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Elliptic Flow (v,)

At non central collision Reaction plane (W)

/
f s ™
3\\@'/> // *Small mean free path
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X _/\ 4 *Pressure gradient Y.
X Elliptic flow

Geometrical anisotropy | > Momentum anisotropy
Momentum anisotropy reflects the hot dense matter.

p—

eThermalization

Fourier expansion of the distribution of produced particle angle (¢) to reaction plane (W)

N(¢p) = NO{I +2v, cos(¢ —W) +2v, cos[2(¢ — 1P)]+ }
v, = <cos[n(¢ — lI‘)]>

V, is the coefficient of the second term — indicates ellipticity

v, measurement has been considered as a powerful probe for
investigating the property of the QGP.
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Time Evolution

The matter produced in the high energy heavy ion collision is expected to undergo several

stages from the initial hard scattering to the final hadron emission.
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Collision

When the matter is thermalized, we expect
Hydro-dynamical behavior at quark level .

Note whenever the matter interacts each other, v, could change.

Need a comprehensive understanding from

thermalization through
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Kinematical freeze-out

Chemical freeze-out

Hadronization
Expansion & Cooling

Thermalization

Hard scatterings

hadronization to freeze-out.




Words

N,.rt === Number of nucleons participating the collision
Eccentricity (¢) --- geometrical eccentricity of participant nucleons

- Monte-Carlo simulation with Glauber model

- Nucleus formed by wood-Saxon shape < z>_<x2>
- Participant eccentricity which is calculated with long and short ¢ = .
axis determined by distribution of participants at each collision. <y >+ <X >
- e
Participant Eccentricity £ 1 system _
'.:F:. - » AuAu_200GeV ]
Nucleus 1 + § “ s CuCu_200GeV]
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Fundamental Findings of v, at RHIC I

*Hydro-dynamical behavior
*KE- scaling
*Quark number scaling
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Vv, explained by hydro model

P|+ ile PRL 91, 182301

Run2 Au +Au at \]sN 200 GeV, M|n|mum Blas nl <O. 35
A T+

mK+K
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o p+5

Anisotropy parameter v,

Transverse momentum p; (GeV/c)

Mass Ordering: v2(m)>v2(K)>v2(p)
—> Existence of radial flow.

Single particle spectra also indicates
radial flow.

convex shape due to radial flow.
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v, at low p; (<~2 GeV/c) can be
explained by a hydro-dynamical

model

assuming:

- Early thermalization(~0.6 fm/c)
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PHENIX: Au+Au: PRC 63, 034909 (2004);
p+p: PRC74, 024904 (2006)
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KE; Scaling

Presented by Yoshimasa IKEDA at spring JPS 2010 Au+Au, Vs, = 200GeV (RUN7)
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KE; = mp-m, = V(m,2 + p?) — mg
A v, 1is similar to proton v, .
® v, 1s near to meson (m or K) rather than baryon (p or A) at mid- pp (=2 -5 GeV).

Mass ordering can be seen at low p;. > scaled by KE;

Clearly different between meson and baryon v,,.
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Quark number scaling I

Presented by Yoshimasa IKEDA at spring JPS 2010 AU+AU, Vs = 200GeV (RUN7)

014r Centrality 20 — 60%
. m Deuteron
0.12— & o
v.,/n oF A ,}
0.1— x proton
: A K Y ; ﬂxil.. | a
ool ' ;tf*F”?F'; L : | |
=g 4t ||
0.06| ::‘f |
ol o |
o _— *
- ~—
0.021—% PH. E.NIX
B preliminary
0_.1111|1|1111111111111111111111
0 0.5 1 1.5 2 KET;i'?q [Ge\/i

Vo(P1) INgyark VS- KE¢/ng,, becomes one curve independent of particle species.

Significant part of elliptic flow at RHIC develops at quark level.

- QGP phase
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the quark number scaling

AuAu 62.4GeV

PHENIX/STAR

V,/n, vs KE/n,, Centrality: 0-5 %
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Quark number scaling work out up to K¢ ~1GeV.




quark number scaling at SPS

v, of p, T, A- C. Alt et al (NA49 collaboration) nucl-ex/0606026 submitted to PRL
v, of KO (preliminary) - G. Stefanek for NA49 collaboration (nucl-ex/0611003)

Pb+Pb at 17.2 GeV, NA49 A. Tranenko’s talk at QMO06
c 0.1 -
N 0.2r 0/0,o7=5.0-23.5% ;‘ 0/67or = 5.0-23.5%
> [ NA49 DATA 0.08 NA49 DATA
015 ® ™% . ®
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- Quark number + K., scaling doesn’t seem to work out at SPS.
- No flow at quark level due to nonexistence of QGP ?
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For a comprehensive understating of the matter and the mechanism of v2 production...

Other scaling of v,

*Energy dependence
*Eccentricity scaling
*Npart scaling

May, 20, 2010 Exotics from Heavy lon Collisions




Au+Au

Energy dependence

200 vs. 62 GeV

Centrality dependence
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No significant difference between 200 and 62 GeV.
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Eccentricity scaling

Au+Au vs. Cu+Cu
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Compare v, normalized by eccentricity (¢) in collisions of different size.
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Eccentricity scaling suggests
early thermalization.

N, . dependence.




N
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Scaling

v, Vvs. N
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The dependence can be normalized by N
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v,leccentricity/N . ,'* scaling works for all collision

systems except small N ., at 62 GeV.
- This exception may indicate non-sufficient thermalization region.

May, 20, 2010

Exotics from Heavy lon Collisions




Universal v, for identified charged hadrons

Taking all scaling together,
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Then, we have a question .

If the matter is thermalized and the pressure
gradient produce the flow, what is the reason for
N ot dependence and KE; scaling of v,?

Blast Wave Model Fit
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Blast Wave Fitting for v, and Spectra

We use this well-known fitting technique to obtain the
information of the flow velocity and temperature in and

out-of plane separately. g MM 0GV030% ]
E | | | N ]
Measured spectra weighted by ¢ distribution ; P, Sk
\ Measured v, Me‘?sured Pt spectra % 103:_ “tn ey ;:Iast_wave &
) e ey =
>< !é'_ 10= h S S 5&%4 1]
z_- 10_1:_ u;‘)per: lin pla‘ne
> g 10“10-''"o.'s''''4""1.'5""2""'2_.5
P b - p_[GeV/c]
Fitting py distribution in and out-of plane y
separately for n/K/p simultaneously by seeedoflioht
blast wave, B and T, in and out-of plane <: :>

are obtained separately. @
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Radial flow and KE- scaling
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» Species dependence of v, can be reproduced by
the Blast-wave model - Radial flow effect
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Azimuthal dependence of g+ and T,

| <B_>vs.¢, AuAu 200GeV, 20-30 % | [ T,, vs. 0, AuAu 200GeV, 20-30 % |
% - | | | - % 0.15— —
A _\/-—\'___,_ o o
¥ o4 _ =L ]
i | 01— =
] Extracted by the Blast-wave i i ° Extracted by the Blast-wave ]
92 Fit: <p >=a(1+2p cos(2¢)) ] oo~ Fit: T = a(1+2T cos(29)) -
B,=0.031+0.003 : . T,=-0.009+0.006
¢ ¢

* B has clear azimuthal dependence.
— Larger velocity @ in-plane

* T, has small azimuthal dependence.
— Lower temperature @ in-plane
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N, .. Dependence of 3 and T,

part

I BT vs. N, (AuAu + CuCu,\[s,, = 200 GeV) Tio vs. N, (AuAu + CuCu,\js,, = 200 GeV) |
0.6 T T T T I T T T T | T T T T l
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0.2— ° inclusive ¥2/NDF =20.16/8 =2.52 | 0.05
| RP:in x2NDF =7.95/8 = 0.99
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L1 1 | | | I | | L I I |

L L | | | L | \ \ | L i 0 L L L | L L L | L L L L | L
0 100 200 300 0 100 200 300

Npart Npart

T, and B agree between Au+Au and Cu+Cu, especially for the in-plane.

Since v, is produced by the difference between in and out-of plane,
the modulation of ; is expected to have important rule to make v.,.
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V2 v, X [5,

Eccentricity scaling here !

Pra=(B"-P )/ (B "+ B/ 2 R
0.3 T 1 T T l T T T T | T T T T
e — SR — — V2I8 - V2I8 VS. Nﬁpart
g. - — -
w045 — i
- [ CJD ] 0.2+ ¢ (# (# =
- 1 '
04— | ET) I T ................ ’ ...................... | : :
I %ﬂ] ] 0.1 -
005 AL 200GeV — 0A1fit (N >40) ] LJ; 1
| [ CuCu200Gev - 0.10 fit (all points)
BT R T T T E—TT
Noart N

part

Br, scaled by eccentricity agrees between Au+Au and Cu+Cu .

Bro/eccentricity is flat at N, > 40. - ¢ drives f,! . >Signal of Thermalization 1?17
Vv, is proportional to B+, if other parameters are fixed.

BUT, v,/ eccentricity is “not” flat > What courses N, dep. of v, ?7?
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Freeze-out Temperature and v,

; 220 :"I T T T | T T T | T 1T | 1T T | 1T 17T | T 17T | 1T 17T :
g 200~ T, obtained by statistical model =
= 1805 =
160 i o
1800 e e =
120 * T =
100— —
80— -
60:— Au+Au \[sy, = 200 GeV E
= L Kinetic Freeze-out .
40— ©  Chemical Freeze-out ]
- Freeze-out model (finite 3_) -
20— | e Freeze-out model (B_=0) -
:l 1 1 | | I | L1 1 1 | L1 1 1 | L 111 | L1 1 | I L1 11 I L1 1 I:
00 50 100 150 200 250 300 350 400
Dr. M.Konno's thesis N

part

T;, depends on N ., (while T, doesn’t) !

Larger system size = Lower T;, = Steeper spectra - Larger v,
Why does larger system have lower freeze out temperature ?
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Freeze-out Temperature and Time

Dr. M.Konno's thesis

N R R N U U RN : H H :
E’ 2003‘ T, Obtained by statistical modef _- - Slmple adiabatic €xpansion model
= 1805 - y
160 ’i speed of light
- E (1 )
120;— —;
1001~ -
80? Au+Au \|s,, = 200 GeV E @ B
60 o . Kinetic; Freeze-out = T
40— ° Esorsau moagi (e p ) | 3 [Assumption]
20— 0 | Freeze-out model (B_=0) - p
R IRTTN - -Cylindrically expanding
0 %0 100 0200 2500 300 35°N 00 -Freeze-out condition: A(t)=R(t)
_ Freeze-out time vs. N,
P ] The model explains N, dependence well !
= 100
. P> The times until freeze-out can be
o # ; calculated by this model. Larger system
b A e £ takes more time to freeze-out. 2> This
i o Adiabatic expansion
o © gumeirmat, | makes lower T,
wernnenee FrEEZE-0Ut MOdel ([3T=0) ]
T N T
Npart
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Summary

Systematic study of v, have been done in Au+Au/Cu+Cu at vVsy, =
62.4/200 GeV.

Vv, values are saturated above 62.4 GeV in Au+Au.
— Local thermalization

) follows quark number + KE; scaling in Au+Au (200,62GeV) and
CRe, (200GeV) .

— Flow at quark level > QGP phase

Vo(Noart) / € @are same between Au+Au and Cu+Cu at 200 GeV.
— Eccentricity scaling - Early thermalization

Va(Pr) /e/Npa'/? scaling works except for small N, at 62 GeV.
— Existence of a universal v, scaling at RHIC
— Exception may indicate non-sufficient thermalization region.

<From Blast-wave fit results with v, and spectra together>

B,/eccentricity is constant not depending on system size (N,,>40).
— Early thermalization !
Larger system freezes out later at lower temperature.

— cause the N, dependence of v,/ ¢ .
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Back Up[
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v, at high p;

PHENIX PRELIMINARY  Au+Au \[S, = 200 GeV Emission
N 0-10% Inl < 0.35
> . 1020% : 0-40% el
Q * 20-30% “ 40.-50% . - e =S
= ° " Minimum Bias N .
g B i Long axis direction
g 0.2__ s H 3 B Larger energy loss
Q PP : + , . Short axis direction

- |
2 - . ©° o . ‘ | Smaller energy loss
o -, A + )l Emission
T 01 ¢ . ’ ) b large sk i
2 Lo ! - g
c | v
<L _l )

| |
% 5 10

Transverse momentum p.[GeV/c]

* Non-zero v, at high p+
* Consistent to Jet suppression scenarios.
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Energy dependence up to RHIC

FOPI : Phys. Lett. B612, 713 (2005). E895 : Phys. Rev. Lett. 83, 1295 (1999)
CERES : Nucl. Phys. A698, 253c (2002). NA49 : Phys. Rev. C68, 034903 (2003)
STAR : Nucl. Phys. A715, 45¢, (2003). PHENIX : Preliminary.

PHOBOS : nucl-ex/0610037 (2006)
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PRL 94, 232302

W PHENIX pr (GeV/i)
- @ sTAR 1.75 (open)
@ c:res 0.65 (closed)
A csss
i Centrality = é O
y =13 -26 (%)
m N
B o
| |
1 10 100
JS.. (Gev)

~ 50% increase from SPS to RHIC.

Above 62.4 GeV, v, seems to be saturated.
- The matter reaches thermal equilibrium state at RHIC.
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Scaling (others)

QM2006, S. A. Voloshin

QM2006, R. Nouicer

[ I I I
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~ 0.3 HYDRO (EoS H) E.,/A=40 GeV, Pb+Pb NA49 - V. AUrAG. tracks .
SV F HYDRO(EoSQ) | o eoyactsn e, oept, s ot privwhing 1 oo s
0.25 — \LLITT 0.3 _: 130 GZV.AUU'*:\UU, hi:tss 4 GeV, E877 |
E . ?gz ge& 2u+:u: :its
0.2F ~3 | s 2006V cocutte +
: 8 gple ZivEEm 4 nt
- W . —& 4 Ge u+Cu, hits —
0.15F = i ‘g e 'y
STAR Prelim.,v,{FTPCY/¢ {2} >
0.1 —e— \[5,,=200 GeV, Au+Au j .
- —e— \ls,=62 GeV, Au+Au 0.1 ﬂ T —
B —e— \[s,,=200 GeV, Cu+Cu -
0.05 N —e— \[s,,;=62 GeV, Cu+Cu I
C STAR Prelim., v,{ZDC}e_,
0'. T = s -ZOOIGeVAu+Au : | |
0750 1520 25 30 35 % 10 20 30
1/S dN _, /dy 1/(S) (dN_ /dy) [fm™]
« Straight line from SPS to RHIC energy.
* V, is reaching the hydro limit at central collision ?
LHC and low energy scan may have answer for this !?
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v, compared with hydro model at SPS I

0.2
/6707 = 5.0 - 23.5 %

>
o15|. NAGS data

SPS (Vs = 17 GeV)

NA49: nucl-ex/0606026 (2007)

Hydro-dynamical model: 1t order phase transition,
T,=165 MeV, T=120 MeV, t, = 0.8 fm/c

0.1

0.05
Hydro Model

0.
"= Blast Wave fits
-0.050 1 2 3
P (GeV/c)

Hydro-dynamical model at SPS: Overestimate v,
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Back Upl

Comparison with Hydro simulation
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Differential v, in Au+Au and Cu+Cu Collisions

QGP fluid+hadron gas with Glauber I.C. ]

Au+Au Cu+Cu 085_ « AuAu, b=10.8fm, £=0.426 4
0'7§ = CuCu, b=5.2fm, £=0.213 i
0.65— i |
0.5~ #
@ %;“ 0.4- :*:*'H | }’»
0.30 -
0.2 T
il --"' 200 GeV,N =45
Same N__., different eccentricity % 03040608 1 12141678 2
par p, (GeVic)
Au+Au Cu+Cu 08 auAu, b=5.5m, N,.=220
0-7F . cucu, b=s5.2fm,N__ =45 ++
0.6-
0.5F ++
3 04f N +H+
0.3F _,':++
025 T
0. 14’ ** 200 GeV, £=0.21
Same eccentricity, different N b 02040605 1 12141615 2
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Comparison with hydro-simulation
Hydro calculations done by Prof. Hirano.

ref: arXiv:0710.5795 [nucl-th] and Phys. Lett.B 636, 299 (2006)

Hydro should be middle of two data.

=]

Au+Au 200GeV Au+Au 62.4GeV Cu+Cu 200GeV
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vilhe AubAu results agresowelowith\hydroibuts Cu+Cu results don'’t.
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vaye Au+Au and CutGu resultsagreewell with hydro.




Comparison with hydro-simulation
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Hydro should be middle of two data.
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for proton doesn’t agree with v,(hydro)/eqangarg
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Hydro v,/e vs. N,

. 13 .
integral vzle (0.7<pT<1.0) VS. Npart (sim)

U a3 S
0.4—
0.35
0.3
0.25—
— . . CuCu 200GeV b=3.7
0.2 *  AuAu 200GeV b=9.7 40-50%
- . AuAu 200GeV b=7.2 20-30%
0.15— o *  AuAu 62.4GeV b =9.7 40-50%
— = AuAu 62.4GeV b=7.2 20-30%
0.1 — 4 . CuCu 200GeV b=5.2 20-30%
e AuAu 200GeV b=5.8
- * AuAu 200GeV b=10.8
0.05— ST e fitting: v /e = aO'N;)?n
C fitting: v_/e = a1'prn +b
07'11|111||1|11|11111111111111111111111111
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Fitting lines: dash line v,/e = a*N,"

solid line v,/e = a*N,"® + b
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Rapidity dependence

0.12

- b=4.0fm

T. Hirano, U. Heinz, D. Kharzeev, R. Lacey, Y. Nara, PLB 636 (2006) 299

+ hydro+JAM
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— T7=160MeV

» PHOBOS 3-15%

i””j{

0.12
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0.12
« hydro+JAM C
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» PHOBOS 25-50%

b N

} I:Izz! \

2 R 5 4 2 0

n
[Glauber model initial conditions (85% soft/15% hard)]

* To repoduce rapidity dependence of v2, need

hadronic re-scattering as well as flow at QGP.
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Multi-strange hadrons
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 Why ?
— ¢ and Q are less

affected by hadronic
Interactions

— Hadronic interactions
at a later stage do not
produce enough v,
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