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Grzegorz Stefanek

Introduction m

Collective effects propagate the initial
spatial anisotropy into momentum space.
A characteristic observable is the elliptic
flow quantified by v, = <cos(2(¢p-®,))>.

Elliptic flow

* an effect of the pressure gradients
in the interaction region

« sensitive to EOS and the degree of
thermalization

* v, of heavy and strange particles
— 1nsight into very early stages

of the collision
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Introduction

_Elliptic Flow | Au+Au, 200 GeV, minimum-bias 0-80 % oy
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J.Adams et al., nucl-ex/0409033
Mid-rapidity data integrated .
pidily data, printeg « hadron mass ordering of v, below
 smooth increase with collision pr=1.5GeV/c
energy towards RHIC data and « agreement of hydrodynamic predictions
hydrodynamic model predictions with data for py <2-3 GeV/c

 saturation above 2-3 GeV/c
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NA49 Experiment

VERTEX WAGNETS s I ToF
Target | ‘
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e Two Vertex TPC (VTPC-1,VTPC-2)  Ap/p>=7(0.3) 10 (GeV/c)"
inside magnetic field (VTPC-1, VTPC+MTPC)
* Two Main TPC (MTPC-L, MTPC-R)  dE/dx resolution 3-6 %

outside magnetic field
* Veto Calorimeter (VCAL)
detects projectile spectators

Identification of ©", @, K, K", p, p,
KOS, Aa Ea Qa (P
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N g U Centrality Determination m

F

» centrality selection based on the energy deposited in
the veto calorimeter

x102 0 5 12.5 23.5 26/6 ;7 (%)
1200
. BIN 1 BIN2 | BIN3 Large bins
]
w 1000} Pb+Pb 158A GeV
2 r
=
5 i Irfrr”
800 e 3M events
]
600} K . Lo
A (B lc|plE|F|G|H Small bins semi-central trigger
a0ol- 6/61or < 23.5%
200
I 1L
0 0 10000 20000 30000 40000
E veto (GEV)
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uJ Method of elliptic flow analysis

 estimate of the reaction plane by the second harmonic
event plane (®, gp)

« determination of the event plane resolution
(<cos(2(D,gp - Dygp)) >) by correlation of sub-events

e evaluation of the Fourier coefficient v, from
A azimuthal distribution with respect to the event plane
dN/d(@1,5-D; gp) ~ 1 + 2V, COS[2(P},-D; p) ]

+ 2V4' cos[4(P,,~P; gp)]

 correction for the event plane resolution
V) =V, [ <cos(2(Dgp - Orp))>

The method: A.M.Poskanzer and S.A.Voloshin, Phys. Rev. C58 (1998) 1671.
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N 9 J Selection of A candidates m

F

 geometrical cuts and quality criteria
for TPC tracks

% 30000~ A candidates — Data
. N% L NA49 Pb+Pb 158A GeV — m,_cut
* reconstruction of A decay channel ol
A—>p+m (BR=63.9%,ct1=7.89cm) 3
o . ° u —
by daughter tracks identification - J
0 = e BN R
 background subtraction ., . . . J
m,_ (GeV/c’)
= 3 : e
* invariant mass cut 3 §
1.108 GeV <m < 1.124 GeV rO I A
BN LY EERS
 accepted A hyperons I EE=EFESssEE¢
y=-15—10 p;=04-4GeV/c ' A 7
02 E 0 1
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49 Estimate of the event plane m

°* primary =, w° , pr<1GeV/c, -0.5<y<2.1

1.2 ———————————————
% Pb+Pb:158A:GeV:::::::::::::::7 Cuts
g__ N R S
g R E R R R R B

(X e ] R EEEEEEE R

oI i

iiiiiEEEEES T

‘f:o L R .
0] > 5 . = S recentering parameters

Y
« extraction of the azimuthal angle of the event plane: /
X, = Q, 082D, gp) = 2, pr; [COS(20,) - KCOS(2¢y,,)>]
Y, = Q, sin(2®, gp) = 2, py; [Sin(29'),,) - KSIn(2;,)> ]
D,p =(tan' Y,/ X,)/2

e acceptance correction by recentering and mixed-events
Details in : C.Alt et al., Phys. Rev. C 68 (2003) 034903

Grzegorzg Stefanek Quark Matter 2005 9



Z
-

lambda V,

n [ ] [ ]
40 Rapidity dependence

0.08 : LT 15 S—
Pb+Pb 158A GeV A elliptic flow >~ L peripheral E 158A GeV]
0.06~ /Gy, =5.0-23.5% c mid-central : -
TOT ' e -
a || B o] = ]
0.04|- § o 0.04 g
LI 1 : E :
| : 0.02- . -
0.02|- : : )
R
Preliminary 0.02- @ central : p, <2 GeV/c -
0.025 - i ) 2 15 4 05 0 05 1 15 2

Y rapidity
C.Alt et al., Phys. Rev. C 68 (2003) 034903
* no significant dependence * flat distribution of proton v,(y)
OfA v, on rapldlty as also ncar mldrapldlty for Central
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’,
Differential flow — v,(b,p) m

8le w 1.2 &
] _ 3 >
> p;=08-12GeV/ic | © p; > 2 GeVlc !
S S W 125-235% B
= —e— real evenis =
R 5. mixedevents B 0.1k W 50-125%
Preliminary
. ! X | ; L ! 0-05_
% 1 2 3 01— 2 3
th2 = 21ab - P2eP h2 = G21ab - D2 EP
% 1.2 3_1 2 0
3 p,=0.8-1.2GeVic g p; > 2 GeV/c
o ° | | | |
<€ 114 Z 44 0 0.5 1 1.5 2 2.5
B =
N pr (GeV/c)
* significant increase of A v, with p;
(A * stronger Increase in more
0. . I ) i i 1 0.9 . 1 i 1 . e .
o ' 2= 03tab - D2ep 0 T peripheral collisions
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NA ’
49 A Elliptic Flow at SPS m

V2

mid - central events central events
0.3 0.3
WM CERES <0/6.5>=105% ~
0.25 -1.1<y<-03 > 0.25- W CERES 0/05r=0-6% -1.1<y<-0.3
W NA49 <06/6,,>=13% 0/ p;=5-235% B NAY9  o/6ppr=0-5% -1.5<y<1
2 Ab<y<T 0.2[- o
0 Preliminary

Preliminary

0.151- + l 0.151

0.1} . ‘ 0.1}
0.05F -l + I 0.05F +
o " + ' +. +
-0 +. -0 b + * | %@

-0.05, ; 5 3 4 005 ] 2 3 4
pr (GeV/c) pT (GeV/c)

Agreement between NA49 and CERES v,(p;) of A hyperons

Ceres data: J.Milosevic next talk
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40 A Elliptic Flow SPS - RHIC

mid - central events central events
0.3 - 0.3
; 1 A+A STAR lyl <1 . O'IO'TOT =0-5%
0-25 . UIGTOT = 5 - 30 % > 0.25.—
oo ® A NA49 -1.5<y<i1 . ol ) A+A STAR lyl<1
o/0ror=5-235% . [ ' b MO SASEysd
0.15  Preliminary 0.15 G |
0.1 0.1 |
" o oo F
0.05 0.05 s I -
At Hydro model \[s,,, = 200 GeV ’J-‘+ i q_‘ i +
0—"""m e A 6/Gpr=5-30% -0 b -
— A 6/6r=5-24%
-0.0 s : : P ! | |
% 1 2 3 4 0.05; 3 = : A
T (GeYic) pt (GeVi/c)
e linear rise of v up to 2 GeV/c .
. 2(Pr) Up e similar v,(p;) at SPS and RHIC
» weaker increase at SPS than at RHIC -
below pr =2 GeV/c

— partly due to different centrality

Model: P.Huovinen nucl-th/0505036 and private STAR data:
communication (T,=165 MeV, T f=130 MeV, EoS=Q ) J.Adams et al., Phys. Rev. Lett. 92 (2004) 052302
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V 4
N?lr@ A Elliptic flow - different species m

riid-central events * linear increase of v, with p; for

0.2 .. >3
6/, = 5.0 - 235 % all species in mid-central events
T  mass hierarchy v,() > v,(p) > v,(A)
0.15[ L at pr <2 GeV/c)
® nt,
: B * similar magnitude of v, for all
0.1 particle species at pr ~2 GeV/c
* blast wave fit (T=92 MeV, <p,>=0.8)
0.05 reproduces data quite well
Preliminary — parameters similar like for p; spectra
and HBT sizes fits
OR Model:
- - - Blast Wave fit P.Huovinen et al., Phys. Lett. B 503 (2001) 58
C.Adler et al., Phys. Rev. Lett. 87 (2001) 182301
-('.).(."50 ‘i é 3 F.Retiere, A.M.Lisa, Phys. Rev. C 70 (2004) 044907

pT (GeV/c) Data on pions and protons on basis of:
C.Alt et al. , Phys. Rev. C 68 (2003) 034903
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1) Comparison with models m

mid-central events
0.2

" Blppr et e Hydrodynamic model
= NA49 DATA
0.5k ® T O<y<2 e hydrodynamic calculations with
. A p O<y<21
B A -15<y<1 T,=120 MeV reproduce p; spectra
Preliminary but overpredict v,(p;) SPS data
0.1 | |
A B
| |
0.05
Model \[s, =17.2 GeV
| " T, =120MeV Hydrodynamic calculations by P.Huovinen:
— 1-st order phase transition, T,=165 MeV
= %
-0.05 ’ '
0 1 2 3 Data on pions and protons on basis of:
pT (GeV/c) C.Alt et al. , Phys. Rev. C 68 (2003) 034903
Grzegorz Stefanek
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mid-central events

« 0.1
;a. NA49 DATA
® nh,n O<y<2li
0.08 A p O<y<2i1
B A -15<y<1
0.06 Preliminary
|
@
| |
0.04 .

0.02

6/61or =5.0-23.5%

} | | | |
0'020 0.2 0.4 0.6 0.8 1
p:/n (GeV/c)
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40 Comparison with models m

Coalescence model

* v, of protons and A hyperons agree
with naive quark coalescence model

* pions show a larger elliptic flow
below p; =2 GeV/c

— possible explanation by resonance

decays and quark momentum
distribution in hadrons

V.Greco, C.M.Ko Phys. Rev. C 70 (2004) 024901

Data on pions and protons on basis of:
C.Alt et al. , Phys. Rev. C 68 (2003) 034903
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Nglr@ Conclusions on A elliptic flow m

« weak dependence of v, on rapidity

* v, increases with decreasing centrality

* v, grows linear with transverse momentum up to p;= 2.5 GeV/c
* prdependence in agreement with CERES data

« weaker p; dependence at SPS than at RHIC energy

» Blast Wave model reproduces v,(pr) and p; spectra simultaneously
with similar set of parameters

* hydrodynamic models have problems with consistent description
of v,(pr)
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4.0 Introduction m

oF ; 1 oo "158A GeV:
: oo ’ g%k [ _1i* 158 AGeV - usual bell shape
oo 3 Foopt s % with maximum at midrapidity
oF oros : A \5'2 a7 ' :
::::: ' : 0.06 : 35 gt}andard —
E:‘M o & 1+40 AGeV- the dip at midrapidity
e A ] omf i : for standard and v, {2} cumulant

_0'01 AL 'l A L A L A L A A A A AL A s
2 <15 -1 05 0 05 1 15 2 2 <15 -1 05 0 05 1 15 2

BBl i, but not for the four-particle
; : ; 5 i v,{4} cumulant free from
B 37 S 2-particle nonflow effects
- © mesons p decays
- protons ??77?

0.02F T
-0.04F

0.1F
0.08F
n.nsi
0.04f
0.02;

-0.02 ;
-0.04Fce tral H [ .
2 <15 -1 05 0 05 1 15 2

The situation is unclear !!!

2 15 1 05 0 05 1 15 2
rapidity rapidity
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Comparison with models

AlLN
L9
0.2 mid-central events
N ) 6/6;or =5.0-23.5%
& NA49 DATA
® nt,m O<y<2l
0'15_A P O<y<21
B A -15<y<1
Preliminary
0.1

0.05

.
'''''
.

e
-.‘.

Model \|s,, =17.2 GeV

’,

Hydrodynamic model

 hydrodynamic calculations with

T,=120 MeV reproduce p; spectra
but overpredict v,(p;) SPS data

» predicitions with high temperature
T,=160 MeV closer to A v, (py) data
but can’t reproduce p spectra

T,=120MeV  T,=160MeV Hydrodynamic calculations by P.Huovinen:
- mt, W 1-st order phase transition, T,=165 MeV
= R
-0.05 : '
0 1 2 3 Data on pions and protons on basis of:
pt (GeV/c) C.Alt et al. , Phys. Rev. C 68 (2003) 034903
Grzegorz Stefanek Quark Matter 2005
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Selection of A candidates m

* Geometrical cuts applied on VO candidates:

position of the secondary vertex: zmin =-555 cm

X, y position of the neutral particle in the target plane:
VO, =xtarg <0.75 cm, V0, =ytarg <0.375 cm

separation between daughter tracks in x direction

xIlminx2 >2.5cm

both daughter tracks with at least 20 points in VTPCI
or VTPC2
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Selection of A candidates

A—>p+7n—- (BR=63.9% ,ct="7.89 cm)

- 2.2
s
s
L 2
X ——— Measured track -.3 i
----------- Extrapolated track T 18H
B v
A T 16| |
o L, vertex . e
o g@ """"" }'\'"""-:'Ji':;'Aue,‘._;,‘.: ........... H 1.4~ ! : it
a0 Y Y, NS A
3 Target o —_— — .
= o P 1.2
N . l
1
zmin - 0.8

0
p (GeVic)

Reconstruction of A decay channel

Selecti f A candidates b trical cut ' i i
clection ot A candidates by geometrical Cuts by daughter tracks identification
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g_r@ Selection of A candidates

1.108 GeV <m,,. <1.124 GeV y~-15-1.0, p;=0.4-4GeV/c

s 3 o L T
> S
2 N - - - - - - . -
3 ~ : R - :
S a 2 coz oz oz oz = I I 9=
g - m D &= = = m = o=
S - SE=2E==S=S°= = :
E = — C 3 =3 — [=1] = = -
> I EEEREESEEE
= == == =2 = = =
o 1+ - = b =2 a 3 = -
T SS=9= <% 1 5 S %
|
Y
Azimuthal distribution
= x10°
> 30000 A candidates — Data . 1500
0 o
N: L NA49 Pb+Pb 158A GeV — m__cut 5
T o
5 — —
En. 20000 % 1000
k] i
2
© 10000
B 500
0 -y [
1 1 1
1 1.05 11 1.15 1.2 00

m,,,. (GeV/c?)
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P (GeV/c)

dN/dp,

dN/dY

== -.-_._

b

dN/d¢ia

-e-

Grzegorg Stefanek

Quark Matter 2005
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y=13-4.0
pr=0.4-4GeV/c

<y> = 2.5
1.25 GeV/c

Q

<pT>

Large anisotropy in the
azimuthal distribution
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V 4
nlr@ Estimate of the event plane m

primary =, " identified by dE/dx with p; <1 GeV/c ;2.4 <y <5
non-target interactions removed by cuts on:
— deviation from vertex nominal position in space, 0.5 cm 1n all directions

quality criteria for reconstructed tracks

reduction of tracks from weak decays and other secondary vertices
by cut on track distance from reconstructed event vertex in the
target plane:

— =+ 3 cm 1n bending direction

— % 0.5 cm in non-bending direction

avolding autocorrelations by removing tracks with first, last point
in TPCs same as for A candidate daughter track
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49 Estimate of the event plane m

 extraction of the azimuthal angle of the event plane:
— X, = Q, cos(2D, p) = 2, pri [COS(2¢ 1) - <COS(2p;,)> ]
Y, = Q, sin(2®, gp) = 2, pr; [SIn(29',) - <Sin(2¢;,p)> ]
D, =(tan! Y,/ X,)/2
 acceptance correction by recentering the distribution

— <cos(29,,,)>, <sin(2¢,,,) > averaged over all events,
stored 1n a matrix

« pt=0.0-1.0 GeV/c -20 bins

e y=1-6 - 50 bins
e centrality - 8 bins
 clapse time - 10 bins
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Corrections

’

e acceptance correction by recentering the azimuthal distribution of ©*, 7

—

<as(2fp

¢ 5 04 bl /01y =5-125%
0 3 N
% 2 B g raw
0 i ; a i
¢ g " s e after recentering o
g Py 06 ) %
.
.‘:ﬂq =02 1 -
B0 ' . .
7
0 -0.06 01 2 3 4 5 6 06 o . ) " .
1 2 3 4 5 Y 6 v 5

« additional acceptance correction by artificial mixed-events
dN/d(@145-P; £p)=dN,, /(PP gp) /AN, /APy~ D p)

* background subtraction from m  distribution of A candidates
in every azimuthal bin
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* the sub-event resolution i1s determined from

the fit

F(AD,)=1 + 2 <cos(2AD,)> cos(2AD,), AD,=D,, - D,y 3
<CoS(2(Dygp - Dypp))> = [2< c0O8(2(D,,-D,5))>]">
* event plane resolution follows the increase of

Event Plane Resolution

ry
o

/N di/d Advz

-y =
. s
= ha
T

oloror = 19.5 - 23.5 %

.........

—— real events
g3 iixed eveirn is

the elliptic flow for charged © mesons

206/Gror (%)

5 125 235 33.5 435
A 0'45 1 1 1 1 1
3
e *
'ﬂ. -
Y o0.4- &
.e. E
& @
2 -
Q
V 035~
' Preliminary
T
T
0.3
P
[ 1
i L]
0.25
NA49 Pb+Pb 158A GeV
0‘2 | 1 1 1 | 1 1 | 1 | 1 | 1 1 | | 1 1 1
0 0.2 0.4 0.6 0.8 1
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pion flow

O-Da_""I""I""I""I""I""I""I""I""I""_
- O<y<21 B
008L" 0 < p, <2 GeVic ]
C '} ]
0.04— ‘ -
T —— =

-0.02

-0.04

0.08 L

C.Alt et al., PRC68, 034903

1
-1

0 1
Az = bz2a - 2B

3 ‘\'\&,\?\'

— 158A GeV

0 01 02 03 04 05 06 07 08 09

EY/E!?
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Outlook

N
E:

» analysis of different particles K, ¢, = at top SPS
In progress

. 1, p, A, KO, at 20, 30, 40 GeV

Grzegorz Stefanek Quark Matter 2005
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4.0 Modifications of the method m
" A elliptic flow, /G o= 5.0 - 23.5%
: B oldcuis, no bkg. and mixed-events corrections, fit F(V2) . . .
0.12_— new cuts, mixed-events corrections, fit F(V2) [ ) SuCCGSlve mOdlﬁcathnS
B m new cuts, bkg. and mixed-events corrections, fit F(V2,v4) ,
oo of the method don’t change
I 117 the elliptic flow values
0.08 - []] significantly
At |
I $1d e difference between data sets
= L
RO can be treat as an estimate
oozl - of the systematic error of
: - the method
. '
i L]
-0.02 1 | ! 1
0 0.6 1.2 1.8 2.4 3

P (GeV/c)
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