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Vorticity in HIC
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Vorticity in HIC
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the initial collective longitudinal flow velocity depends on x.
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Vorticity in HIC
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Global polarization

ﬁm

I H B antiparticle

particle

Reaction Plane

% Non-zero angular momentum transfers to the spin degrees of freedom

- Z.-1. Liang and X.-N. Wang, PRL94, 102301 (2005)
- S. Voloshin, nucl-th/0410089 (2004)

oPolarization due to spin-orbit coupling

o Particle’ and anti-particle’s spins are
aligned with angular momentum L

oSpin alignment by B-field

o Particle and antiparticle’s spins are aligned

oppositely along B due to the opposite
sign of magnetic moment

Xk direction of B is the same as L
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How to measure?

Parity-violating decay of hvperons Projection onto the transverse plane

* Direction of the angular momentum iIs determined by
the angle of spectator plane (spectators deflect outwards)
- S. Voloshin and TN, PRC94.021901(R)(20106)

* Flow analysis technique can be used for signhal extraction
- STAR, PRC76, 024915 (2007)

In case of A’'s decay, daughter proton is preferentially
emitted in the direction of A’s spin (opposite for anti-A\)
dN B 1

a0~ 1\ T ouPu-pp)

Pu: A polarization L
Pp: proton momentum in A rest frame

QL H: /\ decay parameter ‘0.. ..............
(an=-anr=0.642+0.013) :

beam direction (z)

AN—=>p+a y
(BR: 63.9%, cT~7.9 cm) s P — 3 <Sin(\Ij1 — ¢;)>
.\@QQ}O Y H TOH RGS(\Ifl)

dp:. ¢ of daughter proton in A rest frame
STAR, PRC76, 024915 (2007)
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* Calculate the invariant mass of (m, p)

* Cuts on decay topology helps to reduce the
combinatorial background, B/(S+B)<30%

m [he number of A hyperons per event

* ~1.0 for 10-20% centrality at 200 GeV
(raw counts, depends on centrality, efficiency,
and track selection criteria)




| BEST NEW IDEAS & INSIGHTS |

Discover
TOP IOO P

s @55
Evolution’s 4 eSS
]

N

THE INTERNATIONAL WEEKLY JOURNAL OF SCIENCE

\_/8
Timeline a
Toppled — » ‘e.'
3 P 6
The Fastest Fluid

by Sylvia Morrow

at an incredible rate.

First observation
of fluid vortices = |

formedbyheavy- e e 5
ion collisions S SO

w = (Py + P)kgT/h

22 1
~ 107" s (T=160 MeV) 0

CLIMATE CHANGE BOOKS

STEM CELLS S I
YOUTHFUL Vol 548, No. 7665
SECRETS

PARIS
AGREEMENT

Time for nations to match Recommended reading for How the hypothalamus helps
words with deeds the holiday season to control the ageing process
PAGE 25 PAGE 28 PAGE 52

SUMMER
SELECTION

1. Niida, Quark Matter 2018 in Venice

First observation of fluid vortices in HIC

STAR Nature 548 62 (2017)

Superhot material spins 4

I

Au+Au 20-50%
s A this study —

@ A this study
4 A PRC76 024915 (2007)
O A PRC76 024915 (2007)

10

Positive signal at lower energies.
The most vortical fluid ever observed!
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Positive signal at lower energies.
The most vortical fluid ever observed!

First observation of fluid vortices in HIC

STAR Nature 548 62 (2017)

Null result @200 GeV

2 %ﬂ #;ji* # 7§? 10M even2004 data)

IIII|
10°

'S\ (GeV)

10

Let’s revisit 200 GeV with ~150 times more events!
using recent data (2010, 2011, and 2014) 6
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Revisiting 200 GeV

STAR, arXiv:1805.04400

3

P, [%]

Nature548.62 (2017)
oA OA

PRC76.024915 (2007)

+A A
this analysis
*A WA

n |j \x_m
STAR Au+Au20%-50% b/

- UrQMD+VvHLLE, A

| —— primary - - - primary+feed-down

. AMPT, A
primary primary+feed-down !

RN | N ﬁ L
10 10°
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o Finite signal at vsnv = 200 GeV !

Py (A) % — 0.277 + 0.040(813&1:) -
Py (/_\) % — 0.240 + 0.045(stat) T

(sys)
(sys)

O W
Ul—= OO

S0 99
0O OO0

5-70 significance, comparable to 7.7-39 GeV combined result

o ~15% dilution of the signal due to feed-down for all vs

(model-dependent estimation)
F. Becattini, I. Karpenko, M. Lisa, |. Upsal, and S. Voloshin,
PRC95, 054902 (2017)

o Following the trend of BES data and close to UrQMD-IC
+viscous-hydro and AMPT predictions in all energies

UrQMD+vHLLE: I. Karpenko and F. Becattini, EPJC(2017)77:213
AMPT: H. Li et al., Phys. Rev. C 96, 054908 (2017)

o No significant difference between A and anti-A at 200 GeV
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Centrality dependence of

PH

0.5

STAR, arXiv:1805.04400

AMPT model,
Y. Jiang et al.,, PRC94, 044910 (20106)

STAR Au+Au VSNN =200 GeV
Inl<1, O.5<pT<6 GeV/c

* A
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peripheral
012 ! | ! | ! | ! |
0.10-
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o * — 0.06-
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\8/ 0.04-
oA 0.02
0.00 . . . .
A 0 2 4 6 8
Time (fm/c)
central
o Polarization increases in more peripheral collisions
6|O e o qualitatively consistent with AMPT calculations
Centrality [%)] o Not clear If there is a saturation or decrease

IN most peripheral collisions



STAR, arXiv:1805.04400
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st Pr dependence of P

oNo significant pt dependence, as expected from
the Initial angular momentum of the system

oHydrodynamic model underestimates the data.
nitial conditions affect the magnitude and
dependence on prt

3D viscous hydro-model with two initial conditions (ICs)
(F. Becattini and |. Karpenko, PRL120.012302, 2018)

- UrQMD IC
- Glauber with source tilt IC
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STAR, arXiv:1805.04400

D_I STAR Au+Au \/SNN =200 GeV

1_
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n dependence of P

W.-T. Deng and X.-G. Huang, . Karpenko and F. Becattini,
arXiv:1609.01801 EPJC(2017)77:213
010 Au+Au 62.4 GeV

— 200GeV Vsyy =62.4 GeV, 20-50% central Au-Au, averaged IC
008 Au+tAu /| \ —-——— 546GeV 8 1 T T T T
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oNo significant n dependence

o Smaller shear flow structure at mid-rapidity due to baryon
transparency at higher energy

o Maybe due to event-by-event C.M. fluctuations

oMay be measured at lower energies in BES- [l with STAR
upgrade or with larger acceptance in ATLAS and CMS?

10
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__ STAR preliminary Au+Au 200GeV

i 20-50%

B A and A combined

-in-plane out-o"f':-:éiola||1e

0 0.5 1 1.5
¢ — \Ifl [rad]

Correction on EP resolution (for x-axis) is applied.
A. H. Tang, B. Tu, and C. S. Zhou, arXiv:1803.05777
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Azimuthal angle dependence of Py

out-of-plane

~4

— Becattini et al.,
PRC93, 069901(E)(2016)
PRC88, 034905 (2013)

|. Karpenko and F. Becattini,
EPJC(2017)77:213

P; (—P,), rest frame

out-of-plane 0.012

0.009
0.006
0.003
0.000
-0.003
-0.006
-0.009
-0.012

AUu+Au 19.6 GeV

-3-2-10 1 2 3 4
p, [GeV]

o More polarized in in-plane than in out-of-plane

o Opposite trend to the hydrodynamic model

See Biao Tu’s poster

452 tfor more detall

11
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A polarization vs charge asymmetry?

,UV>O
B-field P spin Js

J
o TRH T
Sa_ 4D
Qs lLH T
p 7= 0

o /A polarization may have a contribution from the axial current Js induced
by B-field (Chiral Separation Effect), S. Shlichting and S. Voloshin, in preparation

0 Use charge asymmetry Ach instead of uv what’s the expectation?
true for u-quark but also for A?
Py
(N4 — N
1’ o = A h
>
Ach

1. Niida, Quark Matter 2018 in Venice
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STAR, arXiv:1805.04400

STAR Au+Au \/SNN =200 GeV 20%-60%
Inl<1, O.5<pT<6 GeV/c *A YR

P, [%]

0.5—-..

O_ __________________________________________________________________________
i slope + stat.uncert. + syst.uncert.
i A: 0.097 = 0.041 + 0.043 [9%]
- A: -0.112 = 0.045 = 0.102 [%)]
observed A , / Op
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stie A polarization vs charge asymmetry?

Slopes of A and anti-A seem to be different.
Possibly a contribution from the axial current?

13
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S. Voloshin, SQM2017
F. Becattini and I. Karpenko, PRL120.012302 (2018)

Y 2

Local polarization along beam direction

Stronger flow In in-plane than in out-of-plane
could make local polarization along beam axis!

1. Niida, Quark Matter 2018 in Venice
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% Local polarization along beam direction

S. Voloshin, SQM2017

Stronger flow In in-plane than in out-of-plane
could make local polarization along beam axis!
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S. Voloshin, SQM2017

Local polarization along beam direction

dN 1
= —(1 Py - pf
df2* 47’('( AHTH Pp)
dN
(cos ) :/Wcosé’;dﬁ*
= anP.((cos 0%)?)
b (cos 07)
Co agr{(cos 0%)?)
3 0
— <COS b > (if perfect detector)
'H

Similar to the global polarization (y-component),
longitudinal component Pz can be expressed with <cos 6 p>.
<(cos Bp)%> accounts for an acceptance effect, especially
Inefficiency at forward/backward rapidity

Stronger flow In in-plane than in out-of-plane
could make local polarization along beam axis!

1. Niida, Quark Matter 2018 in Venice 14



Au+Au \'s,, = 200 GeV
10%-60%

&
WY
N N
_0.0005[- *A
C %A o
I STAR Preliminary
_ S R N R SR I SR R
0.001——4 ; 5 3
<|>-‘I'2 [rad]

- Effect of W2 resolution is not corrected here
- Applied acceptance correction so that average of wy
over A ¢ should be zero due to symmetry

1. Niida, Quark Matter 2018 in Venice

Local polarization along beam direction

S. Voloshin, SQM2017

0 Sine structure as expected from the elliptic flow!

15
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o I Au+Au \'s,, = 200 GeV
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- Effect of W2 resolution is not corrected here
- Applied acceptance correction so that average of wy
over A ¢ should be zero due to symmetry
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Local polarization along beam direction

- - Hydro calculation of P;
F. Becattini and |. Karpenko,

PRL.120.012302 (2018)
P*, \/syv =200 GeV RHIC

S. Voloshin, SQM2017

0.016
0.012
0.008

0.004 OUt-Of-plane

0.000
—0.004 ‘ _
—0.008 ln—plane

—0.012
—0.016

0 Sine structure as expected from the elliptic flow!

o Different trend to the theoretical predictions

- Hydro model: F. Becattini and |. Karpenko, PRL.120.012302 (2018)
- AMPT model: X. Xia, H. Li, Z. Tang, Q. Wang, arXiv:1803.0086
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o I Au+Au \'s,, = 200 GeV
=5 I 10%-60%

§ 0.0005-
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STAR Preliminary
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- Effect of W2 resolution is not corrected here
- Applied acceptance correction so that average of wy
over A ¢ should be zero due to symmetry
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Local polarization along beam direction

- - Hydro calculation of P;
F. Becattini and |. Karpenko,

S. Voloshin, SQM2017

P?, /syny =200 GeV RHIC

‘A

0.016
0.012
0.008

PRL.120.012302 (2018)

0.004 OUt-Of-plane

0.000

—0.004
—0.008
—0.012
—0.016

L> INn-plane

0 Sine structure as expected from the elliptic flow!

o Different trend to the theoretical predictions

- Hydro model: F. Becattini and |. Karpenko, PRL.120.012302 (2018)
- AMPT model: X. Xia, H. Li, Z. Tang, Q. Wang, arXiv:1803.0086

o The sign of <cos 6 p> may depend on the relation
between the magnitudes of spatial and flow

anisotropy based on BW model

S. Voloshin, arXiv:1710.08934
W; = 1/2(V X V)Z ~ (pt,nmax/R) Sln(n¢s)[bn — ay].

an: spatial anisotropy, bn: flow anisotropy

15
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Centrality dependence of P, modulation

Hydro calculation of P;
F. Becattini and |. Karpenko,

PRL.120.012302 (2018)
Pz, «/syy =200 GeV RHIC

S. Voloshin, SQM2017

I I 0.016
O - W
o,  Au+Au \'s,, =200 GeV ) o008
;N STAR preliminary o
C}I —.0.004
- — —0.008
\C}I/ H ~0.012
- 0.5 — mll I ~0.016
Q_/N _ m & 1
_ R ﬂ% % ) oStrong centrality dependence as in the
NI o | elliptic flow
S S S S O S M N o Similar magnitude to the global polarization
0 20 40 60 80

Centrality [%]
<pt> of A ~1.4 GeV/c

1. Niida, Quark Matter 2018 in Venice 16



e Summar y

o First observation of non-zero A global polarization at vsnn= 200 GeV

o Larger sighal in more peripheral collisions
o Larger signal in in-plane than in out-of-plane
o No significant dependence on pt and n

o Charge-asymmetry dependence (~2 o level) with a possible relation to the axial
current induced by B-field

o Local vorticity along the beam direction

o Quadrupole structure of the polarization along the beam direction, as expected
from the elliptic flow

o Strong centrality dependence similar to that of the elliptic flow

1. Niida, Quark Matter 2018 in Venice
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O\ N— endcap TOF EPD upgrade

| = - 2.1<|n |<5.1
Inne:’/ TPC - Improves EP resolution
) . - Independent trigger

ITPC upgrade readyin 2019
- p>60 MeV/c

- Extension from |n |<1 to |n|<1.b

- Improvement of dE/dx resolution

% Event Plane Detector eTOF upgrade v in 2019
| i - -1.6<n<-1.1

- Extends forward PID capabillity

o Isobaric collisions and Au+Au 27 GeV in 2018 (taking data now!)
o ~1B events for each collision with EPD (better EP resolution)
o Any splitting of A and anti-A? Any difference btw Ru+Ru and Zr+Zr?

o Beam Energy Scan 1l (2019+)

o/.7-19.6 GeV (10 times more events than BES-|)

+ Fixed-target program with ITPC and eTOF (wider n coverage)
1. Niida, Quark Matter 2018 in Venice 19



- Becattini et al.,
PRC93, 069901(E)(2016)
PRC88, 034905 (2013)

Au+Au 200 GeV

1. Niida, Quark Matter 2018 in Venice

I Pu<0 In in-plane

20
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Blast-wave parameterization

S. Voloshin, arXiv:1710.08934

Fmax = R[1 —a COS(2¢S)]9

pt — pt,max[r/rmax(¢s)][1 + b COS(2¢S)] ~ pt,max(r/R)[l + (d + b) COS(2¢S)]'

Ww; = 1/2(V X V)Z ~ (pt,nmax/R) Sln(n¢s)[bn — ay].

an. spatial anisotropy
bn: flow anisotropy
R: reference source radius

ot. transverse flow velocity

Quadrupole or sine structure of w;zis expected.

21



stie Feed-down effect

o Only ~25% of measured A and anti-/A are primary, while ~60% are feed-down

from >2*>Am, 20Ny, =—AT

o Polarization of parent particle R Is transferred to i1ts daughter A

S(S +1)

SX — CSE <Sy> X 2 W

W

[\

\ B/T ) | ; % (fxr Cxr — 3/507 Osor) Sr(Sr+1)

> (farCar — 3fs0r Cxor) Sr(Sr +1)
R

fArR : fraction of A originating from parent R
CAaR : coefficient of spin transfer from parent R to A

SrR : parent particle’s spin
LR : magnetic moment of particle R

1. Niida, Quark Matter 2018 in Venice

wWIn

- —1
% (fARCAR — %fzoRCzoR) (Srp+ 1) ur /P/rxneas\

3 % (/37 Cxr — 3505 Cor) SR+ D1z | P2

Becattini, Karpenko, Lisa, Upsal, and Voloshin,
PRC95.054902 (2017)

~15% dilution of primary A polarization
(model-dependent)

22



stie Systematic uncertainties

Case of 200 GeV as an example

o Event plane determination: ~22%

o Methods to extract the polarization signal: ~21%

o Possible contribution from the background: ~13%

o Topological cuts: <3%

o Uncertainties of the decay parameter: ~2% for A, ~9.6% for anti-A

o Extraction of A yield (BG estimate): <1%

Also, the following studies were done to check If there is no experimental effect:
o Two different polarities of the magnetic field for TPC

a Acceptance effect

a Different time period during the data taking

a Efficiency effect

1. Niida, Quark Matter 2018 in Venice
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