al. (2025)
1=1.2
Etminan HAL WS spread = This work: g/fold
Etminan QMC WS spread This work: g+d/fold doublet band 3 SR L :
S o5 pp Vs = 13 TeV 7
— High-mult. (0 —0.17% INEL > 0) =
R=1fm R=3fm R=5 fm B 0.7<S, <10 N
1.8 QMC Ax=2 band to C = 5 (off scale) 1.0 1.0 2 :— ALICE p-¢ @ p-¢ _:
1.6 N BN Croga = (% Cyn* §1'C1/2) 7]
0.9 0.9 | s
1.4 - R - -
0.8 | 0.8 | u [ ]
12 n —_ r —-0——:_-
1.0 0.7 1 0.7 1 - .
0.8 - 0.6 - 0.6 - 05 / _:
0.6 - / 0.5 1 051 S T T T E
< 5 -
0.4 - 0.4 - 0.4 - : :
o ” E
0.2 A 0.3 1 0.3 1 E E
0.0 : : | : ; : 0.2 - - - - . - 0.2 . - , - - - _50_ 50 700 150 200 250 300
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140 D @eVic)

k™ [MeV/c] (= Etminan q)



Binding energy and scattering length for phi-alpha system

fo [tm] ry [tm] BE, . [MeV]
Quartet with folding -3.03 1.38 0.2
257 —-173  0./3—119 9.2—22.7

Summary: Etminan WS vs folded Vy, (Same curves as previous page)

Y z Phi-alpha Potential

o
TR _E BN

S —40 -

@

=

~

<

< —60
_80_

w— HAL WS (rms=1.84 fm)

= QMC WS (Ax=3 GeV)

m— This work: g/fold

—100 - = q+d/fold, by=0.55 fm (central)
g+d/fold doublet band

0 1 2 3 7 5 6

r [fm] F. Oura, Pohang, July 24th, 202&5



Summary

1. Kaon-Nucleus potential
- | have derived Kaon-Nucleus optical potential via escape Kaon from nucleus first time

- Suggesting that some mechanism beyond one-nucleon absorption like KN— Y.

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 | cannot show anything related to physics because of the Collab.
rule.
| would like to show the results soon.
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Validation of the framework

1. Solver vs analytic square well

Phase shift calculated with Numerov method compared with analytic solution

For an attractive square well (V[ = —40MeV, range 1fm, u = 488.6 MeV, the ¢p reduced mass)
the numerical phase shift matches the closed-form result g = —k*b + arctan|(k*/K) tan Kb|:

E* [fm™]  Spum  Oamalytic  rel. diff
0.02  +0.01117 +0.01121  0.4%
0.05 0.02789  +0.02789  0.0%
0.10  +0.05553 +0.05485  1.2%

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

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

R [fm] 1.2 20 30 5.0
max |Ckp — Cri|/Crr, 0.57%  0.15%  0.05% 0.01%

F. Oura,SelfintroWs, ASRC Hadron Gr., July 16th 28



Validation of the framework

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

u — oetkr +IBe—ikr

Comparing analytical solution and results obtained with Numerov method

How large the outgoing wave is, and with what phase,

So(k*) 0T
relative to incoming w::\ve /= 0) : So(k) _ —a/ﬂ
When ImV(r)<0, |Sp(k*)| <1
(a) V-1: |Sg| — line: analytic, dots: Numerov (@) V-1: KP correlation at R = 3 fm
1.00 4-- = KVt I~ B =1 o o[ o1 1 YZ=) 3.0 - m— nNear-thr. —22 -1/, Ro=1.8
‘ e Strong —80 — 30/, Ro = 0.8
0.95 -+ \ e Weak —30—2i, Rg=1.0
0.90 - 2.5 1
0.85 - . . . .
B Line: analytic ~ Line: analytic
A 0.80 - Dots: my framework X 2.0 Dots: my framework
0.75 A
0.70 -
m— \WWEak —30—2/, Ro=1.0
0.657 _ strong —80 — 30/, Ry =0.8
m— Near-thr, —22 -1/, Ro=1.8
0.60 - . . . .

0 25 50 75 100 125 150 175 200 5 s 50 75 100 125 150 175 200
k™ [MeV/c] k™ [MeV/c]



Binding energy and scattering length for phi-alpha system
fO=-a0

model ap [fm] ro [fm] BE..:c: [MeV] BEga: [MeV]
HAL WS spread (BE_exact) — — 2.97-5.99 —
QMC WS spread (BE_exact) — — 0.80-4,72 —
This work: g/fold (3-Gaussian) 3.03 1.38 6.19 6.29
3-Gaussian + doublet b d=0.40 fm 2.57 1.19 9.20 9.15
This work: g+d/fold, b d=0.55 fm 2.11 0.98 15.17 13.53
3-Gaussian + doublet b_d=0.70 fm 1.73 0.73 22.73 16.68
q+d/fold band (BE exact) — — 9.20-22.73 —
q+d/fold band (BE_ERE) — —_ 9.15-16.68 o

e HAL WS (rms=1.84 fm)

= = QMC WS (Ax=3 GeV)

= This work: g/fold

—100 - g +dffold, by4=0.55 fm (central)
g+d/fold doublet band

0 : > : ; : 6 F. Oura,SelfintroWs, ASRC Hadron Gr., July 16th 30
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