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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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-~ 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 _ 3
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J ) Hadron correlation 1n high energy nuclear collision
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~ Experimental data in various sectors

° Ki _
e AA STAR AuAu: PRL 114,022301(2015) P ALICE pp: PRL 124 (2020) 9. 092301
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) Hadron correlation in high energy nuclear collision

~ Line shapes of C'(g): relation to interaction

 Small source

D
/%

 Large source

e Attractive interaction
: w/0 bound state

w/ bound state
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~How to construct correlation model from theory; F(g) — C(g)

e Using effective potential

» Construct the eff. potential by reproducing the amplitude & (or threshold parameters (ay, r,))

* Solving the Schrodinger eq. —» @

°® Using half offshell 7-matrix Tl(q , k ; E ) Haidenbauer, Nuclear Physics A 981 (2019) 1-16
*T(q,k; E) — @

1

- . 11 > ,
Wk, r) = jitkr) + — /Jz(qr)dqq E_El(q)_Ez(quETz(q,k, E)

e Using Lednicky-Lyuboshitz formula

» Approximation for the simple interaction

* Direct relation between C(q) and F(q)

Comparison of model predictions and correlation data
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~How to extract interaction from Correlation data; C(q) — F(q)

e Potential method

Clg) = V(r) = #(q)

 Parametrize the potential 3 a2
, an — EC” C(q)=JdrS(r)|(p (q,1)|
e.g. V(r) = Vyexp( — (mr)?) 4 > C(q)

 Determine the parameters by fitting the data

» Calculate the amplitude or threshold parameters (a, r,) from V(r)

* More fitting costs (needs to solve Schrodinger eq. for every change of parameters.)
 Easy to introduce coupled-channel effect

* Coulomb effect can be precisely calculated by adding Coulomb pot. in H.

Amplitude can be directly determined from correlation data




) | = . :
) / ) KN interaction and K™ p correlation
7 1\ ,,

© K(sDN interaction and A(1405)

SIDDHARTA Cr o x-
> constraint on a* 7 p=2p

e Coupled-channel system of 72-7A-KN 0 OK-p—KOn
® Strong attraction reproducing o .

quasi-bound state A(1405) ‘ Re \/E
e Strong constraint on a(f_p by SIDDHARTA A( 140 5)

experiment of Kaonic hydrogen ‘ K™p correlation

M. Bazzi, et al.. PLB 704 (2011)

T Kp K%

- Chiral SU(3) based KN-z2-7A potential  wiyana, tyodo, weise. PRC 58 (2018)

e Constructed based on the amplitude with NLO chiral SU(3) dynamics <— aé{_p , o fitted
Ikeda, Hyodo, Weise, NPA881 (2012)

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



S.E. Koonin, PLB 70 (1977)
S. Pratt et. al. PRC 42 (1990)
R. Lednicky, et.al. Phys. At. Nucl. 61(1998)

e Contribution from coupled-channel source

Kp, K, 7z%2°, 272, 272F, 2°A

Cy =
- ép P S

° Enhance C(q) 0.6 ~/ Full without Coulomb —-—

» Enhance cusp structure 0 50 100 150 200 250 300
. a IMeV /¢l

* w; : production rate — —

(compared to measured channel)



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

‘= J e S @D+ 0| dr Sm 1y @0l

JFi

e Contribution from coupled-channel source

Kp, K, 7z%2°, 72—, 272F, 2°A

* Enhance C(q)
« Enhance cusp structure
* @, : production rate

(compared to measured channel)

NS

S.E. Koonin, PLB 70 (1977)
S. Pratt et. al. PRC 42 (1990)
R. Lednicky, et.al. Phys. At. Nucl. 61(1998)

\/\/ Kponly R=1fm — — |
K ponlyy R=3fm — — —
50 100 150 200 250 300

_ “Ful,l R=1fm ——
- Full, R=3fm ——

q [MeV /c|

e
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~ 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.
11



) 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)
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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
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© p@ correlation data from pp collisions
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1.1

1

ALICE pp Vs =13 TeV
High-mult. (0 - 0.17% INEL > 0)
0.7<5;<1.0

O  pPHOP-H

Lednicky-Lyuboshits model

_*_ d,=7.85 + 1.54 (stat.) + 0.26 (syst.) fm

E)‘t(fo) =0.85 + 0.34 (stat.) = 0.14 (syst.) fm
S(fo) =0.16 = 0.10 (stat.) = 0.09 (syst.) fm

E+]E+,E_¢_f+f_o_]t—-e-—:[

i
!

50 100 150 200 250 300 350

400

k* (MeVi/c)

ALICE, PRL 127 (2021) 17, 172301

e Enhancement in the low momentum region

e attractive p¢ interaction

® Analysis with Lednicky—Lyuboshits formula

Re a, = 0.85 = 0.34(stat.) = 0.14(syst.) fm
Im ay = 0.16 = 0.10(stat.) = 0.09(syst.) fm

® Decomposition for spin channels?

2 1
Cppk®) = T Can(k®) + =Cip(k%)

14



© p@ correlation data from pp collisions
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High-mult. (0 - 0.17% INEL > 0)
0.7<5;<1.0

O  pPHOP-H

Lednicky-Lyuboshits model

_*_ d,=7.85 + 1.54 (stat.) + 0.26 (syst.) fm

E)‘t(fo) =0.85 + 0.34 (stat.) = 0.14 (syst.) fm
S(fo) =0.16 = 0.10 (stat.) = 0.09 (syst.) fm
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ALICE, PRL 127 (2021) 17, 172301

e Enhancement in the low momentum region

e attractive p¢ interaction

® Analysis with Lednicky—Lyuboshits formula

Re ay, = 0.85 £ 0.34(stat.) £ 0.14(syst.) fm
Im ay = 0.16 = 0.10(stat.) = 0.09(syst.) fm

® Decomposition for spin channels?
2 1
Cppk®) = T Can(k®) + =Cip(k%)
AN

use the latest lattice potential determine from data

Reanalyze data to extract spin 1/2 int. 15



-~ HAL QCD potential for spin 3/2

e Fitting function

o

—(r/b;)? 4 e
Vi (r) = Z a;e Yot agmy f(r;bs) —
= I —100
1=1,2 \ \
short range 27 exchange int. o 200
part = 200
 Decay effect to AK/2K: § |
strongly suppresses by d-wave coupling —400 |
— well described with real potential _s00 h
° 1 -
Long range tail —eo0!
— 2 m exchange int. '
J. Tarrus Castella” and G. a. Krein, PRD 98, 014029 (2018).
® Threshold parameters from fitted potential
mx [MeV] al*’? [fm] r/2) [fm]
146.4  —1.43(23)stat. (L06),0.  2-36(10)star. (Tds), e,
138.0 ~ —1.25 ~ 2.49

e Strongly attractive but no bound state
(nuclear physics convention for a)




y A N¢ 1nteraction

~Spin 1/2 Nqb int. from femtoscopic data and HAL QCD potential

OB) (k%) = —03/2(]{ )_|_ 0(5 7)(]{ ) E.~Chizzali, et. al. [arXiv:2212.12690 [nucl-ex]].

model 1/2

N . | |
HAL QCD potential Fit with effective potential

e Fitting function for spin 1/2 potential

Vip=p Z a.e =B o asma f(r; b3)

—2m r —m r

+ iA/f(r; by)

i=1,2 —2m r
e Inspired by HAL QCD potentlal for spin 3/2: v, ,, = Z ae= "’ + aym? f(r; b3)
* Two fitting parameters i=1,2

[ relative strength of short range int.

y: strength of 1maginary part
e Fitting result
» Well fitted range

< 410

B = 7.0 5(stat.) T 3(syst.)

Attractive— 5 = 0.0199(stat.)*0(syst.)

> 0)

e No good parameter sets for
repulsive interactions

Strongly attractive interaction
— with small decay effect

v 17

Repulsive

(f <0) 10




y A N¢ 1nteraction

~Spin 1/2 Nqb int. from femtoscopic data and HAL QCD potential

C(ﬁ v) (k*) = —03/2(]{ )_|_ 0(5 7)(]{ ) E.~Chizzali, et. al. [arXiv:2212.12690 [nucl-ex]].

model 1/2

N . | |
HAL QCD potential Fit with effective potential

® Fitting function for spin 1/2 potential  Gaussian having same range b; with spin 3/2
VN(p = :é’(short range part)——— —exp(—r2/b?)

+(2m,_, exchange) — ° Sam.e strength with spin 3/2 |
(2 pion exchange does not depends on spin)

+i7(imag . part
ML g part) T «Givenwith K exchange o exp(—mgr)/r

e Fitting result
» Well fitted range

< 410

= 7OJr (stat )+ (syst.)

Attractive— 5 y = ()+0 I(stat.)H09(syst.)

> 0)

e No good parameter sets for
repulsive interactions

Strongly attractive interaction
— with small decay effect

v 13

Repulsive

(f <0) 10




A ) N¢ 1nteraction

~Spin 1/2 N¢ int. from femtoscopic data and HAL QCD potential

0(5,7) (k*) = §03/2<k*) + §C(5,7)(k*) E.~Chizzali, et. al. [arXiv:2212.12690 [nucl-ex]].

model 1/2
N L . . :
HAL QCD potential Fit with effective potential 25

e Gaussian having same rat .}
Vg = —p (short range part)——  _ oy ;2/ b?) '
e Same strength with spin i |

(2 pion exchange does n¢ |

+iY(imag . part
,.mg, g.part) — e Given with K exchange o °f

5F

e Fitting function for spin 1/2 potential

1_

+(2m, exchange) ——

e Fitting result — S
» Well fitted range

< 210
B = 7.0 5(stat.) T 3(syst.)

Attractive—{ s y = 0.0109(stat.)*0(syst.)

> 0)

e No good parameter sets for
repulsive interactions

Strongly attractive interaction
— with small decay effect

v 19

Repulsive

(f <0) 10




© Analysis with fitted potential

® Threshold parameters (high energy phys. convention)

E.~Chizzali, et. al. [arX1v:2212.12690 [nucl-ex]].

e Scattering length € 200F R |
Re fy/? = —1.4770 33 (stat.) 701 (syst.) fm, E 100 |-
Im f(1/2) = 0.007)20(stat.) g0 (syst.) fm, § 0 —
- -100
e Effective range 5 _200
483/2
Re d§/? = 1+0.3779:97 (stat.)+003 (syst.) fm, : retcontoton S,
) - - maginary contribution 2 o
T dél/Q) _ OOOi—ggg (Stat)i—ggg) (Syst) fm 500 E | Gauslsian Sourccle rg = (1.08I: 0.05) fm
. . O_IIIIO.S II1.5IIII2IIII2.5IIII3
° Elgenenergy of quasibound state ¢ [fm]
+10.5 +5.5 L — —
—26.67 5 (stat.) "o (syst.)
+0.0 +0.0
—10.07g(stat.)"(syst.) [MeV]
* Comparable or larger binding energy compared to model calculations
QCD van der Waals attractive potential (Yukawa-type) —— Epz = 1.8 MeV
H. Gao, T.-S. H. Lee, and V. Marinov, PRC 63, 022201 (2001).
SU(3) chiral quark model v Ep ~ 3 MeV
F. Huang, Z. Y. Zhang, and Y. W. Yu, PRC 73, 025207 (2006).

A r? - S(r) [fm M

20



o DD* and DD*

\ 1, ) DD* and DD* int. from femtoscopy
7 1\

ag = F(E = Eth)
+ : attractive w/o bound

sector

. - : repulsive
C - O or attractive w/ bound
LHCb, Nature Com. 13 (2022) 1
A A _
k)* . — D*D*
23 D*D S 20 PDG, PTEP 2020, 083C01 (2020).
é'j T. — “m I %3 ;
- % S +)*— — 5 ——
o ____D'DY om = —0.36 MeV s —D I_)* Ex@s72) = Om 2F
—— pOp*+ === DD
\ [ = 0.048 MeV \ om = —0.04 MeV
1 X(3872) ['=1.19 MeV
cc ap = —7.16 +41.85 fm = LIFMe
— DD — Db |

o T/ X(3872) lies nearby

N an/P  oP"P"Z _4.93 4 i3.95fm

==> meson-meson molecule?

==>Strong attractive interaction

® Gaussian potential

V(r) = Vyexp(—m?*r?)

e m <— mexchange (m = m,)
 V,<— scattering lengths
e Assume dominant contribution from exotic channel (/ = 0)

e Coupled-channel of two 1sospin channels 2



© DD correlation and T, state

D*D™
141 MeVC jopys

0.36 MeV<

N7

DfD*O threshold

(
Ech — om — §F,

Sm = —360 keV,

T =48 keV

ag = —7.16 +¢1.85 tm

LHCb, Nature Com. 13 (2022) 1

¢ Bound state like behavior for both pairs

e Stronger source size dep. for D’D™*

e D™D cusp is not prominent

CD+ 0




D™D~

8.23 MeV
D°D™
0.03 MeV<
N\
X(3872)

PDG, PTEP 2020, 083C01 (2020)

l
EX(3872) =0, — EF

om = — 0.04 MeV
I'=1.19 MeV

/-’

aP"P"Z _4.93 + i3.95fm

e D'D™* : Strong source size dep.
e DTD™™ : Small effect of the strong int. (Coulomb int dominance)

e Moderate D¥D™ cusp

50

q [MeV/(|

w/ quasibound state

- , ,
AR T

e -
. -
‘ ”~

q [MeV/(]
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© DD* correlation and X(3872) state

D™D~
38.23 MeV
DD
0.03 MeV<
AN
X(3872)
PDG, PTEP 2020, 083C01 (2020)
EX(3872) 5 _ EF
Sm = — 0.04 MeV
I'=1.19 MeV
aP"P"Z _4.93 + i3.95fm

&
o
O

. ALICE 3 upgrade projection

w H~ o1 ooNo
T T

4
i< Models

—— 1 fm (pp)
------- 2 fm PP

——-- 3 fm
— — 5 fm (Pb—Pb)

Simulated data
- pp, L, =18fb
= Pb-Pb, L _35nb‘

6x1071l)"
5x107"
-1 | ol | | |
X107 0.1 0.2 03 0.4 05
k* (GeV/c)

CD—D*+

. ALICE 3 upgrade projection

4
i< Models

—— 1 fm(

_______ 5 Pp)

—--- 3fm

— — 5 fm (Pb—Pb)

Simulated data
- pp, L, =18fb
= Pb-Pb, L _35 nb™’

0.3 04 05
k* (GeV/c)

e D'D™* : Strong source size dep.

ALICE collab., CERN-LHCC-2022-009 (2022).

D*tD™ : Small effect of the strong int. (Coulomb int dominance)

e Moderate D¥D™ cusp
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Summary

Femtoscopic correlation function 1n high energy nuclear collisions 1s a
powerful tool to investigate the nature of bound state.

» Comparison to model prediction

* Direct extraction from C(q) data

Kp

The coupled-channel effect performs significant role. Comparison with
chiral SU3 based model C(g) leads;

 Large R data: well described

» Small R data: finite deviation implying the stronger coupling to K'n.

po

Spin 1/2 interaction 1s extracted by the reanalysis with the correlation data
and spin 3/2 Lattice HAL QCD potential. The potential is found to be
attractive enough to support a N¢ bound state.

DD*/DD*
The lower 1sospin partner channels are expected to show the strong source
size dependence due to the near threshold 7, ./X(3872) states.

’Iﬁomﬁ youfor yOUT attention! 20



