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Study of KN interaction from the hadron-hadron
l correlation 1n high-energy nuclear collisions

Yuki Kamiya
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S.(x, k) : Source function

YO)(r, q) : Relative wave function A
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-~ Hadron-hadron correlation

4 q - > | Depend on ...
Jd*x) [ d*x,8,(x1, kS (x5, k) | ¥ (x, q) |

Cioky, ky) =
12( I 2) Jd4X151(X1, kl)Jd4x252(x2’ k,)

Collision detail (Ai, energy, centrality)

* Including information of...

S,(x, k) : Source function < smmm—_S—_| sizc of hadron source,

time dependence, weight. ..

¥Y)(r, @) : Relative wave function
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~High energy nuclear collision and FSI
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[d*x; [d*x,S, (61, kS5 (%0, Ko) | PO, @) |
Jd“xlSl (x1,Kq) jd4x252(x2, k,) * Depends on ...

Interaction (strong and Coulomb)

Clz(kla kz) =

S.(x, k) : Source function

, , quantum statistics (Fermion, boson)
P)(r, q) : Relative wave function 0O




) Hadron correlation in high energy nuclear collision

~ How to study the hadron interaction
[d*x, [d*xyS,(x1, K)S5 (x5, Ky) | 0, ) E S.(x, k) : Source function
J d*x;Sy(xy, Ky) f d*x28(%, K7) ¢ 7(r, q) : Relative wave function

¢ Introduce relative source: S(k))
e Move to the center-of-mass frame

Clz(kl’ kz) —

S. Pratt et. al. PRC 42 (1990)

Koonin-Pratt formula : C(q) =~ Jd3r S) |, q) | 5.E. Koonin, PLB 70 (1977)

¢ Simple model with LL formula 3 - Riag=-1 — — —
R. Lednicky, et al. Sov. J. Nucl. Phys. 35(1982). =~ \ R/ay=0.1 ——
| ' AN Riag=-0.1 —-—.

e Static Gaussian source 2

 Effective range expansion 5

e (C(q) 1s sensitive to R/ay
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reﬂ:/ R=0

e R : Gaussian source size

, 0 0.5 1 1.5 2
* dy: scattering length aR
Morita, et al., arXiv:1908.05414

Powertful tool to study hadron interaction in low energy region 7
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- Example: AA interaction from AA correlation function
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L. Adamczyk, et al. PRL 114 (2015).

e Dectailed analysis of correlation function
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Ohnishi et. al. Nuclear Physics A 954 (2016) 294-307

e AA correlation ; measured by STAR collabo. (later by ALICE collabo.)
S. Acharya et al., PRC 99 (2019)

Morita et al. PRC 91(2015)

Ohnishi et. al. Nuclear Physics A 954 (2016)

. Constraint to the AA threshold parameters (ay, r,)



~ K7p correlation: measured by ALICE collab. ALICE, S. Acharya et al., (2019), 1905.13470.

IR T T T T AT | T L L BN B QR
3 26p ALICE pp /s = 5Tev E ALICE pp B 7Tev el ALICE pp s=13TeV E
2.4 0=1.13£0.02 ")\ fm E 0=1.13£0.02 ")\ fm iﬂ r,=1.18+0.01+ 0.12fm
2.2 x 0.68 = 0.07 = x 0.76 = 0.08 = A =0.64 = 0.06 =
2 L ekpexs :
1.8\ 1\ 0 b JE | |Coulomb =
. of L K n threSh()ld Els s Coulomb+Strong (Kyoto Model) 1
1.4 a1 - =
12- e = e
O.8jT ‘ ‘ | ‘ | | ‘ ‘ \{i\ | | | ‘ | | | | ‘ | | | | ‘ | | | | ‘ | | | | ‘ {i\ | | | ‘ | | | | ‘ | | | | ‘ | | | | ‘ | | | | ‘ \{

0 50 100 150 200 2500 50 100 150 200 2500 50 100 150 200 250

k* (MeV/c) k* (MeV/c) k* (MeV/c)

e p+p collision at/s =35, 7, 13 TeV, source radius R = 1.13 fm - 1.18 fm

e Strong enhancement (C > 1) at small momenta ==> Coulomb interaction

e But larger than prediction with|pure Coulomb|==> Strong interaction

e Characteristic cusp at the K’ threshold (k = 58 MeV) ==> isospin sym. breaking

Can we derive constraint on KN interaction from K p correlation?




© K7p correlation: Comparison with theoretical models ;¢ s acharya et al.. (2019). 1905.13470.

5l L L B T L e B 1 e B L BN L
& 20L ALICE pp /s=5 TeV E ALICE pp [s=7 TeV Ela ALICE pp (s=13TeV E
2.4 ro=1.13=0.02 * 7 fm E ro=1.13=0.02 * 7 fm iﬂ ro=1.18=0.01+ 0.12 fm E
2.2 A = 0.68 = 0.07 El A =0.76 = 0.08 E A =0.64 = 0.06 E
2 EA e * KpoKp E
1.8 , () —E JE | |Coulomb =
1.4 ar Es E
L oo [ oo [ ef® |
1.2 o | mj; m[;
i3 Ed Ed E
0.8;7 | ‘ | | | | ‘ | | | | ‘ | | | | ‘ | | | | ‘ \{i\ | ‘ | | ‘ | | | | ‘ | | | | ‘ | | | | ‘ \{% | | ‘ | | | ‘ | | | | ‘ | | | | ‘ | | | | ‘ \{
0 50 100 150 200 2500 50 100 150 200 2500 50 100 150 200 250
k* (MeV/c) k* (MeV/c) k* (MeV/c)
Ohnishi et al. NPA 954 (2016) e ,
Kyoto Model = 0 .iar. pPNP 95 (2017) Julich Model | Haidenbauer NPA 981 (2018)

e Interaction: Based on Chiral SU(3) dynamics e Interaction: Jiillich meson exchange model
Refitted ver. of Miiller-Groeling, et al., NPA 513 (1990)

Ikeda, Hyodo, Weise, NPA881 (2012)
e (alculated with
e Coulomb + Strong 1nt.
« KN (K=p + K°n) w/ isospin ave. mass

e (alculated with

* Coulomb (Gamow) + Strong int.
KN+ 2 + n/A with particle mass

10



© K7p correlation: Comparison with theoretical models ;¢ s acharya et al.. (2019). 1905.13470.
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Ohnishi et al. NPA 954 (2016)
Kyoto Model ) . 1. ppnpos (2017) *

e Interaction: Based on Chiral SU(3) dynamics
Ikeda, Hyodo, Weise, NPA881 (2012)

e (alculated with
e Coulomb + Strong 1nt.

« KN (K~p + K'n) w/ isospin ave. mass

What we need to include
* Coulomb interaction
» Coupled-channel (decay channels)

e Threshold energy difference (K p, K'n)

and open channel contribution (K°n)

We update the Kyoto model calculation
and discuss the coupled-channel effect and interaction dependence.

11



) / ) K~ p correlation with Koonin-Pratt Formula
11\ /

> Koonin-Pratt formula
I d4x1 f d4x251 (x1, K)S,(x0, Ky) | 60(_)(1’» q) |2

| d*x1S1(x1, Ky) [ d4x285(x0, Ky)

e Introduce relative source: S(k;)

e Move to the center-of-mass frame

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

e Static Gaussian source function: S « exp (—r*/4R?)

e R : Relative source radius
e (Consider only s-wave

e Single-channel, no Coulomb int., non-identical particles

Clg) =1+ [d3r S|~ Litgn P + 1220, 9)

Free s-wave: Scattering wave function:
(Spherical Bessel fcn.) obtained by solving the Schrodinger Eq. 10



e With Coulomb interaction: Vi 10mp = @/7

Clg) = [d3r S| Lo M @) P = San P+ 125 g)

Full Coulomb Coulomb Scattering wave
wave s-wave: function with Coulomb int.

Known fen. Schrodinger Eq. with
(Confluent hypergeometric fnc.) V= VstrOng + Vioulomb

13



) K p correlation with Koonin-Pratt Formula

Clg) =1+ [d3r S|~ Lian 1> + 112 ) 1P

e With Coulomb interaction: Vg jomp = @/7

N

Clg) = [d3r S| Lo M @) P = San P+ 125 g)

Full Coulomb Coulomb Scattering wave
wave s-wave: function with Coulomb int.

¢ Coupled channel case:

N »”

Clq) = [aﬁr S,(r) [ |, @) 12 = 1S @D I* + [ xS, ) |2] + ) o, [d% VOIFAGE) |2]
77 Coupled channel effect
R. Lednicky, et. al. Phys. At. Nucl. 61 (1998)

e w;: weight of channel j ==> We assume o; = 1.

o )(j(_)(r, q) : channel j component of wave function

with channel i outgoing boundary condition 14



) K p correlation with Koonin-Pratt Formula

~Chuiral SU(3) based IZN -2\ potential Miyahara, Hyodo, Weise, PRC 98 (2018)

e Constructed based on the amplitude with chiral SU(3) dynamics
Ikeda, Hyodo, Weise, NPA881 (2012)

® C(Coupled-channel, energy dependent as

Vi (r.E) = o~ (/242 2 mx K (E/100 MeV)*

a,lj

e Reproduce the coupled-channel amplitude around the KN sub-threshold region

® Coup]ed-channel boundary cOnNditlON  R. Lednicky, et. al. Phys. At. Nucl. 61 (1998)

® Asymptotic waves
open channels : )(I.(C)(r, q) — ajoutgoing wave) + b,(incoming wave)
closed channels : )(].(C)(r, q) — aj(diverg. solution) + bj(converg. solution)

0

o Out-going wave boundary condition for K~p channel ; [ag—,| = 1, [dyper| =

p K'n 7’20 L /K_ K™ p outgoing

— P

10
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~ K™ p correlation 1n particle basis w/ Coulomb

1.2 |

1.1_"-.' |

= 0.9 L
0.8 -

0.7

48 50 100 150 200 250 300

q [MeV]|

e C(g) calculated with K=p, K=p + K’n, KN + 72 4+ z/A components
e Inclusion of K ==> enhance correlation and the cusp structure

® Inclusion of decay channels ==> non-negligible enhancement

— Inclusion of coupled channel effect 1s essential for K~ p correlation

16



Results

Pr,/>
i Ny,

- Comparison with previous result

Previous study  s. choetal., PPNP 95 (2017)

1.3
1.25 with Coulomb
: without Coulomb =— — —
1.2 ¢

Coulomb only =====--
115

C(q)

11}

1.05 |

0.95 L - - - - -
0 006 01 015 02 025 03

q [GeV/c]

e KN single channel potential

® Approximate outgoing boundary condition
(Neglect coupling to 72 and zA)

1 [ or =1
q _ g—1 _—iqr
Viep (1) 2iqr [e F-p® ]

- . v —1 .
S =2(8,"+487") ., 8 =e

Current study
1.3

R =3 1fm
1.2 | i

1

Full ——
0.8 '

0 50 100 150 200 250 300
q [MeV]

o KN-7X-rA coupled channel potential
® [ull outgoing boundary condition

1 iqr T —iqr
- el — & e e
V= S| Kk-pkp 1K
Hk—p4 =
— v T _ e lqKOnre_On
Hig0,9k0, K pK'n
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© Interaction dependence of KN correlation

e /=0 KN interaction <== strongly constrained by the SIDDHARTA constraint
_ - o  M.Bazz.ctal NPASSI (2012)
e I/ =1 KN interaction is not well known ==> vary V= — V=

KN—-KN KN-KN
e SIDDHARTA constraint on aé{_p ==> Varied region of f as —0.24 < f < 1.09
b - 1.00 ——
| —024 - ---
I.1 - I| 1.09 ----e--e X
—~ L |‘|
S o9 | . _
0.65-i0.91 0.61-i0.78
0.8 |
N T T ket 0.65-i0.96  0.64 -i0.95
0 50 100 150 200 250 300
q [MeV] (ao =—-F(E= Eth))

e For f=—-0.24,
 Remarkable suppression around K°n threshold (g ~ 58 MeV)

e Moderate cusp structure

— [ =1 KN interaction can be determined with the detailed analysis! 18




Conclusion

Hadron correlation 1n high energy nuclear collisions 1s a powerful tool to
study the interaction of strangeness systems.

K™ p correlation function has been studied with the Koonin-Pratt formula
and interaction based on chiral dynamics, including Coulomb
interaction, coupled-channel effect, and threshold energy difference

between K~ p and K'n. Characteristic cusp structure is found at K'n
threshold, as found in ALICE data.

C(q) is also sensitive to I = 1 KN interaction, so that detailed analysis of
K~ p correlation can give the constraint on / = 1 interaction.

Detailed comparison with experimental data ==> Future study

Kamiya, Hyodo, Morita and Ohnishi in preparation
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) Hadron correlation in high energy nuclear collision

~ How to study the hadron interaction
[d*x, [d*xyS,(x1, K)S5 (x5, Ky) | 0, ) E S.(x, k) : Source function
J d*x;Sy(xy, Ky) f d*x28(%, K7) ¢ 7(r, q) : Relative wave function

¢ Introduce relative source: S(k))
e Move to the center-of-mass frame

Clz(kl’ kz) —

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

¢ Simple model with LL formula 3 - Riag=-1 — — —
R. Lednicky, et al. Sov. J. Nucl. Phys. 35(1982). =~ \ R/ay=0.1 ——
| ' AN Riag=-0.1 —-—.

e Static Gaussian source 2

 Effective range expansion 5

e (C(q) 1s sensitive to R/ay

- ———————
- -
—
-
-
-
-
.=
-
-
-
-
-
-
-
-
——

reﬂ:/ R=0

e R : Gaussian source size

, 0 0.5 1 1.5 2
* dy: scattering length aR
Morita, et al., arXiv:1908.05414

Powertful tool to study hadron interaction in low energy region ok
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- K™ p correlation 1n 1sospin basis w/o Coulomb

2 I] I
1.8 N\ _
: I

1.6 F \
14 L\ ]
1.2

1
0.8

0.6 - _ - R=12fm -

04 60— 50100 150 200 250 300

q [MeV|

C(q) |dimensionless]

e C(gq) calculated only with KN (K~ p + K1) component with R = 1.2 fm

e Reqi™>0—Cp)<1,Reqj' <0—=Cgl > 1atsmallg

o Cip(q) = (CEO+CEN2 D0



D\)
AL

- K™ p correlation 1n particle basis w/o Coulomb

I.1

0.9 [

0.8

C(q) |dimensionless]

0.7 --7 K p+ K% §

0o g 50 100 150 200 250 300

q [MeV|
e C(g) calculated with K=p, K=p + K’n, all of coupled-channel components

e Inclusion of K%n ==> enhance correlation and the cusp structure

® Inclusion of decay channels ==> non-negligible enhancement
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~ K™ p correlation 1n particle basis w/ Coulomb
1.2

| | | | |
|

1.1 '
|

I
|
|

1 L

0.9 -

0.8

C'(q) |dimensionless|

0.7 -

UE 50 100 150 200 250 300

q [MeV|
e C(g) calculated with K=p, K=p + K’n, all of coupled-channel components

e Strong enhancement at the small g < 20 MeV

® (Cusp structure 1s still clear

24



) y ) Comparison with previous result
7 (\ J

- Comparlson with previous results S. Cho et al., Prog. Part. Nucl. Phys. 95, 279 (2017)]
1.1
2 —— |
sl EN(I=0) — —-
1.05 ¢ § 1.6 L KN ]
4
G 2 1.4 L -
© ag 1.2 N\ |
1— S 1L N\,
I — \\/—;-?:
| % 0.8 + P - -
[
— - _
0.05 ,' | |  Kp (L model) - : O'i R =3 fm
0 0.05 0.1 0.15 0.2 0.25 03 - 0. 0 50 100 150 200 250 300
q [GeV/c] : q [MeV]
e KN single channel potential o KN-nX-nA coupled channel potential
¢ Approximate outgoing boundary condition : @ Full outgoing boundary condition
(Neglect coupling to zX and 7A) { .
1 r. | : W — = [e']" — é’}f{_ . e_“]”]eK_p
Yi—p(r) — o [e’qr — /S;pe_’qr] : qr L
igr :
B 1 - s : . Hk—p4 T e 14 0,7 €0
8k—p =2 (50_ + 4 ) , & =e : Hg0,9k0, K pK'n "
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- Comparison with previous result

Previous study  s. choetal., PPNP 95 (2017)

1.3
125} with Coulomb
without Coulomb =— — —
1.2 ¢

Coulomb only
1.15 ¢

C(q)

11}

1.05 |

0.95 L - - - -
0 006 01 015 0.2

q [GeV/c]

e KN single channel potential

0.25

0.3

® Approximate outgoing boundary condition

(Neglect coupling to 72 and zA)

1 [ or =1
q _ g—1 _—iqr
Vicep () = o [e F-p® ]

. _ 1y —1 ;
S =2(8,"+487") ., 8 =e

Current study

1.3
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1.1 |
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100

50 200

q [MeV]

550

o KN-7X-rA coupled channel potential

® [ull outgoing boundary condition

l/j—)

1
2igr

[e!d" —

IMK_pq

HRg0,49k0,

T
§K —pK—p

ST e~

K-pKOn

e —iqr] eK—p
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1.3
1.25
1.2
1.15

—_
p—t

1.0

p—t

-
e
o O

0.8

U8 50 100 150 200 250 300

q [MeV]|

e Strong dependence around R ~ 1.0 fm
<== e Sensitive region: |R/a,| S 1.

C(q) |dimensionless|

e Larger system ( > 3 fm) : cusp effect is moderate
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