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Motivation

ALICE

dN
Fourier expansion @oc]ﬁ 2V1COS[¢-\P1]+ OS[Z(¢-\P2 )]+ OS[3(¢-\P3 )]+

Anisotropic flow coefficients covered in this talk

Anisotropic flow of identified particles is sensitive to the
partonic degrees of freedom at the early times of a
heavy-ion collision;

v, (p;) allows to quantify:

1. rate of hydrodynamic radial expansion (mass
dependence of v, vs. p-)

2. properties of the deconfined phase (e.g. viscosity)

3. details of hadronization mechanism (e.g. coalescence,
fragmentation at high p;)



" ALICE
Outline
In this talk we present anisotropic flow of i, K, p, A, &, Q2 and
investigate the properties of v, and v, vs. transverse momentum:
particle mass dependence
quark (light/strange) content

comparison with hydrodynamic model calculations
comparison with measurements at RHIC

A A

V,/v, scaling properties with number of quarks and transverse
kinetic energy.

A comparison of v, for p-Pb and PbPb system is also reported.



Analysis details

VZERO detector ALICE
Two forward scintillator arrays
(-3.7<n<-1.7, 2.8<n<5.1):

W\ centrality + triggering + event plane

TRACKING

- CHAMBERS
Z0¢ N MUON
~116m from LP, PMD N FILTER
N
- ol } >

- —"_'/

Inner Tracking System
(ITS)

= (-0.8<n<0.8)
Tracking + triggering

Time Projection
Chambers (TPC):
(-0.8<n<0.8)

Tracking + particle identification(PID)

DATA sample:

« Pb-Pb at Vs, = 2.76 TeV (2010 data, 10M events)

« p-Pb at Vs, = 5.02 TeV (2013 data, 100M events) Time Of Flight (TOF):
(-0.8<n<0.8)

PID
WPCF 9th Oct 2013 4



nt, K and p/p identification

Particle identification with TOF & TPC: 0s (
e asymmetric B-cut to select a high purity
sample of wr, Kand p.

10

e 2c cutin the TPC dE/dx.
* p;range: NN peeflanIpEE:e
i f 15/05/2011
e T20.3< pr < 3.5 GEV/ C 0-35 4 TOF PID - Pb-Pb,\[5,5/=2.76 TeV, min. bias
e K> 0.4<p, <2.5GeV/c T R A S .
p (GeVic
e p>0.5<p; <4.0GeV/c :
o purity: >90% .
£ sev gstimated 7
. . . . § 400 *== estimated K
Identification at high pT with TPC: o Jue. g, ety
. . Pb-Pb al\s =276 TeV  jf | *=* estimated e
e purity cut on the TPC dE/dx signal: Vo Z{“\WL X o
300 Stat, errors only 3 /{ 4.0<p <4.5 GeVie
-.C. '..'. L ey

 p;range (in GeV/c):
e tandp > 3<p;<16 200
* purity: > 90% for pions, > 80% for protons

lll]lll|]lllllll]ll|lll

\ Centrality 40-50%

100
 J - N
%5 20 T R— 10 20
dEfdx-(dE/dx)x (a.u.)
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Kosl A/

K> nn

A(A) >

counts

Counts per 1 MeV/c?

p(p)

Topolgical cuts were
applied:

Secondary vertex
Decay kinematics

7000 ——
[ ALICEPb-Pbat \[s = 2.76 TeV, |y|<0.75 ]
6000 - 40<p_<60Gevic ]
5000 |- .
4000 | |
3000 [ 8
i ALICE |
2000 - PERFORMANCE |
E 22/05/2011 i
1000 |
[ [ J
0 ! !
045 046 047 048 049 05 051 052 053
M., (GeV/c )
3
300710
= J.‘.
C M
250 f \I‘ —e— data
C | | ——— san(gaus) +bgr
- ALICE \‘ \ bar (pwr law exp cutoff)
200— PERFORMANCE [
B g - \
. 09-Jul-2012 J.I' #‘
150~ Pb-Pb\s,, = 2.76 TeV [
[ Centrality 0-5% [ {
C Inl<0.8 )l‘ \\I
100— 1.6 <p_<1.8 GeVic | |
C A+A § % t
B / \
50— 4 3'\
- A .
lsessesesesccseesesse® Sassscscssssssesos500
C 1 1 1 1 i 1 1 1 1 l 1 1 1 1 I 1 1 1 1 l 1 1 1 1 ]
oo 1.10 111 112 113 14

Invariant mass (pn) (GeV/c?)
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Counts per 0.5 MeV/c?

2

Counts per 0.5 MeV/c

= and €2 reconstuction

—7

=+ e ALICE

QFf > AK®

800
. Pb-Pb events at\[s, = 2.76 TeV ¥2/ndf= 133.3/134
700 - Centrality 20-30% mass  1.3223 + 0.0000
C 3.5GeVic<p_<4.0GeVic
600 £ T width  0.0024 + 0.0000
500 |-
400 |
300 [
- ALICE
200 PERFORMANCE
100 E 29/10/2011
O Il Il ‘ Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il Il ‘ Il Il \UU\V-\T Il Il rTL \u ‘n Il \m\n Il ‘ Il Il
131 132 133 134 135 136 137
M(A, 7r) (GeV/c?)
350
C Pb-Pb events aty\'s,,, = 2.76 TeV ¥2 /ndf = 115.14 / 94
300 F Centrality 20-30% mass  1.6724+ 0.0001
- 8.0 GeVic < p_ < 3.5 GeV/e
A width  0.0022+ 0.0001
250 |
200 |-
; ALICE
100 PERFORMANCE
29/10/2011
50 l
1 L 1 | ' 1 ' I L A AL I L 1 L ] 1 '

169 1.7
M(A, K*) (GeV/c?)

1.68
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Elliptic flow of identified particles
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ALICE compilation for v,

Pb-Pb |, = 2.76 TeV 10-20%

|+. T

V,{SP, |An[>1}  V,{EP, |An|>2}

[(m]n [e]n

=g [®]p+p

K Phys. Lett. B 719, 18
M K!

A

3 4 6

Pb-Pb | s, = 2.76 TeV 40-50%

V,{SP, [An|>1}  V,{EP, [An|>2)

(m]m [e]n

=]p [¢]p+P

%IKU Phys. Lett. B 719, 18
KS

®IA L

5
P, (GeV/c)

3 4 6

5
P, (GeV/c)

Collection of ALICE v, for &, K*, p, K%, A:
1. Mass ordering observed for different species
- Stronger in most central collisions = stronger radial flow
2. Crossing between proton and pion v, around p~2 GeV/c
3. Particle type dependence persists out to high p;

WPCF 9th Oct 2013




Pb-Pb \s,, =2.76 TeV 10-20% >
v,{SP, jAnj>1) 1S + y 0-3
0.2
E 0.25
0.15—
0.2
Al 0.15
B 0.1
0.05—
0.05
= AIP Conf. Proc. 1441, 766 AIP Conf. Proc. 1441, 766
PRC84 044903 pn@&&x‘ifuv PRC84 044903 PRFE‘LI;} :EEnv
1 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1
% 0.5 1 15 > 55 3 3.5 % 2 25 3 3.5
P, (GeV/c) P, (GeV/c)

Hydro = U. W. Heinz, C. Shen, and H. Song, AIP Conf. Proc. 1441, 766-770 (2012)

Hydrodynamic models predict mass splitting

Hydrodynamic curves reproduce the main features of v, at low p-
- better description of the mass splitting in peripheral than in central collisions
- hadron rescattering could help to reconcile data and hydro prediction




= and Q2 flow vs. hydro

0.25

0.2

0.15

0.1

0.05

5

Vo{SP, |An|>1}

_

/

| PRC84 |044903
! I

i Pb-Pb \ s, = 2.76 TeV 2 -404

AIP Conf. Proc. 1441,766 RALICE
PRELIMINARY

2 2.5 3

3.5

4

P, (GeV/c)

ALICE

Hydrodynamic model calculations reproduce larger boost towards higher p; for =
and Q2 (Heinz, Shen, Song, AIP Conf. Proc. 1441, 766 (2012); PRC84 044903)

WPCF 9th Oct 2013
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!
ALICE
v, of T, K, p at LHC vs. RHIC
10-20% 40-60%
S0 OB or e B IEET 8 PO-PD |5, =276 TeV 10-20% PP g e BT B PDPD |5, = 276 TeV 40-60%
N Ef [e]n _ . o 5 0 S_IETE [e]n
0ol TP [®lp+p . ‘ S mp [®p+p ++ I
2 K + L @WK **4 +. +¢ '
L *:h + + ¢ 0.25 .54 +
" - L
0.15— ...-l**# ++ ® + + 0.2l o= A*::+++ + 1 + + +A
I '..-*‘H“‘ 1 3 A | 0 s 2w U3 5 38 SENCIY
-': ..';*‘ * # + o i l.‘.zA . * i +‘ 4
o L O T R S o
L by .: :h © PHENIX v,{EP} A 0.1 -.."n.'I PHENIX v,{EP}
. " AT " . - T
0.05— o ™ AuAu |s,=0.2 TeV A - = uAu \s..=0.2 Te
- :. T eRe 8;! 20 />4\\<\ 0.05— '.. w* i :F:: 85\, 3;431241;2:)’12)
..*i‘- e PRQLLI}IEHERY B ++ ALICE
0 ‘+ | ! | L I L | ! | ! | 0 ‘ | : | . | . | i | PRE|HMINRTY
0 1 2 3 4 5 6 0 1 2 3 4 5 6
PHENIX data: PRC 85, 064914 (2012) p; (GeVic) p, (GeV/c)
v, at LHC qualitatively similar to RHIC:
v, measured at the LHC is slightly above the RHIC v, for
pions and kaons
v, Of (anti-)protons reflects effect of larger radial flow at
LHC
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Elliptic flow scaling properties
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v, scaled for the Number of
Constituent Quarks (NCQ) vs p;/n,

ALICE

0.1F— PRELIMINARY 0.1/— PRELIMINARY _

[ Pb-Pb |5, =276 TeV 1020%| & [ [ PoPb\sy,=276TeV 40-50%
0.12— = 012
> o il
I J }# + T
o

0.08 . ‘f’# # + : o.oaf— _.'l' h
o‘oaf— ;*iﬁq 1, . 0‘063_ .'.+%+ t ¢ ! ; +

]
i'*-*# ! }

‘ ot , -
004~ w iyt V,{SP, [Ani>1}  V,{EP, [An/>2} ‘ 0.04— _ V,{SP, IAn>1}  V,{EP, [An[>2}

L .' *h‘ (m]n [e]x . (m]= [e]x

- + ; " (=]p (®]p+p B =g [®]p+p
0.02— JSftas — B LA 0.02— — Phys. Lett. B 719, 18

[ C [ B C [

0 & s oM o . @A 0,
0 0.5 1 15 2 25 3 0 0.5 1 15 2 25 3
pT/nCl (GeV/c) P T/nq (GeV/c)

p+/ng (ng=2 for mesons, n,=3 for baryons) scaling:
*V,(p1) for 3 < p;< 6 GeV/c can be used to test quark coalescence
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v, scaled for the Number of

Constituent Quarks (NCQ) vs p;/n,
(ratio vs. )

ALICE

(v,/ng)/(v¥/n,)

1al Pb-Pb \s,, =2.76 TeV 10-20% CU Pb-Pb \s,, = 2.76 TeV 40-50%
Ar é;m '1.4_—
12 > 120
L ° c E
r Bt 1 =
1| - Ay pesa iy . # I SELEERCT P §+ ----- ~ 1—..‘ L - .ll. ------- POEEEEY CRTELE LR TERLE LIPS
AP L ? +
= ]
0.8__ -.+ +ﬁﬂ + 0.8_—
A i + |
0.6? + ..;ﬁ + 0.6_—
C B
I * V,{SP, [An[>1}  V,{EP, [An|>2} r V,{SP, [An[>1}  Vv,{EP, |An|>2}
0.4} . B R 0.4~ + s i
Z (=5 [e]p+p C ®p [®lp+p
0.2f- +++# %io Phys. Lett. 719,18 , ALICE 0.2— ' %ﬁo Phys. Lett. 8719, 18 , ALICE
ol B 1 L R T BN Nl (A T R B
0 0.5 1 1.5 2 25 3 0 0.5 1 15 2 25 3
p./ng (GeV/c) pT/nq (GeV/c)

p+/ng (=2 for mesons, n,=3 for baryons) scaling:
*V,(p1) for 3 < p;< 6 GeV/c can be used to test quark coalescence
*V,/n, vs. pi/n, holds within 20% for intermediate p;/n, and is violated at low

pT/ r]q
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v, scaled for the Number of
Constituent Quarks (NCQ) vs KET/nHLICE

- Pb-Pb | s, = 2.76 TeV 10-20% =4 L - Pb-Pb |5, = 2.76 TeV 40-50%

0.12— ™ 042
S > T it

- ALICE - [+ {H‘ g
0.1|— PRELIMINARY 0.1 + #

B N ’ [ o
0.08 J‘ ##ﬂ-*ﬁ } 0.08|- i # i L
08— L] ;

*ﬂ‘t t | ! .

0.06— M . . g 0.06-
- . C
- . C
¢
!

]
0.041— S V,{SP, |AN[>1}  V,{EP, |An|>2} + 0.04— V,{SP, |An[>1}  V,{EP, |An|>2}
. ﬁ [(m]=n [®]=n (m]n [®]=
i (w]p [®]p+p =5 [®lp+p
0.02} [ K Phys. Lett. B 719, 18 0.02- K Phys. Lett. B 719, 18
_ ﬂ K [ MK
T T | L T S B ol e H Y T S
0 0.5 1 1.5 2 25 3 0 15 2 25 3
(mT - mo)/nq (GeV/c) (mT - mo)/nq (GeV/c)

_ 2 2
My =/M°+ ps

KE; = Transverse Kinetic Energy = m;—m,

KE¢/n, scaling:
*For low KE¢/n,: the NCQ scaling is broken at the LHC
For KE;/n, > 1 GeV/c: scaling holds at the level of 20%

WPCF 9th Oct 2013 15



(v2/nq)/(vg/nq)

v, scaled for the Number of

Constituent Quarks (NCQ) vs KET/nHLICE
(ratio vs. )

Pb-Pb |5, = 2.76 TeV 10-20% Pb-Pb \ S, = 2.76 TeV 40-50%

- D'
1.4 N 'ESN 1.4_—
1.2H Z‘cr 121
B j + } S o +
| > I s +
Un 2 ?& 'Tﬁ $+ """""" SR Jocsians — Uy jﬂ?#ﬁ i##w """ et Yol
30 ' R B "
o8- |MERTY ¢ . 0.8} + . }
o.s:_T 0.6f +
i 4; V,{SP, |an|>1}  V,{EP, |An|>2} . 0 45 V,{SP, [An|>1}  v,{EP, |An|>2}
L [(m]m (o] % L (m]n [o]m
i (=]p [®lp+p i =]p [®]p+p
0.2} %ﬁo Phys. Lett. B 719, 18 pR‘?LLIEICNERY 0.2 ~‘ %E“ Phys. Lett. B 719, 18 PR‘?HICNE”
: | |E"‘s | | | | [ | |E]As i | | |
0 1 1 1 1 1 0 1 1 1 1 1 1
0 0.5 1 1.5 2 25 3 0 0.5 1 1.5 2 25 3
(mT - mo)/nq (GeV) (mT - mo)/nq (GeV)

_ 2 2
My =/M°+ ps

KE; = Transverse Kinetic Energy = m;—m,

KE¢/n, scaling:
*For low KE¢/n,: the NCQ scaling is broken at the LHC
For KE;/n, > 1 GeV/c: scaling holds at the level of 20%
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ldentified particle triangular flow
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Triangular flow ALTCE

0.2
> Pb-Pb |5, = 2.76 TeV 10-20%

F E e

0.15—

Glauber (r/s = 0.08)

I === cee aea KLN (n/s = 0.20)
0.1— VISH2+1 PLB 707, 151 (2012)
0.05 ]
e
. (;. 1 15 2 25 3'

P, (GeV/c)

™ 0.2 — = —

° V3 exhibits similar partide mass | & . Pb-Pb | s, = 2.76 TeV 40-50%
dependence as that of v, o EH E

= Glauber (n/s = 0.08)

......... KLN (n/s = 0.20)

 The value of p; at which v, of all o1
species cross looks similar to that for v, JPRPPRIELL
005 _._=—-_::23':":::: .....
* \/; IS quite sensitive to the input in the ' E
hydro models ot L L
P, (GeV/c)
WPCF 9th Oct 2013 Note: 18

v,3{2} is without rapidity gap



vy/ng

0.04

0.02

Triangular flow (NCQ)

[ Pb-Pb |5y =276 TeV
centrality 10%-20%
| Ew@w M
L v K . ot LA
- Ev@p ig ¥
N e
.‘. o
.."’
i .AI.-
m
_ -
Bl
| pgamE®
ALICE
PRELIMINARY
1 | 1 L 1 I 1 1 1 I 1 1 1 I 1 1 L
0 0.2 0.4 0.6 0.8 1

2
(mT-mo)/nq (GeV/c?)

Va/n,

0.04

0.02

ALICE

Pb-Pb | 5 = 2.76 TeV

i centrality 40%-50% ¢
'
vy2} =t ! t++ v % *H
L W2 K i d.l.' !
Bv,(2) P AT )
-t-*'.r -
L Ny.x
.-.f*’
X
R
'o!2 | o.|4 o.le 'o.ls R

2
(mT-mO)/nq (GeV/c?)

V5 scales better with the number of constituent quarks
w.r.t. v, (is it still broken in the most central collisions?).
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Triangular flow

10-50%

- ALICE WOM h*+h (10-50%)

0.3 Pb-Pb\5,,=2.76 TeV = m  w+m (10-50%)
A p+p (10-50%)

\

Ah‘ 7 PHENIX (10-50%)
-------- n’ WHDG LHC
0.2 0 4 Extrapolation (20-50%)

0.1

IIIIIIIIIII

-

Rd |

B |
4

e
O

=3

L L 1 1 L 1 1 L 1 1 1 1 1 1 1 1 1 1 1 1 L l 1 1 L l
0 2 4 6 8 10 12 14 16
P, (GeV/c)

™

>

7 \

I
ALICE
ALICE: Phys. Lett. B 719 (2013) 18
WHDG: Horowitz, Gyulassy, J. Phys. G 38, 124114 (2011)

0.15

0.1

0.05

1. up to p; ~ 8 GeV/c, proton v, and v; is larger than that of pion

2. pion/proton v, at high transverse momenta (p; > 10 GeV/c) is significant and non
zero, while within experimental uncertainties v is consistent with zero

3. Charged pion v, reproduced by WHDG 1° predictions for p; > 7 GeV/c

4. Charged pion v, similar in magnitude to PHENIX 1° v,
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p-Pb (s, =5.02 TeV /
(0-20%) - (60-100%) /"
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Physics Letters B 726 (2013) 164-177
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Illllllllllllllll

lllllll

Qualitatively similar picture in p-Pb as in Pb-Pb:
«Crossing between proton and pion v, at p; ~2 GeV/c
*Observe mass ordering at low p;

Does it flow?
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Summary

ALICE

Elliptic flow of , K, p, A, =, QQ is measured vs. transverse momentum for
different collision centrality classes for Pb-Pb collision at 2.76 TeV:

Main features of v, at low p; are reproduced by hydro model calculations
Mass splitting is consistent with stronger radial flow at the LHC

NCQ scaling broken at low p,, while it is only approximate (within 20%) at
intermediate p;

4. Proton v, and v, is higher than that of the pion out to at least p;=8 GeV/c
- Particle type dependence persists out to high p-

5. vyof T, K, and p/p has a similar mass dependence and crossing point as
that of v,

Moreover intriguing results were observed in p-Pb high multiplicity collisions
revealing similar feature for v, as in PbPb (is it flow?)



