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The phases of QCD matter

Lattice QCD: crossover chiral transition at pg<3 T

At top RHIC and LHC energies, measurements
consistent with a smooth crossover chiral transition

Change T and yg by varying the collision energy:
» Search for the critical point

* Search for the first-order phase transition

e Search for the threshold of QGP formation
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STAR beam energy scan phase | campaign

In 2006, stated in the Beam Use Request:

definite search for the existence and location of the
QCD Critical Point for Run 2009

RHIC Beam Energy Scan Phase | in 2010 and 2011

__Energy (GeV) | 7.7 |11.5 196 | 27 | 39 | 624 | 200

Statistics (Million) ~3 ~6.6 ~15 ~30 ~87 ~47 ~242
Year 2010 2010 2011 2011 2010 2010 2010

Time of flight detector upgrade just completed before
Run 2010

RHIC Multi-Year Beam Use Request
For Run7 — Run 9

The STAR Collaboration

August 24, 2006

Temperature T [MeV)
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STAR beam energy scan phase |l campaign

STAR Collaboration Decadal Plan
December 2010

1 Executive Summary

2 What is the nature of QCD matter at the extremes?
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What is the partonic spin structure of the proton?
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Studying the Phase
Diagram of QCD <
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A STAR white paper summarizing
the current understanding and
describing future plans

01 June 2014

https://drupal.star.bnl.gov/STAR/starnotes/public/sn0598
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STAR as a fixed-target experiment

. Fixed Target
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A gold target was installed inside the beam pipe in December 2013
for a feasibility test
— collected data during 14.5 GeV Run in 2014

A thinner gold target was installed for FXT program 2018-2021
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Phys. Rev. C 103 (2021) 034908
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STAR Fixed Target
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How to infer the QCD critical point

Divergence of the correlation length, dynamics slow
down, Large density fluctuations
Critical opalescence, magnetic susceptibility




How to infer the QCD critical point

Correlation length related to various moments of ) ) 3 45 4 9 7
the distributions of conserved quantities such as < (5N) >R 5 » < (5N) >R 5 » < (5N) >=3< (§N) > = 5
net-baryon, net-charge, and net-strangeness.

Mean: M =< N > St. Deviation: © = \/< (N—< N >)" >
<(N-<N>)'> <(N-=<N>)*>
O o
R A Pos Klllrt.i =
-\," ."/ ’ E, :§.5537s :
'||I Iln' u, -1.2 —_—
\ /
\ / h ~ Zero Kurt. |
\ f 0- : ; 1
/
— H\ > 1 = >'Neg. Kurt. — 7 i
Negative Skew Positive Skew “l ?/ ' \&

Measure non-Gaussian fluctuation of conserved quantities



Connection to Lattice QCD

Lattice calculations show that moments of the
conserved charge (net-baryon, net-charge, net-
strangeness) distributions are related to the
susceptibilities

Pressure:

1
;74 = S Z(V. Ty g, )

Susceptibility:

q=B,0,S (Conserved Quantum Number)

2P = (8N, )2 = —=((6W,))
Xy = #<(5Nq)3>

= (ov) )-3(em)) )

A. Bazavov et al .arXiv::1208.1220. 1207.0784.
F. Karsch et al, PLB 695, 136 (2011).

\arXiv: 1203.0784; S. Borsanyi et al, JHEP1201,138(2011)j
\ "



Net-proton higher moments at 3 GeV from FXT (2018)

baseline

NE

4 _I I ] I | | I ] L | I_
~ _ Central Au + Au Collisions |
3= % STAR (0 - 5%)
o[ ;,,,E @ nhet-proton .
9 2_§§§ | O proton -
O‘r  £=S i} (lyl <05, 0.4 <p (GeVic)<2.0)]
O q—j———- s —
E‘U I L S -..-[; [? 3 |
— — GCE
- L. HRG _ _ _ cE .
_1 (05 <y<0) net-proton |
{D.4<p};|{GeWc:}<2.D} UrQMD » proton N
| | 1 | 1 1 1 | | | | | L1 11 | 1
2 5 10 20 50 100 200

Collision Energy \s,, (GeV)

BES-I: PRL 126 (2021) 092301
3 GeV data: PRL 128 (2022) 202303

« Non-monotonic energy
dependence in central Au+Au
collisions (3.1c)

» Strong suppression in proton
C,/C, at 3 GeV

- consistent with UrQMD
hadronic transport model calculation




Disappearance of partonic collectivity in 3 GeV Au+Au collisions

Phys. Lett. B 827 (2022) 137003

| 1 | 1 | 1 | 1 1 | 1 | | I 1 | 1 | I
" Au+Au Collisions (10-40%) 1 3 27 54.4(GeV) I
0.08F ----- 200 P A e
B K A &
i - -B]1 - -
54.4 __,.igBJ,ﬁ,a?__r P * ©O -""@EP*:‘F’?:'__
0.06fF ="' ° 27 ;r'u_:;pEI"'_.-;:l:-"'—— g};E"I’f,-:Z.: ----- -
| = 14.5 e TS 1 et s N |
o | ====- 7.7 s T B =T
c 0.04f AT 1 _
-‘?\.I ,I"'":;?H' ,»':*%"L?
> 1 I '
0.02F @& <1 trf -
- (a) Positive particle iﬁ; (b) Negative particle
0 e = _________
: *ﬁ*vﬁ‘** A A4 A . -
-0.02- A A A T ﬁlﬁ A ]
I L | | I | . L L | |

0 02 04 06 08 0 0.% 04 06 08
(mT : m,;])mcI (GeV/c?)

 Number of constituent quark (NCQ) scaling holds at 14.5 GeV and above
 No NCQscaling and negative elliptic flow observed at 3 GeV

The results can be reproduced with a baryonic mean-field in transport model calculations.

Baryonic interactions dominate in 3 GeV Au+Au collisions
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Directed flow of hypernuclei

U quark Neutron Star

9 dquark

s quark

{4 A Hyperon?

Supernova Remnant

Hypernuclei Production
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Connection to neutron stars

Picture credit:

BNL news article
https://www.bnl.gov
/newsroom/news.ph

p?a=121192

Constrain hyperon — nucleon and hyperon-hyperon interaction

PRL 130 (2023) 212301

T i | T
Au+Au Collisions at RHIC
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First observation of significant hypernuclei directed flow
in high energy nuclear collisions

Midrapidity v, slopes follow baryon number scaling,
implying that coalescence is the dominant production
mechanism
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Constrain hyperon-nucleon interactions at high baryon density


https://www.bnl.gov/newsroom/news.php?a=121192
https://www.bnl.gov/newsroom/news.php?a=121192
https://www.bnl.gov/newsroom/news.php?a=121192

STAR BES-Il upgrades

Major improvements for
BES-II

etector

EPD Upgrade:

* Improves trigger

» Reduces background

* Allows a better and
independent reaction plane
measurement critical to
BES physic

iTPC Upgrade:

» Replaced inner sectors
of the TPC

» Continuous Coverage

* Improves dE/dx EndCap TOF Upgrade:

« Extends n coverage  Rapidity coverage is critical
from 1.0t0 1.5 *PIDatn=11t0 1.5

* Lowers pr cut from 125 « Improves the fixed target
MeV/c to 60 MeV/c program

* Provided by CBM-FAIR




Detector performance

iTPC (2019+) / eTOF (2019+) \ EPD (2018+) \
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BES-II datasets (2019-2021)

AutAu Collisions at RHIC

260 + 2000 M

Collider Runs I Fixed-Target Runs
@ #Events Up ‘(/ﬁ #Events Up

1 200 380 M 25 MeV 1 13.7 (100) 50 M 280 MeV
2 624 46 M 75 MeV 2 11.5 (70) 50 M 316 MeV
3 544 1200 M 85 MeV 3 9.2 (44.5) 50 M 372 MeV
4 39 86 M 112 MeV 4 7.7 (31.2) 260 M 420 MeV
5 156 MeV 5 7.2 (26.5) 470 M 440 MeV
6 206 MeV 6 6.2 (19.5) 120 M 490 MeV
7 230 MeV 7 52 (13.5) 100 M 540 MeV
8 262 MeV 8 4.5 (9.8) 110 M 590 MeV
9 316 MeV 9 3.9(7.3) 633 MeV

372 MeV 3.5(5.75) 670 MeV

420 MeV 32 (4.59) 699 MeV

BES-II data collected at RHIC cover a broad and interesting range of ygfor the

A broad pg coverage: 25 < pug< 750 MeV

critical point search
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Net-proton higher moments from BES-I|

0-5% Au+Au Collisions at RHIC
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Net-proton cumulants and proton factorial cumulants from 7.7 GeV to 27 GeV

156 < p; < 420 MeV

Net-proton C,

08
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Very interesting trends observed as a function of collision energy

Critical needs:

* Baseline calculations without critical point effects
e Dynamic calculations with critical point effects

Precision results on net-proton
cumulants and proton factorial
cumulants from BES-Il with greatly
improved statistical and systematic
uncertainties

BES-11 vs BES-I

1 Reduction factor in uncertainties on 0-5% C,/C, :

7.7 GeV 19.6 GeV
stat. error | sys. error |stat. error| sys. erro
4.7 3.2 4.9 4
16




Net-proton cumulant

Net-proton C

-

0.8

0.2

0.1

Proton «,

s and proton factorial cumulants from FXT energies

0-5% Au+Au Collisions at RHIC
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Proton C,/C,, k,/x, consistent with UrQMD
Proton (factorial) cumulants deviate from UrQMD at second and third order

To do:
Analyze 4.5 GeV and 2B 3 GeV data
Study rapidity dependence

Critical needs:
Baseline calculations without critical point effects
Dynamic calculations with critical point effects

17



Dynamical transverse momentum fluctuations
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NCQ scaling of elliptic flow
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* NCQ scaling holds approximately for 7.7 GeV and above and completely breaks down at 3.2 GeV and below

e Constraints on nuclear shadowing and the onset of partonic collectivity



Directed flow of identified hadrons
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Sensitive to the very early stages of the collision

v slope:

* (@ meson behavior is similar to protons and lambdas

 Matches kaons at 9.2 GeV and above, but shows
significant deviations in the FXT energy region

What is the underlying physics mechanism?

Momentum-dependent mean field potential at lower
energies?

20



Strange hadron production
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Strange hadron yield ratios deviate from Grand Canonical Ensemble
expectations at collision energies below 5 GeV.
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Hypernuclei production
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Hypernuclgi property
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Most precise hypertriton lifetime measurement
via d-Lambda correlations



Third body Coulomb interactions

STAR Preliminary = R
Au + Au 0-10% 5 ] £S5
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The measured femtoscopic source radii differ between nt*n* and m™n” pairs
* Primarily due to the third-body Coulomb effect.

* No significant isospin effect.
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