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What can we learn from fluctuations?

(How) Does Nature of the
matter thermalize!? phase transition?

How is entropy

o Properties of the How are hadrons
produced?

medium?

Unique answers to all of these
questions from fluctuations/correlations

How far have we come trying to realize this promise?
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What can we learn from fluctuations?

Nature of the
phase
transition?

ca 1995
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Nature of the Phase Transition

N “Normal
Quark-Gluon Plasma events”

» Temperature (MeV)

(=)

Critical Point

- - - gCitic

XE-by-E
%, :
Hadron Gas Enhanced Fluctuations
Atomic Nuclei near Critical Point

Matter Density ug (GeV)

Search for critical phenomena

induced near phase transition/critical point
P P Rajagopal, Shuryak, \/S
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Nature of the Phase Transition

® Phase transition/Latent heat

Quark-Gluon Plasma :
= Supercooling

Mishustin
= Droplet Formation

» Temperature (MeV)

(=)

. 5.@| Point = <pT>, Multiplicity Fluctuations

® |ocation of critical point

Rajagopal, Shuryak,

= <pT> Fluctuations Stephanov, Wilczek

Hadron Gas

Atomic Nuclei ® Chiral Symmetry Restoration

: Rajagopal, Wilczek
Matter Density ug (GeV) - DCC formation Bjorken

= Charge/neutral fluctuations




Nature of the Phase Transition

<pt> Fluctuations

o PT -simple observable (supposedly...)

e High statistical precision:

° OpT/<PT>inc< 0.1%

o Sensitive to many interesting scenarios

STAR Collaboration Meeting 3/3/2006

NA49, Phys Lett B459 (1999) 679

: 10*!__Central Pb+Pb charged hadrons
FVs = 17.2 GeV g y>40

mixed A 1 [

events
|
0.4 0.5
M(py) (GeVie)
Event-by-event <p+> compared to

stochastic reference (mixed events)




Nature of the Phase Transition

<pt> Fluctuations

® Au+Au 0 - 5% Most Central
¥ CERES Pbh+Pb

No evidence for non-monotonic energy dependence
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Nature of the Phase Transition Scaling: Connection
<pt> Fluctuations PEOEE S

fluctuations?
STAR preliminary
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Connection to
2-particle
correlations
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Normalization to <p,+>

Normalization per particle
Linear or quadratic measures
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Nature of the Phase Transition

IK/TT Fluctuations

* |s strangeness enhanced in every event!

o Can we see signs of super-cooling below T ¢!

1 NA49 Measurement

K/ U - Use dE/dx to identify xt,K,p event-by-
event

- Do Max Likelihood fit to extract K/x ratio
event-by-event

- Required 2 years of detector calibation to
eliminate dE/dx — multiplicity correlation
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Nature of the Phase Transition

IK/TT Fluctuations Pb+Pb, 17.2 GeV
NA49, PRL 86 (2001) 1965

Excluded at 90 % conf. level
¢ Data

— Mixed Events

Frequency F

'kh_|

N
ﬁiﬂ(\T 04

Single Event K/7 ratio

0.1 2

10"
Amplitude G

PhD thesis Christof Roland, 2000
Dynamical fluctuations are small ( < ~5%)

Compatible with resonance gas (Jeon, Koch; nucl-th/9906074)
Strangeness enhancement in every event

Chemical freeze-out at same T in every event
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What can we learn from fluctuations?

Nature of the
phase
transition?

Monotonic Vs evolution S M S e e
of global fluctuations

=3 Equilibrium evolution?
Magnitude of fluctuations moderate

, , : Freeze-out far from
Scaling of relative fluctuations critical point?
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What can we learn from fluctuations?

Properties of
the medium?

ca 2000
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Properties of the Medium

* Net Charge/Ay Fluctuations <->

Charge/DoF

— Jeon, Koch hep-ph/0003168
— Asakawa, Heinz, Mueller hep/ph/0003169

— Change from to

» Fluctuations frozen b/c charge
conservation

— Diffusion vs Expansion timescale

e Fluctuations of Nt- N- or NT/N-

A vs statistical reference
Ratio N /N
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Properties of the Medium

Net Charge Fluctuations

STAR PRC 68 (2003) PHENIX PRL 89 (2002)
130 GeV AutAu a)

Inl <0.7,0.1 GeV/c < pt

Ratio

Stochastic Fluctuations

o vR)

Charge Conservation

HIJING 130 GeV AutAu

S g

i

Net Charge
- @ v

el ( 2040 60 80 100 120 140
600 700 800 |\ n.,

Fluctuations agree with stochastic
distributions of Hadrons
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Properties of the Medium

Net Charge Fluctuations

I\
* 80 AGeV 5% Central Au+Au JSTAR Preliminary

v 30 AGeV - O
" 40 AGeV Vﬂr}'ﬂ | 'r}t.!’y,ru = Urfy:r_'_ l,.-';{‘\—)-l.':

Quark-

Coalescence
Bialas, 2003

STAR |n|<0.5

CERES 2.0<w <2.9

QGP

<Nch>I<Nch>tot l

Little (no) Vs dependence of charge fluctuations
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What can we learn from fluctuations?

Properties of
the medium?

: )
Net charge fluctuations Quark coalescence!
large (~ hadron gas) Property of Hadronization?

Diffusion?

Small/no Vs dependence Bound states?
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What can we learn from fluctuations?

How are
hadrons made?

Net charge fluctuations
large (~ hadron gas) E Property of Hadronization?

Small/no Vs dependence
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Hadronization

Forward/backward multiplicity correlations

Particles produced
independently:
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P_N Particles produced in

¢= JPIN clusters of size K:
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Hadronization

Forward/backward multiplicity correlations

Particles produced
0-20% central independentl)’I

Data
HIJING

O

PHOBOS 200 GeV
Au+Au preliminary 1 = 2.0

effective cluster size = 2-2.5
for 200 GeV AutAu
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Hadronization

Clusters in A+A (and p+p) collisions

3 o Data 0-20% central
NnO |
- HIJING
2.5 O AwPT P -
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e O z 7y
[ 5 O PHOBOS 200 GeV v
1 . AutAu preliminary 1) = 2.0
0.5 1 1.5 2

; ; “Cluster” in An,Aw space via
effective cluster size = 2-2.5 2-particle correlations

for 200 GeV Au+Au (pythia p+p @200 GeV, n<3)
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Hadronization

, all charges

Landscape of correlation analyses

Low vs high pt
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Hadronization

Correlations and Fluctuations, revisited

Net-charge Fluctuations

Global scaling, even
though underlying
correlations change

g
.

. 1 +
p+p . : . Central A+A

CD-LS-US -1.6
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centrality —

T
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Net-charge correlations (c.f. Balance Function) ®
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What can we learn from fluctuations?

How are
hadrons made?

Large multiplicity Particles produced in large ‘clusters’

fluctuations
Understanding of hadronization

. o essential
Strong change in

underlying correlation Collision dynamics reflected in
structure correlation structure
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What can we learn from fluctuations?

Properties of
the medium?

Look at the medium using 2-particle correlations
(untriggered) at high(er) p
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Properties of the Medium

2-particle momentum correlations

STAR Au+Au 200 GeV 0-5%

70-80%
20-30%

S
=
S
=

0.006 [/
0.004 |/
0.002 |/

[—]

Ap I Pp._ . (GeV/e)®

Shape of near-side “parton-fragmentation” peak

evolves with centrality
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Properties of the Medium

2-particle momentum correlations

Subtract fragmentation peak
to look at medium
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20-30%

LIRNTIE
0.004 : : _ N
0,002 = 5 . .
o00) 7 ek - bulk medium
0004 | '
0.6
=0.008

-0.01
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What can we learn from fluctuations?

Properties of
the medium?

Medium modification of

pT correlation shape Interaction of partons with bulk

medium (flow field)

—

Possible medium modification
due to partonic recoil

Extract bulk properties (e.g.
viscosity)?
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What can we learn from fluctuations?

Nature of the

(How) Does phase transition?

matter thermalize?

Properties of the
medium?

Some remarks on future measurements
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NA49 (Christof Roland QM’04)
* 10
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8- 1 » Data
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Strangeness Fluctuations vs Vs

——mixed events

& data

Ggua = 17.78%
Opivea = 17.23%

4'#\/ -
. i

INA49 preliminary
510 1520

sqri(s)

Dynamical Fluctuations [%

Fluctuations in
K/pi ratio

STAR Collaboration Meeting 3/3/2006

10°L

10 £

Cgyn = 4.6%

L - L
U .04 U UG u.lg

STAR 200 GeV Au+Au
preliminary



Geometry and Thermalization

PHOBOS 200 GeV
Statistical errors only

® . ® Aut+Au

Estamq:lar«:l
e
(3]

T _

. \S\
L)) 10 200 300 400

Cu+Cu N

preliminary

part

Geometrical initial state
350 400 eccentricity from
Glauber model

e e by by b
50 100 150 200 250 300

=]

part
Surprisingly large flow signal
in Cu+Cu!
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Geometry and Thermalization

Realign the coordinate system to maximize ellipsoidal shape
(a principal axis transformation)

Nucleus 1

Nucleus 2

Participant

“Participant” eccentricity
(versus “standard” eccentricity)
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Geometry and Thermalization

PHOBOS preliminary
200 GeV, tracks 130 GeV, Star
o 200 GGV_. hits 17 GeV, Nadg

OGNS 4o een “Eccentricity Fluctuations”

200 GeV, tracks

62.4 GeV, hits

o 200GeV.his  Cy+Cu } A provide additional
) * g et correlation strength
'l:|+|IL‘. I* AutAu

k

Nuclear Physics!?

10
1/(S) (dN_ /dy) [fm™?] =) Measure %3 fluctuations

“Participant Eccentricity”
provides universal scaling
Approach to equilibrium?

Low Density Limit:
STAR, PRC 66 034904 (2002)
Voloshin, Poskanzer, PLB 474 27 (2000)

Heiselberg, Levy, PRC 59 2716, (1999
yrodilid Gd STAR Collaboration Meeting 3/3/2006




cut on initial parton py
230 . . nTil, p T2 = 2GeV
2 | f\ = 4GeV
. = 6GeV

=
o
i
=
i
=
=
=z
=

2 3 4
delta phi [rad]

e This is the first study of jet correlations that treats the bulk sector and
jets in the same framework. The results are encouraging but need several

improvements:
- add soft partons (“push” effect will contribute)
study centrality, particle type dependence (higher statistics)
include hadronization (coalescence, fragmentation)
extend to radiative processes, coherence

could also study other correlations, e.g., Mach cone ...
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Analogy: Cosmic Microwave Background

Cosmic microwave background

Penzias, Wilson
1964

X—polarized CMB

f '-pm:,.i""‘"-lu..-—-._ —

E i | i ---II-II-I-I-IIII-I-II-I'-I'-II--I-!I I=III-|II|II--III'II--IIIIIII-II'-III'III--II
2 10 40 100 200 400 00D BOD 1000 1200 1400 180
Multipole |
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Hydrodynamic Evolution

este:ma:lan:l

Large fluctuations in Even bigger fluctuations in
eccentricity Cu+Cu

Many peripheral events with Glauber MC

negative eccentricity Calculations
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Hadron Multiplicities

PHOBOS PRL 91,052303 (2003 PHOBOS PRL 91,052303 (2003)
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Shape changes dramatically  Multiplicity per participant
versus centrality IS constant
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Vo VS pT
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