SCIENTIFIC
AMERICAN ..

THE EARLIEST
UNIVERSE

"

Hottest SUBKTOMIC SWIRLS

Least viscous

Most vortical

Supported in part by

=t U.S. DEPARTMENT OF

)ENERGY "

Recent results from the STAR experiment

Alexey Aparin for the STAR collaboration
Joint Institute for Nuclear Research

Part of this work was supported by Russian Science Foundation under grant Ne 22-72-10028



STAR detector

up gr ade * Tracking and PID (full 2t)
TPC: n| <1

iTPC (2019+4): In| < 1.5
, L TOF: In| <1
vent I'lane !Jetecto eTOF (20194): -1.6 <1 < -1
" BEMC: In| <1
| EEMC:1<n<?2
HFT (2014-2016): In| <1
MTD (2014+): |n| < 0.5 (partial
azimuthal coverage)

* MB trigger and event
plane reconstruction
BBC (before 2018): 3.3 < |n| <5
EPD (2018+): 2.1 < |n| < 5.1
VPD: 4.2 < |n| <5
ZDC: 6.5<|n| < 7.5

* Recent upgrades 2022
FCS: 2.5 < |n| < 4
FTS: 2.5 < |n| < 4
ECAL & HCAL: 2.5 < |n| < 4
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Top RHIC energy
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Beam Energy Scan
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Beam Energy Scan to map the QCD phase diagram

Temperature

Two stages of Beam Energy Scan:
Stage I: 7.7 — 39 GeV 2010 — 2014
First glance at low energy region, rather low statistics

Stage II: 3 -54.4 GeV 2017 - 2021
Precise measurements at low energies, large statistics
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Light particle production at 27 GeV
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High statistics of BES-Il allows to make a rapidity dependence study of particle production
With iTPC and eTOF upgrade more high precision data on particle production are on the way at lower energies
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Thermodynamical properties of the medium
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Nuclear modification in the medium
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R., has two regimes in the behavior depending on the collision energy:
decrease of particle production with high p; in central collisions at high energies
smooth growth of particle production in central collisions at low collision energies.
High statistics of BES-II will allow to measure R, in high p; region at low collision energies

STAR Phys. Rev. C 102 (2020) 34909
STAR Phys. Rev. Lett. 121 (2018) 32301 Alexey Aparin, CHEP-Yerevan, AANSL 2023, 8



Nuclear modification in the medium

d*Ndp,dn/ < N_, > (central)

R =
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High statistics of BES-II allows to measure nuclear modification factor in high p; region for different particles
Allows to compare different particle species which can be sensitive for different QGP effects
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Collective flow of light nuclei

Collective flow of light nuclei demonstrates mass number dependence for BES-II collider energies
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Collective flow of light nuclei
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STAR Phys. Lett. B 827 (2022) 136941

This indicates that no A scaling is observed

in these data for light nucleus v, at 3 GeV.
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Elliptic flow at low energies

Elliptic flow is negative (squeeze-out) at 3 GeV, as
expected from the previous AGS data.
Grows rapidly with energy

T 1 T T T 1 T 1 T T T T
- AusAu Collisions (10-40%6) 3 27 54.4(GeV)
noak ... 200 e E A O -
- 54.4 st Ee Bt p % o ¥ 3
0.0~ Z feBO T gEosE R
----- 145 R 2 z557
B el T Bt
< g.oaf T BT i 7o
R g/
UUE— i + &
(a) Positive particle 4 & (b) Negative particle
oy - - - - - - __} ]
‘ﬁ*ﬂﬁt* A LAd 4 _
-0.02}- A + g% &
I T TR AR R | AN T N N R R

002 04 05 08 0 0z 04 08
(m, - mgl/n, (GeV/c?)

STAR Phys. Lett. B 827 (2022) 137003

The quark number scaling has been used at
higher energies as a signature of the QGP.
At 3 and 3.2 GeV, the scaling is broken
down e.g. hadronic gas (not QGP)
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Hypernuclei production

Thermal model fails to describe the trend at RHIC energies.
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Two pion femtoscopy results from FXT program
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Two pion femtoscopy results from FXT program

The source shape evolves from oblate to prolate,

as energy increases

STAR. PRC 103, 034908(2021)
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Top RHIC energy
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() and ¢ production
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Significant Q enhancement over ¢ is observed in central AuAu collisions.

In central collisions, good agreement between data and recombination
model calculations is obtained Q and ¢ are predominantly produced
through the recombination of thermalized strange quark in QGP.

Q/¢ ratio in p+p collisions is close to that in peripheral Au+Au collisions,
hinting there may be smooth transition from p+p to Au+Au collisions.
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Strange hadron production in small systems
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Flow in small systems

He+Au(2014) d+Au(2016) p+Au(2015)
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0-5% dAu 0.54(0.18) 0.51(0.31)
0-5% *He+Au  0.50(0.28) 0.52(0.35)
Nucleon Glauber: J. L. Nagle, et. al., PRL 113 (2014) 112301
Sub-mucleon: K. Welsh, et. al., PRC 94 (2016) 024919
1.5 ) UCpeAuMN=341 N '-.F ¢ Flt o
2 UcC p+A =341 r E E . . . 4
2 a)  UCP AN, b)  Va&n &, < ¢ Data at midrapidity
1 0-10% d+Au (N_)=35.6 B ® - —He+Au J20¢ g
[ + I ™ +Au __ 4, d+ +
E 10-20% “He mﬁnm}:aaj ] B e —p+AU & y,HetAu _ ) dtAu 4, prAu
=R 1| S N S - — 1 lis8 yyHeAu _ , d+Au . prau
*@' o - o
~ | oy i I °
= 05k I st 110 E * Suggests significant influence
> STAR i 1 E of sub-nucleonic fluctuations
00 05 10 15 20 0 05 10 15 20 O Need to study pre-flow

p_(GeVic) p_(GeVic)

STAR, PRL 130 (2023) 242301 Alexey Aparin, CHEP-Yerevan, AANSL 2023, 19



Hadron production in jets

p+p vs. Aut+Au

STAR Prellminary

Au+Au, |s_ =200 GeV, 0-20%

.

i
i

ISEIZEEI
"iiiiil ]
| I
i L
"R g e
iglag8!

0.2 =
0_ P | PRI l T B R R
2 2.5 3 3.5 4 4.5 5
P, [GeV/c]
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Anti-k_
Jet p_'ra""’ >10 GeV/c
p:i“"“ > 3.0 GeV/c

—8— Au+AU, JetR=023

—=-p+p. JetR=023

Inclusive

Al Ausau, 0-20%
- [PRLY7(2006)152301]
p+p

[PRLB637(2006)161]

p/m ratio significantly smaller

1n jets compared to bulk

Similar p/m ratio 1n jets with

ponst >3 GeV/e in ptp and
Au+Au collisions

Measurements with lower
pro™t cuts are underway
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Light nuclei production in isobar collisions

dN/dy

P
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Yields and mean p; as a function of collision multiplicity
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Yields and mean p; of deuterons and anti deuterons in Ru+Ru and Zr+Zr
collisions agree well with Au+Au collisions within the uncertainty
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Heavy flavor production at STAR

For the J/WV:
1 d Ng A /(dprdy) Low p: significant CNM effects. Consistent with model predictions
Raa = N X N2 /(dprdy) High p; (> 3 GeV/c): R, consistent with unity — suppression in
coll pp/ \4PTAY AA due to QGP effects
STAR, Phys. Lett. B 797 (2019) 134917
STAR, Phys. Lett. B 825 (2022) 136865
2¢
: STAR p+Au |s,,, = 200 GeV 2F STAR s, = 200 GeV
1.8 0.5 Jy—piw STAR Preliminar 1.8 Ry, VI 1 Jyse'e
- [ |y|< . v U--]-l (PLB 825 (2022) 136865 y . = STAR Preliminary pAU Y|< y—e'e _
1.6— @ |yl<1J/y—e'e - Roau 1Y1<0.5 Jy—p'p
m I 1.6 Ry [V1<0.5 Jy—pu 0-20%
1.4 -
- Pﬂ II 1.4 ﬁ
1.2 - -
- ‘. a 1.2
2 - ; o ;mmmiﬂﬁﬁ“
T ; TRy
0-6“. ---------------------------- oc 0.8—@1&@ ﬂ
6 i 0.6
= ICEM+NLO EPS09 Lansberg: nCTEQ15 JE]L *ﬁ* H
0.4— 0.4 J[E]L JE]L*EI* U
- - CGC+ICEM  =e=es Comover _‘E‘ ‘B‘
0.2~ tamu —— Eloss+Broadening 0.2
0_|||‘|||‘||||||||||||||||| 0_|||||||||||\|||‘|||||\|||
0 2 4 6 8 10 12 0 2 4 6 8 10 12 14
p_ [GeV/c] P, [GeV/c]
STAR, Phys. Lett. B 825 (2022) 136865 T
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30-60% 10-30% 0-10%
T T |

Heavy flavor production at STAR 1.2f
| AutAu 200 GeV, |y| <1,0<p_<10 GeV/c
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Cold QCD effects
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Gluon polarization impact on proton spin

1 1
S====-AX+AG + L

2 2
quarks gluons Orbltal _| T | T T 1 | T T T 1 | T T 1 T T 1 T T 1 T |_
| = D55V08 : ]
angmar L (e DSSV14 4
momentum 1 HEIDSSV14+RHIC, gy, -
- (W%ECL.HmjrcomaursSi B .
- DSSV Preliminary 1
DSSV global fit including up-to-date jet, dijet, pion, W data - | -
,%”Dj - 7
S ]
DSSV14 + RHIC (<2022): 2 T I
ERCE ]
0 0 —
« AG = [, Ag(x)dx = 0.22+0.03 i 1
e AG = [ Ag(x)dx = 0.17 +0.20 - :
0.001 e 0.5 , —
- Q=10GeV" .
Dss‘vlq: _I 1 | 11 1 1 | 1 1 1 1 i 11 1 1 | 11 1 1 | 11 1 1 | 1 I_
-0.2 -0.1 ) -0 0.1 0.2 0.3
o AG = [ _Ag(x)dx =0.20 £ 0.06 [,dx Ag
e AG = [, Ag(x)dx = 0.15 + 0.50

arXiv:2302.00605
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Single spin asymmetry

W bosons production sensitive to flavor, spin, charge simultaneously 5
Powerful tool to probe sea quark polarization £
First experimental observation of a flavor-asymmetry between anti-up

and anti-down polarizations, opposite to the unpolarized distributions P

g —o

ot +o0~

STAR, PRD 99, 051102(R) (2019)

Al

0.5

p+poW+Xoet+X

25 <E7<50GeV

syst

Rel lumi

§ & STAR2011-2018 o st

------------ BS15 CHE NLO
, DSSV14 CHE NLO

-~ DSSV14 RHICBOS
----------- NNPDFpol1.1 CHE NLO

===~ NNPDFpol1.1rw CHE NLO
3.3% beam pol scale uncertainty not shown

| L L L I 1 L L L 1 |

= 0 1

ne

0.08

0.06

0.04

Sea Asymmetry
X(AT - Ad)

IIIIIIIII

I

<]

- @ =10 (GeV/c)?

-0.02
~-=-= NNPDFpol1.1
_0_04__ =222 NNPDFpol1.1rw
107 10"

26



Double spin asymmetry

0.08

Sub-processes directly sensitive to gluon
Constrain gluon helicity-dependent PDFs
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Di-jet measurements
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Measurements with unpolarized beam

d/u with W* cross section ratio
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Differential Z% cross section
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Successful STAR run 2022 with forward upgrade
Requested luminosity for the last transverse spin run in 2024 before EIC

Vs (GeV) Species Luminosity Year
508 p' +p! 400 ph~1 2022
200 p' +p' 235 ph~t 2024
200 p' 4+ Au 1.3pb~1 2024

Gluon PDF with Jet cross section

phviGavic)

dFar /{dpy diyj,

Ralio 1o data

Inclusive jel cross seclion

10" - 4~ STAR Run 2012 Praliminary (stal uncerlainty]

0F I Jet Energy Scale syat uncartainty for EMC ]
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10%: luminosity uncertainty not shown
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et e G e

And much more to come with STAR detector
upgrades and high statistics runs 2023-2025
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Summary

v' STAR experimental program covers a wide range of topics and STAR has collected a
unique set of data on a variety of collision systems and collision energies including
fixed target data

v' STAR detector has gone through several upgrades in a last couple of years to extend
it’s capabilities for high statistics runs

v' BES-Il has increased statistics by a factor of 10 for most of the energies and provided
additional data with FXT mode of STAR detector

v Run 23 was the 1-st top energy Au+Au with all upgrades. STAR recorded 6.5B events
before unexpected RHIC shutdown

v’ Data taking has been very successfully ongoing and new results are on the way with
our future high statistics Au+Au/p+p/p+Au runs

Alexey Aparin, CHEP-Yerevan, AANSL 2023, 29
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BES-II statistics and run time

_ ;&W T AR & Veun (GeV) (%‘*;\',“mﬁc”f;ogg} Fg‘:;g"gr;;t Yoortorof mass (va} F‘;‘ga;'sr;‘e No. Events Collected (Request) Date Collected
== Recent BES-IL, FXT and 2% 100 C 0 25 | 2.0 138 M (140 M) Run-19
500 GeV datasets 27 135 C 0o |156| =24 555 M (700 M) Run-18
(years 2018-2021) 19.6 9.8 C 0 |c208| 36 582 M (400 M) Run-19
> 173 8.65 C 0 |23 | 14 256 M (250 M) Run-21
14.6 7.3 C 0o |22 &0 324 M (310 M) Run-19
13.7 100 FXT 269 | 276 | 05 52 M (50 M) Run-21
115 575 C 0o |3ste| 54 235 M (230 M) Run-20
1.5 70 FXT 251 | 316 | 05 50 M (50 M) Run-21
BES- (years 2010, 2011, 2014) 9.2 459 C o |s372| 102 162 M (160 M) Run-20+20b
i (GoV) No-oF svenis (milion) 9.2 445 FXT 228 |372| 05 50 M (50 M) Run-21
77 1 7.7 3.85 C 0 |420| g0 100 M (100 M) Run-21
i})ﬁ 1?.3 77 312 FXT 210 | 420 [95410 500+ 112M+ 100 M (100 M) | Run-19+20+21
2{3 1:%1:%1 7.2 26.5 FXT 202 | 443 |2oPaesic 155 M+ 317 M Run-18+20
6.2 195 FXT 187 | 487 | 1.4 118 M (100 M) Run-20
5.2 135 FXT 168 | 541 | 1.0 103 M (100 M) Run-20
4.5 9.8 FXT 152 | 589 | 0.9 108 M (100 M) Run-20
3.9 7.3 FXT 137 | 633 | 1. 117 M (100 M) Run-20
3.5 575 FXT 125 | 666 | 0.9 116 M (100 M) Run-20
3.2 4.59 FXT 113 | 899 | 20 200 M (200 M) Run-19
3.0 3.85 FXT 105 |721 | 46 |250M->2B(100M=>2B) | Run-18+21
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Integrated polarized proton luminoesity L [pb']

900

800

700

600

500

400

300

200

100
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Year s (GeV) L (pbY) <P> (%)
Polarized t
DIATLEE [J['O ons 2006 67.4 B 48
2022 P=50% 200 6.8 57
—— 250/255 GeV (Lpeak limited
F —e= 100 GeV by STAR) 5
¢ 2009 200 2 38
500 10 55
2017 P=53% Long. 011 500 12 48
(Lpeak limited
by STAR) 2012 510 82 56
2013 P=53%
| 2013 510 256 56
2015 200 50 60
62.4 0.2 48
2006 200 8.5 57
2012 P=52%
2015 P=55% 5000 pm3ass 2008 200 7.8 45
2012 P=59% 2011 500 25 55
2011 P=48% - 2006 P=55% Trans.
2005 P=47% 2012 200 12 60
2003 P = 34% _
2015 200 50 60
2 4 6 8 10 12 14 16 18 20
Time [weeks in physics| 2017 510 356 55
2022 508 400 50
STAR
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Particle identification at 3 GeV

70 :‘ 3]G‘e\]/ II\U]H;\'UZ;;H g ol T Au+Au Collisions @ FXT s, =3 GeV
40 =
£
2 20 g
5
_g 10 :.g
L
L 5
2 [ “N p——
-1 0 1 2 3
p/q (GeV/c) P/ (GeVic)
Detects particles in the 0 < n < 2 range About 260M events analyzed from 2018,
m, K, p, d, t, h, a through dE/dx and ToF 2B more recorded in 2021

KO, A, =, Q, @, 3,H, 4,H trough invariant mass
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Hypernuclei production

300M Au+Au data without iTPC and eTOF
Candidate reconstruction via invariant mass in two body decay

g Measured lifetime results at Vs, = 3.0 and 7.2
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E | |I H E:A |I | A
3r 4 102 i E;'E‘ STAR (this analysis) EL:] STAR {this analysis)
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ék ] _10 ALICE (2016) —éfi H. Outa et al (1995)
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Global hyperon polarization measurements

| - STAR Au+Au 20%-50%
e - ﬂ STAR Preliminary \ . osig6220177 ®a O Global hyperon polarization over a large range

 3GeV PRC76.024915(2007) ®A OA of collision energy is measured and can be

- (A) PRC98.014910 (2018) ® A ORA described by hydrodynamic and transport
FECIRLIGIN0 (=2Y) @4 models with intense fluid vorticity of the QGP

S STAR prelim.

AA+A ®eA OA ) ) ) ] )

B The observation of substantial polarization in
g these collisions may require a reexamination of
+ A ¢ A Pb+Pb15-50% ] _ y _q - o
HADES prelim. SQM2021 the viscosity of any fluid created in the collision,

A AorAg 10405 of the thermalization timescale of rotational
modes, and of hadronic mechanisms to produce
© PN global polarization.
AMPT,A 19.6 GeV (A + A
- primary primary+feed-down
UrQMD+VHLLE, A [ a, =-a_=0.732
. —— primary - - primary+feed-down
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10 107 10° JoosO 2 1+ ot Fi| cos B
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Nature 548 (2017) 62,

PRC 104 (2021) 061901,
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Collectivity and temperature of the medium

200F T i —
(a) i
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Comparison to thermal model predictions
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Hidden vs. open strangeness production
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Dielectron production at 27 and 54.4 GeV Au+Au collisions
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Thermal dileptons

Excess dielectron spectra in 27 and 54.4 GeV Au+Au Thermal dielectrons is the major source in IMR
collisions and NAGO In+In collisions are similar
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Phase diagram mapping with dielectrons
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Higher-order cumulants at 3 GeV

Cumulants of proton and its ratios at 3 GeV

Cumulant Ratios
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Higher-order cumulant ratios C4/C2, C5/C1, and C6/C2 in most central
events appear least affected by volume fluctuations in the 3 GeV

Au+Au collisions
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Energy dependence of net-proton cumulant ratio

Previous measurements of net-protons by STAR and ‘%
HADES suggested the sign change at energies of BES-II 0-5% centrality 50-60% centrality
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Collision Energy ys,, (GeV) The data and results of both UrQMD and hydrodynamic models of

C4/C2 in the most central collisions at 3 GeV are consistent, which
signals the effects of baryon number conservation and an energy

regime dominated by hadronic interactions
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