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Au+Au @ 200 GeV at RHIC

MIT heavy-ion event display,
Y.-J.Lee, S.Yoon, W.Busza
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T.D.Lee, Rev.Mod.Phys.

47(1975)267

Confinement +

chiral symmetry breaking

Why do we do this?

In high energy physics we have
concentrated on experiments, in which
we distribute a higher and higher amount
of energy into a region with smaller and
smaller dimensions. In order to study the
question of “vacuum”, we must turn to a
different direction; we should investigate
some “bulk” phenomena by distributing hi
energy over a relatively large volume.
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QCD “thermodynamics”

TFLOPS super computer

vol T T F'_KarscH, hep-lalt/0401031 _is_é t
14 & RHI § “HE
12} Iy = ' 1
_S *
7 :f H dUe ¢ 10k - . )
g 8 3flavor ——
2 flavor
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- LQCD simulations at n =0 (u=0)

T~ S 200F m 1
Tcrlt 170MeV 3 —i—»% Quarks and Gluons
8 cri tzo . 7 GeV/ fm g \ Critical point?
* Indications for cross-over with A Hadrons s,
agn . %

critical point for n_20 (u_20) 5 %&%
(quantitative results depend on lattice q’ % Colartni
parameters and chiral + continuum - N
limit extrapolations) 2 ! Nuclei Net Baryon Density
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QCD matter at high temperature
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RHIC events (at mid-rapidity) are net-baryon free (p/p=0.8):
RHIC explores cross-over region of QCD phase diagram
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AlIP Top Physics Story, Dec 2005

SEARCH AIP

AMERICAN INSTITUTE 2 PHYSICS

The AIP Bulletin of Physics News

Number 757 #1, December 7, 2005 by Phil Schewe and Ben Stein
Article Tools

o Sleds S L e Top Physics Stories for 2005

=4 Shrink text

= Print

= E-mail At the Relativistic Heawvy Ion Collider (RHIC) on Long Island,
the four large detector groups agreed, for the first time, on a

Subscribe consensus interpretation of several year's worth of

E-mail alert

high-energy ion collisions: the fireball made in these collisions
-- a sort of stand-in for the primordial universe only a few
microseconds after the big bang -- was not a gas of weakly

RSS feed EEEH

Save and

Share interacting| gquarks and gluons as earlier expected, but

= Digg this something more like a liquid of strongly interacting quarks and
w" Delicio.us gluons {(PNU 728).

“... the fireball made in these [heavy-ion]
collisions ... was not a gas of weakly
iInteracting quarks and gluons as earlier
expected, but something more like a liquid...”

http://www.aip.org/pnu/2005/split/757-1.html
RHIC whitepapers: NPA 757 (2005)1-283
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http://www.aip.org/pnu/2005/split/757-1.html

Heavy-ion jargon: Collision centrality

Peripheral collision Semi-central collision Central collision
_b b b
90-100% Centrality 0-10%

e Centrality classes

- Impact parameter (<b>) Nucleus 1 Y Nucleus 2

— #Participants (<Npart>)

>)

- #NN-collisions (<N__>) 0 4

 Relate to data via Glauber MC

. . Participants
based detector simulations CIp

Impact
parameter b
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Heavy-ion jargon: Glauber MC

e Setup nuclei

- Radial distribution of nucleons (in nucleus)
drawn from Wood-Saxon distribution

- Isotropic angular distribution
- Separate by b (with dN/db~Db)
« Simulate collision

— Assume: Nucleons travel on straight-line paths
and interact inelastically when

d=(X =X+ (Y= Vo) <V o Im

Nucleus 1 y Nucleus 2

- #Participants (N ~A)

part
* Nucleons that interact at least once
— #NN-collisions (N ~A*?)
coll

« Total number of collisions suffered by FParticipants
the nucleons of one of the nuclei

. Impact
 Repeat to gather arbitrary many events parameter b
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Energy density reached at RHIC

Transverse

'PHOBOS -~ 200 GeV
- 0-60/ , .lllll..|... Ll ..
“AutAu TN,
[ _62.4 Ge

Use “energy flow” from longitudinal
(=beam) to transverse direction to
estimate energy/volume

1000 particles x 0.5 GeV/particle

~ 3GeV/fm3
Much larger than €_.~0.7GeV/fm’
But what about equilibrium?

™ X (7 fm)2 * 1 fm

PHOBOS WhitePaper: NPA, 757 (2005) 28
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How do we prove that we make "matter”?

Non-central collision in the transverse plane

Nucleus 1

Nucleus 2

Overlap (participant)
region is asymmetric in
azimuthal angle

Define initial state spatial eccentricity:
2 2
_R-R
R+R:

€
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How do we prove that we make "matter™?

Non-interacting particles Collective flow of matter

What happens to the shape (eccentricity)
information during the expansion?
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How do we prove that we make "matter™?

Non-interacting particles Collective flow of matter

-
1 3
| ¥
Eccentricity infermation is not Eccentricity information does get
transfered to momentum space transfered into momentum space
dN/do 1 3 dN/d¢ )
2 4
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How do we prove that we make "matter”?

dNId(p—Y,)cl+v,cos(2¢p—2Y,)

Elliptic flow

E most pe::ipheral 0.1— _]
® | JH = - ® Track-based 200 GeV Au+Au
8 i - B —~ - A Hitbased 200 GeV Au+Au
% [ Ty . TNy . :: 2 V2_ 0'08:_ A %. /A Hit-based 130 GeV Au+Au _:
b [ . — ; = B T Hydrodynamic calculation N
-_é I P = S f 0.06_— / J ?&. .Zp 5
IE B g - - . _— V2 L _|
N _ 0.04 |
> - - - ]
EF —— E————— 0.02— _
S| - : -
z - - _ “PHOBOS, NPA, 757 (2005) 28 1
’ - most.contral _ O 53106 150 200 250 300 32
| | | | | I3H|OBOS| <Npa

-3 -2 1 0 1 2 3
¢-ys [rad]

Initial anisotropy in coordinate space is translated
Into momentum space: Interactions are present!

But what about equilibrium??
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...something more like a liquid...”

Ideal relativistic hydrodynamics 0.1 N
= ® Trackbased 200 GeV Au+AL -

HY — Ho Y HY B Hil based 200 GeV Au+Au |
T _<e+p)u u pg 0.08_— 4 - _|
5 T[,( v — 0 | A i P Hit-based 130 GeV Au+Au |
H : T Hydrodynamic calculation :
0.06-f A f ??' '4 -

6,N;=0,i=B,S,. B ]
0.04 —

N’;—nbu Conserve B i
net-baryon density 0.02_ ]

— . -

- PHOBOS, NPA, 757 (2005) 28 | :

p=ple,n) Specify EoS °o ~50 100 150 200 250 300 350

<N|Mlrt

1.4 3 ‘

g O L Assumption: Shortly after the initial collision
4 cos 1, (<1-2fm/c) a system in local equilibrium with
os| " Eosa | very small mean free path and shear viscosity
Sosl o IS created.

Q0_4, l,'l . 2" "EOSH |
02f f For the first time in history of HI collisions:
0 ‘ - 4 Mid-central data reach hydro-prediction!!!

20 3
e (GeV/fm~)
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Outline for remainder of the talk

Initial conditions — >

Hyd ro Particle distributions/
Equation of state — > ——» observables to be
Freeze-out conditions ——» mOdel checked experimentally

* Propose initial state eccentricity fluctuations to explain
system comparison between Cu+Cu and Au+Au

* Predict eccentricity driven flow fluctuations
* Flow fluctuations exist with predicted magnitude
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Elliptic flow and collision geometry (2)

PHOBOS preliminary . 200 Gov, Au, trks ¢Ncoll/0.5Npar~|
0.08— r]l < 1 s 200 GeV, Au, hits —] .
= 130 GeV, Au, hits 4 -
= B62.4 GeV, Au, hits
o . 19.6 GeV, Au, hits , —AutAu
0.06— L . i = 200 GeV, Cu, trks __| s —Cu+Cu
= 200 GeV, Cu, hits
- = =  62.4 GeV, Cu, hits % 00 200 300 400
~ " _+ # - e 224 GeV, Cu, hits | “ﬁa“ |
> 0.04— +- + . + Statistical errors | .30,Over|ap area S |
2 i
# - 20 b
000 Cu+Cu Au+Au fH B ol |
' 200, 62.4 GeV, 200, 130, .
22.4 GeV prel. 63.4, 19.4 GeV 00200300400
Npart
| | | et i
% 100 200 300 0_4A\I‘E\ccentr|0|ty
Npart I “’4-,.’
; 2, “a .
Generally expect: v, /e= f(n,R), where n are part.density RN
R trans.size at time when flow develops. When mean N VO }xm
free path much smaller than R, v, /e= f(n) only. Noar

Au+Au, 200,130,62.4+19.6 GeV: PRL 94 122303 (2005) Heiselberg, Levy, PRC 59 2716, (1999)
Cu+Cu, 200+62.4 GeV: nucl-ex/0610037 (PRL in press) Voloshin, Poskanzer, PLB 474 27 (2000)
Cu+Cu, 22.4 GeV: prel. QW06 STAR, PRC 66 034904 (2002)
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Elliptic flow and collision geometry (2)

1-5 | | T T T
PHOBOS preliminary T 130 Gy, STAR sNcoll/0.5Np d
m 200 GeV, Au, trks 17 GeV, NA4S .
s 200 GeV, Au, hits 4 GeV, E&7T 4 7
a 130 GeV, Au, hits AUA
o 4l = 624GeV, Al hit _| % —cwcs |
- 19.6 GeV, Al, hit i
§ m 200 GeV, Cu, trk % 400 200 300 400
= & 200 GeV, Cu, hits Noart
Ll.lm & B2.4 GeV, Cu, hits ' ' ‘
=~ s 22.4 GeV, Cu, hits + + s0-Overlap area S/
od
> 0.5 Cu+Cu + _* ' + N 20 1
t Au+Au - 1ol |
i Yy - .+ m *
+£ +¢ N W om Bt = Statistical d | | |
errors 100 200 300 400
00 | I | : Np:art
10 20 0 30 ol Eccentricity
1/(S) (dN_ /dy) [fm™?] e
~,
0.2-‘-“ "4"\ .
: KY N
No scaling between Cu+Cu and Au+Au AT |

Au+Au, 200,130,62.4+19.6 GeV: PRL 94 122303 (2005) Heiselberg, Levy, PRC 59 2716, (1999)

Cu+Cu, 200+62.4 GeV: nucl-ex/0610037 (PRL in press) Voloshin, Poskanzer, PLB 474 27 (2000)
Cu+Cu, 22.4 GeV: prel. QW06 STAR, PRC 66 034904 (2002)
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Participant eccentricity

The spatial distribution of

for the same b will vary from event-to-event

Thus, the relevant eccentricity for
elliptic flow should vary event-by-event

Introduced at QM05, nucl- O +0
ex/0610037 (PRL in press) (O < € part <1 )
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Comparison of eccentricity definitions

Studied variations to obtain 90% CL bands on calculation

skin o
inel
depth [T LA N e O L I Y O O Y I B
- PHOBOS MC
0.8% arXiv:nucl-ex/0610037 [&] ¢, Cu+Cu
B ,‘.. PRL in press E| (e ) CuCu
0.6 a - El <8pan> Au+Au

- (e Au+Au

o
N

Eccentricity

=)
EDO

II[III|III|III|III|III

nuclear
radius

cao gty by by b e by by
50/ 100 150 200 250 300 350

min N-N separation 0 . .
Nimber of participants

“Participant” eccentricity
event-by-event calculation

Important for smaller

systems

Introduced at QMO05, nucl-
ex/0610037 (PRL in press)
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Elliptic flow and collision geometry (3)

| |
PHOBOS preliminary

B 200 GeV, Au, trks

& 200 GeV, Au, hits

0.3 « 130 GeV, Au, hits

& §2.4 GeV, hits
19.6 GeV, hits

B 200 GeV, Cu, trks +

130 GeV, STAR
17 GeV, NA49
4 GeV, EBTT

& 200 GeY, Cu, hits
0.2 * 624 GeV, Cu, hits
& 224 GeV, Cu, hits&

0.1— # .
I

pslrt>

\"PUC

Cu+Cu
Statistical
errors only
% 10 20 30
1/(S) (dN_ /dy) [fm™]

Scaling between Cu+Cu and Au+Au

Au+Au, 200,130,62.4+19.6 GeV: PRL 94 122303 (2005)
Cu+Cu, 200+62.4 GeV: nucl-ex/0610037 (PRL in press)

Cu+Cu, 22.4 GeV: prel. QM06
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Participant Eccentricity
3ty 4

Participants

B \/(Ui—ai)2+4@
part ai+ o

1k PHOBOS Glauber MC _

€

400




Eccentricity driven elliptic flow fluctuations?

Elliptic flow seems to be developed event-
by-event with respect to the orientation of
the overlap region

V2N€part

03 O

€ part

vy T Tens
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Expected relative elliptic flow fluctuations

Elliptic flow is developed event-by-event
with respect to the overlap region

V2N€part

03

€ part

<€pan‘>0'6

0.4

Baseline parameters:
* Nucleon-nucleon
cross section: ow=42mb
» Skin depth: a=0.535fm 0.2
* Wood-saxon
radius: R,=6.38fm
* Inter-nucleon separation
distance: d=0.4fm 0

1/7/09

| I?alrtlicipanlt IeclcenltrilciftylmOQell |

 Baseline
= 90% C.L.

200 GeV Au+Au
PHOBOS Glauber MC

—00 200
Number of participants

Constantin Loizides (MIT)

— 300

—— Baseline

— Oy = 30mb
— Opn = 45mb
—a = 0.482fm

a = 0.586fm
— R, = 5.74fm

1 R, = 7.02fm

—d = 0fm
d = 0.8fm




Challenges of event-by-event determination of v _*

« PHOBOS Multiplicity Array ass
- -5.4<n<5.4 coverage U \

- Holes and granularity differences

« Usage of all available
information
In event to determine event-by-

event a single value for v _°*°

HIJING + G
Hit Distribution ~ dN/dn |15-20°/gce|?{arg;[

N
1 1 1

Azimuthal angle
(=

Primary particles
Hits on detector

N
1 1 1 1

- o 5
Pseudo-rapidity Pseudo-rapidity
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Measuring elliptic flow fluctuations

Observed v, distribution True vo distribution Source of vy fluctuation

g(v, ) | 1 Ff(v,)
N

100

50| ||I

1
Kernel — ,Vz)f(V2>dV2
 Detector and

acceptance
effects

 Finite-number
fluctuations

« Multiplicity
fluctuations

«
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PRL)

Relative elliptic flow fluctuations

" Inl<1 PHOBOS i
06 Au+Au, 200 GeV  —
N
: | ]
O
- i bt il
© i i
=
'E 0.4__ * . oo ) —_
T _
@
> - > v, .
pr data
8 0.2 (V) -
O - i
x | ]
-
- 1 MC with no
I | | | | | | I | | 1
DD 100 200 300 fluctuations
Number of participants
nucl.-ex/0702036 (sub.to
Constantin Loizides (MIT) 25
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Elliptic flow and collision geometry (4)

—
- In|<1 PHOBOS ]
— Au+Au, 200 GeV —

e
o

Participant
eccentricity
model
prediction

e
.
|

<€part>

o,
» data The relative
v magnitude of
- the initial state
N fluctuations are
imprinted in the
final azimuthal
—l momentum

| | | | | | | |
100 200 300 istributi
Number of participants SEQZ?&QS’E;’LE}?S

Relative Fluctuations
o
| |

nucl.-ex/0702036 (sub.to
PRL)
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Connection to Knudson and Reynolds number?

Define rel. flow fluctuations: 10" o .
——— fit BUQMD, o/2

2 2 L - & UrQMD, ¢
g,, o 2 ., ~~o UrQMD. 36

2 €
0 ECRAY
V2 < V2 > < Epari‘ > &

Define the inverse of the Knudson, Lo ]
the average number of collisions Experimental bounds
suffered by a dof in the system: ettty

K '=L/aA o

—1
Assume Poissonian: Kn . 1

AdynNO(\/K ° S

Conclusion/speculation(?) that viscosity must be large enough
$.Vogel, G.Torrieri to avoid strong turbulences (that are not seen in the data)

M.Bleicher, nucl-th/0703031
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Summary

 Heavy ion elliptic flow data at RHIC energies can be described by
iIdeal hydrodynamics.

» Eccentricity fluctuations describe the eccentricity-scaled elliptic flow
data across the Cu+Cu and Au+Au systems.

 We have measured the predicted elliptic flow fluctuations and found a
relative magnitude of 40%.

- The participant eccentricity predictions from a simple Glauber MC
simulation, where the nucleon interaction points are interpreted
event-by-event, are in striking agreement with the data.

* The postulated fluctuations in eccentricity are real and provide
new insight in the initial conditions. Together with the measured flow
fluctuation we may gain new access to properties of the liquid.
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Properties of the medium

E Au+Au, 62.4 GeV - N _ TKp
- () 0-15% central = [ (m'+r) ,B-Efit PHOBOS = = =
g : it ) e e PHENIX © o o
2 10°- -..!F near midrapidity °|.> P ™ R
o W ; |
5 BWF fit S ¢ BWF fit
I_I.-f.102§_ + I_IOZE_ +
g : (K'+K) g %,: - (K'+K) .E-ﬁm.,_ﬂ,._‘““
2 5 ToL  (p+p)
< 10c |—| 0 3
-~ | ] N  Au+Au, 200 GeV
c% 13 % Z 1: 0-15% central
~ £t PHOBOS Preliminary oo T midrapidity o
10" 1 10’ 1
p, [GeV/c] pr [GeV/c]
interacting systom, one expects PHOBOS WhitePaper
th_e development of particles . _
with long wavelengths. No evidence of enhanced particle
' constraints
production at very low p_ <>
200 GeV PHOBOS: PRC 70, 051901 (R) (2004) , :
200 GeV PHENIX: PRC 69, 034909 (2004) For details and fit params, see
62.4 GeV PHOBOS prel. : QM05, nucl-ex/0510039 G.Veres, SQM'06
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Relate centrality to data

—— Data 130 Ge
—— MC Run 5181

Events

2_ =_
10 f S,

10

Paddle

mean

H 0 1000 2000 3000 4000

C L I L | | |
0o 1000 2000 3000 4000
Paddle Signal

10°

10

m M

0 100 200 300 400
part
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Flow measurement in PHOBOS

» Reaction-plane / Subevent technique

— Correlate reaction plane determined from azimuthal pattern of hits in
one part of the detector with information from other parts of the

detector
Subevent B
n(26)), i
tan (2y ,)= 5;':3(( 22))>>A Sulg?ve ntfﬁ
-01<n<-54 | ,

Ve =(cos(2¢p—2y ,))g
(v

° \/<COS (2 WA= 2 (ljB>>events

A.Poskanzer, S.Voloshin,
nucl-ex/9805001

Separatién of
correlated sub-
events typically

large in N

events
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Self quenching and hydro success

0.3 | e 0.15
€ £ ot
X A Ep
02 I “"‘ ] 01
0.1} A 10.05
Ep ‘\
0 S 0
—RHC .
01t EOSI IR 0.05
0 5 10 5
1(fm/c)
0121 @) 200 GeV AU + Au e 10 (b)1 30 GeV 'A:;._+ Au
0.1 (minimum bias) ‘ o ‘6; ¥ S#?lemum |ai1+ﬂ_
I STAR+data ’ ’{»,‘ > ,, ' 1 " hydroEOSQ py
B - N — hydro EOSH ¢
= =
. P /
.\A‘ ]

Hydrodynamics |
results 1

1/7/09
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Transverse momentum p; (GeV/c)
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Viscous corrections

- 0.2
& gqgb b =681m (16-24% Central)
0.
-
016k ® STARData
0.14

Sound attenuation
length is approx the 0.12
same as the mean

free path 0.1

0.08
0.06
0.04

0.02 T/, =0.2

IIIIIIIIIIIIIIIIIIIIIIIII.II]IIII

n ’
0 02040608 1 12 14 16 18
p(GeV)
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Event-by-event measurement of v,°*°

. Event-by-event measurement of v_**°
- Deal with acceptance effects

— Use all available hit information

* Probability

for hit positions:

distribution function

Probability distribution function

. Ay
e
oo

P(n,¢; vo™®

,bo)=P(n)[1+2Vv,(n)cos(2¢p—2¢,)|

T

Normalization - o
incl. acceptance Probability of hit in (¢,n)

- Maximize the likelihood function to obtain
V2ObS and @° (event plane angle)

L<ngs ,

bo)= 1. P(mcbis V&, o)

nucl.-ex/0702036 (sub.to PRL),
nucl-ex/0608025 (Proceedings of Science)

1/7/09
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Event-by-event measurement of v,°"

T T T T T L T T T T T T T T T
0.07 —

- 2 Mid-Central- Mid-Central |

0.06— Au+Au, 200 GeV| 0.06 V2°bs Au+Au, 200 GeV
0.05 a 0.05— ]
:wo.m:— _: :«0.04_— -
>~ 0.03 - T 003 o
0.02- Triangular v,(n) - 002~ Trapezoidal v,(n) -
0.01— — 0.01— .

PHOBOS, PRC 72, 051901 (2005) | PHOlBOS, PRC|72, 05190|1 (2005) I
1 1 1 L | L L | 1 1 L [ 1 1 | L 1 1 1 L L 1 L 1 L L 1 1 1 1

4 2 0 2 4 4
Pseudo-rapidity

-2 0 2 a4
Pseudo-rapidity

P(n,¢; ngsv(l)o):p(’?)“ +2v,(n)cos(2¢p—24¢,)|

T

Use known, measured shape

Analysis is run completely independent on triangular and
trapezoidal shape. Results are averaged at the end.

nucl.-ex/0702036 (sub.to PRL),
nucl-ex/0608025 (Proceedings of Science)
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Determining the kernel

e “‘Measure” and record the v2°bs

distribution in bins of v, and multi-
plicity (n) from large MC samples

K(V2°?f_7_vz, fixed___n)

« 1.510°HIJING events

* Modified ¢ to include
triangular or trapezoidal flow

"- obs
. L '
* Fit response function (ideal case) 2 2
obs LAY obs
Vv N 2 —V, V
obs 2 20 2 2
K(VE,v,,n)=—25 e o —25—2)
o o

(J.-Y.Ollitrault, PRD (1992) 46, 226)

* Changed to account for detector effects
Vo—(An+B)v, O':£-|-D
nucl.-ex/0702036 (sub.to PRL),

(suppression) (finite resolution) nucl-ex/0608025 (Proceedings of Science)
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Extracting dynamical fluctuations

obs J" K obs )f(Vz) dV2
T ? S

Gaussian Ansatz: [ 2]
Measured Constructed — ( — < V, >)
from MC f(vz)zexp >
20,
2
Comparison with data g(v2°'°5) Different trials for Ansatz f(v,)
m1l]l] - 15-20%, Au+Au 200 GeV
'E B \VHobs
o T -« 9(v2 ) Use kernel
% i — g; | <-I- integrate
o 50 J .
0 R
g L
5 5 Fit prob.:
0.942 (0.006)

0 005 0.4
V20bs

Compare expected g(v,**) for trials with data:

nucl-ex/0608025 (Proceedings of Science)
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Elliptic flow fluctuations: <v,> and o,

Mean elllptlc flow Dynamlcal flow fluctuatlons
] — 1 T 1 ' !
0.1(-|N|<1 PHOBOS prellmlnary— |r]|<1 PHOBOS prellmlnary
- ® <Vy=> (90% C.L.) i * Oy, (90%C.L.)
= | oo0al 7
¢ ) _ _ '
(V2) e o, | ¢
0.05 ° ] 2_ .
[ ) o PY
i ) 0.02| * . -
Au+Au 200 GeV _ | Au+Au 200 GeV
00— F00 200 300 T T '260'_'_' S0
Number of participants Number of participants

Systematic errors:
 Variation in n-shape

« Variation of f(v,) “Scaling” errors cancel in the ratio:
« MC response relative fluctuations, o,,/<v,>
 Vertex binning

* O, binning
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Event-by-event mean v, vs published results

PHOBOS
Au+Au, 200 GeV

« Standard methods <V2i

- Averaged over events
to measure the mean 0.08

- Hit- and track-based

- Use reaction plane sub- 0.06
event technique

S -
N
—

¥.E“' oy

0.04
e Event-by-event
0.02 0" Hit-based I E}
&Y Track-based
U PRC 72 0519?1 (2005) |
00 50 100 150 200 250 300 350

Number of participants

Very good agreement of the event-by-event measured mean v,
with the hit- and tracked-based, event averaged, published results
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