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QCD Dense Matter & Nucleon-Nucleon/Hyperon Interactions

INSIDE A NEUTRON STAR *¢* Heavy ion collisions — laboratory for dense QCD matter
A NASA mission will use X-ray spectroscopy to gather clues about the
interior of neutron stars — the Universe’s densest forms of matter.

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

Outer crust . . . .
Atomic nuclei, free electrons interactions in the Equation-of-State

Inner crust
Heavier atomic nuclei, free
neutrons and electrons

Outer core
Quantum liquid 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’.
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STAR Detector
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Beam Energy Scan — || & Fixed Target Setup
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¢ 3 GeV Au+Au collisions = ug~720 MeV
s 0~60% centrality, ~250 M events (2018)
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Baryon Correlation Function (CF)

Momentum correlation function:

F=r= P(p1,p2)  Single-particle
C{p |1 2) —
2 P(p,) - P(p,) momentum

Approximating the emission process and Modeling

the momenta of the particles

Distribution of the relative Relative wave function
distance of particle pair of the particle pair

Experimental

“uA(k Signal
k) =i
/—-'._IB(k )i Background

Normalization factor

» Space and time evolution of particle-emitting source

00 00

* Final state interactions
p-A\ & d-A correlations:

N(-N)-Y interactions / hypernuclei structure
k*: particle momentum in the pair rest frame
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Methodolo
gy

Experimental AT _— i Formalism with R : spherical Gaussian source of pairs
C(k*) = I:‘fl _____.; dMme EVERts Lednicky-Lyuboshitz ~ f : scattering length
L ' - d, : effecti
Normalization factor ._'B_(___j.. Mixed events (L-L) approach o : effective range

) Major assumptions:
Corrections on: . J P
&® o\ P1

¢ Purity & <& egk‘ =~ ** Smoothness approximation for source function
<

% | . . . PR
» Weak decays o> \ [1,.*'/://\ % Effective range expansion for ¥ (r*, k*)
¢ Track splitting & mergin

P iz ‘ % Static and spherical Gaussian source

« Single particle source: S; (x;, p;)

** Momentum resolution 113

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

o —————————— 1
.. 1
| Singlet State X So (S) | % Approximate the wave function by its asymptotic form
| | Triplet State ~ °S; (T) |

------------------ 2 2Ref (k Imf (k
----------- T C(k™) ~ 1+ 'Z;)l F(do) + ;’: ) £ (2KR) - ij;( ) £, (2kR¢)
:Doublet State “S;;; (D) : G e &
I Quartet State 453/2 Q) ! Loy dok® i Different f, and d for
"""""""""" flk) fo 2 different spin states
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Particle Identification & Reconstruction @ 3 GeV
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s 1, p, and d particles are identified by TPC and TOF

*»* A larger acceptance is used in d-A correlation measurement (red) due to statistics




-\ Correlation Measurement @ STAR A -
P @ NEW @ OM23 7.
3! "~ STAR Prelﬁmfnary { | - STAR Prelﬁmfnary i | - STAR Prel.*imina!]f_
I Au+Au NSNN = 3 GeV Au+Au NSNN = 3 GeV || Au+Au \lSNN =3 GeV
25 | A - s
. p-A -0.5<y<0 - : :
= L-L fit (spin-av
| p: 0.5 <py <2 (GeVic) ‘% Hu =(1 5”69 9)
T 2 #) A: 05<pr<2(GeVic) | b I &
o o o ¢
151 & 0-10% | » 10-20% %, 20-60%
' o ®e 4 ® @
1 -2 -0-00000060060-------------=- @-C-0000EOOORT-----me- 0660000000
05 . . 1 . - M - : L - . L - L - . - ! - - - . - L - - : L
0 50 100 150 0 50 100 150 0 50 100 150
k* (MeV/c) kK* (MeV/c) K* (MeV/c)
1. Purity correction + Simultaneous fit to data in different centralities/rapidity
2. A feed-down correction < RL spin-avg fo and d with Lednicky-Lyuboshitz approach
3. Track splitting & merging ¢ Spin-avg scattering length (f,) and effective range (d,):
4. Momentum smearing effect fo=2.32%1% fm do =3.5%%7 fm
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d-A Correlation Measurement @ STAR

o

TAR *
NEW@ OM23 2.

" STAR Preliminary

" STAR Pre}iminary :

" STAR Preliminary

20 | Au+Au Vs = 3 GeV | Au+Au Vs = 3 GeV | Au+Au Vs = 3 GeV-
| d-A -1<y<0 oo |
151 d: 0.6 <pr<3(GeV/c) — P R H
o A: 0.4 <p7r<22(GeVic) |
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Corrections

1. Purity correction
2. Track splitting & merging

I 3. Contamination from I
I
I H - m~ + p + d decay

h_ I Il I S S S - -

Details in the next page

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

fm

¢ First d-A correlation measurements in the heavy-ion collision experiment
¢ 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) = 167

dy(D) = 3%% fm
do(Q) = 2] fm




Contamination Correction from >H — pm~ + d Decay

3H - — d‘ T T
A p T+ , - ® Reconstruct A I o
& pr from 3H decay | 20 | STAR Preliminary __

B.R.~ 40~50% Au+Au Vs = 3 GeV

G ° i ] : d-A
| 15
| | 10-20%

Arb. Unit

| &, 1 ¢
| S 10t ‘ ]
— < Raw d-A
] D =
-_ 5 H . + xH-d-(pr) —_
SHY A+d % | I, e |
A ] e ]
. Enaminirad o [Eswsa 8030000 e0g0e000000909
Violation of energy conservation . ’
112 113 0 20 40 60 80 100 120 140
Mass(GeV/c?) k* (MeV/c)

s The ,3§H decayed p + m~ are not experimentally < Simulation based on STAR ,3{H yield measurement:
distinguishable with the reconstructed A 4~8% of d-A entries from 7H decay at k* < 100 MeV/c
< (pn~) — d from 3H will affect small k* region in 10~20% centrality
¢ Contamination subtracted from inclusive d-A correlation




Source Size with L-L approach
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2 % % | 1 ]
) SOV RN S S— | %% Separation of emission source from final state interaction
[ STAR | -.- p-A | o% 1c1 1 c
i\\‘—;liﬂ@ﬂﬂl.?ﬁ adA +» Collision dynamics as expected:
[ | | | | | | ] & pcentral peripheral
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o [ ] ] STAR “
Correlation Function & Spin States Miewoamzs’s
N : Syl ~ STAR Prolminay |
: Singlet State 'S, (S) | p-A Au+Au Vsyy = 3 GeV
| Triplet State  °S T) | |
RE TR W Uy B 10-20%
|- ------------------ | *\x/ ]
| Doublet State Sy, (D) I © I o Data
| 4 I 1 — L-L fit (total)
: Quartet State "S5/,  (Q) :

p-N: 1@ R - e P + 2P =
20 - :
d-A: e, B >3 W@ B + 26k |

15

¢ Different spin states with different f, and d, parameters | e Data
. C e O 10" — L-Lfi |
¢ p-A correlation: current statistics is not enough to - " Doublet

. . . i — - Quartet
separate two spin states — spln-averaged flt 5 [

¢ d-A correlation: very different f, for (D) and (Q) are

e

predicted — Spin-separated fit 5 = - on o 150




Scatterings Length (f,) and Effective Range (d) 7}“’%”@0”23%
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+* The constraint of the effective
range (dg) is weaker

«* The measurement is done at freeze-out
¢ Spin-avg for f, & dy p-A system

fo =2.32%01% fm dy = 3.5737 fm
+* Successfully separate two spin states in d-A

fo(D) = —20%3 fm do(D) = 3*% fm

fo(Q) = 1673 fm do(Q) = 2*1 fm

*Edge of d-A contours are shown with Bezier smooth to improve the visibility
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2H Binding Energy

3
3HB, (MeV)
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| STAR Preliminary

d-A Correlation

ALICE 2022 |
STAR 2020 |
NPB52 1973

PRD1 1970

) 4

Stopped K~

NPB4 1968

NPB1 1967 _

HIC

o

TAR L O
NEW @ OM23°:
1?{H binding energy (B,):

+* Bethe formula from Effective
Range Expansion (ERE)

parameters f,(D) & dy(D) ‘
% .
1 1 - _y?
. TR T 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 3H structure
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Summary and outlook

** The first d-A correlation function measurements in heavy-ion collisions
** New p-A correlation function measurements with 3 GeV Au+Au collisions

¢ Successfully separated emission source size from final state interactions in p-A & d-A correlation functions

..............................

1 R(éentral > R}éeripheral and Rg (p — A) > Rg (d — A) yd S 5 L T
2. p-A correlation spin-ave: = 6 RN 3:::;:;
fo = 2.321311 fm do = 3.5233 fm o sl ] .
3. d-A correlation spin-sep: o | 'gzgzéz
fo(D) = —20*3 fm do(D) = 3%2 fm 5 ° md VR
- v AL
fo(Q) = 167 fm do(Q) = 2% fm 2 12
4. IS;H BA — [004’033] (Mev) @ 95% CL from d-A correlation (D) é o - _v__,\ ________________ : 5% __________ . ]
w = | & <)
I
Outlook: = e

More than 10 times statistics from BES-II
¢ Emission source size vs. energy, rapidity...
¢ Baryon correlations with different species
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