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Angular Correlations
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Angular Correlations

80-90% p 8-15, p: 6-8, 0-20%
Pb-Pb 2.76 TeV

For very peripheral collisions or
when triggered with a high-p. particle
the dominant contribution to the
two particle angular correlations is
due to jet-correlations
More central heavy-ion collisions
look very very different!
anisotropic flow




Anisotropic Flow vj

G. Qin, H. Petersen, S. Bass, and B. Muller

27 dN -
i 1+ Z 2vy, cosn(¢p — VUR) 2m AN

=14+ )Y 2v,cosn(¢p—V,)
n=2,4,0,... N d¢ ;

initial spatial geometry not a smooth almond event-by-event (for which

all odd harmonics and sin n(P-YRr) are zero due to symmetry)
may give rise to higher odd harmonics and symmetry planes in
momentum space (detailed probes of initial conditions)
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measure anisotropic flow

(Un) = ((e™(#17¥n)))

® since the common symmetry planes cannot be measured
event-by-event, we measure quantities which do not depend
on their orientation: two and multi-particle azimuthal
correlations

<<€in(<b1—¢2)>> _ <<6in(<b1—\lfn—(¢z—\lfn))>>
= ([ @I ey
= (v)
° that only correlations with the symmetry planes

are present - not always a very good assumption

(contributions from jets, resonances, etc)
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Angular Correlations

vah n=1-6

vih

Vo,n (full FCal EP n=2-6) +v;"
Voo (FCal EP n=2-6) + v

0-5% 2<IAnl<5
2.0 < p:,p_': < 3.0 GeV

ATLAS-CONF-2011-074

4 )
Two particle azimuthal correlations can be described

efficiently with the first 6 v, coefficients




Can we isolate the flow?

® if nonflow is negligible flow “factorizes” —
((e(@1=92)))y = ((n(P1=Tn=(d2=Tn))y)

= (eI (e in@nm i)

= ()

® test with particles separated in rapidity
® test with particles separated in p¢

® flow is a collective effect
® multi-particle correlations

® | ee-Yang Zeroes, cumulants, g-vectors, etc
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oes it factorize!

n=2
Pb-Pb 2.76 TeV
0-10% ' +

ALICE
arXiv:1109.2501

505 05 11051 051 2051 2 051 2 3051 2 34 051 2 34561051 2 34568
15 2 25 3 t4 5 1
pL, P [GeV/c]

Centrality Centrality Pb-Pb 2.76 TeV, 0-2% central

o, t
- 0-2% ——40-50% _ | ? ; P, : 2.2 (éezlljc
= 20-30% i 5<p}<2GeVlc

2<p. <2.5GeV/c 0.8<lAnl<1.8

1.5 <p? <2 GeV/c ce 10-20%
' - 2-10%

-~ 0-2%
2< p‘T <2.5 GeV/c
1.5<pl<2GeV/c

1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8
n n

® yes it does (to a large extent for more central collisions)
® how large is the flow where factorization “breaks™?
_ @ to quantify that one needs other techniques (multi-particle),
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multi-particle correlations

® for detectors with uniform acceptance the 2"? and

4t order cumulant are given by:

Borghini, Dihn and Ollitrault,
PRC 64,054901 (2001)

2} = (0N =25,
cn{d} = <<ein(¢1+¢2—¢3—¢4)>> ) <<ein(¢1_¢2)>>2

vf, + 4v,%52 + 2522 — Z(V,% + 52)2

4
n

—V

4 . . . A
we got rid of two particle nonflow correlations!

 we can remove nonflow order by order )
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Method used : A.Bilandzic, R.Snellings, S. Voloshin,

Phys.Rev. C83 (2011) 044913

QC{2} =v*{2}
QC{4} = —v'{4}
QC{6} = 40v°{6}

QC{8} = —330v°{8}

10 20 30 40 50 60 70 80 ) 10 20 30 40 50 60 70 80
centrality percentile centrality percentile

10 20 30 40 50 60 70 80 10 20 30 40 50 60 70 80

centrality percentile centrality percentile
4 N\
cumulants show behavior as expected when
\ correlations are dominated by collective flow )
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v2 from multi-particle
correlations

CMS Preliminary PbPb \[s =2.76 TeV

O.3<pT<3.O, nl<0.8
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v,{EP}
v,{2}
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o
—a— v, {4}
+

v, (charged hadrons)
0 Vy{2} (|An| >0)

C=] vy{2} (| An] > 1)

=] vo{4}

=] v,{6}

|I|V2{8} @@@@@@@ A @

X

40 50 60 70 80
centrality percentile
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\_

collective flow (difference between 2 and multi-particle
estimates mainly due to e-by-e fluctuations in the flow

( ° ° . \
behavior as expected when correlations are dominated by
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K. Aamodt et al. (ALICE Collaboration)

PRL 105, 252302 (2010)

The Perfect Liquid

CMS Preliminary
Stat. Errors Only
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‘The flow increases about 30%.The system produced at the
LHC behaves as a very low viscosity fluid, constrains
 dependence of n/s versus temperature )
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function of p.

® 10-20% . ATLAS h* Pb+Pb \/s,=2.76 TeV 40-50%
B 20-30%
A 30-40%

B 10-20% (STAR)

ALICE h* Pb+Pb \/s\,=2.76 TeV 40-50%
STAR h* Au+Au\/s,,=200 GeV 40-60%

PHENIX 7° Au+Au\s,,=200 GeV 40-50%
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G. Aad et al. (ATLAS Collaboration)

arXiv: 1108.6018 (2011)
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C CMS Pb-Pby/s=2.76TeV

.3 E"PHENIX Au-Auy /s, =200GeV 0-5% CMS
_ (EP Method) Stat. Errors Only 5-10% CMS

:—CMS Preliminary %(5)-5(5) Z) gﬁg
- ()

50-60% CMS

Elliptic flow as function of
transverse momentum does
not change much from RHIC
to LHC energies, can we
understand that?

0-5% PHENIX

5-10% PHENIX
10-15% PHENIX —
15-20% PHENIX 7
50-60% PHENIX 7

L I L
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va for identified particles

Hydro: Shen, Heinz, Huovinen & Song, arXiv:|105.3226

Hydro prediction for Pb-Pb events at\/s,,, = 2.76 TeV, Heinz&Shen
CGC initial conditions, 1/s=0.2

||
°T X

---RHIC hydro
—LHC hydro

centrality 20%-40%

02 04 06 08 1 12 14 16 18 2
P, (GeV/c)

the mass splitting increased
compared to RHIC energies

pion and kaon v; are described rather
well with hydrodynamic predictions
for protons hadronic contribution
Important

ALICE preliminary, Pb-Pb events at \/s,,, = 2.76 TeV
(PHENIX data: Au-Au@200 GeV)

'K (PHENIX) - RHIC hydro
Ok ( ) _LHC hydro

[]p (PHENIX) (CGC initial conditions)
[ v 42, lani>1y - (W8=02)

[a] K%, v2{2, |Anl>1}
[=]P, V{2, 1ani>1}

centrality 20%-40%

02 04 06 08 1 12 14 16 18 2
P, (GeV/c)

T T T T l T T T T l T T T T l T T

ALICE preliminary, Pb-Pb events at \“‘"SNN =2.76 TeV
centrality 40%-50%

@, v {2, IAn|>1}
AK, v2{2, |An>1}
mp, v{2, 1An>1}

—hydro LHC
(CGC initial conditions)
(m/s=0.2)

l 1 1 11 l 1 11 1 l 11 11 l 1 1 1 1 l 11 11 11 11 1

1 : 2 2.5 3 3.5
P, (GeV/c)




The Perfect Liquid!?

in calculations the
RHIC v; results are
close to the ideal
hydrodynamical limit.

these calculations place

an upper limit on N/s
which is smaller than ~

4 x AdS/CFT bound

Based on R. Lacey et al., PRL 98 (2007) 092301
|5



Shear Viscosity

N/s =0
-->
— —
n/s >0
-
—_— —_—

differences which get destroyed more
easily, and which, if measurable, makes

them more sensitive probes to N/s

i > uy > u3 shear viscosity will make
/ ; them equal and destroy the elliptic flow v,
higher harmonics represent smaller
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Shear Viscosity

Music, Sangyong Jeon

7=0.4 fm/c 7=6.0 fm/c, ideal 1=6.0 fm/c, n/s=0.16

initial conditions ideal hydro n/s=0 viscous hydro n/s=0.16

pions
kaons
protons

Larger n/s clearly smoothes the
distributions and suppresses
the higher harmonics (e.g. v3)

Hydro: Alver, Gombeaud, Luzum & Ollitrault, Phys. Rev. C82 (2010) 17



Alver, Gombeaud, Luzum & Ollitrault, Phys. Rev. C82 034813 (2010)
The v3 with respect to the v, Glauber 1/s=0.08

reaction plane determined in - vy CGC 1/s=0.16
the ZDC and with the v,
participant plane is consistent
with zero as expected if v3 is
due to fluctuations of the initial
eccentricity

The v3{2} is about two times
larger than v3{4} which is also
consistent with expectations
based on initial eccentricity 60 70 80
fluctuations centrality percentile

J ALICE Collaboration, arXiv:1105.3865

PRL 107 (201 1) 032301

4 )
We observe significant v3 and v4 which compared to v; has a different

. centrality dependence (already strong constrain for n/s) )
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For most central collisions v3 and
v4 become at intermediate p
larger than v»

ATLAS-CONF-2011-074




Elliptic and Triangular Flow

m ALICE ’1)2{2}/62{2} m ALICE ’1}2{2}/62{2}
e ALICE 2)2{4}/82{4} . e ALICE ?)2{4}/82{4}
— MC-KLN v, /&5

---MC-Clb. vg/e
RTE TEEY TEE vs/€3

---MC-KLN v3/z5

30 40 30 40
Centrality (%) Centrality (%)

Qui, Shen and Heinz, arXiv:1110.3033

4 )
The centrality dependence and magnitude are better described by

predictions using MC Glauber with 1/s=0.08
.

20



Flow Analysis Methods

' 2 2
row. analysis me.tl.\c?ds have {2} _|_ o; + )
different sensitivity to , ,

. ( =

nonflow and fluctuations (o 14} =V, — O,
v {6} =02 — o
Borghini, Dihn and Ollitrault, > 9 >
PRC 64, 054901 (2001) Un{ 8} =V, — O,

Bilandzic, Snellings and Voloshin,
PRC 83,044913 (2011)

excellent opportunity to study flow fluctuations
and from these get a handle on initial conditions!
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v2 versus centrality

g
g

v, (charged hadrons)
o V{2}(|An|>0)

5] v{2} (|An| > 1)

=] v,{4}

=] v,{6}

=7 v,{8}

40 50 60 70

Two particle v, estimates
depend on An
Higher order cumulant v2
estimates are consistent within
uncertainties

80
centrality percentile

\
22

O V{2, An>0}

m Vv.{2,An>1}

% V{2, An > 0} corrected
[ m ] v,{2, An > 1} corrected
[ vy{4}

30 40

50 60 70 80
centrality percentile

" Two particle v, estimates are
corrected for nonflow based on
HIJING
The estimated nonflow
correction for An > | is included

in the systematic uncertainty

J



V) FIuctuatlons

ALICE Preliminary, Pb-Pb events at \SNN =2.76 TeV ALICE Preliminary, Pb-Pb events at \s =2.76 TeV

1

E (v 427 - v} )/2)% | | o | ALICE ((v,2) - va))/(v {2)° + v,{4))°
1
—— MC-KLN ((e,{2}* - e 4¥)/(e £2) + £.{4¥))?

—— MC-Glauber ((e£2)° - e ,{4}°)/(e {2F + 82{4}2))%

- MC-KLN (2.76 TeV) o, / €,
--- MC-Glauber (64 mb) 052/ €,

25 30 35 40 45 50 30 35 40 45 50
centrality percentile centrality percentile

u, =y (2 - o) T (T2

.
Fluctuations are significant and for more central collisions

not in agreement with the eccentricity fluctuations in MC-
Glauber and MC-KLN CGC
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Conclusions

® Anisotropic flow measurements provided strong constraints on
the properties of hot and dense matter produced at RHIC and
LHC energies and have led to the new paradigm of the QGP as
the so called perfect liquid

® At the LHC we observe even stronger flow than at RHIC
which is expected for almost perfect fluid behavior

® The first measurements of v3 and higher vn’s have recently been
made at RHIC and at the LHC and indicate that these flow
coefficients behave as expected from fluctuations of the initial
spatial eccentricity (geometry!) and a created system which has
a small n/s

® provide new strong experimental constraints on /s and
initial conditions

24
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| Hydro prediction for Pb-Pb events at\sy, =2.76 TeV, Heinz&Shen
centrality 40%-50%

— hydro
—K hydro
—p hydro

—hydro LHC
(CGC initial conditions)
(m/s=0.2)
III|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
01 02 03 04 05 O. 0.7 0.8 0.9 1
(mt-mo)/nq (GeV/c)

at small (m¢-mo)/nq the
scaling in the data resemble
the scaling as observed in
hydrodynamics

ALICE preliminary, Pb-Pb events at \/s,, = 2.76 TeV
% centrality 40%-50%

[o]7=, v {2, Iani>1}
[@]K", v {2, 1ani>1}
(8], v {2.lAni>1}

i ]
ﬂ’ﬁ'ﬁﬁi* |

/'y

01 02 03 04 05 06 07 08 09 1
(mt-mo)/nq (GeV/c)

ALICE preliminary, Pb-Pb events at \/s,, = 2.76 TeV
l%l centrality 10%-20%

|E|ni, v2{2,IAnI>1}
[A]K*, v 42,1Ani>1}
[P, v {2,1Ani>1}

P B
0.8
(mt-mo)/nq (GeV/c)




vi(m,p¢) and the scaling

ALICE preliminary, Pb-Pb events at \/s,, = 2.76 TeV

ALICE preliminary, Pb-Pb events at \s,, = 2.76 TeV

centrality 10%-20% centrality 10%-20%

|E|V3{2} * ] |E|v3{2} *
[a]v,{2}y K*
mlvi2}p

02 03 04 05 06 07 08 09 1
(mt-mo)/nq (GeV/c)

-

r

The behavior of v3 as function of p; for pions, kaons and
protons shows the same features as observed for v;

(the mass splitting, the crossing of the pions with protons
at intermediate p¢)
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Geometry and Harmonics

Au+Au 200 GeV (b =0 fm) | Centrality 0-5%
. @ V,{2}

A Vvi{2}
m v, {2}
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| Centrality 0-2%
G-L Ma and X-NWang, arXiv:1011.5249v2 N v,{2}

v4{2}
For central collisions at BEERZ:

. . . 2}
intermediate p: the higher '

harmonics v3 and v4 cross v, and
become the dominant harmonics

Why do they cross??

Tdd 998€°901 |:AlXJe ‘uoneloqe||o] D[V

For more central collisions this
occurs already at lower p




Flow Fluctuations

when (2-particle) nonflow is corrected for or negligible!

in limit of “small” (not necessarily in limit of only (Gaussian)
Gaussian) fluctuations fluctuations
v2{2} =2 4 o? vp{4} =0
2 =22 9
Un{4} — Uy Ty Un{Q} = —0,
v {2} + vp {4} = 20, "

v2{2} —v2{4} = 207

v
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Flow Fluctuations

Example: input vo = 0.05 +/- 0.02 (Gausian), M=500, N=1 x 106

I I I I I I I I

v v V. V.
z{MC} z{Sp} 2{2',GFC} ?{Z'QC} %{"'GFC}%@'QC} 'G{QGFC}'G{QQC} V?{‘S',Gpc}'@{e’Qc} VP{FQD} V?{Lyz’s“m}

Gaussian fluctuation behave as predicted also for Lee Yang
Zeroes and fitting Q distribution (more on that later)
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