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S .E. Koonin, PLB 70 (1977)
S. Pratt et. al. PRC 42 (1990)

C(q) ~ [d3r S(r) |9 (g, ) |?

e Koonin-Pratt formula :

S(r) : Source function

qo(_)(q, r) : Relative wave function 3
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) ) Hadron correlation in high energy nuclear collision
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~High energy nuclear collision and FSI
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-~ Hadron-hadron correlation

S .E. Koonin, PLB 70 (1977)
S. Pratt et. al. PRC 42 (1990)

C(q) ~ [d3r S(r) |9 (g, ) |?

q = (myk, — mky)/(m; + m,) ° IIlChldiIlg information of. ..

e Koonin-Pratt formula : * Depends on ...

Collision detail (Ai, energy, centrality)

S(r) :Source function | size of hadron source,

momentum dependence, weight. ..

qo(_)(q, r) : Relative wave function
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~High energy nuclear collision and FSI
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-~ Hadron-hadron correlation

S .E. Koonin, PLB 70 (1977)
S. Pratt et. al. PRC 42 (1990)

C(q) ~ ‘rdg’l' S) | (q, 1) |2 * Depends on ...

e Koonin-Pratt formula :

, Interaction (strong and Coulomb)
S(r) : Source function

, quantum statistics (Fermion, boson)
»7)(q, r) : Relative wave function _ 5




Correlation function

Y. Kamiya, K. Sasaki, T. Fukui, K. Morita, K. Ogata, A. Ohnishi, T. Hatsuda,

Phys.Rev.C 105 (2022) 1,014915

e (lear relation between C(g) and interaction

e Sensitive to (non)existence of bound state

e model: Lednicky-Lyuboshits (LL) formula
dr S()| 9@, 1) = C(gR, R/ ay)

* Gaussian source with radius R

« F(q) = [-1/ay — ig]™" with scat. length a,

| |
R/apg=-0.3 —
3 L
N 0.3 -
Q\\“\\ 1 e e e o
= 2 \\ Attractive
':TT . No bound state (ay < 0)
O
1=\ -'-f-;—;:;;};;:;;;;—:
""" Bound state reff/R=0
r or repulsive
0 (ay>0) |
0) 0.5 1 1.5

Morita, et al., PRC101 (2020) dR




© Simple model: Lednicky-Lyuboshits (LL) formula

C(q) = | &% Sr)| 9 (q.r)|* = C(gR, R/ay)

Correlation function

Y. Kamiya, K. Sasaki, T. Fukui, K. Morita, K. Ogata, A. Ohnishi, T. Hatsuda,
Phys.Rev.C 105 (2022) 1,014915

0

* Gaussian source with radius R

« F(q) = [-1/ay — ig]™" with scat. length a,

I |
R/ao='0.3 -
- -1 ______
| 03 -
S 1 -~
B N\ Attractive
N No bound state (a, < 0)
""" Bound state regf/R =0
e or repulsive
| (aO > 0) | |
0 0.5 1 1.5

Morita, et al., PRC101 (2020) dR

e (lear relation between C(g) and interaction

e Sensitive to (non)existence of bound state




‘\ y ) KN interaction and K p correlation
g 1\ /

© K(sD)N interaction and A(1405)

e Coupled-channel system of 72-7A-KN

® Strong attraction reproducing SIDDHARTA

_ Ox—r, K
. K—p—K
3 constraint on a” ? p p
quasi-bound state A(1405) 0 OK-ps Kon
e Strong constraint on af P by SIDDHARTA o N
experiment of Kaonic hydrogen | Re \/E
M. Bazzi, et al.. PLB 704 (2011) ‘

e Structure of A(1405) A(1405)

* two pole structure ‘ K™ p correlation
J. A. Oller and U. G. MeifB3ner, PLB500, 263 (2001)

* KN molecqlar picture (high-mass pole) = Kp RO
R.H. Dalitz, S .F. Tuan, PRL 425 (1959).

~Chairal SU(3) based KN-n2-n/A\ potential  wiyanara, Hyodo, Weise, PRC 98 2018)

e Constructed based on the amplitude with NLO chiral SU(3) dynamics <— a(f—p , o fitted
Ikeda, Hyodo, Weise, NPA881 (2012)
® (Coupled-channel, energy dependent as

Vstrong(r E) — e_(bi/2+bj/2)l’22 Fmax K
ij > a=0

a,lj

(E/100 MeV)“

e Constructed to reproduce the chiral SU(3) amplitude around the KN sub-threshold region e
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) y Coupled-channel effect

© Koonin-Pratt-Lednicky-Lyuboshits-Lyuboshits (KPLLL) formula

S.E. Koonin, PLB 70 (1977)
— 3 (=) e 2 3 (-) S. Pratt et. al. PRC 42 (1990)
Clq) = Jd r S(r) |y (g; N |" + Z ;| d°r 5,(r) |y, R. Lednicky, et.al. Phys. At. Nucl. 61(1998)
j;ﬁi Sl S A N A g S O SRS S e

== Contribution from Coupled-
channel Source

e Coupled-channel wave function e Contribution from coupled-channel source

w; — (out-going wave) + S " (incoming wave )

K p, K, 7°2°, 22", 272, 2°A

* |5,/ <1 —> Decrease the correlation

At channel threshold —> Cusp structure \/ FSI K~
* ;: obtained by solving the c.c. Schrodinger eq. ﬁ D CK—p
— 3+ Vi (r) Vis(r) ¥ Vin(r)
V21 r _2V_2 V22 r AQ ce Vgn r
:( | o : o | :( ) U(q,r) = E¥(q:,r), » Enhance C(q)
Vo () V() RN  Enhance cusp structure
* w, : production rate

V= Vaons (yCoonty A - hreshold energy diff. (compared to measured channel)
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~ Coupled-channel source effect

4 7 2
3.5
1.2
3+ 1.5
1.1
2.5 L
g 1
i 2 1
= = 0.9
1.5 :
0.8
1 0.5
0.7
- 06 ~/ Full without Coulomb —-—
| | | | |
0 | | | | | 0 .
0 50 100 150 200 250 300 0 50 100 150 200 250 300
q [MeV] a IMeV /¢l

L —— T

e Strong source size dependence
< == Due to the near-threshold A(1405) pole

e (Coupled—channel effect
« Enhance the correlation
* Enhance the cusp structure
« 72 and K"n w.f. components are significant

Kamiya, Hyodo, Morita, Ohnishi, Weise, PRL 124 (2020) 13, 132501 1 O
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~ Source size dependence of coupled-channel effect

4 A 2

R [fm]

_ “Ful,l R=1fm ——
Ful, R=3fm ——

U5 = 0.7 | -~ — |
\ ) Kponlyy R=1fm — —
0 | | | | | 0 K ponly R=3fm — — —
0 50 100 150 200 250 300 |
¢ [MeV] U6 50 100 150 200 250 300
q [MeV /c|

L — W

e Strong source size dependence
< == Due to the near-threshold A(1405) pole

e ((g) with large source
 Less prominent cusp structure
» Weaker coupled-channel source contribution

Kamiya, Hyodo, Morita, Ohnishi, Weise, PRL 124 (2020) 13, 132501 1 /I



Cx-,(qQ) = Jd?’r Sk-p(T) | l/fczg,‘)(q; M|+ Z ijd:‘r Si(r) | w©

Coupled-channel
wave function K'n, 729, ..

e (Coupled-channel wave function satisfies
the out-going boundary condition

2
|

» Measured channel (K™ p)
has out going wave

s=wWave

|y
O =N W s ot o 3 o

e Coupled-channel w.{.
emerges only in 1nt. region

o
—_
(\©)
S
(@)

VCoupling

e Small source ==> W.F. of Coupled-channels counts

e [Large source ==> Measured channel contribution dominant

Kamiya, Hyodo, Morita, Ohnishi, Weise, PRL 124 (2020) 13, 132501 1 2



) A Comparison with ALICE data

~ Comparison to the Exp. data

Cx-p(q) = Z o Jd3r Ls;,ér) | ‘PJ-C’(_)(Q, ) |2]

J
3 T T T T T 10 I
2.5 |\ . fit | 3
i Cge with wy =0 - - - -
= 27 R=09fm -
O |
1.5 "
e i kdalad el AR g
0 100 150 200 250 300 0 ’ | |
q [MeV/c| 0.8 1 1.2 1.4
- ALICE C_l%ta R [fm|  well fitted region
e Clear K"n cusp structure — *TdoD <D
e Strong Coulomb enhancement at small g
e A(1520) peak

- Comparison with Chiral model
e data well reproduced with the reasonable values of parameter
e Sizable 72 source contribution 13
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) / ) KN interaction and K™ p correlation
7 1\ /

~ Source size dependence with K™ p data

e ALICE pp collision data e ALICE PbPb collision data
ALICE PRL 124, 092301 (2020) ALICE PLB 822 (2021) 136708
3 l I I I - ! ! I —
i ALICE (pp 13 TV, HM) ——
| " ]
I Cﬁt B o 4
25 | Oy with wog =0 ——— - | 40-50% R E
C(ﬁt + Cres  =w-e---- B 0.9 .6‘. i
= 2/ _ g - ] i
5/ | R =09 fm -_ 0.8 ¢ _
! 0 50 100 -
- k* (MeVic) 1
0 50 100 150 200 250 300 [ L T#YR, =49 = 0.14(stat)” " (syst) fm-
q |[MeV /¢] N | .‘ o .' L __
Kamiya, Hyodo, Morita, Ohnishi, Weise, PRL 124 (2020) 13, 132501  © 50 100 pe (1|\?|%v / C)(

e Small source e Large source

e Clear K'n cusp structure
» Weaker cusp

* Sizable contribution from coupled-channel

source required to reproduce data  Consistent with analysis only with K™ p source

e Chiral SU(3) dynamics describes the both correlation data well.
14



) KN interaction and K p correlation

© Source size dependence of K™ p data
e ALICE data PbPb collisions data  ALICE PLB 822 (2021) 136708

 Large source —> weaker coupled-channel effect
—> more direct approach to interaction of the measured channel

 Extraction of the K™ p scattering length from correlation function
* Fitting with 1 channel LL model with Gaussian source

g | T | : :_E\ 1 .5_ T | T | T T T T | T T ]
Qo | ALICE Pb-Pb |5, = 5.02 TeV | :; (@] ALICE O Borasoy et al.
1.2 ] &“2 i <~ SIDDHARTA O lkeda et al.
L —— K'p ® pK", 30-40% i lkeda et al. 2 Liuetal.
— = SIDDHARTA Borasoy et al. | @ lto et _al' m Martin
- lkeda et al. Liu et al. - (oo il a
14 - Ito et al. lkeda et al. ] i +-
| Hoshino et al. i
B | - x
i = Martin O
1 ottt 0.5 S -
L PR |
/_;_‘H - _
0.9 Ry, =5.2 + 0.11(stat)’ 2:;Z(syst) fm _|
C ! ! ! ! | ! ! ! ! | ! ! ] AR RN ST NN NSRS SR SR NN N N MR
0 50 100 -1.5 -1 -0.5 0
k* (MeV/c) R f, (fm)

10
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) / ) KN interaction and K™ p correlation
A\

e [Latest K™ p correlation results e Analysis with scale factor a;
ALICE [2205.10258] « Scale the coupled-channel source contribution
« pPb : 0-20%, 20-40% 40-100% 5y el o
 PbPb : 60'70%, 70-80% 80-90% CK—p — Cle(l—p + Z ajcjinel
j

e Discrepancy around K7 threshold

: * o, ~ 2 gives better agreement
between chiral SU(3) model and exp. data

P el qaiiee dale ~ 1mplying the stronger coupling
(%35‘ %3.05- ALICE 3 S 4L ALICE  TF+BW -
- . | 4 - -0 1,0

3.0} ALICEpPb 11 sl | ALICEPbPb | - cKho
0 ] I ] i CD T i
25 O20% : 60-70% |- 3 ]
- oo NP nnn: ; 2.0:— Teft - i _
= i —— Theor. : i + 1
1.5F — Fitwith a; | 7 2r ; ]
[ i ¥ : Il [ o] §
1.0_-&—-—— esait e
I 0.7<S; RIMLDHLIHIHTHEEHHH I Tjjmart
[ asnnsssnssnaercc i) 0;7-;,; HATE R i
%18 :' - .' o ™ Cb‘g O %u, "' ot l . X/NDF 204 7 i | | | | |
&’ Qfsee®ee tely, n ] I _'
S dpene] Tl M T 08 112 14 1s
A T A 0 50 100 150 200 250 I eore (fM)
0O 50 100 150 200 250 | k* (MeVi/c)
k* (MeV/c) L — —_—

10
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) / ) KN interaction and K™ p correlation
1\

e [atest K™ p correlation results ® Analysis with the effective Kyoto potential
ALICE [2205.10258] Vary the interaction with the factor f as
e pPb : 0-20%, 20-40% 40-100% Vs e Vs
* PbPb : 60-70%, 70-80% 80-90% kna=1 = Pr=oVin =)

VKN,I:O — D1 VIZNJ:O

Check the consistency with agIDDHARTA and

ALICE pPb data C2™(q)

e Discrepancy around K7 threshold
between chiral SU(3) model and exp. data
for small source data

§35 L L L '__ 18 T T T I 10
S ]
3.0F ALICE pPb L6 =y for CI?I—DE(Q) ol &
0-20% E 14 L — 8
25} b — 0 7
[ NP SNV S ~1.2
2.0f - 6
: 1
150 D
i 0.8
1.01% 09095 1 1.05 L1 .15 12125 13135 1.4
Br=o
m10-_ ........ PP . o : wj. -
o QOpeee®eee®elyg s, o o 2NDF=11.13
QL AR L NOF 2122 e No parameter sets reproduces a; D> AR and Cllél_)b(q)
0 50 100 150 200 250 | p
k* (MeVi/c)
— S— . More detailed theoretical analysis 1s needed.

17



- KN 1nteraction

— £
{/' % E
NJI=0 — ,
c f
N,I=1 -
Jd=
1.0
0.5}
E I
20.0
u;x
B2, B4: Mai, Meifiner, EPJA 51 (2015) [
c-0.5
M1, Mii: Guo, Oller, PRC 87 (2013)
-1.0

PnLo: Cieply, Smejkal, NPA 881 (2012)

KMnro: TIkeda, Hyodo Weise NPA 881 (2012)

_’— ““““““““““ & -
M M ] M M M
1400
s'2 (MeV) s'2 (MeV)
Re L/' K_
e
« E
-~ e <
L et L
L == T £
-_ M M ] M M M M ] M M M M ] M M ] M M M
1400 1450 1500 1400
s'2 (MeV) s'2 (MeV)

M 1 M M M
1450

M 1
1500

Cieply and Mai, EPJ Web Cont. 130, 02001 (2016)

e Can we constrain KN I = 1 interaction / amplitude from femtoscopy?

13
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) / ) KN 1nteraction from Kg p correlation function
g 1\

Y. Kamiya, T. Hyodo, A. Ohnishi. in preparation

o Kg p correlation

K2p) =[|K) = | K°p)1/\/2 _
| SP) | p p)— | f)] \/_ | CKgp — [CIZOp n CKOp]/2
KNI=1 KNI=0.1
e |/ =1 component only e Well determined with scat. exp. -
. . Kyoto + AJ model 1 ——
e Chiral amplitude e Chiral amplitude . Kyoto + AJ model 2 —— |
Ikeda, Hyodo, Weise, NPA881 (2012) K. Aoki and D. Jido, PTEP (2019) » |
o Effective potential e Effective potential |
Miyahara, Hyodo, Weise, PRC 98 (2018) Constructed from chiral amp. L -
S
S K g a il
| 1.1 _
0.95 R=1fm
2.2 = T 1
fgipﬁg 09 - v’—
K% 4 72+ ntA - 0.9 | | |

0 50 100 150 200 250 300

q [MeV /(]

7/
W g
// 9
/
// 7
2 /
7z /)
// /
= /) |
/)
7 /
J Y R=1fm | — —
7,
I§ 0.8:// model 1 K% only ——— |
model 1 K% + K*n- - —.

model 2 K% only ———
model 2 K% + K+tn - — —.

0 50 100 150 200 250 300

1 o NV e Enhancement by K’p(KN I = 1) is sizable.

7| ——— —

0.8 50 100 150 200 250 300
q [MeV/c|




Summary

Femtoscopic correlation function in high energy nuclear collisions 1s a
powertful tool to investigate the hadron-hadron interaction.

Chiral SU(3) based effective potential model reproduces the ALICE K™ p

correlation data from pp collisions with the reasonable by including the
coupled-channel source effect.

Detailed source size dependence can be investigated with the latest data
from the different collision experiments.

 Large source: Good agreement with the chiral model of K™ p channel

 Small source: Finite deviation indicates the need for the modification of
the coupled-channel interaction.

K?p correlation is useful to directly see the I = 1 KN interaction.

‘wamé yOUfOT yOUT attention! 20
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