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Outline:

® Introduction
® Experimental Set up
® Recent measurements:

Baryon-Baryon
A—A correlations
proton - E correlations
proton - Q correlations
E—XE correlations

Meson-Meson
K° - K° correlations

Light nuclei
Proton - Deuteron, Deuteron - Deuteron Correlations

®Summary
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Hypernuclear Interactions

»Hypernuclear interactions are of fundamental interest in Nuclear
Physics and Astrophysics

> Hypernuclear interactions - hyperon puzzle in Neutron stars

» Understanding production and the structure of hypernuclei

> Exotic hadrons (tetraquarks, pentaquark, dibaryons) — long standing
challenge in hadron physics
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Exotic Hadrons

Within Standard Model, baryons are made up of 3 quarks and
mesons are made up of a pair of quark-antiquark

1977: using the Quark Bag Model, Jaffe predicted H-dibaryon
made of six quarks (uuddss) (Phys. Rev. Lett. 38,195 (1977); 38, 617(E)(1977))

Exotic hadrons — long standing challenge in hadron physics

Tetraquark Hexaquark
Meson-Meson molecule Baryon-Baryon molecule
Pentaquark
‘ Meson-Baryon molecule

» ’-".‘
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Hadrons in HIC

» Hot and dense, strongly interacting partonic matter

» Comparable number of hadrons are produced in HIC
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Two-particle Correlation Function

Femtoscopy: Probe the spatial and temporal extent of particle emitting
source

d°N*"/(dp3dp;) = cab = 2
Cih _ a b — j d3 r Sﬂb "~ . f —i’ I
K @ = (g5Na/dp3)/ (@3Nb/dp?) *SP)- f@ )

S(r') - normalized separation distribution

f(q, r’') » two-particle wave function, where
(Quantum statistics (QS), FSI: Coulomb int., Strong int. )
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TWO-Eal‘ﬁCle Correlation Function L

d°N*"/(dp3dp;) = cab . |2
ch - d h - 3 r b r — r
€@ = (g3Na/ap3), (@*Nb/dp?) j 'SP [f@r)

S(r’) —» normalized separation distribution

f(q, r') - two-particle wave function, where
(Quantum statistics (QS), FSI: Coulomb int., Strong int. )

Standard procedure:

f #RCEDEE DD

Reversed procedure:

[ s Qo PP
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STAR Experiment at RHIC

LINAC .
Lol B

BOOSTER
W -
ol i i,

Relativistic Heavy lon Collider (RHIC)
Brookhaven National Laboratory, Upton
— Au+Au, p+p, d+Au, Zr+Zr, Ru+Ru ..

— Beam Energy Scan Program [, Il

\/Syn = 3.0 -200 GeV
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Fixed Target
z=201m

Brookhaven National Laboratory, Upton
— Au+Au, p+p, d+Au, Zr+Zr, Ru+Ru ..

Yellow beam __

— Beam Energy Scan Program I, 1]

\/Syn = 3.0 - 200 GeV

WEST
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PID and Acceptance

TPC PID

dE/dx (keV/cm)

TOEF PID
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» p and d: Identified by TPC and TOF
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AA Correlation Function
H-Dibaryon Properties : J*=0", mass : (1.9-2.8) GeV/c’

=N . _ _
ES2? nummm—— (H)=\/.I_ (AA)+\/E NE —\/g 2%)|
('07) 4H€+AA sb 8 lp 8 le( """) 8 Hb( )
AA SRRl Mcv {
Nagara ., ] _ ,
('01) A He Lattice calculation — a bound state 20-50 MeV/c
, ~80 MeV (NPLQCD) or 13 MeV/c? (HALQCD)
Phys. Rev. Lett. 106 (2011) 162001, Phys. Rev. Lett. 106 (2011) 162002
Jaffe ('77) \
25F £\ Combinatorial
£ - Phase Space for
5 K'2C—'""Be(g.s.) K'AA
> Chiral extrapolation to physical pion mass leads to unbound H s INC (FSI OFF)

D INC+ESI (fss2)

Phys. Rev. Lett. 107 (2011) 092004, Phys. Lett. B 706 (2011) 100
T E_ INC+FSI (ESC044)

(d’6/dQdm) ub/ (sr 7.5 MeV/c?)
¥,

> Nagara event — Measurement of AAGH—>AA+4He (BE ~ 6.91 MeV) A g 7Q33\\
Phys. Rev. Lett. 87 (2001) 212502 STEPY
os| <1
> KEK-E522 observation of 2.66 enhancement for AA invariant mass S ,
A EN i

spectra — resonance! oL U T =g
> scattering length (a,,) = -0.10"°"‘5_2_27 + 0.04 fm — no/weakly bound H 0 25 50 75 100 125
Phys. Rev. C 75 (2007) 022201 (R) AA Invariant Mass-2M (MeV/cz)
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AA Correlation Function

~ 1.2
o = SyStematic uncertainty
o —s— STAR PRL114.022301

—— A-ADAA

1.1

peemmmm———— Peseecoss

STAR Preliminary

not corrected for feed-down

Au+Au \s =200 GeV 0-80%
p,>= 0.4 (GeV/c)

0.6 11 1 I 11 1 1 I L1 1 | I 11 1 1 I [ I 11 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6

Q_(GeVrc)

An attractive interaction allows to describe both STAR and ALICE experiment data

STAR Collaboration, Phys. Rev. Lett. 114 (2015) 022301
M. Isshiki, QM2022
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AA Correlation Function

> The scattering length is constrained to f " < 0.8 fm"

> A shallow attractive potential is in good agreement with the experimental results

» The bindding energy,
Baa =3.210(stat)t 5(syst) MeV

> Larger statistics data-sets at RHIC and LHC to yield a conclusive answer

I:lﬁ::r::1
Ci=nF=<2
E2=nF=3
B ne =3

EEg Unphys. Ck?)

d, (fm)

B STAR
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& HEMYY
* FG
-&- ND
-=-- NF

pp i5=7TeV AT
pp (5= 13TeV ol N:CE‘Q
p-Pb J5g, = 502 Tev —| ¥ NSCS7
A-A & A-A pairs « Ehime

""ZI""EI""J‘""_S;ESCUE
A, .3 ™ fes2
o (i)

; __.ij =

ALICE Collaboration, Phys. Lett. B 797 (2019) 134822
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Proton-x Correlation Function

| | Bl ~LicE data p-=
=0 +:| -Cuulornl:u .

] Couomb + p-5~HAL GCD ® The measured p-Z correlation
< function show deviation from
RTINS ¥ p-p Vs=13 TeV expection based on the Coulomb

sk Nature 588 (2020) 233 interactions.
L . " e An attractive p-E strong
26— - = = =
~E(B) AUGE p-Pb [sgy= 502 eV 7 interaction is observed.
2.25— Ml = opE E
E ! Coulomb + HAL-QCD E
~ 1sE Coulomb 7 @ The p-E interactions from HAL-
S o pesidebandbackgond | QCD collaboration are found to be
F «% ; 3 consistent with the measurement.
2p A\ . E
B < e B, oE
OB a0 300
k* (MeV/c)
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Proton-

Correlatlon Functlon
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® The measured p-E correlation function show
St . 1.8 —e— pTopT -
deviation from expection based on the  *r D o)
1 1 —_ e HAL Lattice ratio ( 3fm/4fm )
Coulomb interactions. Saefn L atce o (amiim)
g K Coulomb ratio ( 2fm/3fm )
051 4 i Coulomb ratio ( 3fm/4fm )
H Lo - H H = "L oulomb ratio ( 3fm/5fm 7
® An attractive p-Z strong Interaction Is E [V SN
observed. Tr2E

® The ratio of p-E

correlation function for the

K. Mi, APS2021

STAR Preliminary

perpheral to central collisions is consistent “F
with the p-E Iinteractions from HAL-QCD osf- |
collaboration. 0005
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Proton-x Correlation Function

2.2

1.8

C(k™)

1.4

| ! | ' | '
Au+Au collision @ sy, =3 GeV
@ p-=,0-60%
----- Gaussian source fit
r, = 3.5:2.4 (fm)
UrQMD+CRAB
STAR Preliminary

K. Mi, QM2022 i

100 | 150 | 200 | 250
k* (MeV/c)

® First measurement of p-= correlation function at 3 GeV.

® Enhancement at low k* seen at 3 GeV

® UrQMD + CRAB calculation is consistent with data
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— T. Goldman et al., Phys. Rev. Lett. 59 (1987) 627, H. Pang et al., Phys. Rev. C69 (2004) 065207, H.
Pang et al., Phys. Rev. C70 (2004) 035204.

* Many calculations based on coupled channel and lattice QCD predict a bound state for
N2 (PRC 83(2011)015202, PRC 92 (2015) 065202, NPA 928 (2014) 89)

Scattering length Effective range BE (sc) BE (cc)

(a,) fm (r.) fm MeV MeV
SU(2) 1.87 0.87 23.2 19.6
SU(3) -4.23 2.1 ub ub
QDCSM 2.58 0.9 8.1 7.3

HALQCD  1.28+0.13°%% ___  0.499+0.026 °02° 18.9+5.0 21

15 -0.048

M. Chen et al., Phys. Rev. C 83 (2011) 015202,

HAL QCD Collaboration, Nucl. Phys. A 928 (2014) 89
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Proton-£2 Correlation Function

® PO:PO

ey s v’ The ratio of correlation function for the small

s o M (peripheral collisions) to large (central
—— collisions) system is smaller than unity at low

e | I

relative moment.

Au+Au 200 GeV

v' Measurement supports the existence of a

STAR .
. . . . . . . deeply bound state decaying into the proton
3" Phys. Lett. B 790 (2019) 490 Q final state. o
T 1 AurAu |s,=200 GeV
Eé Data °S,+ °s +Coulomb
% 005 01 015 02 025 03 035 6 K =20MeVic == k'=20MeVic
k* (GeV/c) —— k" =60 MeV/c ---- k* = 60 MeV/c
SS — Static source
ES — Expanding source a4l

Background — Q sideband is used
Boxes — systematic uncertainty

Spin-2 PQ potentials Vv, Vi, Vi
Binding energy E; (MeV) - 6.3 | 26.9 0
| | | | |
Scattering length a, (fm) | -1.12  5.79 | 1.29 -1.5 -1 -05 0 05 11
1/a, (fm™)
Effective range r (fm) 1.16 A 0.96 0.65 K. Morita et al., Phys. Rev. C 94, 031901 (2016)
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w—= Correlation Function

M. Isshiki, QM2022

<
O 1.6

® Lattice QCDI/chiral EFT calculations
= g"“'omb.s"e"gth(? fm)| indicate an attractive interaction, but not
— Systematic uncertainty
—e— EE®EE strong enough to form a bound state.

1.4

STAR Preliminary

1-2 ® The result shows anti-correlation at

0.8[1 - qualitatively matches with coulomb

strength.

not corrected for feed-down

0.6
Au+Au \'s,, =200 GeV 0-80% o
04! p >=0.4GeV/c - to cancel quantum statistics
c;”'dli"c')'é' e DA DD T DY o (negative correlation), strong interaction
Q. (GeVrc) needs to be positive correlation.

inv
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K"S- K“SCorrelation Function
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dip structure
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*  Quantum statistics correlation function (Gaussian)
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* Lednicky & Lyuboshitz model (QS + FSI)
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1
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K"S — K"S Correlation Function

Centrality dependence: Ry_199 > Ri0-70%

Energy dependence: Roo00cev = R39¢ev
Significant difference in radii between QS and Lednicky & Lyuboshitz

models W) Final state interactions

8 : 8 , 8 :
L STAR Preliminary . E‘auss'ﬁ‘n L STAR Preliminary . EatUSSIﬁ_n L. EuatuSSIﬁ_n STAR Preliminary
= Antonelli » Antoneil s Antonell . =
- 39 GeV « Achasov2001 200 GeV + Achasov2001 -« Achasov2001 min. bias events
5 = Achasov2003 » Achasov2003 - » Achasov2003
6l « Martin 6 i s Martin 6—*° Martin
= L ! w 1 _.
" i " b
PIIR B PR R R R R I R S T . - Ll
2 20 40 80 2 20 40 60 2 i
Centrality [%] Energy [GeV/c]

Centrality [%]

05 July, 2023 EMMI Workshop - Trieste Italy 22



Light Nuclei Correlation Function

Proposed mechanism of light nuclei formation:
— Coalescense : final — state interaction
— Thermal: Produced directly from fireball

A systematic measurements of light nuclei femtoscopy
* Help investigate formation mechanism

Serves as indirect approach to study three-body and four body interactions

D D

Coalescence Direct production

e

“deuteron

St. Mrowczynski and P. Slon, Acta Physica Polonica B 51, 1759 (2020)
St. Mrowczynski and P. Slon, Physical Review C 104, 024909 (2021)
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Light Nuclei Correlation Function

Proposed mechanism of light nuclei formation:
— Coalescense : final — state interaction
— Thermal: Produced directly from fireball

A systematic measurements of light nuclei femtoscopy
* Help investigate formation mechanism

Serves as indirect approach to study three-body and four body interactions

Large amount of light nuclei produced at 3 GeV, allowing precision
measurements

Physical Review C 99, 064905 (2019)

LA |

STAR FXT | E802 d/p @ STARO0-10% d/p
CBME@FAIR "’ (1 NA49 d/p O STARO0-10% d/p
10" 9 vV PHENIX d/p ----- Thermal d/p
o ke v PHENIX d'p ----- Thermal d/p
<= T A ALICE d/p
O e
Q402 T
S 10 L )
S 9.9 ¥ |
(U . pauae m] ---------------------------------------- et
107° o)
‘._,-'T.O.J ¢ STAR FXT 3 GeV ]
© N
41 t STAR Preliminary
10__ ' 1.'I gl N I L1
3Gev 10 ~ 100 1000
sy (GeV)
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Proton-Deuteron Correlation Function

® Clear depletion at small k* range seen in data

® Data compared with Lednicky&Lyuboshitz model

® Deuterons are treated as point-like particle

® A spherical source size with =3 - 4 fm is consistent with data

05 July, 2023

EMMI Workshop - Trieste Italy

15— T 1 L L L — 1 1
- Au+Au collisions Proton-Deuteron CF 04< p. < 2.0GeVlc |
@ |s,, =3 GeV 1 i -05<y<0 T
T— = = = "GOO O O=O=O7— — — T T _GeO=OOmO=O=OT T T T T _S=mO=mOmm O OmeOm
== ]
% >, 7o Lednicky Model |
e r=25fm
0.5l ep-d CF - o - r=3;m -
: + r=4fm
O -.o. ---¢- r=5fm
i 0-10% 10-20% 20-40% 40-60%
0 1 1 L | i ] i i I i | | I i | i i i L | 1 L L | L L 1
100 200 100 200 O 100 200 0O 100 200
k* (MeV/c) First measurement of p-d CF at STAR
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Quark Matter 2022

C(k*)

i57ici-—Vc r—— /-5r7"—m7—7———"—"1T"T " T T T L S e |
- Au+Au collisions Proton-Deuteron CF 04<p_<20GeV/ic STAR Preliminary |
@ Y5, =3 GeV I j 05<y<0 I
T— = = — GO O=O=O— — T T T T OO0~
Vot -
3 # - './' / £ E
0.5F / ep-dCF  + ad T .
o | -o- . SMASH(Direct) + CRAB + —e SMASH(Coal.) + CRAB |
[ 0-10% I 10-20% _ 20-40% I 40-60%
| T S R R R S S S S | S TR SN TR N SR TN S S SR TN TR NN SR T S S | U S S S R S S S S |
GO 100 200 0 100 200 0 100 200 O 100 200
k* (MeV/c) First measurement of p-d CF at STAR

® Compared with SMASH + Correlation After burner (CRAB) model
® CF calculated with coalescence of deuterons is in better agreement with data

® Support the deuteron formation at 3 GeV is dominated by coalescence
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Deuteron-Deuteron Correlation Function

15— 71 L L L L LI L
- Au+Au collisions Deuteron-Deuteron CF 0.4<p_<2.0GeVlc STAR Preliminary
@ ﬂSNN =3 GeV T [ -05<y<0 T
—----- OO OO — — — — — — DOm0 — — — — — — OO0 — — — — — SO0
—~ o 1 o - = } -
* G
kY < 1 nee - % 1 | -
=~ 4 I o= Lednicky Model |
&) - %
I T I o~ T o r=4fm
o5 o ®ddCF T & T o T o r=451fm
| O -._¢_.o. L o 1 & r=5fm
ks 0-10% 1 10-20% [ 20-40% 1 40-60%
0 | PR SR R | T T T T T TR TR ST T [ TR S § ST T ST S N SN S S T N S | I I R S
0 100 200 0 100 200 0 100 200 0 100 200
k* (MeV/c) First measurement of d-d CF at STAR

® Clear depletion at small k* range seen in data
® Data compared with Lednicky&Lyuboshitz model

® A spherical source size with r = 4 - 5 fm is consistent with data = Larger
than p-d correlation function
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Deuteron-Deuteron Correlation Function

1 5 T T T T T T T T T T 1 T J I 1 I L] T I L] I L) 1 I T L] 1 T I L] I 1 I I J 1 ] T T T T
- Au+Au collisions | Deuteron-Deuteron CF 0.4<p <20 GeVl/c |
@ vSNN=3 GeV 1 -05<y<0 T
—----—-—-- OO~ O=O=O— — — — — — DOm0~ O— — — — — — OO0 - - — — — _O_—-o-'°'°=0'-o-o-
— == + == O +
% o O
— el e £
O S V4 4 £
05- o eddCF T 4% e T 4 )
©- .._¢_.0. e SMASH(Direct) + CRAB { & SMASH(Coal.) + CRAB|
ha 0-10% (r, = 5.85fm)] 10-20% (r, = 5.69fm)| 20-40% (r,=5.05fm)| 40-60% (r, = 4.32fm),
1 1 N L | L L 1 " 1 1 N | 1 1 | 1 1 1 1 | 1 1 | 1 1 1 1 | 1 1 1 1 1 1 1 1 1 L 1 N 1 N M L L | " N
0 0 100 200 0 100 200 0 100 200 0 100 200
k* (MeV/c)

® Compared with SMASH + Correlation After burner (CRAB) model

® CF calculated with coalescence of deuterons is in better agreement with data

® Support the deuteron formation at 3 GeV is dominated by coalescence
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Summary

* The femtoscopy measurements from heavy-ion collisions provides a
unique opportunity to explore strong interactions and search for
exotics.

* More precise femtoscopy results with large statistics in BES-II
program coming soon ! (light nuclei, many body, exotica ... )

* The upcoming Run for Au+Au at 200 GeV in 2023 and 2025 at RHIC
will allow wus to significantly improve the precision of the
measurements.

Thank you!
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Hadronic molecules sugges‘red bz CFs
s OQpand K p

@ Bound states are expected.

Dalitz, Tuan (‘59); Akaishi, Yamazamki (‘02); Goldman+(‘87); Oka (‘88);
Etminan+[HAL QCDJ] (‘14); Iritani+[HAL QCDJ(‘19).

@ Dip is expected at R ~ |a | Morita+(‘16,°20); Kamiya+(‘20); Haidenbauer(‘18)
@ Data support the existence of a BS.

———————————

— ) e-.

2- : | Fil i ALICE Py [T = 462 Taw
Expanding Source 12_‘I.!-l s OB, 040 ] AChﬂF}'ﬂ'l'

“ | JALICE],
SR = PLB822(°21),
L. Y] 136708

0 — - e 1 [2105.05683]
STAR (‘19) ™ i T

.0 0.05 0.1 0.15
k* (GeV/c)

ALICE (pp 13 TeV, HM) +—e—s
Cis(R = 0.9 fru)

[-'h'. T {'Ims[R = 0.9 I'm] -------- T
Cp(R=161fm) — —

ALICE(20) 99 |
Kamiya+( 20) 7

— [ i i L | i -
K p 0 a0 100 150 200 250 300

q [MeV/e]

A. Ohnishi @ ATHIC2021, Nov.8, 2021, Inha U./Online 11
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