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Introduction QCD Phase Diagram

158”” WA The Phases of QCD

5 Future LHC Experiments

» Strong interest in the theoretical
calculations which span a broad
(T, ug) domain.
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» The beam-energy dependence of the anisotropic flow measurements
can aid the extraction of Z (T, ug)



Introduction Anisotropic flow

Asymmetry in initial geometry — Final state momentum anisotropy (flow)
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» The flow harmonic coefficients (v,,) are influenced by eccentricities (&,,),
fluctuations, system size, speed of sound (cs(ug, T)), and transport

coefficient g (ug, T)



Introduction Azimuthal anisotropic flow

» Comprehensive set of flow measurements are important for:
v" Differentiate between initial-state models
v Aid the extraction of g (T, ug)

What are the respective roles of €, and its fluctuations, system size
and transport coefficient g (T, ug)?



Introduction g 1 en0idal Tracker at RHIC

» Time Projection Chamber
Tracking of charged particles with:
v Full azimuthal coverage
v' |n| < 1 coverage



Azimuthal anisotropy measurements

Correlation
function

Two-particle correlation function Cr(Ap = @, — @),

Cr(A A
CT(A(p) = dN/dA(p and vgb — ZA(p r( (,0) cos(n Ap)

ZA(p CT(A(p)
n>1 n=1
vl = vEvl + Ssport v’ = vivy + Olong
Flow

Non-flow

CMS PbPb \/sy = 2.76 TeV
Lje =120 ub™
0-0.2% centrality

Short — range

1<pi™* <3 GeVic

Non-flow suppression is needed



hort — range °
Short-range non-flow suppression

The v,vs centrality at \/syy = 200 using different 4An cuts
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v" Short-range non-flow effect reduced by using
|An| > 0.7 cut



- Long-range non-flow suppression arXiv:1203.0931
arXiv:1203.3410

arXiv:1208.1874

ab —_ ,,even ,,a even(.,b .
vit = v () v (PF) + Siong S

v11(P$, P2) = v G (p2) — K pl pl

v11 In Eq(1) represents NxM matrix which we fit with N+1 parameters

x107
-Illlllllllllllll..llIIIIIIIIIIIIII..llllIlIIIIIIIIIL-IIIIIIIIIIIIIIII-.IIIIIIIIIIIIIIII.
r(a) Au+Au 1(b) 1(c) T(d) 1e) .
2F 0-5% T 06<p}<10GeVieyF 10<ph<14(GeVio) - 14<pp<18(GeViey - 18 <pp<26(GeVie)T]
— F 200 GeV - I T -
S| - 0.2 <p} <06 GeVie - B -+ -

C

/

1 2 3 1 2 3 1 2 3 1 2 3 1 2 3

STAR Collaboration b
Phys.Lett.B 784 2632 (2018) pt (GeV/c)

» vq;characteristic behavior gives a good constraint for v$"“"(pt) extraction
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- In| < 1and |An| > 0.7
Long-range non-flow suppression

even

0.08

0.04

vll(pr, pT) = v (v (pr) — K py s

The extracted v$V¢"(pr) and the momentum conservation
parameter K at \/syy = 200
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» The characteristic behavior of vV (pr)
shows a weak centrality dependence
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» The momentum conservation
parameter K scales as (N ) ?
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Flow harmonics

v, (Centrality)




Beam-Energy Dependence of v{"¢"

V11 (PF, PE) = v (p®) v (ph) — K pf pl,

STAR Collaboration The extracted v{"¢"(p7) at all BES energies
PLB 784 2632 (2018)
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0.1

» Similar characteristic behavior of v{"¢"(p7) at all energies

»vi " (pr) agrees with hydrodynamic calculations at 200 GeV



Beam-Energy Dependence of v{"¢"

v11 (PF, p1) = v (v (p1) — K pf v

The extracted v§"¢"*(Centrality) and the momentum conservation
parameter at different beam energies
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For different beam energies;
> v{V¢" increases weakly as collisions » Momentum conservation parameter

become more peripheral K scales as (N )1
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Beam-Energy Dependence of v

The extracted v{"" v
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> |v{V¢"| shows similar values to v at 0.4 < py < 0.7(GeV/c)

>€3 > €1

v' 13 has larger viscous damping effect than v

even
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< land |An| > 0.7
Beam-Energy Dependence of v, i< Land 4

The extracted v,,~1 (pr) at all BES energies
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» v, (pr) has similar trends for different beam energies.

» v, (pr) decreases with harmonic order n. .



Beam-Energy Dependence of vy,

In| < 1and |An| > 0.7

The extracted v,,~1 (Centrality) at all BES energies
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» v, (Centrality) has similar trends for different beam energies.

» v, (Centrality) decreases with harmonic order n.
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Beam-Energy Dependence of v

The extracted vy,~1Vs. \/syy at 0-40% centrality
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> Uy (\/SNN) shows a monotonic increase with beam-energy.
> v, (\/SNN) decreases with harmonic order n (viscous effects).
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Beam-Energy Dependence of Flow Fluctuations
((Zm))n = <<ein Z;'n=1(¢21'—1 — $2j) >>
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Beam-Energy Dependence of Flow Fluctuations

Hydro
P. Alba, at el.
Phys. Rev. C 98, 034909 (2018)
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» The elliptic flow fluctuations, (2] show:
2

v Modest dependence on centrality

v" Weak dependence on beam energy

» The model calculations for (v,{4}/v,{2}) and (e,{4}/€,{2})
bracket the data at 200 GeV

18



PRC 84, 034908 (2011) arXiv:1305.3341
P. Staig and E. Shuryak. Roy A. Lacey, et al.

Vl SCOUS Attenuathn PRC 88, 044915 (2013) arXiv:1601.06001

E. Shuryak and I. Zahed Roy A. Lacey, et al.

» Acoustic ansatz
v" Sound attenuation in the viscous matter reduces the magnitude of v;,—; 3.

. . . < ke, k=eBn’
» Anisotropic flow attenuation: “n o ¢
ﬁ X e -p n? ’8 X T_] L
. . . €n ' SRT
» From macroscopic entropy considerations:
S ~(RT)3 ~ (Ngy,) then RT~(N1,)1/3 : g
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Viscous coefticient

1/n
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> The viscous coefficient shows a non-monotonic behavior
with beam-energy
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Summary

Comprehensive set of flow measurements were presented for
Au+Au collision system at all BES energies with one set of cuts.

» For v,:

v' v, vs centrality indicates a similar trend for different beam energies.
v Momentum conservation parameter, K, scales as (Nch)_1
v v, (\/S NN) shows a monotonic increase with beam-energy.

vp{4}
v, {2}
v Modest dependence on centrality
v Weak dependence on beam energy

» The elliptic flow fluctuations, show:

» The viscous coefficient shows a non-monotonic behavior with beam-energy

For different beam energies, these comprehensive
measurements provide additional constraints for

1 extraction.

theoretical models, as well as o 5






