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The mission of RHIC

Quark-Gluon Plasma
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To probe the inner workings of the Quark-Gluon Plasma
To map the phase diagram of QCD

To study the spin puzzle of proton



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

A STAR Multi-Year Beam Use Request For

In 2006, stated in the Beam Use Request: R ini
definite search for the existence and location of the i
QCD Critical Point for Run 2009

RHIC Beam Energy Scan Phase | in 2010 and 2011

mmmmm

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

Tim Hallman for the STAR Collaboration

Time of flight detector upgrade, DAQ1000 Brookhaven National Laboratory

just completed before Run 2010 ERSQIBUEY ik Dy

Hallman, BNL PAC, 9/12/2006



Particle identification with TPC+TOF
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Locate T and ;

Phys. Rev. C 96 (2017) 44904
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Selected results from BES-I
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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?

21

2.3

2.4

What are the properties of the stronglyv-coupled system produced at RHIC, and how
does it thermalize? . . . . e
2.1.1 What do we know now and what dﬂ we vumt tn }-:mm further’ e e e
2.1.2 What measurements do we need? .

What is the detailed mechamsm for ]:uartn:rmf: ETIETEY lDGsfp:'

221 What do we know now? . . . . C e
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3 What is the partonic structure of nucleons and nuclei?
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What is the partonic spin structure of the proton?

311 Gluon Polarization . . . . . . . . . . 0. L Lo e e
3.1.2 Qmark Polarization . . . . . . . . . . L . . e e e e e e e e e e
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STAR beam energy scan phase |l campaign
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Table 2. Event statistics (in millions) needed for Beam Energy Scan Phase-II for various observables.

Collision Energy (GeV) 77 0.1 11.5 14.5 19.6
ug (MeV) in 0-5% central collisions 420 370 315 260 205
Observables

Rcp up to pr =5 GeVlc - 160 125 92
Elliptic Flow (¢ mesons) 100 150 200 200 400
Chiral Magnetic Effect 50 50 50 50 50
Directed Flow (protons) 50 75 100 100 200
Azimuthal Femtoscopy (protons) 35 40 50 65 30
Net-Proton Kurtosis 80 100 120 200 400
Dileptons 100 160 230 300 400
Required Number of Events 100 160 230 300 400

https://drupal.star.bnl.gov/STAR/starnotes/public/sn0598
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The 2015 long range plan for nuclear science

e () 15
LONG RANGE PLAN
for NUCLEAR SCIENCE
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2015 LRP:

“There are two central goals of measurements
planned at RHIC, as it completes its scientific
mission, and at the LHC: (1) Probe the inner
workings of QGP by resolving its properties at
shorter and shorter length scales. The
complementarity of the two facilities is essential
to this goal, as is a state-of-the-art jet detector at
RHIC, called sPHENIX. (2) Map the phase diagram
of QCD with experiments planned at RHIC.”

11



RHIC BES-Il upgrades

electron beam

. — = LEReC — Low Energy RHIC electron Cooling
Major improvements for

BES-II

lane ' '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=11t01.5

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

* Provided by CBM-FAIR

12



STAR as a fixed-target experiment

. Fixed Target
n=-20 N ,, z=2.01m
BBC i )
East .
, ,VPD j Yellow beam
. - —um
1 w
‘ BBC
West
East West
BTOF

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

0.9

Phys. Rev. C 103 (2021) 034908

—l—

&
¥
-
-

Central Collisions

HADES

Egas

STAR Fixed Target
EB66

STAR Collider
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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

14



Net-proton higher moments from BES-I and at 3 GeV from FXT (2018)
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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
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Net-proton higher moments from BES-I|

arXiv: 2504.00817

0-5% Au+Au Collisions at RHIC

| f
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Net-proton cumulants and proton factorial cumulants from 7.7 GeV to 27 GeV
156 < p; < 420 MeV

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

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

BES-II vs BES-I
7.7 GeV 196 GeV
stat. error sys. error |stat. error| sys. error
4.7 3.2 4.5 4

2 - 50 deviation from peripheral data or calculations without critical point effects

17




Net-proton cumulants and proton factorial cumulants from FXT energies
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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

e Study rapidity dependence



Proton and anti-proton factorial cumulants from 7.7 GeV to 27 GeV ,
arXiv: 2504.00817

M. Stephanov, arXiv:2410.02861 - (1) % -
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0 T AR
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— i ¢ 0 -
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Critical needs: o

* Baseline calculations without critical point effects 10 20 100 200

. . . . fal 19
« Dynamic calculations with critical point effects Collision Energy ys,, (GeV)



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?

21



Thermal dileptons
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Bonus: hyperon global polarization
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Bonus: hypernuclei production

dN/dy (Central HI Collisions)
o

Constrain hyperon — nucleon and hyperon-hyperon interaction
Connection to neutron stars

Neutron Star

Picture credit:

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

p?a=121192

- A small: J. Steinheimer et al., PLB714, 85(12) ]
e e IR LT 3,,.  LARGE A Andronic, etal, PLB697, 203(11) |
| He _ ]
oy e wly e U ]
— 9 H/,?. .&E&A A Ay . _
| i ——
= &~ 'H, He_ S A A —A S
— - P T T - He =
— |:|4 5 " o - — ]
H aaH L ° o
=] AA a
- ,@’E = ‘“‘"“@ -
— ®®-- T —
- L] ',© 12l - CE™) =
— » @'(AEHE ‘@\‘“n_©u —
— 7 -~
B amzHE . © ]
L T N
; : 1‘” _ STARFXT 1 - ‘ ]
2 30

3 5 10 20
Collision Energy Vs, (GeV)

I IIIIIII| I IIIII[I| T IIIIIII| I lIlIIII| 1T

T IIIIIII

‘oo g
AHe

5
.. aHe

4H(x4)

Au+Au 0-40% collisions

-y ~
L |

STAR Preliminary
5 A

2H(x10)

Thermal-FIST (CE)
O Published
® STAR preliminary

3 4 5678910

20 30

Collision Energy sy, (GeV)

40 5

1 5l 9-40%

! %

o,

- STAR Preliminary
| Linear Fit dv,/dyl
¥=0

- Au+AU \s, = 3.0 GeV

=p0xA

“He
g AHe

t .-
3H<j:-, ' 1He

d_"
~" 3
P

P~ PRL 130 (2023) 212301

O Published
® STAR preliminary

2 4

Mass Number (A)

Midrapidity v, slopes
follow baryon
number scaling,
implying that
coalescence is the
dominant production
mechanism

24


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

180

Conclusion g m_g
160 b |
140 | R, -
120 | \\"u%. 1
The RHIC BES program has been highly successful, thanks to strong = 1001 R ]
L z K
community support and many years of dedicated planning and § sol & potentilly large not computed
R ) - ol systematlc error
preparatlon' 60 j—— FRG:;;. P.a‘\;vlowski, Rennecke (2019) ]
DSE: Gao, Pawlowski (2020)
40 DSE: Gunkel, Fischer (2021) —
. . . FRG: moat reg!me [p‘ions}
The BES data cover a broad and interesting range of g, enabling us to: 20 ff  FRG: moat regime (sigma) |
., e . Lattice: HotQCD
[ ] 0 I I ] ]
Search fo'r the QCD Crltl(?a| point N ; = = — TR
* Explore signatures of a first-order phase transition ps [MeV]
* Investigate the onset of QGP formation —————
. . 2 fRG—LEFI’{CE} freezeout Andronlc etal
* Study hyperon-nucleon interactions 5t IRGLEFT (CO reeseadt. STAR
* Examine the vorticity field in heavy-ion collisions al =i TE rem (o Andronicstel.
. ® -1l (0-
e Measure the freeze-out properties il = STAR fiod-target (2-5%)
m e 3t i 1 DSE: [Lu, Gao, Liu, Pawlowski, 2504.05099] |
° Eé" ” FRG: [Fu, Luo, Pawlowski, FR,Yin, 2308.15508]
21 ;: : i [STAR,2504.0081 7T
AR\
%i _...i—i*"" RRRERRT Y —
" , P “Ti
Stay tuned—many more exciting results are on the way! Sl N -
_1 ‘BA(' L - |'.IT'| L | I L L T I L
Vs [GeV]

Fabian Rennecke, QM§3025



The future [ Target || mvoists |( rRicHTRD |( TOF | ECal ]{ PsD |

NA60* (2029) NA61 (2008 - 2027) s
uon spectrometer - g:grgkagng\ Q-II%:i?rI\i:ter
Detector |
Tragiing
o Station
Vertex
Detector -
CBM
#E HIII I I I I I I I m T T T T T T TT1 | Izﬂthhﬂ
) CBMFAIR _ ey |
1074 ¢ ¢ ¢ A
Physics opportunities in the exploration of the QCD phase E R N Heavy lon Collisions
diagram at high baryon density after the completion of the - 10 S h,@.}asps' [ U R I O
RHIC BES-II program: NA60+, NA61, CBM, NICA ... Q 405 4 A A A L AUGED
© o or: o i L e ]
o pel.io8 Hé\DESi e BF!-IEMIK_. B
Probe the physics of dense baryon-rich matter and constrain g S x
[ [ [ [ o 3 ' |
the nuclear equation of state in a regime relevant to binary = 10° smn FxT - Nm@ﬁps
neutron star mergers and supernovae. © e i1
= 0~ T
IR A IR R R |

2 5 10 20 50 100 200
Collision Energy s, (GeV)x:



The QCD Critical Point: Are We There Yet?
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Light nuclei yield ratio

PRL 130 (2023) 202301
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N{N,/N4?, sensitive to fluctuations of the local neutron density shows enhancements relative to the
coalescence baseline with a significance of 2.36 and 3.40 respectively in 0 —10% central Au+Au collisions at
19.6 and 27 GeV.

Constrain production dynamics of light nuclei and understanding of the QCD phase diagram



Disappearance of partonic collectivity in 3 GeV Au+Au collisions

Phys. Lett. B 827 (2022) 137003
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 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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Dynamical transverse momentum fluctuations
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Hypernuclei production
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Hypernuclgi property
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Most precise hypertriton lifetime measurement
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Third body Coulomb interactions
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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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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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How to infer the QCD critical point

Divergence of the correlation length, dynamics slow
down, Large density fluctuations
Critical opalescence, magnetic susceptibility
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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 :
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\ /
\ / h ~ Zero Kurt. |
\ f 0- : ; 1
/
— H\ > 1 = >'Neg. Kurt. — 7 i
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Measure non-Gaussian fluctuation of conserved quantities
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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
\ "
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