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Azimuthal Anisotropy of Produced Particles

Strongly coupled QGP

* Pressure gradients lead to azimuthal
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Ridge in Pb+Pb
collisions
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Event Centrality Measurement in Pb+Pb and p+Pb
ATLAS detector N Pb+Pb 2010,~50 M MB events
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v, Harmonics Measurement

Fourier harmonics are
measured with charged
particles reconstructed
in the inner detector

Inner detector, ID

R

ID tracks (Pixel+SCT)
*p;>0.5GeV
e-25<n<25
* full ¢ acceptance

detector

SCT detector
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Measurement of Event-by-Event v_in Pb+Pb
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" Event 1

Azimuthal distributions of chargedso .y, o5

particles in single events
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P >0.5 GeV,Inj<2.5 |
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Event 2
| centrality: 0-5%

obs \/(VObS) + (vaS) N V

Due to finite multiplicity, flow vector
is smeared around true flow vector

— corrected by unfolding

ATLAS, arXiv:1305.2942
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Unfolded Distributions of v,, v; and v, in Pb+Pb
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Direct measure of flow harmonics fluctuations

* v, distributions normalized to unity for n = 2,3 and 4.
Lines represent radial projections of 2D Gaussians, rescaled to <v >
2
v

Uy -——n
P(vy) = e 27,
g

» for v, only in 0-2% of most central collisions
» for v; and v, over all centralities
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Event-by-Event Fluctuations

of v,, v; and v, in Pb+Pb

* Oy, /<v,> shows strong centrality
dependence

* Oy, /<v3> and ov, /<v,> are consistent
with Gaussian fluctuations

 Same relative fluctuations for
0.5<p;<1GeV, p;>0.5GeV and p;>1GeV

Dotted lines indicate the Gaussian limit:

e 2
—e 27, O = |2 _1~0523
<v,> \m

A. Trzupek

P(Un) =

0_
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Comparison to MC Glauber and KLN models

Eccentricity distributions from MC Glauber and KLN models

\/< r"cos nd >° + <r"sinnd >

> arXiv:nucl-ex/0701025, Phys. Rev. C 74, 044905 (2006)

> < g,> rescaled to <v,>

ATLAS Pb+Pb

L 0-1%

[ — Glauber 0.36¢,

1L = = MC-KLN 0.31e,

— Glauber 0.36¢,
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ATLAS Pb+Pb 3
\Su=2.76 TeV 3

- L8 data p >0.5GeV,n|<2.5

= Glauber 0.46¢,

e data pT>0.5GeV,m|<2.5
= = MC-KLN 0.30¢,
L

- Glauber 0.4%,
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1
ATLAS Pb+Pb 3
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ATLAS Pb+Pb ]

ATLAS Pb+Pb 3
15,276 TeV ]
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e L,=7ub" 3

55-60%
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o =
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e Both work in 0-1%
e MC KLN better in 5-10%
* MIC Glauber better in 30-60%
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Cumulant Harmonics: v,{2} and v,{4} in Pb+Pb

the cumulant generatlng functlon method
T N. Borghini, P.M.Dinh
30- 40% T 40- 50% .
1 % 1 and J.Y. Ollitrault Phys.Rev.C
| 64(2001) 054901
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Elliptic flow harmonics of charged particles were obtained with
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Event-by-Event Fluctuations from v,{2} and v,{4}

Cumulants method: Event-by-event method:
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ATLAS, Phys. Rev. Lett. 110, 182302 (2013) % 1025_' o ATLAS  p+Pb |5, = 50276V, [ L=1pb”
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Two-particle Correlations in p+Pb Collisons

”Per trigger yield” corrected for j B(Ap)dAg
combinatorial background (b 4 ): Y(Ap) = C(AP) = Dzyp
a
[ ATLAS p+Pb {5.=5.02TeV, [L=~1ub"
[ ostwcev, 2<|An|<5 | FOF central events Y(Ap)ce"t has two
*I o semmeev 12,143 | near-side and (larger) away-side peaks
= | B xEPw0Gev bD,,=32 o ©
=he : o | For peripheral events Y(Ap)P*"P" has
o -_O o o o] onlyone, away-side peak, characteristic
T o 40 for recoil contribution
i @ B8
olomgoBo. 1. i i
0 1 0 2 3 Recoil subtraction:
. — AY(Aep) = Y(Ap)" — Y(Acp)Perieh
near-side away-side

central : 2E;"*>80 GeV (0-2%)
peripheral: £E;"°<20 GeV (48-100%)
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After Recoil Subtraction: AY(A¢w)

AY(Ap) = Y(Ap)cet =Y(Ap)PerPh  for different ranges in p,°

%0 3£0.5<P; “<4 GeV 0.3<p2<05GeV] [ ©XE™ >80 GeV 0.5¢pi<1 GeV
= " ATLAS PPb \S=5. 02 TeV o 0.4 EEEPb<2O GeV s ATLAS, Phys. Rev. Lett. 110, 182302 (2013)
0.2 IL 1ub™, 2<|An|<5 A i+Diﬁerence © ]
T be,, ~14.5 © 1 | be,, ~14.4 ®
0.1 30 80 B3l O AY(Acw) is symmetric around

|Ag|=m/2

Long-range component
= Recoil + Agp-symmetric

Ag-symmetric component fits:

4<p:<5 GeV _

1_ bS, =141 O O_ 1' bS, =141 o) N %
o of | S0 — 4, +2a,C0S2A¢

O A i b"

0.5; PrvnS:5 O’D _ E0.5;— _ i35 @ - a + 2a2 COS ZA(D N 2a3 coS 3A¢

A0 | 29 a, = <AY (Ag)cos nA(p>
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Harmonics of Recoil Subtracted Correlation in p+Pb

Cy = (Cas (AD)0S(NAR) =2, by +8)N=23 &,

Convert to a single-particle
level assuming factorizationg 15

c, (P, p?) =5.(pi)-s.(p)

CDC
5,(P2) =, (P, P2 /AC (P2 PY) g5
[ s. <> v {2PC} ]

ATLAS, Phys. Rev. Lett. 110, 182302 (2013)
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*S, Increases with prup to ~3 GeV, then drops

*S;<S,over the measured p-
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Four-particle Cumulants in p+Pb Collisions

ATLAS, Phys. Lett. B 725 (2013) 60

c.{4} — free from non-flow effects of two-particle correlations
x10°

—— | T T T T |
s
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A. Bilandzic,R. Snellings, S. Voloshin, s 0.06— ATLAS arXiv:1303.2084
Phys. Rev. C83,044913(2011) p+Pb \ s\, = 5.02 TeV
I—int= 1 Mb'1

0.04 0.3 GeV <p_<5GeV, <25

c,{4} = (corr,{4}) - 2<corr2{2}>2

5 % LD E.';b centrality classes

o N5’ centrality classes

=y o T

: 4
-0.02 peripheral | S celntral‘ —
o 5 100 150
* c,{4}(+20) < 0 for ZE;P* >25 GeV (0 - 40 %) (NG,

* c,{4} (ZE;® centrality) agree with c,{4} (N, centrality) for N_ ¢ > 70

Clear sign of significant flow-like 4-particle correlations
in central (high multiplicity) p+Pb collisions
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p; - dependence of v,{4} in p+Pb

—d,{43(p;)
V,{4}(p;) = —+
2 T m ATLAS, Phys. Lett. B 725 (2013) 60
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| TE°> 80 GeV ATLAS | 55 <XE "< 80 GeV | 40 <XE °< 55 GeV 25 <XE; < 40 GeV
0.3Fp+Pb\5=5.02TeV 1 @V,{2} 1 1 e
[ L,=1ub’ <25 1 | peripheral

[ central

0.2r @ _;I

* Strong reduction of v, when using four-particle cumulants
 Good agreement with v,{2PC} for ZE.P® >55 GeV (0 - 20 %)

» Differences for ZE.PP <55 GeV:
* recoil subtraction, non-flow in v,{4} or both
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Centrality Dependence of v,{4} in p+Pb

N L

~  + ATLAS 1
~ ptPb,\ 8, =5.02TeV, L =1ub" 1
0.1 ]
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0.05- o ]
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- *v.,{4} 4
L 0.3< pT< 5 GeV mv,{2PC} |
- nl<25 AV,{2} hydro |
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(ZE_F;b) [GeV]

* Significant v,{4} = 0.06
» Weaker/stronger than in peripheral/central Pb+Pb collisions
* Systematically larger, by 15-20%, than v,{4}.,,s arXiv:1305.0609

* Good agreement with the hydrodynamic predictions
(P. Bozek, W. Broniowski Phys. Lett. B718,1557 (2013))
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e High-precision measurements on azimuthal anisotropy in Pb+Pb
and p+Pb collisions were performed by ATLAS
* Unfolded event—by—event v,, v; and v, distributions provide
direct information on relative flow fluctuations:
* 0,/<v,>shows strong centrality dependence
e v_distributions are not fully consistent with the eccentricity
distributions from the Glauber and/or KLN MC models.

e Elliptic flow v,{2} and v,{4} were measured in broad range of
centrality, n (| |<2.5) and p; (0.5 < p; <12 GeV)

e Relative fluctuations of elliptic flow from 2- and 4-particle cumulants are
consistent with the MC Glauber model anf E-by-E (in 5-50% centrality bin)

e Collective flow in p+Pb?
e Long Range azimuthal correlations (ridge) observed in p+Pb
e Symmetric near side and away side ridge(s) with similar p, and centrality

dependence are measured
e v,{4} and v,{2PC} show similar p, and centrality dependence, consistent

with v2 for HI collisions

STRANGENESS IN QUARK MATTER 2013 A. Trzupek 18



