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Highlight: recent A polarization measurement
Preliminary results from STAR, talk of M. Lisa at QCD Ch|ra||ty Workshop 2016

&)rrected RP res & tomblnatorlc bkernd & feed do.w

All corrected

A STAR Preliminary
A STAR Preliminary
A PRC76 024915 (2007)
A PRC76 024915 (2007)

Au+Au 20-50%

* Subtracting residual effect from combinatoric background below mass peak
« Correcting for feed-down from Sigma0

* Asignificant fraction (~30%) of our Lambdas are actually feed-down from Sigma0O

* The daughter Lambda tends to have spin direction opposite that of the parent Sigma
(p-wave decay)

« previous STAR results (corrected for sign) continue systematics

This measurement can be realized because of “self—analyzing" nature of A decay, which preferentially emits

daugter proton in the direction of A spin: 3% = ;L (1+ aPcos6*)
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Theory side: polarization of fermions in fluid
F. Becattini, V. Chandra, L. Del Zanna, E. Grossi, Ann. Phys. 338 (2013) 32
(also Ren-hong Fang, Long-gang Pang, Qun Wang, Xin-nian Wang, ICTS-USTC-16-05, arXiv:1604.04036)

For the spin % particles produced at the particlization surface:

St (p) = A Jam,pHf(x,p)- (1 — F(x,P))e* P Psdy s
P'=8m /a5 P f(x,p)
where B, = “# is inverse four-temperature field.

The polarization depends on the the thermal vorticity @y = —3(duBv — Iy Bu).

@ polarization is close or equal for particles and antiparticles
@ caused not only by velocity, but also temperature gradients
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Existing polarization calculations from hydro models (1)

F. Becattini, L.P. Csernai, D.J. Wang, and Y.L. Xie,
Phys. Rev. C 88, 034905 (2013)

V/Snn = 200 GeV, midrapidity A

Initial state from Yang-Mills dynamics + 3D ideal hydro
expansion

P (GeV/c)

P (GeV/c) P (GeV/c)

PY on the order of few % even at py = p, = 0 and up to 8% (with opposite
sign) for high py!
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Existing polarization calculations from hydro models (2)

F. Becattini, G. Inghirami et al., Euro Phys. J. C 75:406
(2015)

VSnN =200 GeV, b= 11.6 fm, midrapidity A

Obtained with optical Glauber IC + parametrized rapidity dependence a-la
P. Bozek and I. Wyskiel, Phys. Rev. C 81 (2010) 054902
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Momentum integrated P* and P# average out to zero, and PY ~ —0.4%.
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Existing polarization calculations from hydro models (3)
Long-Gang Pang, Hannah Petersen, Qun Wang, Xin-Nian Wang,
arXiv:1605.04024

Initial state from AMPT + 3D viscous hydro
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Tool for investigation: cascade+hydro(+cascade) model for BES

Hybrid model: | initial state | + ’ hydrodynamic phase ‘ + \ hadronic cascade \
N thermalizationJ N particlization —/

@ Initial state: thick pancakes

» boost ivariance is not a good approximation
— need for 3 dimensional evolution

» CGC picture does not work well either

@ Baryon and electric charges
» obtained from the initial state

» included in hydro phase
» taken into account at particlization

@ Event-by-event hydrodynamical treatment

Pictures taken from: https://www.jyu.fi/fysiikka/tutkimus/suurenergia/urhic
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https://www.jyu.fi/fysiikka/tutkimus/suurenergia/urhic

The model: UrQMD + vHLLE + UrQMD

Pre-thermal evolution: UrQMD cascade until T = 79 = const, 15 = %
Fluctuating initial state, event-by-event hydrodynamics

Hydrodynamic phase:
o — gkt 4
a;v TIJV = 0, a;va = 0 < Uy()yﬂ?uv >: _TNS - §ﬂ”vayuy
* Bulk viscosity ¢ = 0, charge diffusion=0
vHLLE code: free and open source. Comput. Phys. Commun. 185 (2014), 3016
https://github.com/yukarpenko/vhlle

Fluid—particle transition and hadronic phase
Cooper-Frye prescription at € = &gy :

d3n: @ Aog; using Cornelius
P° d3pl =Y f(x.p)p* Aoy subroutine*
g PupymH” ) @ Hadron gas phase: back to
0P = s (1 t0F feq)272(€+P) UrQMD cascade

*Huovinen and Petersen, Eur.Phys.J. A 48 (2012), 171
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https://github.com/yukarpenko/vhlle

Validating the model for bulk hadronic observables

120

[ — n/s=0.2 E,,=40 A GeV r —n/s=02
[« NAdO T o 0-5% central 10° * NA49, T
100F & NAd9, K+ E 4 NAD, K
L £ & ,
Loa Nask © [ o NA49, p
80— 10
g o £ ©
-
g7F £ 10
L z2 E
40— s F
C 1=
20— E
- [ EL=40AGeV, 0-5% central 3
07\ | 10—1\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘
4 3 2 1 o0 1 2 3 4 0 0.2 0.4 0.6 0.8 1 1.2
y m.-m [GeV]
= 0.1¢
700 chh/dn E % STARV{EP} v{EP}, 20-30% central
E 0.095 A STARV,{EP}
6001~ 0.08F — Va2 s( ‘{‘@ and R(P
C E —— vy, n/s(¥s) and R(Vs;
E 0.07E 3, N/S(1s) (Vs)
500 E v,
S aoof O e
Zﬁ E > 0.055*
© 300E- ; 0.04F
E — (5200 GeV 0.03
200 — (5=62.4 GeV E
— V5=39 GeV 0.025- vy A
100) — V55196 GeV E
4 0-6% PHOBOS O'Dlg
0 ot T 1 n n oo | n
5 4 4 5 10 10%

n VS [GeV]
IK, Huovinen, Petersen, Bleicher, Phys.Rev. C91 (2015) no.6, 064901
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A polarization signal from the model

geometry sketch:
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pr differential polarization of A, \/snn = 19.6 GeV, 40-50% Au-Au

P,, rest frame Py, rest frame
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The quadrupole polarization patterns

are induced by complex vorticity

patterns at the particlization surface:

@ Pp o< wipy
@ Py < wxzpo

Oy = —%(9;1[3\/ —dvPy)

y [fm]

~10 1 I L | | I |

8 6 4 -2 0
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Collision energy dependence

0.018 | | |
0.0161 Au-Au, 20-50% central _
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0.000

Is it a manifestation of larger fireball angular momentum at lower /syn?
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Not really: J, actually increases with increase of /Snn.
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@ Total angular momentum increases with increasing energy of the fireball.
@ J,/E shows weak dependence on /sxn.
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Centrality dependence

Simulation of \/snn = 39 GeV Au-Au, 0-50% central events:
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Total angular momentum has a peak at a certain N, whereas the
polarization steadily increases towards low Np.
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Sensitivity to parameters of the model
P; vslm

0.0201- 20-50% central

I

n/s £ 100% Y
R, +40%
R, +40%
€ + 40%

0.015

T

-~ O - -o- H
.~ O —8— 8-

P
o
2
o

|
|

0.005 —

I

| | | |
0.000 7.7 19.6 39.0 62.4 200

Veny [GeV]

Collision energy dependence is robust with respect to variation of the
parameters of the model.
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Why does P, increase at lower BES energies?

1) Different initial vorticity distribution:

baryon stopping at lower /Sxn
U transparency at higher v/syy

shear flow in beam direction

[Sxy =7.7 GeV, 20-50% central Au-Au, averaged IC /syx =62.4 GeV, 20-50% central Au-Au, averaged IC
T T T T T T T T T T T T

&

L i 6
- 1.2 2
_al- 4 4
08 4
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Why does P, increase at lower BES energies?
2) Longer hydrodynamic evolution at higher /s~ further dilutes the vorticity

w,., \/sny =7-7 GeV, 20-50% central w,., /sxny =62.4 GeV, 20-50% central
T T

0.20—

0.00

~0.05 i |

3 4 4
7 [fm/c] 7 [fm/c]

Figs: Distribution of xz component of thermal vroticity (responsible for P, at px = p, = 0) over
particlization hypersurface.

@ these two effects result in lower polarization at higher collision energies
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Interactions in the post-hydro stage
Spin (polarization) transfer in two-body resonance decay: S, ;o = Cx_,, 50 Sk

. Dotted: primary+¥° 4 ¥ (1385)
N/\sj\.pn'm +§ NXS;( [CX"/\ bx—n— 3 CX*)):O bX*)):O]

gt — Dashed: primary+° + .-+ ¥(1670)
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What is not taken into account (yet):
@ A and X0 actively rescatter in hadronic phase

@ Elastic rescatterings are expected to randomize the spin orientation, thus
suppressing the polarization signal.
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EoS dependence & femtoscopy
from the model

Femtoscopy: P.Batyuk, R.Lednicky, L.Malinina, K.Mikhailov, O.Rogachevsky,
IK, D.Wielanek
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EoS dependence: Chiral EoS vs 'EoS Q’

Take same parameters but change the EoS:

600 particlization — Chiral EoS 250 last interactions
---E0SQ &
500 200 ’\f”ocs —— Chiral EoS
g -- E0oSQ
400
5 5150
4 z
o ©

w
S
=]

T[T T T [ TI T [ TIT T TTTT]

e A T B T T
5 6 7 8 9 10 2 4 6 8 10 12 14 16 18 20
T [fm/c] T [fmic]

@ EoS Q increases the average duration of hydro phase,
especially at lower collision energies.

@ But the difference is smeared by the final stage hadronic cascade
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EoS dependence: Chiral EoS vs 'EoS Q’

@ Final multiplicities and rapidity distributions are unchanged.

1r - - 0.5
<p > at midrapidity, 20-30% central protons [ V{EP}and v,{EP}, 20-30% central Y STARV,{EP}
09 L A\ STARV,{EP}
0 0.08— —— n/s(\s) and R(/s)
""""" L ----- same, with 1PT Eof
0 [
% 0 0.06?
o [
=0 R A NP
A 0.04— e
¢ o [
0 0.02- A
0. —— n/s(Vs) and R(Is) C [ Sty o
--e-- same, EoS Q [0 e §
1 I . L I

10° 10 10°
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@ EoS Q results in slightly less radial flow — mean pr is decreased.
@ The biggest effect is for the elliptic flow.
IK, P.Huovinen, H.Petersen, M.Bleicher, arXiv:1601.00800
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Femtoscopic radii from vHLLE+UrQMD

0-5% central Au-Au collisions: vHLLE+UrQMD using crossover EoS, 1PT EoS

L B TTGeV | (S 1L5GeVt {5,196 GeV| {527 GeV | {539 GeV | |5, 624 Ge
DTty | My | ap M |y |y
= 1% |, | ™, | %, | s, |
ij m%m :ﬁ%m :éﬁﬁm 5&ﬁm :ééﬁm éaﬁm
ol ey | B | BB s

02 04 06 02 04 06 02 04 06 02 04 06 02 04 06 02 04 06
m; [GeV/c]

P.Batyuk, R.Lednicky, L.Malinina, K.Mikhailov, O.Rogachevsky, IK, D.Wielanek, in preparation

lurii Karpenko, Femtoscopy and Lambda polarization at RHIC BES energies 21/26



Rout/Rside and Rgut - Rz

side

0-5% central Au-Au collisions: VHLLE+UrQMD using crossover EoS, 1PT EoS

8 acf v
E“I .35 E_v v v v + T sardata,k, = 0.15:025 (Gevi X
o 1 3;_ A A —W— VHLLE + UMD, 1PT
1 25 z_ A A — A\ — VHLLE + UrQMD, cross.
1284 7] :
15 . - -
) é E] . | ) | L 1
20F M
C v Vv
o N 4 v A A
£ 151 A A
N
S1wkag U oo O 0
C [:‘ . | L I L L
10 20 30 40 50 VS—NN?(QBV/C)

P.Batyuk, R.Lednicky, L.Malinina, K.Mikhailov, O.Rogachevsky, IK, D.Wielanek, in preparation
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Polarization: Summary

@ We observe a strong increase of mean A polarization towards lowest RHIC BES
energies.

@ The P, is at least twice smaller than the (preliminary) experimental value.

@ The collision energy dependence is robust with respect to variation of model
parameters.

@ Feed-down from 0 and ¥(1385) counterplay and leave the polarization almost
unchanged. As more resonances are included, the resulting A polarization goes
down by 15%.

@ Elastic rescatterings are expected to suppress the calculated polarization signal.

@ The polarization has a potential to rule out the initial state models, especially in
the BES energies. Differently prepared initial states can result in same flow
observables, but very different final A polarization.

Femtoscopy:
@ Femtoscopic observables seems to prefer chiral model EoS over Bag model EoS

® R2, - R2,, shows monotonic increase in the model, and it essentially magnifies

smaller discrepancies for R,y and R4 between model/experiment.
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Outlook:

At lower end of the BES, pre-hydro stage in a “sandwich” approach is too long:

UrQMD 3.4, J. Auvinen, H. Petersen, Phys.Rev.C 88:064908,2013

a) Charged hadrons, b =0 - 34fm

b)

Event plane analysis

Integrated v,
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Charged hadrons, b = 8.2 - 9. 4 fm

Event plane analysis
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100

This can be overcome with multi-fluid dynamics (with cold nuclear matter 1C),
or with an IC model allowing for dynamical fluidization.
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fireball~fluid

W4 3-Fluid Dynamics

Baryon - P ~a
Stopping K] v
S Produced particles 2 :
bt = fireball
: populate mid-rapidity g
Model = fireball flud 2
%
momentum along beam
i = 1. ¢ o s T A - R
Target-like fluid: I =0 T = Ftp FFf
Leading particles carry bar. charge exchange/emission
= - - =, ‘ 11 ¥ HY 12 17
Projectile-like fluid:  9,J, =0, Ty =—Fg + F,
i id- o __ ‘ HY __ Cu v v v
Fireball fluid:  J; =0, Ouly” =Fp+ Fp—Fg — Fi
Baryon-free fluid Source term  Exchange

The source term is delayed due to a formation time ~ ~ 1 fm/c

Total energy-momentum conservation:
(T + T+ T/)=0

http://theory.gsi.de/~ivanov/mfd/
Yu.B. Ivanov, V.N. Russkikh and V.D. Toneev, Phys. Rev. C73, 044904 (2006)
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Some preparatory work: coupling old 3-fluid hydro to UrQMD

2-phase EoS, b=2fm 2-phase EoS, b =6 fm 2-phase EoS,b =11 fm
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Backup slides
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Parameter values used to approach the basic hadronic

observables
EoS: Chiral model, &g = 0.5 GeV/fmS.

NG T Ry R n/s 0425: effective n/s vs collision energy

[GeV]| [fm/c] | [fm] [fm] r

7.7 3.2 1.4 0.5 0.2 0.2

8.8 283 | 14 0.5 0.2 F

115 | 2.1 1.4 0.5 0.2 015~

173 | 142 [ 14 0.5 0.15 £

196 | 122 |14 | 05 | 0.15 01—

27 1.0 1.2 0.5 0.12 r

39 0.9* 1.0 0.7 0.08 0.05—

62.4 | 0.7* 1.0 0.7 0.08 r

200 0.4* 1.0 1.0 0.08 ot e .
*here we increase 1y as compared to 10 VSu [GeV] 10
=21 Green band:

same v, and +5% change in T.

I Actual error bar would require a proper y? fitting of the model parameters
(and enormous amount of CPU time).

IK, Huovinen, Petersen, Bleicher, Phys.Rev. C91 (2015) no.6, 064901
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