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Top RHIC energy

p+p, p+Al, p+Au, d+Au, 3He+Au,
Cu+Cu, Cu+Au, Ru+Ru, Zr+Zr, Au+Au,
U+U

* QCD at high energy
density/temperature

* Properties of QGP, Equation of
State (EoS)

* Proton spin structure

Beam Energy Scan

Au+Au Vs, =7.7-62.4 GeV

e Search for critical point
 QCD phase transition

e Turn-off of QGP signatures

Temperature

Fixed-Target Program
Au+Au Vs, =3.0-7.7 GeV

* High baryon density (pu;~420-720
MeV)

Baryon Chemical Potential
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* Tracking and PID (full 2x)
TPC: [n|<1
TOF: |nl|<1
BEMC: |n|<1
EEMC: 1<|n|<2
HFT (2014-2016): |n|<1
MTD (2014+): |n|<0.5

* MB trigger and event
plane reconstruction
BBC: 3.3<|n|<5
EPD (2018+): 3.1<|n|<5.1
FMS: 2.5<|n|<4
VPD: 4.2<|n|<5
ZDC: 6.5<|n|<7.5

* On-going/future upgrades
iTPC (2019+): [n|<1.5
eTOF (2019+): -1.6<n<-1
FCS (2021+): 2.5<n<4
FTS (2021+): 2.5<n<4

TPC ~1mm SSD ~300um

ST | S228m [pxL | S20Hm
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UsTAR ¥ Particle Identification with TPC and TOF
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* The 1/B versus rigidity
measured by TOF in 2014
Au+Au collisions at
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Spectators

\

Participants

before collision

after collision
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Voloshin , Zhang. Z. Phys. C 70 (1996) 665
Poskanzer, Voloshin. Phys. Rev. C 58 (1998) 1671

* v,=<p,/p,>— directed flow
Describes the sideward collective motion

Nucl. Phys. A 750, 121 (2005). |

directed flow

net-baryon

of particles within the reaction plane (x-z) _
*  Hydro
* Probe of the softening of the EoS: Vo

| L Lol
_ R : : st_ 10 10°
Strong softening: -c-on5|stent with the 1 Vs, (GeEV)
order phase transition Nara, Niemi, Steinheimer, Stoker.

. . Phys. Lett. B 769 (2017) 543
— Weaker softening: more likely due to - 2017)

Ivanov, Soldatov. Phys. Rev. C 91
crossover (2015) 024915
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%%@%@TAR ¥ Beam-energy Dependence of Directed Flow

o.ozlgg @ 0-aokauenu | o dv,/dy for A and p agree within uncertainties
’ | * dv,/dy slope for baryons changes sign in the

or o A . .
$ oy o *E+ & B region Vsy,<14.5 GeV
002 + n o §+ & - 1 * Particles (anti-p, anti-A, and ¢) with produced
[ 3 %ﬂ % ’ TR quarks show similar behavior for Vs >14.5 GeV
-0.04 - - R . .
% i - - " 1 = Mesonsshow negative dv,/dy
5  of (b) .
~ , ) O} 48 | STAR. Phys. Rev. Lett. 120 (2018) 062301
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Assumptions for coalescence sum rule: T N l }, T :
. . © - U o ]
* v, is developed at prehadronic stage 0.03 MLoT’ 10 - 40% Au+Au -
.r: i * A (uds) i
[ ]
Specific types of quarks have the same : K+ 1 p |
Vq 0.04 e —
6789 20 30 4050 100 200

e Hadrons are formed via coalescence

'syn (GeV)
(Un)hadron — E((Un)(:onsti'l:uent quarks | S

For anti-Lambdas, prediction using coalescence sum

rule agrees with measured v1 above Vsy,=11.5 GeV
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VsTAR ¥ v, of DO in Au+Au at 200 GeV

Au+Au |s,,=200 GeV, 10-80% STAR Preliminary
® D° (tc)
0.1— 5, -
—_ % D" (uc)
= | 0 K*+K (US + Ts)
% % D° points x-axis shifted by 0.04
- OQ—EE = —H .: = =
3 i %
s = ~
o) v-slope from linear fit
| -
A D° dv /dy =-0.10 + 0.03(stat.) + 0.02(syst.)
—0.1— D° dv/dy = -0.06 £ 0.03(stat.) + 0.02(syst.)
Kaons dv /dy = -0.0030 + 0.0001(stat.) + 0.0002(syst.)
|

| |
-0.5 0 0.5
Rapidity (y)

Interplay between the
drag by the tilted bulk and
the EM field

Chatterjee, Bozek. Phys. Rev.
Lett. 120 (2018) 192301

First evidence for non-zero D° v, from 201442016 Heavy Flavor Tracker (HFT) data:
D° + D° dv,/dy = —0.081 + 0.021(stat.) + 0.017(syst.)

10/25/2018 Grigory Nigmatkulov (for the STAR collaboration). ICPPA 2018 7



. Longitudinal Flow Decorrelation in 200 GeV Au+Au
%@@@AR* CoII?sions ASHAL

! Va) Vi Cneer) |
CMS. Phys. Rev. C 92 (2015) 034911

(o (n)vn(er) cosn(Wa (1) — Wi (1cer ) I I I
(1) = o) 03 (1) = T ()

? IIII|IIII ||||||||||||||||| E_l[[l 111]11III[[[[[11]]11I_
~ _":_ STAR Preliminary 5-10% _ R 15 STAR Preliminary 5-10% -
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[ STAR(25<n_<4) 0.8f
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0.92r B ATLAS Pb+Pb 2.76 TeV h 0.75} - CLVisc AuAu 200 GeV (n/s = 0.16) i
B STAR Au+Au 200 GeV r — CLVisc (ideal) AuAu 200 GeV ]
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nly ATLAS. Eur. Phys. J. C 78 (2018) 142 nly

beam beam

L. Pang et al. Eur. Phys. J. A 52 (2016) 97
L. Pang et al. arXiv: 1802.04449

e Stronger longitudinal flow decorrelation at RHIC than at LHC

 Hydrodynamic calculations can not simultaneously describe LHC and RHIC data
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STAR % Global and Local Hyperon Polarization

% SRR o s

* New tool to study QGP and relativistic BBC STAR. Nature 548 (2017) 62
Quantum fluid Vorticity in general & ; P
) _ - a7 p, x 6 fPA
* First observation of quadrupole \2‘/'-“] v e
structure of polarization along beam Se I8 /

direction; “sign” opposite to hydro

prediction ——
plasma
STAR. Phys. Rev. C 98 (2018) 014910 A _
forward-going
o 3 beam fragment
& L Nature548.62 (2017)
o oA OA
Non-zero global angular momentum
PROTB.024315 (2007 transfer to hyperon polarization
+A DA yp p
Py 0.001
this analysis ;“Q i Au+Au \f?w =200 GeV
*A TIA <=3 10%-60%
73]
0.0005}
g ¥ A
0_/Fﬂ ............. \%\ ................ g/
T : L
"""""""""""""""""""""""""""""""""""""""""""""" - -0.0005 *A
I ——primary - -- primary+feed-down i oA
~ AMPT, A i STAR Preliminary
i primary primary+feed-down 000t
C L1 11 | 1 | I I | ‘ﬁ‘ | | 0 1 2 3
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%@@%@TAR* Femtoscopic Measurements

* Use two-particle momentum ~

E Centrality & AusAu sy, =39 GeV
H H 0.8f 3 6le 00-10 2 sk
correlations to measure spatial and . o030 | &
. C’ @ "a® e ® .
temporal properties of the source at %ean, R L=t
. . i - Eimﬂqg.o ., u Vo
kinetic freeze-out R Too®m 0 . .@,ﬁ:-u:gg
] L L A oo -
* Utilizing the information from the TOF "I sTAR preliminary STAR preliminary SraR rstiinary
detector to extend measurement to M e BN e % alowe]
higher transverse mass (my) region E [, vnere |
£ st ooe KK® H
"STAR RHIC BES I:% KK 0-20% I I I sE 0
o * 1 0-5% s o ) "-@9%@2
'g' B 4-1,-:5.30 L g!;!;
"-;‘-5 Gji* *E** * . I‘““:';,o l *
o | = 2r #oal
4— ak * E x * * STAR prellmlnary o 08 STAR preliminary
: * STAR preliminary n:z 0.4 n.e <m>(Gercl) o.lz o_|4 o_ls {mo;latﬁe‘”cz;)
- ALICE: ®KKO0-10% ® 1 0-5%
£ - +
S Lo, v = * ° ¢ The extracted femtoscopic radii smoothly increase
S N with increasing collision energy
t - - - .
- STAR preliminary * The values of R, and R, for both pions and kaons
8- + show a very small increase at the RHIC energies
E & g+ > and slightly larger at the LHC
o [ * - .
< o * . * * The values of R, suggest that the system lives
4- E x
. ** "7 STAR prellmlnary longer at the LHC energy
10 - 102 | m1103 o
\'Syy [GeV]
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WWsTAR ¥ Ultra-Peripheral Collisions

Diffraction in p® photoproduction
* -tis the square of transferred 4-momentum
* Diffractive dips at —t=0.018 and 0.043 (GeV/c)?
e Two cases of nuclear breakup:
— 1nln: one neutron at (+) and (-) rapidity
— XnXn: one or more neutrons at (+) and (-) rapidity

» Exponential slope in do/dt is consistent with LHC
(ALICE. JHEP 1509 (2015) 095)

Similarity in exponential parts implies no evidence for
increase of nuclear size with photon energy

Electromagnetic processes in peripheral collisions

 Data on e*e” pairs in peripheral Au+Au and U+U
collisions

* Yield enhanced at low p; with respect to hadronic
expectation

* Shape of the excess is consistent with e*e™ from
photoproduction

Novel probe to electromagnetic fields of the nuclei

STAR. Phys. Rev. Lett. 121 (2018) 132301
Grigory Nigmatkulov (for the STAR collaboration). ICPPA 2018
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SWVISTAR Y (Antl)Hypertrlton Binding Energy

F rmrr 1 g 40 LI LR L L B AL AL B
Reconstructlng AH (AH) through ?05_ ST%R Preliminary (A) _E 35 ST-\R Pu.lf.'m.'nrm l(\ (B) _E
AH - HE + m™ g SOE_ Mass: ) ' E% 30E Mass: ; ||| ) ) _i
3 _ ©  50F (2990.71=0.15) MeV/c? ¢ Sgralcandidetes 3 @, F (2991.1220.16) MeV/c® | ~®- Signal candidates 3
AH — d + p + T E%_, 402_ ¥2NDF = 2.04 _t%n;}énnn;%xl_a@mn_z 5—' 0 %°/NDF = 0.85 l{ _gnsbgr?;(zg\;;gopm_;
. - % sof- 3 % 15 Jr '| 3
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mﬁ + md miH ®He + n Invariant mass (GeV/c?) d + p + « Invariant mass (GeV/c?)
— — m L ]
e B STAR Preliminary ]
4h] | PRD1,66 (1970) STAR (2018)  __ _|
e NPB1,105 (1967) 2-body (2+3) body H+ ZH
~ 600 3-body \v4
ﬂ: — p—
m = L -
| TIFR Report, |
o < 400 2-body "H  3poqy °H
ry k
[ /\ NPB52,1(1973) o ]
— NPB4,511 (1968 2-body STAR (2018 ]
200 [ 2-body( ) T X (@+3) body gH |
[ | 1
[ NPB4,511 (1968) NPB52,1 (1973) —
- 3-body 3-body 1 —
0 - 2]
| NPB1,105 (1967) 1 | ]
2-body - .
— 0 Mean + stat. uncertainty only (NPB 52,1 (1973)) —
— 0.13 = 0.05 (stat. only) MeV —
~200— —fe— STAR (2018): 0.44 = 0.10(stat) = 0.15(syst.) MeV |
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VsTAR % Mass Difference Between 3 H and 3 H

34 :_I 1 I I 1 I I 1 | 1 I I 1 : I 1 1 I I I 1 I I | 1 I I_:

— STAR Preliminary 1 -

3.2— 1 —]
30— °H - 3F (STAR 2018)se= =

% — 1 (Nature Physics 11, 811(2015)) -
> 26— I —]
CRN ' -
8 24— ' —
3 — ! -
22— ] —]

— ! -

20" - E
18— 1 (Nature Physics 11, 811(2015)) —
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~0.002 ~0.001 0.000 0.001 0.002

A(mAzl)/(m/lzl)
* First measurement of the hypertriton and antihypertriton

mass difference A(mflzl)) C (0.9 3 0.5 (stat) & L4 (syat))x10-*
in the light h lei  ahnd
* Test of CPT symmetry in the lig yvpernuclei (ﬂ(mIIZI)) (C1.2 £0.9(stat) £ 1.0 (syst )x10-3
sector m/lz| /3He T T '

Am | »
( m )%H = (1.0 +£ 0.9 (stat.) + 0.7 (syst.))x10

 The mass difference is consistent with the CPT expectation
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160 - Au+Au @ 200GeV

i/‘“‘fﬁ@é% * /\‘ P d t 1 L 10-60%

‘%ﬁiﬁ%@ %JA R C ro u C I O n Né\ ::zg 4:'(;.'3?//’;1'/mmnu'\~
S joof 201442016
= C

Adding data from year 2016 and using TMVA BDT allowed to
obtain more than 2 times improvement in the signal

significance than 2014 data alone

5 °
)

+A,)/(D+

+
C
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n B [} o]
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Significance = 10.8

24 25

| Ll 1 1 Ll | 1 1 Ll 1 I 1 1 1 1 I
| e AusAL, Vsuy =200 GeV, 3 <p_<6 GeV/c
| mALICE, p+p, Vs =7 TeV, 3 <p, <4 GeVic
[ ALICE. JHEP 04 (2018) 108 _
L.
i STAR Preliminary

| L 1 1 1 I 1 1 L 1 I 1 1 1 1 I 1 1
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Npart

M, (GeV/c?)
| = Ko: three quark (0-5%) i
| = Ko: di-quark, (0-5%) i
| = Greco (0-20%) o
PYTHIA STAR Preliminary
B Au+Au, \sy = 200 GeV_
i 10-80% .
A . -
4 PRt SN ]
’ SN,
SRR _
- - ~ N
.7 N ""\*&x + 1
’ W ]
<
i \'\\_ ]
L | T
25 35 5 8
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» A/DOratio increases from peripheral to central collisions
* Enhancement of A_ production increases towards low p;
* Large A contribution to the total charm cross-section in heavy-ion collisions

10/25/2018
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“VsTAR ¥ Upsilon Suppression in Au+Au @ 200 GeV

14 30-60 % 10-30% 0-10% 30-60% 10-30 % 0-10%
T T T T | T
i * T(1S): STAR Au+Au@200 GeV lyl<0.5 H* T(2S43S): STAR Au+Au@200 GeV lyl<0.5
Y (1S): CMS Pb+Pb@2.76 TeV lyl<2.4 ¢ Y(2S): CMS Pb+Pb@2.76 TeV lyl<24

0.6

Y(IS)R,
=
5
[

===
=

- —— Y(3S): CMS Pb+Pb@2.76 TeV lyl<24

STAR Preliminary

N, uncertainty

04
'_ | il
02 | N, uncertainty I |_i_| T 959 . L. H@ L”i] m
0 | L | 1 | | I | I | I
0 100 200 300 400 100 200 300 400
part Npart

CMS. Phys. Lett. B 04 (2017) 031

* Improved precision by combining 2011 di-electron, 2014+2016 di-muon
* 1(2S+3S) Ry, smaller that 7{1S) in 0-10%

— “Sequential melting” at RHIC

8/9/2018
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%

iSTAR ¥ Nuclear Modification in BES-I

% e o &

* R¢p for hadrons and for charged particles
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ol 30<p <35GeVie . . .. 1. 40<p casQeVE | probes partonic energy loss in the medium
L 1. . ®Au+Au s, =77GeV |
o m1S5GeV ]
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N D—
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]
_______ o suppression bellow 14.5 GeV
S
= . . c -
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part part

STAR. Phys. Rev. Lett. 121 (2018) 032301

0 1 2 3 4 5 6 7 8 9 10
pT(GeWc) 16
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SVSTAR ¥ Di

nadron Correlations in Au+Au @ 200 GeV

Au+Au |sy, = 200 GeV
0-10%

° q, top 20%

° q, bottom 20%

trig
> >

< _1-

stronger in large q,
— Pathlength-dependent jet-medium interaction

10/25/2018

Aq) q)asso'q)trlg

9 ) 4mB<gi<BMB | @  UB<gs<O
5 0.2  out-of-plane T & in-plane -
'§ ‘ STAR prellmlnary ﬁ _

s ot N 1 .
2 Q.-m H ﬁ o.é' o‘ﬁ e @ Q;m |
z O—ﬁi“‘-----i---- s jiﬁﬂig;m@ﬂghi ------- . igjﬁgl ----- s
z L. " Bow Ny Y T

101234 101234

EP direction

High-p; particles penetrate more with short pathlength
Low-p, particles are pushed toward in-plane direction and this effect is
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WisTAR % “Hard Core” Di-Jets

pLead . pSubLea,d Au+Au w/o soft particles Au+Au w/soft particles
T T R TN
AJ Lead + SubLead /’/,/’ e \_\._\\ Pt BN
p N | Geom. matching -~ b TN
% sod—""" N | % o L R - :
Uy | matching
prout=2 Ge\?{c s’ a3 o 7 a3 2 T =02 Gevic
priead>20 GeV/c
Small A Large A, fK¢—n|<o>.iOGewc
c0.25 .
2 [ pS*>2 GeV/e: pS>0.2 GeV/c, Matched:
E B ©  p+p HT ® Au+Au MB O  p+p HT @ Au+Au MB
L 0.2~ e Au+tAUHT »  Au+Au HT
C ]
o - 5 +
> = ! Au+Au, 0-20%
L 0.15 L STAH = + * Anti-k, R=0.4
Momentum balance restored to - e * With p2>2 GeVic:
p+p baseline for R=0.4, after o1 i‘ '; . gmﬁgﬁ;’::wﬂ
adding particles with p<2 GeV/c C § t pt
_ o o
0.05- b ¥ 4
SR ¥ o4
v : L
0| il | 1 1 1 | 1 1 1 | 1 1 1 | 1 |e .. Q_l_a_'_i_
-0.2 0 0.2 0.4 0.6 0.8
STAR. Phys. Rev. Lett. 119 (2017) 062301 A,

10/25/2018 Grigory Nigmatkulov (for the STAR collaboration). ICPPA 2018 18



IsTAR ¥ The STAR Fixed-Target Program

3.8cm
radius Al
Beam Fixed target
Pipe
BBC East BBC West
m I —
= | Y it
2.0 cm radius Be Beam Pipe Yellow
| Inner Sectors Beam
I 7| (13 pad rows)
PP
- Outer Sectors
1 (32 pad rows)

A 1 mm thick (4% inter. prob.) gold target

V, vs. V, Distribution

1.3M events from half hour test run, top 30% central
trigger, Au+Au \/sNN=4.5 GeV

3.4M events from two hour test run, top 30% central
trigger, Al+Au \/sNN= 4.9 GeV
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Vo

'ARs"z Pion Spectra and dN/dy in Au+Au at Vs,,=4.5 GeV
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WWstar ¥ Directed Flow Measurements from FXT

E895. Phys. Rev. Lett. 84 (2000) 005488
STAR . Phys. Rev. Lett. 112 (2014) 162301

T | T T T T T T T T T ] T
1 STAR BES 10-40 %
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" A L =
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0.1- e A P _
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* Protonv, is consistent with E895. A v, is close to that of proton
* First pion v; measurements in this energy range

* 1" 1 ordering supports the idea that transported quarks have
bigger effect on i
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STAR ¥« Femtoscopic Measurements in FXT
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e Consistent with results from AGS experiments, with smaller stat. errors
* Apparent source shape evolves from oblate to prolate, as energy increases

* Increased longitudinal expansion above FXT energy
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&VsTAR ¢ Upgrades for BES-II

inner Time Projection Chamber endcap Time-Of-Flight

S APTNTE

N //

g\

i -y -

-~ T

Event Plane Detector

iTPC upgrade - JeTOF upgrade EPD upgrade

Fepiacs a¥ Inner TRC aestars lectronics (FAIR Phass 0) Replace Beam-Beam Counter
In|<1.5 -16<n<-11 2.1<|n| <51
pr > 60 MeV/c Extend forward PID capability Better trigger & b/g reduction
Better dE/dx resolution Allows higher energy range of Fixed- Greatly improved Event Plane info (esp.
Better momentum resolution Target program 1st-order EP)
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inner Time Projection Chamber

7 / ‘-|
d

One iTPC sector has been installed 3 eTOF modules have been installed Full EPD has been installed
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VsTAR ¥ The inner TPC upgrade

* Inner Sectors

— New designed strongback

— New wire frames

— Increase readout pad rows (13 to 40)
* New electronics for inner sectors

— Doubled readout channels. Using ALICE
SAMPA chip

* New designed insertion tooling
— Removal and insertion of inner sectors
* Replace all 24 inner sectors

— 2018: One sector has been installed and
used in the physics run

— Full installation in autumn 2018

P, distributions - negative particles

® (TPC sector

14001—
o
1200~ I
[ HNH ® Regular sector
1,

dN/dp,
g
F'_r—

[ T EPRPON PN IR B B R s o e e PO
% 02 04 06 08 1 12 14 16 18

10/25/2018 pr (GeV/c)

dN/dn

iTPC (one sector) performance in the
current isobar collisions

Event display

* Maximum hits per track: 45—72

* Lower transverse momentum
threshold of 60 MeV/c

* n coverage extended by 0.4 units

n distributions - negative particles
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ISTAR % The endcap Time-Of-Flight

* Install, commission and use 10% of the
CBM TOF modules in STAR

* Design concept

— 3 layers, 12 sectors, 36 modules, 108
MRPCs

* Provides PID in the forward direction
— Extended rapidity and yields

* One sector with three modules has been
installed for runs in 2018

 Full installation in autumn 2018

Overlap range
of two MRPCs

0 (degree)

eTOF (three modules) commissioned,
integrated and participated in data
taking

« Reasonable n-& hit distribution
* eTOF works properly
* Time resolution 59 ps

RDTDZDT04 Ddbest oy
10 Entries 77233
Mean 7.668e 05
Std Dev 0.08811
103 ¥ I ndf 1573/43
Constant 72721 26.0

Mean —0.00 < 0.0003021
Sigma 0.08308 3 0.00028

102

o Preligynary

ATO4 [ns]
v System time resolution: 83 ps

v Counter time resolution: 59 ps
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48UsTAR + The Event Plane Detector

Event Plane Detector EPD is fully installed and took part in
data taking in 2018

* 2 wheels
— East and West EPD (2.1<|n|<5.1)
* 12 super sectors

All 744 tiles are good
e @Good correlation between BBC and EPD

— Scintillator wedges, milled to form 31 « Correct timing
tiles * Timing resolution is about 0.75 ns with

— Optically separated by epoxy fastest TAC method
* Fiber optics * 0.35 ns with average TAC method,

raw slewing correction
* The 2"d-order event plane resolution is
0.37 in 20-30% central events at top
* Sensors energy isobar collisions

— Wavelength-shifting fibers
— Grouped in 3D-printed connectors

¥, resolution correction as a function of centrality

— Silicon Photon Multipliers (SiPM) 04,
g 45000 10* o 18000 “No.ask . n . mEPD ¥,
r.?) aoooof— g 1600: »B:‘ C . O BBC ¥,
Qo I o o c 03 "
&2 35000/ © 400 L -
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WWsTAR ¥ Short Term Plan

Year 2018:

* Took ~1.5B events for Zr+Zr and Ru+Ru collision systems each
* Au+Au data at 27 GeV (~500M events) and 3.0 GeV (~300M events)
v" Physics goals: Chiral Magnetic Effect, global polarization, dileptons, etc..

Plan for 2019-2021:

10/25/2018 Grigory Nigmatkulov (for the STAR collaboration). ICPPA 2018
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