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AR I R S S SR e BES-I:

3: - Hints that at low Vsy:
% " < BESll——  QGP turns off
i ek i * Presence of critical point
é e Ordered phase transition
I|I||||I

05— - 52 BES-II:

MB (GeV) ot * Need higher statistics

* Need to increase detector acceptance
The BES-Il program was approved by BNL PACto + Need lower energies

take place.over the course of two (then three) + Fixed-target (FXT) program
RHIC running periods * Electron cooling of beam

Project listed as a top US NP priority in LRP 2015

Grigory Nigmatkulov. Nucleus-2021.



Event Plane Detector

"

inner Time Projection Chamber
P A .

.

iTPC upgrade EPD upgrade eTOF upgrade

n|<1.5 2.1<|n|<5.1 -1.6<n<-1.1
pr >60 MeV/c Better trigger & b/g reduction Extend forward PID capability
Better dE/dx resolution Greatly improved Event Plane info (esp. 1¥-order EP) Allows higher energy range of Fixed Target program
Better momentum resolution
Since 2019 Since 2019 Since 2019

Grigory Nigmatkulov. Nucleus-2021.



Fixed Target
z=2.01lm

Yellow beam

Gold target:

e 2 cm below nominal beam axis

e 2m from center of STAR
e 250 um foil

Grigory Nigmatkulov. Nucleus-2021.



b3 Ve (GeV)
STAR *

(%e;\","}nfgf;gg} Fﬁ‘;gdgrg;t Yoenter of mass (MI:\.'} HE‘S&?S";B No. Events Collected (Request) Date Collected
200 100 C 0 25 | 2.0 138 M (140 M) Run-19
27 13.5 C 0 156 | 24 555 M (700 M) Run-18
19.6 9.8 C 0 206 | 36 582 M (400 M) Run-19
17.3 8.65 C 0 230 | 14 256 M (250 M) Run-21
14.6 7.3 C 0 262 | 60 324 M (310 M) Run-19
13.7 100 FXT 269 |276| 05 52 M (50 M) Run-21
115 5.75 C 0 316 | 54 235 M (230 M) Run-20
11.5 70 FXT 251 |316| 0.5 50 M (50 M) Run-21
9.2 459 C 0 372 | 102 162 M (160 M) Run-20+20b
9.2 44.5 FXT 228 |372| 05 50 M (50 M) Run-21
7.7 3.85 C 0 420 | 90 100 M (100 M) Run-21
7.7 31.2 FXT 210 | 420 gcf;t*t;r‘;’é 50 M+ 112 M + 100 M (100 M) | Run-19+20+21
7.2 26.5 FXT 202 | 443 |2sParasic 155 M + 317 M Run-18+20
6.2 19.5 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
45 9.8 FXT 152 | 589 | 0.9 108 M (100 M) Run-20
3.9 7.3 FXT 137 | 633 | 1.1 117 M (100 M) Run-20
3.5 5.75 FXT 125 | 666 | 0.9 116 M (100 M) Run-20
3.2 459 FXT 113 | 699 | 20 200 M (200 M) Run-19
3.0 3.85 FXT 1.05 | 721 | 46 |259M->2B(100M->2B) | Run-18+21



STAR 3 GeV Au+Au Collisions

Good particle identification in a broad momentum range using TPC and TOF

Grigory Nigmatkulov. Nucleus-2021.



. \USTAR » Particle Production at 3 GeV

STAR, arXiv:2108.00924
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: L  Combined fit to all particles successful
Strange particle ratiosindicatethe

thermal particle phase space at low
energies is far from the GCE limitand

the local treatment of strangeness . _ ;
conservationis crucial Grigory Nigmatkulov. Nucleus-2021.

Different trend as compared to higher vs,, - different EOS at 3 GeV?


https://arxiv.org/abs/2108.00924

. \USTAR » Directed and Elliptic Flow

STAR Au+Au VSn=3 GeV
10-40%

preliminary

-0.2 <y<-0.1

i

.

K b

‘r—wi.‘f‘ g % I

* "“ t
X5 80l f-o.3<y<-o.2

.

+

i

o p oA
0.4 g
= t “ i ©
3 & T i
+ He b
4 - -04<y<-03
- He
l 1 1 1 l 1 1 l L l 1 l 1 1 l 1
1 2 3 4 5

P, (GeVlc)

* Light nucleus v,(p) follows atomic-mass-number (A

STAR, arXiv:2108.00908

scaling at different rapidity bins

 Particles and antiparticles are no longer consistent
with the single-particle NCQ scaling due to the
mixture of the transported and produced quarks
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Grigory Nigmatkulov. Nucl



https://arxiv.org/abs/2108.00908

STAR. arXiv:2108.00044

STAR * Global Polarizationin BES and FXT

| STAR Au+Au, \/axn = 3 GeV
St b pr>07GeV/e, -02<y<1
. » - - - < IO I = ().
The average vorticity points along the direction of Ry i el Sl
N | |mmm3FD —B—
the ang“lar moment“m Of the ]S_}!S STAR.PRL126. 162301(2021) 8: — UrQMD, |¢3th/2
- %-50% |AMPT
Beam-beam - P_(7.7)=7.34x3.02 [%] SL‘:S,:;;’;Z?O%SO/ I il
counter ) ) - 3 oA OR 6 1
' B PRC76.024915 (2007)
AA AA I
Beam-beam i PRC98.014910 (2018) 41 ]
counter ol Q A OR |
o ALICE Pb+Pb 15-50% 2/
Quark-gluon °\° B A PRC101.044611 (2020) [
plasma —_— F +A oR
s - L 4
- a4 £$ ‘ STAR Au+Au 20%-80% or - e 1
STAR. Nature548. 62(2017) Forward-going - o B §_: (via daughter A PH) 0 10 20 30 40 50
beam fragment o ¢ =4+E .
- + Q + @ (viadaughter A P,) Centrality (%)
o | B W —— g _
[ AMPT.PRCS9, 014905 (2019) 9uE TS 001 ¢ Much larger P, in FXT 3 GeV at 20-50%
Global polarization is measured from the angular - EEr e o =0 =04012 0010 LT T ST T
e = M C o Je T : : stat.) = 0. syst.)%
distributions of hyperon decay product: =k -.;1"() - 1(‘) A 1'(’)3 B 24
P — 8 (sin(¥; — ¢3)) FXT BES (S [GeV] Larger hyperon polarization for more
H — — Res(‘I'l) NN peripheral collisions
Thermal vorticity: Large angular momentum transferred by the two & [ AAA 7 2 Gey
_ colliding nuclei oL s A
w = kgT(Py + Py)/h w~ (94+1) x 10*1s7! - p,>0.15 GeVic, -1.5<i<0
Stronger polarization at lower collision energies. °[  STAR preliminary
F. Becattini et al., PRC95. 054902(2017) i
THERR.
Opens up new directions in the study of the hottest, least viscous and most vortical fluid matter. 8 I m @
’ i
-
O L

Grigory NigmatkUIOV. Nucleus-2021. I T R TR R R
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WSTAR » Hints of Critical Fluctuations lon—ens
S Cs=0ad° =< (6N)*>
C3 = So® =< (6N)3 >

Cy = ko =< (6N)* > -3 < (6N)? >2

PRL 126 (2021) 92301 v'Net-proton ko2 (C4/C2) shows a non-monotonic
STAR Collaboration, PRC 104 (2021) 24902 behaviour. The trend is consistent with the
a0F -| T T T T — expectation from theoretical calculations
(2) KG?2 having a critical point.
STAR Data ’ .
® 0-5% v"Enhancement at low beam energies cannot be
3.0 O 70-80% | explained by baryon number conservation.

- Bl Stat. uncertainty §
B Syst. uncertainty

| T, GeV | Ka?
2.0 Projected BES-Il 5
Stat. uncertainty critical 4: baseline
5 UrQMD 0-5% . BN point

w .
1.0 13- L Vs,
- 0.1 -
- |3 Au+Au Collisions at RHIC
< 5 i Net-proton hadron gas M.A. Stephanov, PRL107,
00pF+------~------§F------- ly|<0.5, 0.4 <p.< 2.0 (GeV/e) nuclear 052301 (2011)

L L gl 1 I L 0 gl L II maltter

5 10 20 50 100 200 0 E g, GeV
Collision Energy \'s,, (GeV)

Grigory Nigmatkulov. Nucleus-2021.
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USTAR » Hints of Critical Fluctuations

A. Bazavov et al,
PhysRevD.95.054504 : LQCD
m 1cont-. estr.
Ne=6 & |
g8 'm
2 f m</m=20 (open)
T 27 (filled) |

| l -t- P_l - . * : L a E\
- e . ]
_1 F W 9 ! #

" Y negative sign

140 160 180 200 220 240 260 280
T [MeV]
C.Schmidt,Prog.Theor.Phys.Suppl.186,563-566(2010)

Cheng et al, Phys. Rev. D 79, 074505 (2009)
Friman et al, Eur. Phys. J. C (2011) 71:1694

Freeze-out Bl x8E N xex

conditions

HRG 1 1 ~2 ~10

QCD:
Tieez /T, <09 21 >1 ~2 ~10

QCD:
Tieeze /T, ~ 1 ~0.5 <0 ~1 <0

Predicted scenario for this measurement

* There isn’t yet any direct experimental evidence for the smooth cross
over at ug~0 MeV

* C./C, <0is predicted as a signature of cross over transition

* High-statistics data sets at Vsy, =27, 54.4, and 200 GeV are analyzed
to look for the experimental signature of cross over transition

I 1 1 1 L) I .

L 1 1 T T I 1
arXiv: 2105.14698

[

6
(63}
T T T7

:

o

o
@3

STAR Au+Au Collisions
ly| <0.5,0.4 <p_(GeVc) <2.0

Net-proton Cumulant Ratio C /C,
I
a1

[ Vs (GeV) 27 54.4 200 o Q ]
10~ Data = O @ ]
L Theory N
45 UraMD 3 J
I R U NS S SRS R T L ]
0 100 200 300

)
Suggestive of smooth cross over at top RHIC energies

Average Number of Participant Nucleons <Npart

Grigory Nigmatkulov. Nucleus-2021. H


https://arxiv.org/abs/2105.14698

* Probe hyperon-nucleon interaction
* Data from Vs, = 3 GeV dataset

A:

265.0 £2.2 ps
(PDG 263.1+ 2.0 ps)

3AH:
Consistency with
previous results

4AH:
Most precise
measurement to date

Consistency with
previous results

STAR PRELIMINARY

3 - Dalitz et al 4
AH - Congleton AH
iH average - Kamada et al ‘H average
- -Gal et al
A A
This analysis o
[ This analysis
PLB(2019) (ALICE) il
PRC(2018) (STAR) == NPA(2013) (HypHi)
PLB(2016) (ALICE) & NPA(1995)
NPA(2013) (HypHi) !
_ — NPA(1992)
=3 Science(2010) (STAR) aE
-E—ﬁ— NPB(1973) . > PR(1969)
;“—.’ PRD(1970) > PR(1965)
—e—i |12 NPB(1970) i
|5 > PR(1964)
1 PH“QSQ} ||
,_:._g__ PRL(1968) —— i i ICHEP(1962)
—e 3 PR(1964) i
lllll:lllllllllllLEllllJlll
200 400 200 400 600
Lifetime [ps]
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WSTAR # Hypernuclei Yields

T ll]”l'l]
1 IIIIIII|

TH > 3He +m 3H

assuming B.R.=25% A

iH—}dHE-i-TI: 4H
A

assuming B.R.=50%

Central Au+Au
— Hybrid URQMD
= Coalescence(DCM)
- - Thermal Model
® Au+Au 0-10% (STAR)

Central Au+Au

— Hybrid URQMD

I IIIHI'Il
(] IIIIIIII

= Coalescence(DCM)
- = Thermal Model
® Au+Au 0-10% (STAR)

dN/dy (]y|<0.5)

I 'IIITIIII
L IIIIIIII

10°F O Pb+Pb 0-10% (ALICE) 5 .
- ] STAR preliminary
10_4I-_I | I'.“II‘.I.I“I'.ll ----------- I‘-.-....I‘_--_I i:l L1 Il It | | | IIIII| 1 L | IIIII| | 1 =

10 10 10° 10°

10° 10
V'syy [GeV]

Thermal (with canonical ensemble) and coalescence model calculations
. a
describe 3H but not 3H

Grigory Nigmatkulov. Nucleus-2021.
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g Fixed Target
“’g 8-+ E895
o’ |~ STAR
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7_
i 2.70 GeV
I + —+
6_
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- = + -
5 /4.5GeV
L 4 200 GeV
. e o°
i +
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45— Collider
i - STAR
ool ||™ ALICE
4 5 6 7 8
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Lo}
o
[72] -
i 1.2 .
- 1 ]
3 @
o v o4 5
1.1+ + .
i }
0.9
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STAR, PRC 103, 034908 (2021) \'Syn (GeV)

USTAR » Femtoscopic Probes

e Sensitivity to the energy
dependence of the system
dynamics

* Maximum in the R,,./R.i4.
excitation funtion may occur if
system evolves through the
1st-order phase transition

e Collective behaviour in small
collision systems

Grigory Nigmatkulov. Nucleus-2021.
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\USTAR * D produciton in Au+Au collisions at /sy = 200 GeV

+D)/(D°
=
=~

+
5

(D

STAR, PRL 127, 092301 (2021)

[~ STAR Au+Au ® 0-10%
Sy = 200 GeV O 10-40%
- A 40-80%
:5 PYTHIA
| U i
ihi g
;¢
(a)
[ @ STAR Au+Au 200 GeV (0-10%) (b)

- O ALICE Pb+Pb 5.02 TeV (0-10%)
+ ALICE p+p 5.02 TeV

¥

PYTHIA p+p 200 GeV —5.02TeV
1 1 H .

2 4 6 8
Transverse Momentum P, (GeVlc)

10

Catania: Eur. Phys. J. C 78, 348,
(2018).

Tsinghua: arXivI1805.10858, (2018).
He, Rapp, Phys. Rev. Lett. 124,
042301 (2020)

Cao, Ko et al.: Phys. Lett. B 807,
135561 (2020).

T @ Au+Au, 0-10% 0-10%:
— O Au+Au, 10-20%  ----- Tsinghua (seq. coal.)
PYTHIA p+p - Gatania (coal.)
| -- He,Rapp, 0-20%  —— Catania (coal.+frag.)
— — Cao,Ko

Vs =200 GeV  (a)

| ® Au+Au, ---- Tsinghua (seq. coal.), 20-40%
[ O Au+Au, — — Tsinghua (seq. coal.), 40-80%
| PYTHIA p+p

— — j
L sa-F @

1 2 3 4 5 6 7
Transverse Momentum P, (GeV/c)

Grigory Nigmatkulov. Nucleus-2021.

* Significant enhancement of D .*/D°
yield ratio as compared to PYTHIA
and p+p at 5.02 TeV

* No strong centrality dependence
 Comparable to Pb+Pb at 5.02 TeV

* Models incorporating coalescence
with enhanced strangeness
production can qualitatively
describe data

15



USTAR + Search for the Chiral Magnetic Effect (CME)

* The chiral magnetic effect (CME) is predicted to occur as a consequence of a local
violation of P and CP symmetries of the strong interaction amidst a strong electro-
magnetic field generated in relativistic heavy-ion collisions.

* Experimental manifestation of the CME involves a separation of positively and
negatively charged hadrons along the direction of the magnetic field.

* Previous measurements of the CME-sensitive charge-separation observables remain
inconclusive because of large background contributions.

* In order to better control the influence of signal and backgrounds, the STAR
Collaboration performed a blind analysis of a large data sample of approximately 3.8
billion isobar collisions of **Ru+°°Ru and °Zr+°Zr at Vsy,= 200 GeV.

arXiv:2109.00131

Grigory Nigmatkulov. Nucleus-2021.


https://arxiv.org/abs/2109.00131
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Previous measurements of the CME-sensitive charge-separation observables remain inconclusive because of large background contributions.

Grigory Nigmatkulov. Nucleus-2021. Y



ISTAR + Search for the CME (Precision)

Large data set needed to hit small statistical uncertainty target
Systematic uncertainties between species need to be controlled below that level

SpeCial RHIC conditions see . Marr et al., in 10th International Particle Accelerator Conference (2019) pp. 28-32
1. Alternate the isobar species between each store of beam in RHIC
Keep long stores with constant beam luminosity

2.
3. Match luminosities between the species
4. Adjust the luminosity in such a way that the hadronic interaction rate at STAR is close to 10 kHz.

Precision target achieved:

A precision down to 0.4% is achieved, as anticipated, in the relative magnitudes of the
pertinent observables between the two isobar systems

Grigory Nigmatkulov. Nucleus-2021. v



USTAR » Search for the CME (Centrality)

arXiv:2109.00131

STAR Isobar blind analysis 1.1 | STAR Isobar blind analysis ' STAR Isobar blind analysis, Vsyy = 200 GeV
102 V5 = 200 GeV 4 Vs = 200 GeV 300 f Efficiency uncorrected tracks (|n|<0.5) o §
1.05 I 250 | o
E 107 © . i |ﬂﬁﬂhd 2 200} .
Ex 51 P g ‘ = 2y
Z o i © . 150}
T e Ru+RU 095 b Ru+Ru/Zr+Zr = 100 } o
Data Data — m
— Glauber Case-2 (y%/ndf=2.22) = Glauber Case-2 50 | cm & Ru+Ru
10® — Glauber Case-3 (3°/ndf=2.19) 08} | 1 m o B Zr+Zr
* $ + 0FE . . " 3
, Efficiency uncerrected tracks 1.1 | Efficiency uncorrected tracks H ‘Ru+Ru / Zr+Zr
10 (Inl<0.5) {Inl<0.5) 112 Rati .
- Ratio
1.05 | | 1.1 °
éx 10* o 4 ‘#,ﬁi !i' o 1.08 ¢
= = * =} =
3 5 it Ml"ﬁ.hlﬁl’ T 1.06 | « ° ¢
e 6 f  Zrze 0.95 I Ru+RuZr+zr ) o | ®
Data 5 - Data ®
== Glauber Case-2 (x"/ndf=2.22) - @Glauber Case-3 1.02 f ] b
(o8| — Glauber Case:3 (indi=219) 0.9} : . ® .
0 100 200 300 400 0 100 200 300 400 0.98

Ng'fgline N?rﬁline 80 70 60 CSGDHIrad-lti}ty (I;z} 20 10 0
* The 3 sets of Woods-Saxon parameters from the literature have been studied
* Fit to the multiplicity distributions using the two-component nucleon-based Monte Carlo Glauber

* Best fit from Case-3: different neutron skin without quadrupole moments

Case-1 [83] Case-2 [83] Case-3 [113]
Nucleus|R (fm) a (fm) B2 |R (fm) a (fm) B2 |R (fm) a (fm) B2
4Ru | 5.085 0.46 0.158] 5.085 0.46 0.053| 5.067 0.500 0
20Zr | 5.02 0.46 0.08 ‘ 502  0.46 0.217| 4.965 0.556 0

e Result: difference in multiplicity at matching centrality
Grigory Nigmatkulov. Nucleus-2021.
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https://arxiv.org/abs/2109.00131

. STAR + Search for the CME (Crosschecks)

arXiv:2109.00131

0.08 T . . 0.08
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= sy = 200 GeV Vs = 200 GeV
- & £
006 |oa =+ % I %5 ] 0.06 |
 0.04 1 o004} b - >
> Zr+Zr Ru+Ru =% > - g
v,{EP} Vo{EP} & v -
0.02 B vo{2} m v {2} 0.02 | W v 'w_
' A Vo{SP}Angp=0.2) 4 Vo{SP}(Ang,;;=0.2) . Zr+Zr Ru+Ru -
; © V,{SP}(TPC-EPD) @ v,{SP}(TPC-EPD) ol v Vo{EP}(¥p0) v LEPY¥pno) |
4L Ru+Ru/Zr+zr. ! ¥ o Ru+Ru | ﬁ{]ﬁr)
TPC (In|<1)
o EPD (2.1<|n|<5.1) o b ZDG (In[>6.3)
= 1.05 | {1 =105} B @ -
K 2 e %
& & g2 8 e & &
L - S e  REECCTTTRRERPTPES - R - PR L[ T S L L LT CEEEP PP PP PEPPPPPRE -4
80 70 60 50 40 30 20 10 O 80 70 60 50 40 30 20 10 O
Centrality (%) Centrality (%)

Observed differences in the multiplicity and flow harmonics at the matching centrality
suggest that the magnitude of the CME background is different between the two species
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WSTAR # Search for the CME (Results)

Predefined CME signatures: ratios involving W, > those involving W5 , and > 1
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No CME signature that satisfies the predefined criteria observed

Note: other measurements in paper that | don’t have time to show in this talk
(spectator-participant analysis for CME signal fraction, An dependence of correlations, ...):
All come to this conclusion
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Presence:

* BES-Il upgrades performing at or above expectation

Excellent performance from RHIC and STAR

All requested BES-II data collected, providing 17 unique energies from 3-200 GeV with
some overlapping collider and FXT energies

Precision analyses are ongoing with very well understood detector

Exciting physics program
Future:

e Forward upgrade (silicon detectors + calorimetry)
e 2022-25: p+p, p+Au, Au+Au at 200 GeV and p+p at 510 GeV
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