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QCD Dense Matter & Nucleon-Nucleon/Hyperon Interactions

INSIDE A NEUTRON STAR

A NASA mission will use X-ray spectroscopy to gather clues about the
interior of neutron stars — the Universe’s densest forms of matter.

Quter crust

Atomic nuclei, free electrons

Inner crust
Heavier atomic nuclei, free
neutrons and electrons

Outer core

Quantum liguid where
neutrons, protons and
electrons exist in a soup

Inner core

Unknown ultra-dense
matter. Neutrons and
protons may remain as
particles, break down into
their constituent quarks,

or even become ‘hyperons’.

Atmosphere
Hydrogen, helium, carbon

Interaction of Matters

State of Matters

Phase diagram Nuclear potential
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¢ Structure of nuclear and hyper-nuclei matter

Beam of X-rays coming from the
neutron star’s poles, which sweeps
around as the star rotates.

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

interactions in the Equation-of-State
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Low-E scattering experiment & Effective Range Expansion

Low energy elastic scatterings:

k cot(S5(k)) = —% + %rokz + 0(k*)
& (k): phase shift
a: Fermi scattering length at zero energy
To: effective range

O: higher order contribution

Cross section: _ 5
lim o, = 4ma

k—0
Binding energy: e B=X
* 2
1 1 .
., 2 s u: reduced mass
= T,
q )4 5 oV

¢ ¥: binding momentum

scattering
~ center

dQ2

For the n-p scattering:

So: a=-23714fm  1,=273fm
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Heavy lon Collision Experiment

Annu. Rev. Nucl. Part. Sci. 1999.

% Space and time evolution Pi_: @

of particle-emitting source .
P € 2 Angle correlation
¢ Final state interactions '
" *¢* N(-N)-Y interactions
= The Solenoidal Tracker at RHIC .
| ¢ hypernuclei structure
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Baryon Correlation Function (CF)

Momentum correlation function:

P(pl; pZ)

Statistical

Approximating the emission process
and the momenta of the particles:

Modeling

) e o
L ylip g’ ol P . P *\ __ 3.l * 2I
Single-particle (1) - P(p2) C(k™) = | d°r '5'_(_7_'__)=|l_ll_’gr___l_‘__)_|_
momentum
Distribution of the Relative wave
relative distance of function of the
e d A5 article pair ' '
) i /_1_(_](_":)_! Same events P P particle pair
Ck) =it
--iB(k*)i Mixed events P
Normalization factor ‘O g Q
AN
k*: particle momentum in the pair rest frame . | N \_,:"

Size of the P
emitting source .~

Interactions
between particles
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Lednicky-Lyuboshitz (L-L) Approach

Approximating the emission process and <
the momenta of the particles:

C(k*) = jd3r*,5‘(r*)illlf(r*,k*)|2

|
1
| I ——

Distribution of the relative
distance of particle pair

Major Assumptions

¢ Smoothness approximation for source function*
s Static and spherical Gaussian source
* Single particle source: S; (x;, p;)

* Pair source (radius R; ): S(x,p*) « e‘xz/ZRGZ(S(t — ty)

e |

** S-wave scattering wave
¢ Effective range expansion for ¥ (r*, k*)

s Approximate the wave function by its asymptotic form

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

J. Haidenbauer, Phys.Rev.C 102 (2020) 3, 034001

L. Fabbietti, et al., Ann.Rev.Nucl.Part.Sci. 71 (2021) 377-402
Michael Annan Lisa, et al., Ann.Rev.Nucl.Part.Sci. 55 (2005) 357-402

Gaussian source approximation:
S(r) = (VTRG) e " /s

Scattering amplitude:

Consider only S-wave W(r*) = e~ irk” 4 L’:’;) el k"
r

Scattering length:

) dok**  \ a——f
flk™) = fo v 2 ik Effective range:
9 = d

Lednicky-Lyuboshitz (L-L) approach

R : spherical Gaussian source of pairs

fo : scattering length

d, : effective range

*The smoothness approximation has been checked for expanding thermal sources, found to
be very reasonable for large (RHIC-like) sources, but still questionable for smaller sources

T T —
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Modeling with Separated Spin States

Approximating the emission process and the momenta Modeling
| """""" T i of the particles:
Smglet State S, (S) | C(k™) = j d3r*',S(r i"’(r k*)|2'
3 Y S T S
' Trlplet SIEIE 31 (T) g Source Wave fu nctlon

For separated ' fo(D) i 'fo(Q) '
spin states in d-A : dy (D) | | d,(Q) |
" | | S |
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Correlation Function & Low-E Scattering Experiment

2.2
2f 0.15¢pT<1.5GeV.’c;-‘l<y<D
18k STAR Preliminary
'v-",..'.
16F ¥ sos v, proton-proton CF
14| "0ualaa 0T,
. e LWREGT O
Py S _ S ———— [ m“."m'm
o 1t *;*f
00F Te v 60-80%
06F - *® o 40-60%
v ~+20-40%
041 cm » 10-20%
0.2 Ii)g = 0-10%
0 f | | ! y | | P : | |
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CF & low-E scattering results are consistent

Correlation indicate strong interaction fy~7 fm
Low-E experiment found a = —7.806 + 0.003 fm

A valid method to study the interaction

between baryons

J. Arvieux, NPA 221 (1974) 253

I.N. Filikhin and S.L. Yakovlev, Phys. Atom. Nucl. 63 (2000) 55 / 216
Robert B. Wiringa, et. al, Phys.Rev.C 51 (1995) 38-51
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Consistent with L-L model with Coulomb + repulsive interaction
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Consistent with L-L model with Coulomb + QS + repulsive interaction

Ongoing studies @ STAR
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Beam Energy Scan — || & Fixed Target Setup

Temperature

I%: l% '3 G‘L'uee

|§ l;g IS;-’VV‘[ x
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Chemical F’eeze-ou;'”

Critica) Poing

Kinetic Freeze-ou; -

Hadronic Gas

Baryon Chemical Potential pg

STAR Au+Au./syy = 3 GeV

** /SN =3 GeV Au+Au collisions = ug~750 MeV
s 0~60% centrality, ~250 M events (2018)

Fixed Target
Z=2m

Yellow beam
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Particle Identification & Reconstruction @ 3 GeV
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Particle Rapidity Particle Rapidity Particle Rapidity

s 1, p, and d particles are identified by TPC and TOF

¢ A larger p range is used in d-A correlation measurement (red) due to statistics
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p-A Correlation Measurement @ STAR

C(k*)

25 |

0.5

1.5 |

"~ STAR Prelﬁmfnary { - STAR Prelﬁmfnary i - STAR Prelf,-'m.-'na!]f |
Au+Au NSNN = 3 GeV Au+Au NSNN = 3 GeV |] Au+Au NISNN =3 GeV
p-A -0.5<y<0 - : : -
== L-L fit (spin-av
| p: 0.5 <pr <2 (GeV/c) ‘% b (spin-avg)
i [# A: 0.5 <pr<2(GeVic) b &
¢ o
@
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' o ®e 4 ® @
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Corrections

1.

2.
3.
4

Purity correction

N\ feed-down correction
Track splitting & merging
Momentum smearing effect

+ Simultaneous fit to data in different centralities/rapidity
< RL, spin-avg fo and d with Lednicky-Lyuboshitz approach
¢ Spin-avg scattering length (f,) and effective range (d,):

fo=2.32

+0.12
-0.11

fm

dy = 3.5%%7 fm
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d-A Correlation Measurement @ STAR

20

15

C(k*)

" STAR Preliminary
Au+Au "JSNN =3GeVT

d-A -1<y<0
d: 0.6 <pr<3(GeVic)
A: 0.4 <p7r<22(GeVic)

0-10%

" STAR Pre}iminary :
Au+Au Vs =3 GeV |

= L-L fit (spin-sep)
v2Indf = 107/113

10-20%

" STAR Preliminary
Au+Au NSNN = 3 GeV ]

20-60%

Corrections

1. Purity correction
2. Track splitting & merging
3. Contamination from

2H > ™ + p + d decay

k* (MeV/c)

k* (MeV/c)

¢ First d-A correlation measurements in the heavy-ion collision experiment

% A feed-down correction not applied due to unknown d-X/Z correlation
< Momentum smearing effect negligible

¢ Simultaneous fit to data in different centralities
< RL, fo(D), dy(D), f5(Q), and dy(Q) with Lednicky-Lyuboshitz approach
fo(D) = —2073 fm

fo(Q) = 16X fm

do(D) = 3%% fm
do(Q) = 2%} fm
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Contamination Correction from >H — pr~ + d Decay

IS;H - p+ T + d, I . F{ecf:onstgtﬁ:td/\
« pr from H decay
B.R.= 40~50% *

&re |

AHX A+ d

Arb. Unit

1.11 1.12 1.13

Violation of energy conservation Mass(GeV/cd)

** The ,?’\H decayed p + ™~ are not experimentally
distinguishable with the reconstructed A
< (pmr~) — d from ;H will affect small k* region

[ " STAR Preliminary

20 | Au+Au sy = 3 GeV |
_ d-A -1<y<0

157 d: 0.6 <py<3(GeVic)

o A: 04 <pr<22(GeVic)
O 10 *H
+ | 0-10%
| @
5 [\
[ ®
| @
------ E __ jsecccccceccccsccsscesssses
0 ! !
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k* =5 1p1 — pal
b — V(M2 +m? —m2)? — AM?*m?
' 2M ’
by — V(M2 +m2 —m?)? — 4AM?m2
’ 2M '

p=20MeV/c = k* =20 MeV/c
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Contamination Correction from >H — pr~ + d Decay

A

I----1 —1r v v v U v v v I v v v U v v v [ v v v [ v v v
Fast simulation 1 I i STAR Preliminary
G Detector : G : 201 Au+Au Vs = 3 GeV
effect | I :
I I - d-A
: Q : : 0 I Bl 10-20%
be——d @ Clk%) [y ’
|
c1or ]
Z < Raw d-A .
I o 3 . .
5 H o + AH—d-(pr) -_
(pr~) — d from ;H g ®00, j
N events in total B | SHL A AR A ARARRARFIZRERIERERERE A
‘ I T S T S S R B
- . . 2 4 1 12 14
Initial N*Yield*BR 3H in total 0 0 0 o0 80 00 0 0
3 k* (MeV/c)
Apply different decay kinematics
3 % Simulation based on STAR }H yield measurement:
Detector effect, topological cuts, 4~8% of d-A entries from >H decay at k* < 100 MeV/c in
Acceptance cut... _
\ 4 10~20% centrality
Normalize by the experimental % Contamination subtracted from inclusive d-A correlation

mixed event

P T -]
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Source Size with L-L approach

Source size Rg (fm)

; T T T T — o
~ STAR Preliminary & °$@“ =~ O
' . C&E L
4 AUFAUNSNN =3 GEV o i )
o @
- + ¢ Rg: spherical Gaussian source of pairs by Lednicky-
_ aa Lyuboshits approach
e OA """"" 1 %+ Separation of emission source from final state interaction
' p-A
A d-A s Collision dynamics as expected:
0 10 20 30 40 50 60 KX R%rentral > Rlc);eripheral
Centrality (%)

X RG (p_A)>RG (d—A)
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Correlation Function & Spin States

o5 | 'STIAR' Prélimiﬁary' )
- A Au+Au Vspy = 3 GeV |
e , i P |
I I _
1 Singlet State 350 (S) : R 2 | 10-20%
|Tr|plet State °S; (T) %
- ---------- 2- ------- I 01_5 L -o- Data_
: Doublet State “S;,, (D) 1 ' —
I 4 / I _
I Quartet State "S53, (Q) : N
. 1 2 2 2
d-A: [y k)% - 3 [Y1,2(r K| + 3 |W3/2(1, K| 201 d-A
15 5
¢ Different spin states with different f, and d, parameters <
= I -8 Data
** p-A correlation: current statistics is not enough to O 10 — L-Lfit (total) ‘ i
I - Doublet 40 60 80 100 120 |
separate two spin states — spin-averaged fit " s K* (MeV/c)
5 n
“* d-A correlation: very different f, for (D) and (Q) are |
predicted — Spin-separated fit ob—— ] -
0 50 100 150

k* (MeV/c)
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Scatterlngs Length (fo) and Effective Range (d,)

1 T R E
] ' '
IR i e ._-_A ________ 1 ===
V4 : . @ 'l:\)llodel 1 ~i_|_:d0k2:_ 15
L 4| || mmpeae f0 " fo L2 1
~6LF I S— ) I o]
§ 6 i | | ? Data 36
‘-; ; : ] ¢ The constraint on the effective
S 9 _ PN """"""""""" E """""""""" """ '?,l;é\els : range (dg) is weaker
o | A e
c 4 b 1 - @ |- = Data 2o
6:6 Z l - MY § V¥ ‘\ Data 3o | % The measurement is done at freeze-out
o . a L1S) || B e %+ Spin-avg for f & d, p-A system
© 3 ' w | PP -
£ | ¢ [3a | ] o L‘ivé'E ; fo =2.32}01% fm dy = 3.5%% fm
D I il LS Y N “* Successfully separate two spin states in d-A
y— [ . : e | | Models ]
— 5 | | o : [~ 5
AT \ / a ' Mg @ fo(D) = —2073 fm do(D) = 3*% fm
I i ok N Y ]
1 W ST SSTAR fo(Q) = 1617 fm dy(Q) = 23 fm
ot | 4 | | Preliminary

30 20 10 0 10 20 30
Scaﬂel’lng Length fo (fm) % Constraint fit for d-A, require f,(D) < 0

+¢ Edge of d-A contours are shown with Bezier smooth to improve the visibility
H. W. Hammer, Nucl. Phys. A 705 (2002) 173 F. Wang, et al. Phys.Rev.Lett. 83 (1999) 3138 M. Schéfer, et al. Phys.Lett.B 808 (2020) 135614 A —
A. Cobis, etal. J. Phys. G 23 (1997) 401 G. Alexander, et al. Phys. Rev. 173 (1968) 1452 CPOD24 - Y. Hu i 1
J. Haidenbauer, Phys.Rev.C 102 (2020) 3, 034001 J. Haidenbauer, et al. Nucl. Phys. A 915 (2013) 24 2024.5.22




2H Binding Energy

3
3HB, (MeV)

| | — 1o

- A 20
a E ® i
] ; N, _
- :
_ . |
| ; . _
. Weighted Avg = 0.1710.06 (S=1.6) -

02 0 02 04 06

Estimated from

| STAR Preliminary

d-A Correlation

ALICE 2022 |
STAR 2020 |
NPB52 1973

PRD1 1970

) 4

Stopped K~

NPB4 1968

NPB1 1967 _

HIC

,?{H binding energy (B,):
*»* Bethe formula from Effective
Range Expansion (ERE)

parameters f,(D) & dy(D) ‘
% .
1 1 - _y?
. TR T
5 ° % g, reduced mass
5 ** ¥: binding momentum
2
£
g % SH B, = [0.04,0.33] (MeV) @ 95% CL

Consistent with the world average

A new way to constrain the ;H structure
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Summary and outlook

** The first d-A correlation function measurements in heavy-ion collisions

+»* Successfully separated emission source size from final state interactions in d-A correlation functions

1. Rc(:;entral > Rléeripheral andRg (p—A) >R (d—A) 7 o o Woda
I { = Data 1o
2. d-A correlation spin-sep: T6F IS R W I o = Bz
3 2 s | :
f 0 (D) — _20i3 fm dO (D) — 3t1 fm _é: o J N = Q  S—— E— o d-A 4
[ { \ Models ]
fo(Q) = 16*% fm do(Q) = 2*1 fm o . . o= Data 16 ]
c e : N - A - =@ Data 20
3. AHBj =[0.04,0.33] (MeV) @ 95% CL from d-A correlation (D) & | | G M v7 | =P
o3l N S Moo
2 | :’ ra: ' | W LowE |
O i \ ¥y 5o | ‘ p-d |
Outlook: L 2p | [T \ ‘ Lo ek
han 10 ti tatistics from BES-II el = 2 W2 ]

More than Imes statisti - it | WY (...
_— : T 5 | a < STAR
“* Emission source size vs. energy, rapidity... ol ]  Preliminary

< Baryon correlations with different species -30 20 -10 0 10 20 30

Scattering Length fy (fm)
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