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Motivation

(Strange) Dibaryons have never been found experimentally Particle  Mass Quark com- Decay mode
(MeV) position
fo 980 qqss T
ag 980 qqss ™
Dibaryon K(1460) 1460 4395 Krr
A(1405) 1405 qqqsq 9y
©%(1530) 1530 qqqqs KN
H 2245 uuddss AA
NQ 2573 qqgsss =
=) 2627 qqssss =)
Q0 3228 $8SSSS AK +AK~

» The possible formation channels:
( |S|=2 )Dibaryon & p + Z~
( |S|=2 )Dibaryon & A + A
( [S|=3 )Dibaryon & p + Q™

» Hyperon-Nucleon (Y-N) and Hyperon-Hyperon (Y-Y) interactions provide important information

to constrain the Equation-of-State and help to understand the inner structure of compact stars
More experimental measurements are needed !
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Femtoscopy

Final State Pa
A | Interaction —
/ / L7 Hadronization e N
» Two-particle correlation function:
Model Experimental
— it > N k*
C(k*) = f S(r) | (I,(k*’ 17’) |2d3r = = Stfme((k*)) Depen‘ds‘ on ...
mixen » Emission source

S(7): Source function > S . .
'I’(E*, r): Pair wave function tI'Ol’lg Interaction
k* = %|f)’a - Pp|, relative momentum » Coulomb interaction

T : relative distance

2025/05/12 Hot Quarks 2025 -- Kehao Zhang -- CCNU 4



Femtoscopy

t Final State Pa
A Interaction —
g ) . . h - N / '_J
‘/ Hadronization reiye

> Y,

: ~

» Two-particle correlation function: C T
. T 2< w  Weakly Attractive
Model Experimental S f
i > o, N k* 1.5 __ Moderately Attractive
C(k*) - fS(r)|‘I’(k*,7")|2d3r -— same( *) ( Shallow Bound)
Nmixed(k )

S(7¥): Source function
W(k*,7): Pair wave function 05

1 — o .
k*= = |Pa - Pbl, relative momentum

Strongly Attractive
= (Deep Bound ) or

Repulsive

L | L L L L | L L L L
0.1 0.2 0.3

k* (GeV/c)

\\\\‘\\\\T\\\\

OO

T : relative distance

R. Lednicky, et al. Sov.J.Nucl.Phys.35(1982)770
L. Michael, et al. Ann.Rev.Nucl.Part.Sci. 55 (2005) 357-402
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RHIC-STAR Experiment

SRS ——

v

<

LINAC NSRL ¥

‘f\eens;,_,f’ AP

L W
BOOSTER

=>» Excellent particle identification

=» Large, uniform acceptance at Mid-rapidity

Relativistic Heavy lon Collider (RHIC)
Brookhaven National Laboratory, Upton

=> pt+p, AutAu, Zr+Zr, Ru+Ru, d+Au...
=>» Beam Energy Scan Program I, I (Au+Au)
S5 =3.0 =200 GeV
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Analysis Details

. x10° .
100 Isobar @ 200 GeV g
> Dataset: E [ Gent: 0-80% m, = 1.116 GeV/c? g
o S [ pi06301GeVe o068 Q"
Isobar collisions (Ru+Ru, Zr+Zr) @ 200 GeV & so-i<07
~ 3.9 billion minimum-bias events S [
0 1.11 1.12
.. pr Invariant Mass (GeV/c?)
AutAu collisions @ 200 GeV (runll, runl4, runl6) -
~ 2.5 billion minimum-bias events 2 i metazzoous | &
wn B o0 =0.0017 [
S | —Totalfit o e
Au+Au collisions @ 3 GeV (run21) & aof s
~ 2 billion minimum-bias events 8 =
0733 Az 133 ol 4 0 1 '
A Invariant Mass (GeV/c?) Particle rapidity

» Hyperon reconstruction via Helix-swimming method 10°

) e f
_ > } | B 3 .
A -> p + T , BR = 63.9% % 0.2 ::zlg:alflt :io:):;? GeVic g}_ E 10
s g fit Purity = 0.67 e 1o’
— — [) - + 30 B
=~ ->A+m7,BR= 99.9% 5 o B “
E :
3 i ! B 10
O~ ->A+K ,BR=67.8% D A S A S o ,
1.66 167 1.68 169 - 0 1
AK’ Invariant Mass (GeV/c?) Particle rapidity
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Lednicky-Lyuboshitz Model

CF(k?) = [ d*rS(r)[p(r, )| = 1 oemele)

mixed (k*)

» Formalism with Lednicky-Lyuboshitz (L.-L) model:
O Only consider s-wave

O Effective range expansion for Y (r*, k™)

O Static and spherical Gaussian source assumed
R. Lednicky and V. L. Lyuboshitz, Sov. J. Nucl. Phys. 35, 770 (1982)

S T — ¥ - T ——
ion: > Physics quantity:
> Wave fllnct.l(ZI*l. e L-L Fitting by ’ ysics q y
O Y0 k)=e™7 + f(k)— Bayesian method O f,: Scattering Length

» Scattering amplitude: _ O d,: Effective Range

O fk)= [fi +3dok*? — ik*]™* (No Coulomb )
0

O f(k*) = [fl +2dok*? —=h(n) — ik*A,(1)]~*( Include Coulomb )
0 (o

a.:Bohrradius 7 = (k*a,)™?! fo > 0: Attractive Interaction

A¢, h: Coulomb interaction factor fo < 0: Repulsive Interaction or Bound State

O R;: Spherical Gaussian Source Size

Bayesian method: Attps.//github.com/chunshen1987/bayesian_analysis
Mdntysaari, H., et al., Phys. Lett. B 833 (2022) 137348
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In different pairs, there have different spin states:

Lednicky-Lyuboshitz Model

C=WiCi+W]-C]-

-

\\

In p-Z~ pair, there are two spin states:

1 3
Cp_z = ZC]=0,singlet + ZC]=1,trl’plet

(

In p-Q)™ pair, there are two spin states:

3 5
Cp—q = 3 Ci=1triplet +[g C]=2,quinte%

>
\\ Y,
Takumi Iritani, et al. (HAL QCD), Phys. Lett. B792 (2019)
f ™
» & | InAApair, there only one spin state:
Ca-p = C] =0,singlet
\ Y,

2025/05/12

. N
Spin-averaged method:
Two spin states consider same Coulomb and
strong interaction
_ Y,
(Ouintet method: )

the strong effect of coupled channel
_ M P Y,

In quintet state, consider Coulomb and strong
interaction
In triplet state, just consider Coulomb since

Triplet (J=1) 3/8

Quintet (J=2) 5/8

Kenji Morita, et al., Phys. Rev. C 101, 015201 (2020)

Coul. + SI Coul.

Coul. + SI Coul. + SI
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p-Z~ Correlation Function ( |S|=2)

5@

10F — F = — =
i 200 GeV Ru+Ru Collisions i STAR Preliminary L Measured p-Z @ 1:)_‘:+ CFs at m —
; 3 ] - 200 GeV 1n Aut+Au and Isobar collisions
: ‘g 0-10% : ' 10-40% 40-80%
<0 - - - - II. CFs show enhancement at low k*
O 10F - -
CCD i 200 GeV Zr+Zr Collisions
5t L III. Simultaneously fit with L-L function for
C B ® p-E @ p-E pairs
T °[ I - == L-L Fit(Coul+S1) different centralities in each collision
C - L
9 B&x 0-10% B 10-40% 40-80% system to extract R, fp and dy by
c_s L T = - - .
o 9k = n - Bayesian method
Q - 200 GeV Au+Au Collisions |
o [ [
5L i - comomaony | IV, UrQMD + HAL QCD model is consistent
N 0-10% k 10-40% 40-80% Wlth data
N C T i - © Particle phase space provided by UrQMD
0 50 100 150 0O 50 100 150 0 50 100 150 O Interaction potential provided by HAL QCD
Relative Momentum k* (MeV/c)
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p-Z~ Interaction Parameters ( |S| =2 )

Qn
(e

- I.  Simultaneously fit with L-L function for different
p-Z correlation o o
o centralities in each collision system to extract
HALQCD STAR Preliminary .
R, fo and dy by Bayesian method
-—:rC— Zr+Zr® Ru+Ru® Au+Au, 200 GeV
| II. First experimental constraints of strong interaction
: ® Zr+Zr, 200 GeV o . o
| parameters in p-Z~ pairs in heavy-ion collisions
: c Ru+Ru, 200 GeV
o Au+Au, 200 GeV III. Extracted spin averaged scattering length:
fo=0.7%31 fm (stat.+sys.)
o5 T s T O Weakly attractive interaction

1
' hf (f : . 1Ccti
Scattering Length f_ (fm) O Consistent with HAL QCD prediction
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A-A Correlation Function ( |[S| =2) A

A

(1)
e

~1.5 I

A-A correlation function shows suppression at small k*
3 GeV Au+Au Collisions (run21), 0-60%

C(k*

STAR Preliminary I. Compared with UrQMD + potential, 1t is found that
the simulation with smaller positive fj 1s in better
agreement with data

O Hints at an weakly attractive interaction in A-A pairs

II. Need more precise data to confirm

O High statistics Isobar and Au+Au collisions

—e— A-A pairs

Potential fo (fm) dy (fm) Chi2/NDF
UrQMD+NSC97a (fO =0.33 fm)
NSC97a[1] 0.33 12.37 1.53
UrQMD+NF50 (f = 0.77 fm)
0 NF50[2] 0.77 4.27 1.61
me= UrQMD+ND52 (f = -23.96 fm)
0.5 0 ND52[3] -23.96 2.59 2.24
' UrQMD+ND50 (f = 10.63 fm)
| | | 0 | | ND50[3] 10.63 2.04 4.02
0 100 200 300 400
k* (MeV/c)
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p-~ Correlation Function ( [S[=3)

\/ Syy =200 GeV Isobar Collisions

3-_ O;_ _ ..... __+_ E-- o;_l—‘: ..... I ___ '17\%_1__:1:%—%__.

\ 06F . _+_ , , ‘ , , $ \£ 0'9,
60

;\
< o 20 40 60 80 -t 60 80 100 120 —H ||
O L '

! STAR Preliminary | HALQcD 4+ ' ¢ %

 ——p-Q +P-Q pairs

80 100 120 140
LL Fit

= = Coulomb only

______ %ﬁ,ﬁa___._

30-80%
I I

EH 0-10%

[ 1 | | | |
0 50 100 150 200 O 50 100 150 200 O 50 100 150 200
Relative Momentum k* (MeV/c)

I. Precise measurements of p-Q~ @ p-QF correlation functions in Isobar collisions

10-30%
|

O CFs show enhancement at low k* => mainly due to Coulomb attraction interaction

O CFsshow depletion at k* ~ 30-100 MeV/c => mainly due to the strong interaction
II. Simultaneously fit with L-L function for 3 centralities to extract R, f, and d, by Bayesian method
III. CFs obtained by HAL QCD theory with extracted Rg by L-L model is consistent with the data
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p-Q~ CF Ratio ( [S|=3) -

1 1 1 1 1 1 1 1 1 1
- _ . 10-30% - . . 30-80%
\/ SvN = 200 GeV Ratio: 0% Ratio: 0I0% I.
Isobar Collisions | STAR Preliminary
B T Potential V,
—-p-Q + -8 pairs =g
M Potential V,
B Coulomb only 7 _ II.
\$ $ == Potential V|,
|| ey B N
] ]

| | | | | | | |
0 50 100 150 2000 50 100 150 200

Relative Momentum k* (MeV/c)

CA

By taking CF ratio, Coulomb effect can

be largely canceled

CF Ratio shows enhancement at low k*
and depletion around k* ~ 100 MeV/c

O Due to the presence of shallow

bound state

Type  fo (fm) do(fm) BEMeV)  x°/ndf  p-value III. The potential Vy;, with a p-value of
Vi [1 1.12 1.16 = 48.2/29 0.014 No Bound : _y
L o moum 0.812, provides a better description of
Vi [2] -3.38 1.31 2.15 22.2/29 0.812 Shallow Bound
Vig (1] -129  0.65 26.9 58.7/29 0.001  Deeply Bound the data
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Effective Range d, (fm)

o

w

N}

—
T

o

p-Q~ Interaction Parameters ( [S|=3)

(a) Nsyn = 200 GeV Isobar Collisions

STAR Preliminary
- - A+ .
p-Q ®p- Q pairs —O— Spin average
@ @ BestFit
- L ;g — —@——— CQuintet state(J=2)
Ve
30 = - [|
5 agen " ;
A & HAL QCD(J=2)
/ J I \V4 Phys. Lett. B 792, 284 (2019)
/§ -1 7
( J
¢ [f CSM(J=2)
| i : 2408.15493v1
; ; | £ ; . ; ; ; ; ;
-8 -7 -6 -5 -4 -3 0 1 2 3 4 5

Scattering Length f, (fm)

Binding Energy (MeV)

&0

[.  First experimental constraints in heavy-ion collisions

of strong interaction parameters in p-{1~ pair

II. Extracted negative f, ( |fo| > 2dy) by Spin average
method and Quintet method

O First experimental evidence of Strange Dibaryon

III. Calculate Binding Energy (BE) via Betha formula:

Reduced mass: my,q = mp+m“
Spin ave. Quintet HAL QCD T
fm —4.9%23 —4.3%07% —-3.4 1 2d
fo (fm) 0.7 0.7 BEpQ: 2(1_ 1_|__0)2

d, (fm) 2.3+04 1.5105 1.3 2myqadg fo

O Calculated BE are consistent with HAL QCD
BE (MeV) 1.5%5¢ 1.615% 2.3 .
' ' prediction
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Strong Interaction Parameters

_ — ‘T T T T T 1 T T T T T T T T _ ' ' | ' ' ' | ' ' ' | ' '
S - ! . . . S . .
= \Syny =200 GeV Isobar & Au+Au Collisions = \Syny =200 GeV Isobar & Au+Au Collisions
©° 20| ! - A B
o STAR Preliminary | ° STAR Preliminary
- I - N
S | 7
ch) 15— ! . ] 8 A s
R L | =t I R -
(&) 1 Q.‘ _____
@ o r lm _
=10 i N e
3 e
_ : | 2 -] e Y ]
5l | Y . T A pP-Z, Au+Au
e | < S T - -
- R &, | Q, S Y ® p-=, Ru+Ru
I
o : ( m=3GeVAu+Au Collisions ) | 1+ [ p_E', Zr+Zr ]
I
L : i v p-Q, Ru+Ru & Zr+Zr
. . . I . . . I . . . I . . . I . C . . I . . . I . . . I . 7
-6 4 —2 0 2 4 6 8

Scattering Length f_(fm) Charged Particle Rapidity Density (chhldn)”3

O Extracted positive f, in p-Z~ pair => Weakly attractive

interaction O Extracted source size in p-Z~, p-{)~ pairs show a linear

O Extracted negative f, in p-Q~ pair -> Support the distribution ( Centrality denpendence Rg;
ipheral
Rgerlp era )

entral >

formation of bound state
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Summary

p-E correlation

I.  Precision measurements of p-2~ @ p-E%, A-A and p- HALGCD STAR Preliminary
\’

Q™ @ p-QF correlation function at STAR e 204210 AU AuvAL, 200 GeV
—.—3 Zr+Zr, 200 GeV

II. Extracted strong interaction parameters using L-L model by

@ Ru+Ru, 200 GeV
I

Bayesian method N Aurhu, 200 GeV
b — =+ . . < P B L
- - Jo~ V-
O p @ p-E™ pairs: fo > 0 => Weakly attractive 5 ety o >
interaction e
:g @ Vsyy =200 GeV Isobar Collisions (b) STAR Preliminary
- - ___ + < . — \; 41 p-Q @ p- Q" pairs 1 —@— Spin average
O p-Q D p-Q7 pairs: f <0 -> Bound state S | 4 6 sn
o 3 - 1o 1
. . . _ = g j— —@—— Quintet state(J=2)
I1I. Extracted Binding Energy BE = 1.6752 MeVin p-Q~ @ & g —+‘~ A
2 74?,} V | HALQCDW-2)
_ _+ . . . . . _.5 - J’ s ’_‘ V | Phys. Lett. B 792, 284 (2019)
p-Q™ pair consistent with HAL QCD prediction 2 . -
0%~ % 5 4 3 0 1 2 3 4 5 6

Scattering Length f; (fm) Binding Energy (MeV)

mmmm) Kirst experimental evidence of Strange Dibaryon
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C(k*)

Ck*)

N w »
o L IR LI LN

-

IIIIIIIIIIIIIIII LU} I

|87 ALICE data
- Coulomb
Coulomb + p—=~ HAL QCD
[ Coulomb + p-©~ HAL QCD elastic
I coulomb + p-Q~ HAL QCD elastic + inelastic

N —
=
D

p-Q°

=N NN EEENE NN NN RN =

1 .IIIIIIIIIIIIIIIIIIIIIIIIIII

(o]

k* (MeV/c)

ALICE, Nature588 (‘20)232
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o
o

Backup-Motivation

o 2 T T LI LI I L AL T o 2r 5T 1 T &t o &1
< r ALICE p-Pb |5 =5.02 TeV < r ALICE pp Vs = 13 TeV .
O 18F o — O 18 o —
r [B] A-A ® A-A pairs - @ A-A © A-A pairs ]
£ S S — ND46 -+ NF44 . 16 \ 1 e ND46 -+ NF44 -
14 E —Ehime — ESCO8 3 0 E — Ehime —— ESC08 ]
E == HKMYY == Quantum statistics E . C ~— HKMYY == Quantum statistics
121~ 7 1.2F -
! 3 et TR — & -e-_: IIIIIIIIIIIIIIIIIII
0.8F e T i o i
0.4 u T L — - A | ] -
0 50 100 150 . 200 50 100 150 200
k (MeV/C) ) k* (MeV/C)
ALICE, PLB797(°19)134822
9 1
% 0-40% ' 40-80%
Model:R, =R, =5 ! Model:R, = R, = 2.5
1.5r 0delR, = Ha M 0d€He = o mr Au+Au |s,, =200 GeV |
A PQ+PQ
O PQ+PQ (PP)
® PQ+PQ (PP+SC)
1 -V,
===V, :
e _— ——— LL w/o residual
" —— LL with residual
0.6 i
@ ";. | | | |
0.5- T — 0 0.1 02 03 A 4 Bs
| | | | ’—O Q(GeVic)
0 0.1 0.2 0 0.1 0.2 r =" ¢
@ (GeViE STAR, PRL114(15)022301

STAR, PLB790 ('19) 490

More Experiment measurements are needed !
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Backup- p-{1~ Bound?

Shallow Bound
e Small source b, ' ' L ol
P ; g
6 B &)
12 - 3
P ® o . ] "2
-J g 4 S 1 :j",’ '-'3"'.-;-; -

74
y 2

700 200
K* (MeVic)

8 0. ey o , Phys. Rev. D 107, 074019 (2023)
~ ' . - Y
* Large source ) 0-40% | K* (GeVic)
15+ Model:R, =R, =5fm__ |} Model:R, = R, = 2.5 fm|.

Au+Au s, =200 GeV |

A PQPQ
O Pa+Pq (PP)

« mmerso | | Source size or centrality dep.
ST _ Of CF

— To be bound,
or not to be bound

A 0.5¢ T
! | |
0 0.1 0.2 0 0.1 0.2

k* (GeVi/c)
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BackuE-Analxsis Details

Model Experimental
— 5 — N (k")
C(k*) = fS(T)lq’(k*, 7'))lzd:;r = = ¥ Residual:
Nmixea(k*) C
residual
Background K —
Sideband:
C\‘[(/cbuml
Detector effects:
Raw CF ]-> 1. Track merging / splitting e
2. Momentum smearing 1
pairpuritysignal
T i Apairpuritysideband :- -S;s-t-e;n-a;i; -:
Impurity < i '
L . study ,
Feed-down: | @ ====a i -----
lgenuine e .
Aresidual : L-L Fitting ,
1 1
Craw =1+ Apairpuritys,-gna,* [ﬂgenuine* ( -1) + Zﬂ‘residual ” (Cresidual =] + Apairpuritys,-deband ¥ (Cs‘ideband =1
i
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Backup-Bayesian Method

Ry = [Rimin, Rimax]

R, = [Ramins Romax]

R3 = [R3mins R3amax]

fo = [ fomin» fomax |

do = [ domin Adomax]

Sample Input

Latin Hypercube
Sampling

_.|.‘

YF 200 GeV Ru#Ru Collisions |- _$ STAR Preliminary

oo o Compare with the
- ‘_._ 0-10% - 10-40% *M 40-80% .
S BF samples and predict
g 200 GeV Zr+Zr Collisions. -
g the parameter’s
[ ) 23] [ 5
| T A value with error
I - | -
% 18 [ 200 GeV Au+Au Collisions [ r
O

o i i

il &
- 0-10% -.._ 10-40% @ 40-80%
0 _0 50 100 150 _0 50 100 150 ;) 50 100 150
Relative Momentum k* (MeV/c)
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Study
samples

‘

Technique

MCMC Gaussian Processes == Resampling
Markov Chain + Regression
Monte Carlo
Cheerful ;‘ — - O Nsteps~500
~\03/@ So-s0 z] ‘ Nyaikers~400
1.: N purnsteps™ 500
Sad L ‘
0.7 oo 100 200 300 400 500
Results
| Steps =
* Nwalkersx Nsteps
0.0 L, ]
’ )
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