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Femtoscopy
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= Femtoscopy is inspired by Hanbury Brown and Twiss (HBT)

interferometry, but different scale (~several fm)

— Spatial and temporal extent of emission source

— Final-state Interactions (Coulomb, Strong interaction)

— Bound state

Nature 178 1046-1048(1956)
ALICE Coll. Nature 588, 232-238 (2020)
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Femtoscopy

= Femtoscopy is inspired by Hanbury Brown and Twiss (HBT)

. interferometry, but different scale (~several fm)
OL — Spatial and temporal extent of emission source
— Final-state Interactions (Coulomb, Strong interaction)
— Bound state

v Two-particle correlation function:

Model Experimental
*) = 7 1, * 2432 — Nsame(K™)
C(k)= | S@)|P(k*,71)|*d>T T

S(r): Source function
W(k*,7): Pair wave function
*= 1 1D, - Pp|, relative momentum
2 IFa bl

T : relative distance Nature 178 1046-1048(1956)
ALICE Coll. Nature 588, 232-238 (2020)
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Femtoscopy

= Femtoscopy is inspired by Hanbury Brown and Twiss (HBT)

5 interferometry, but different scale (~several fm)
”\a’ — Spatial and temporal extent of emission source

v Two-particle correlation function:
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Model

Experimental

C(k?) = [S@)|PK",7)|2d3F = ~samel)

S(r): Source function

N mixed(k*)

W (k*,7): Pair wave function

1 — — .
*=|Pa - Pol, relative momentum

T : relative distance

C(k*)

[N

— Final-state Interactions (Coulomb, Strong interaction)

— Bound state

Attractive

>
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Nature 178 1046-1048(1956)
ALICE Coll. Nature 588, 232-238 (2020)
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Femtoscopy

= Femtoscopy is inspired by Hanbury Brown and Twiss (HBT)

5 interferometry, but different scale (~several fm)
0\8’ — Spatial and temporal extent of emission source

v Two-particle correlation function:
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Model

— Final-state Interactions (Coulomb, Strong interaction)
— Bound state

)

Experimental

C(k?) = [S@)|PK",7)|2d3F = ~samel)

S(r): Source function

N mixed(k*)

W(k*,7): Pair wave function

1 — — .
*=|Pa - Pol, relative momentum

T : relative distance

*
N
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A

Repulsive
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Nature 178 1046-1048(1956)
ALICE Coll. Nature 588, 232-238 (2020)
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<; Model Experimental
P, | C(k*) — f S(?)‘q](z* 17) |2d3? _ Nsame(Ek™)
0”\’ | , Nnixed (k™)
S(r): Source function
Dy, ‘I’(E*, r): Pair wave function

1 — —> .
* = > 1P, - Py, relative momentum
r : relative distance

= Formalism with Lednicky-Lyuboshitz (L-L) approach

- o Only consider s-wave
o Smoothness approximation for source function
o Static and spherical Gaussian source assumed

R. Lednicky, et al, Sov.J.Nucl.Phys. 35 (1982) 770
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Femtoscopy — Lednicky-Lyuboshitz approach

<; Model Experimental
P, | C(k*) — f S(?)‘q](z* 17) |2d3? _ Nsame(Ek™)
0”\’ | , Nnixed (k™)
S(r): Source function
Dy, ‘I’(E*, r): Pair wave function

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

T : relative distance

11. Rg: Spherical Gaussian |
| source size

= Formalism with Lednicky-Lyuboshitz (L-L) approach

- o Only consider s-wave
o Smoothness approximation for source function
o Static and spherical Gaussian source assumed

2. f,: Scattering length

3. d,: Effective range «

'O Effective range expansion for W(r*, k*)

R. Lednicky, et al, Sov.J.Nucl.Phys. 35 (1982) 770
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Motivation

* Formation mechanism of light nuclei are under debate

= Coalescence : final-state interaction

= Thermal : produced directly from fireball

D D
- Indirect approach of three-body and four-body interactions Coalescence Direct production
1 . - aa ce e , Y
STAR FXT | ES02dp @ STARO0-10%dp -
CBM@FAIR | * 71 NA49 d/p O STARO0-10% d/p
10°" , v PHENIX d/p - Thermal d/p
o % V PHENIX d/p ----- Thermal d/p
‘g 8 A ALICE dip
ol =
2 .
(—) 10 C.», = .
+ ........ | . |
@ - R e st omocow
10°° A
, J‘.".'OJ € STAR FXT 3 GeV :
o .
J.Cleymans et al, Phys.Rev.C 74, 034903 (2006) - l  Sen I STAR Preliminary
K. Blum et al, Phys.Rev.C 99, 04491 (2019) 3GeV 10 —100 1000
St. Mréwczynski and P. Ston, Acta Physica Polonica B 51, 1739 (2020) ISy (GEV)

St. Mrowczynski and P. Ston, Physical Review C 104, 024909 (2021)
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Motivation

- Formation mechanism of light nuclei are under debate

Thin atmosphere: H, He, C,... Outer crust: ions, electrons

Inner crust: ion lattice,
soaked in superfluid neutrons (SFn)
Outer core liquid: e, 1,
\ SFn, superconducting protons

= Coalescence : final-state interaction

Inner core?

= Thermal : produced directly from fireball

Inner core: hyperons?
quarks? unknown

l ~10*gcm™

~2 X nuclear density

[
- Indirect approach of three-body and four-body interactions 12-157km —

~10 km

* Role of Nucleon-Nucleon (N-N) and Hyperon-Nucleon (Y-N) ey
interactions in the Equation-of-State | estron

= Inner structures of neutron star
= Light nuclei + hyperon: provide the insights to hypernuclei

structure and properties

Phys.Rev.C 99, 064905 (2019)
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Motivation

- Formation mechanism of light nuclei are under debate

Thin atmosphere: H, He, C,... Outer crust: ions, electrons

Inner crust: ion lattice,
soaked in superfluid neutrons (SFn)
Outer core liquid: e, 1,
\ SFn, superconducting protons

Inner core: hyperons?

= Coalescence : final-state interaction
Inner core?

= Thermal : produced directly from fireball

quarks? unknown

l ~10*gcm™

~2 X nuclear density

- Indirect approach of three-body and four-body interactions

2x10"gcm™
~nuclear density

* Role of Nucleon-Nucleon (N-N) and Hyperon-Nucleon (Y-N)

4x10"gcm™

interactions in the Equation-of-State | neutron i
= Inner structures of neutron star

= Light nuclei + hyperon: provide the insights to hypernuclei | In this talk:

\
|
l
|

structure and properties p-d, d-d, d-A correlation @ 3 GeV |

e = S —

Phys.Rev.C 99, 064905 (2019)

2024/10/14 K Mi— CCNU — STAR X I B4 6




STAR Detector & Datasets |

TPC iTPC EPD

Fixed Target
z=201m

Yellow beam

WEST

= 3 GeV Au+Au collisions @ 2018

= 0-60% centrality

= Excellent particle identification

= Large, uniform acceptance at mid-rapidity
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Particle Identification & Reconstruction

i 10f = 0.60-0.80 GeV/c " Total —e—
40 : 3 0-5% Signal Fit -
— —~ 8 2 Background Fit - - - - |
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o
o
o

A
-1 -0.5 0 -1 -0.5 0 -1 -0.5 0
Particle Rapidity Particle Rapidity Particle Rapidity

= 7, p and d are identified by Time Projection Chamber (TPC) and Time-Of-Flight (TOF)

= Reconstruct A candidates with KFParticle package -> Improve significance Phys. Lett. B 827 (2022) 136941
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Results — p-d, d-d Correlation

1.2—

functions in HIC

-0.5<y<0 |
p:0.4<p_<20 GeV/c
d: 0.6 < p. < 3.0 GeV/cH{-3

= Clear depletion in low k*

Coal. deuteron + CRAB _
°®

Coulomb repulsive & strong

1 1 1
50 100 150 50 100

interaction

= Fitted with L-L model simultaneously,

assuming in different centrality:
* Different R

10-20% 20-40% 40-60%

Common f, and d,,

= First measurements of p-d/d-d correlation

% 50 100 150 200 0 50 100 150 200 0 50 100 150 200 O 50 _ 100 _ 150 _ 200
Relative Momentum k* (MeV/c)
STAR: arXiv:2410.03436v1
SMASH: J. Weil et al. Phys.Rev.C 94 (2016) 5, 054905
Coalescence: W.Zhao et al. Phys. Rev. C.98 (2018) 5,054905
2024/10/14 K.Mi — CCNU — STAR X i+ 4 9




Results — p-d, d-d Correlation

1.2—

-0.5<y<0 |
p:0.4<p_<20 GeV/c

d: 0.6 < p. < 3.0 GeV/cH{-3

SMASH model
JfJP i#i% Dir. deuteron + CRAB 7
Coal. deuteron + CRAB _

1 1
50 100 150

1
50 100 150

10-20%

20-40%

40-60%

2024/10/14

100 150 200

100

150 200

Relative Momentum k* (MeV/c)

150 200

= Simulated with SMASH model, consider

two deuteron formation mechanism:

Direct production

Hadronic scattering
Fail to describe data at certain k*

Coalescence production

Wigner function

Well description to data
Coalescence is the dominant process
for deuteron formation in the high-
energy nuclear collisions

STAR: arXiv:2410.03436v1
SMASH: J. Weil et al. Phys.Rev.C 94 (2016) 5, 054905

Coalescence: W.Zhao et al. Phys. Rev. C.98 (2018) 5,054905
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Results — p-d, d-d Correlation

O ' ' ' | ' ' ' | ' ' ' |
.. = Extracted source size (R~) with LL model
. /sy = 3 GeV Au+Au Collisions - .
o : . P central peripheral
4 L Centrality dependence: R > R~
é i \\\\\\\\\\\s\\\\\\\\\\\\\\\\\ _ * <my> dependence: RI(’}_d > RdG_d
g E‘E | \\\\\\\\\\\\\\\\\\\\\\ NN
T 3 —e O i o . : . SMASH
'-g BOSSS | = Using same fit, source size from SMASH (R} )
@ 2 —@— g | is closely match the data
O — _ _
=S -
N 1 ete (L Fit SMASH Model (Coal.) = The root mean square (RMS) values from SMASH
B ata ( L-L Fit L-L Fit RMS o
-d N are larger than R
- @ pd M d-d P | - ) L0
d-d e Dynamical expansion of the system
O | ! ! ! I ! ! ! I ! ! ! |
0 20 40 60

Collision Centrality (%)

STAR: arXiv:2410.03436v1
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Results — p-d, d-d Interaction

= Extracted spin-averaged final state interaction

I I I
7 [ STAR (|s, = 3 GeV Au+Au Collisions) 1 Theory —
_ @ p-d W dd "onn opp 1 parameters (fy d;) with LL model
£ ° | ® p-p (STAR 200 GeV) 7 2:3 ) A np®) i}
o5l Scattering Exp. | = For both p-d and d-d interaction, the spin-averaged
O .
i . d(d =0 i , ,
o et I O mdd,=0 f, is negative
- 4 [l | — . . . . . . .
&U i : ) ) Combination of repulsive interactions in quartet
o 3o i | _ (quintet) spin state for p-d (d-d) along with the
% - i iy + - presence of bound states ("He for p-d and “He for d-d)
L 20 QoA i
- 1L | = For p-d interaction, the result is consistent with
_ 1 theory calculation and low-energy scattering
- _OI 4 _OI 5 (I) OI2 ~  experiment measurement

Support the feasibility of extracting interaction

Scattering Length f(;I (fm™)

parameters with Femtoscopy technique
STAR: arXiv:2410.03436v1
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Results — d-A Correlation

20 |

15 |

C(K")

~ STAR Prelliminary I
Au+Au \/SNN =3 GeV 1

d-A -1<y<0
d: 0.6 <p7r<3(GeV/c) ®
A: 04<py<22(GeVic) I

~ STAR Prelliminary I
Au+Au Vsyy = 3 GeV |

%
&

= L-L fit (spin-sep)
x?/ndf = 107/113

10-20%

First measurement of d-A CF at STAR

~ STAR Prelliminary |
Au+Au Vs =3 GeV-

20-60%

-20000000000000000000000000000

0-10%
Onooooomoulomnmolunoo} -
50 100 150 0
K* (MeV/c)

’000’0000000“'00»00“00'000.0.}
50 100 150 0)
K* (MeV/c)

50 100 150
k* (MeV/c)

= Strong enhancements at small £* range -> Attractive interactions

= Simultaneously fit to data in different centralities with L-L approach

* Consider two-spin components: D (doublet, S = 1/2), Q (quartet, $=3/2)

* A feed-down correction not applied

2024/10/14

EPJ] Web Conf. 296 (2024) 14010
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Results — d-A Correlation

Source size Rg (fm)

N

o

STAR Prelimiriary
Au+Au Vsyy = 3 GeV

= Collision dynamics as expected

o Centrality dependence: Rg“n“al > Rge“pheral

o <m;> dependence: R(p — A) > R5(d — A)

10

20

30 40 50
Centrality (%)

p — A correlation at 3 GeV: backup

2024/10/14

EPJ] Web Conf. 296 (2024) 14010
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Results — d-A Interaction

N | ‘pA | = First experimental extraction of strong interaction
S m—— o e o Mosel
L _: ; oo | parameters of d-A
-'"‘"é"'* 6 :_ ............. ............................... ] .................... ___________ Data 30._-
— | o dA : :
© gl | e i _w wmoges | = Successfully separate two spin components in d-A
o ° |
i - mm Datalo
D i Data 26 |
>, - daase fo (D) =-20 5 fm, d, (D) =3 17 fm
g | fO(Q)—16+2fm dO(Q)—2+1fm
© 3 :
= |
g | . 5 o Negative f; in doublet state -> 3 H bound state
E j g O Positive f, in quartet state -> Attractive interaction
- <
1 B 1 ]
| ~ STAR
- Prehmmary EPJ] Web Conf. 296 (2024) 14010
()_'--i A N I M R H. W. Hammer, Nucl. Phys. A 805 (2002) 173
-30 -20 -10 10 20 30 Cobis, et al. J. Phys. G 23 (1997) 401
J. Haidenbauer, Phys. Rev. C 102 (2020) 3, 034001
Scattering Le ngth fO (fm) F. Wang, et al, Phys. Rev. Lett. 83 (1999) 3138

M. Schafer, et al, Phys. Lett. B 808 (2020) 135614
G. Alexander, et al. Phys. Rev. 173 (1968) 1452
J. Haidenbauer, et al. Nucl. Phys. A 915 (2013) 24

p — A correlation at 3 GeV: backup
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Results — ; H Binding Energy

L l Estimated fror 3 R .
Ho— ;O STARPrelimina: = AH binding energy (B ,):
i O 71  d-A Correlation . .
. Bethe formula from Effective Range Expansion (ERE)
' — 1 ALICE 2022 2 i L
: . ® 1 STAR 2020 214 0
: [i4: reduced mass
i : ¢ 1 NPB521973 y: binding momentum
*—— 1 PRD11970
: —e { NPBa19es = SH B, =1[0.04, 0.33] (MeV) @ 95% CL
: : © 1 NPB1 1967 -> Consistent with the world average
i Weighted Avg = 0.17+0.06 (S=1.6) - s .
N S S— = Open a new way to constrain , H properties
-0.2 0 0.2 0.4 0.6
3
AH B, (MeV)
. | EPJ Web Conf. 296 (2024) 14010
p — /\ correlation at 3 GeV: backup H.Bethe, Phys.Rev 76, 38 (1949)
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Summary & Outlook

. . . . 7 STAF{I (Vs =3 GeV Al|J+Au Collisions) i Theory -
= Femtoscopy measurements from heavy-ion collisions provides  @pd Mg o Dpy
g 6 @ B (STAR 200 GeV) i ;S (8) Anp(t)
a unique tool to explore strong interactions and evolution dynamics o 5| . onatoo
e 4 [m i -
: : n":’ 3T o )
= N-N interaction (p-d & d-d) 5 0 <> N ’
G A
LL] i |
* First measurements of p-d / d-d correlation functions in STAR ' -t :
* Coalescence is the dominant process for deuteron formation in the R 02 0 02
. . Scattering Length f ' (fm™)
high-energy nuclear collisions . """ ’
: : : . : : SN LA
° Jo Is consistent with repulsive interaction and bound state formation T 1 AN
. . — 6l e =
In p-d / d-d pair E | Caa
S 5L | N | : __________________ - : Eﬂgge:sc _____ -
g) [ | : . &= Data2e |
. . C 4[| DO | : | Datadc
= Y-N interaction (d-A) £ | ) PR
(4] CR L (R T IR [ S —
> B
* First experimental measurements of f, and d,, in d-A pairs 2 2| i .
: . - - =l s iz WE
Provide a new way to explore hyper-nuclei properties | o 1a ® STAR
[ . | ~ Preliminary 1
"3 =2 0 0 10 20 30
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Summary & Outlook

Thin atmosphere: H, He, C,...

More precise femtoscoy results with ae statistics is comin soon!

QOuter crust: ions, electrons

Inner crust: ion lattice,
soaked in superfluid neutrons (SFn)

Outer core liquid: e, 1,
SFn, superconducting protons

Inner core: hyperons?
quarks? unknown

~10*gcm™

~2 X nuclear density

2x10"gcm™
~nuclear density

4x10"gcm™
‘neutron drip’

2024/10/14
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Thank you for your attention!
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p-p, p-A correlation functions @ 3 GeV

2.2¢
2f 015<p <1.5GeV/c;-1<y<0
1 8:* STAR Pre||m|nary QM2022/ QM2023
' v STAR Preliminary
1.6F v 505 v, roton-proton CF pA Correlation Function with Lednicky-Lyuboshit Fitting
ab o OOty P P Au+Au@\'S, =3GeV
4 2 I U‘f) NN™
LA meE * Oy — - - -
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2 AL _ '
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16 5 "
E i\‘_ nea
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