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Action density on =|5fm? lattice
D. Leinweber, Adelaide
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Time Evolution of a Heavy lon Collision
Time >

Phase Transition?

Initial Geometry Thermalization? (Hadronization)

Expansion? .
. Kinetic Freezeout
Energy Deposition and Free

70% of kinetic energy Streaming




Hadron Multiplicities




Particle Density near Mid-Rapidity in Au+Au

Models prior to RHIC

Incoherent p+p superposition:
More particles per N+N collisions .
More N+N collisions per Au+Au collision

Lexus (ka

RHIC?7??




First RHIC Physics Paper

Charged particle multipheity near mid-rapidity in central Au+Au collisions
at /F = 58 and 130 AGeV

B.E Bk, M I Baker® 108 Barton®, 5 Bastler®, B Baum® B Boiis’”, 4 Blsles', B Bindel®, W, B ki,
& Budssnowslt, W Bieaa®, A Carroll® M. Coghs?, ¥.-HChang?, 4.E Chen®, T.Coghen®, C. Conner’, 3:]1"'.
EIInbr-.-?.:kI MP.Decowsky®, M.Despat?, PFiea®, 1Fitch®, M.Friedl, K Galuszks®, B.Canz’, E.Qarcla-Sclis?,
l.".'n:-nrpu:-‘ J.CodlowskA, C.Comes®, E.Crimmayer, ZIGZIf.l.|].|:\|.'ﬁrl.d.-.n:l'.= E.Cushue®, 1 Hahk?, O Halllwall®,
FHarldas®, AHeves?, QA Hantzahman®, . Hendarsen®, B.Halls", figk?, B Helzman”, E. kohmeon®, J.Kang®,
JEatzy®T, W Elks?, J Kotuls?, H Kruner?, W Kooorwles?, PKuJ.In.'ﬂ: Law®, M Lemler®, JLPq\:n:h‘ W.T.Lin*,
5. 3|'|:I.1'|:|,'\-'i Y D Melecd ™, TMIchalowski®, .h".‘[lﬂp'ﬂfn-]" 1 Mtlmenstadi® M Nesl®. B Nouleer”, b Olszawski™",
FLPak®, [.C Park®, M. Patel®, ][F‘ﬂn.qu'Em' M Pleln®, O Reod®, lPEm:bjl_:IE: M Feuter”, C Roland®,
u

G.Relnd®, [ Ress®, L. Rosamberg®, J.Byun

A Saragirt, PSerin®, P Sawkkl!

duto?, J.5hest, 1. Smnwrtt.

W.Skulski®, 8.0 Standmen®, O 5.F Stephans™, P.Stelnberg®, A Stryemale, M Stodulake’, !n{‘il:qu IE
ASukhsno?| K. Surcwiecka?, 1.-L.Tangd, FLTeng®, & Trrupek?, O.Vak®, 0. 1van Nwwwenbumen®, R.Var art,
B, Wadsworth®, F.L.H. Wels®, B.Woskk?, K. Wetniak?, A . Wusmmas!, B, Wisdoueh®, B Zalowsktd, P Zychowsk
{PHOBOS cclliboration)
! Physies Diwislon, Atgonne Natlonsl Leborstory, Argonne, 1L 604304243
? Chemdstry Departmen, Brookhsven Maiional Lﬁb-cmmum;dm WY 1197a-snon0
# Instltute of Nucker Physles, Erakdw,
* Diepartmar of Physies, Jagallonlsn Unlversicy, ['.ﬂJ:-:-?.. Polend
* Lahorstory i:nr\mlﬁr Selenes, Massschusetis [nsiima of Technology, Cambridge, MA 021504807
® Tiopsrtmamt of Physizs, Mational Central Untverstty, Ching-Li, Tutwen
¥ Departmeni of Physies, Unlversley of MHns st Chieage, Chicgo, [L @0007-7050
epartmar of Chemsiry, Untveralcy of Maryland, Collage Park, MD 20742
@ Dapariment of Physies and Astronomy, Untvarsity of Rochoster, Rechestar, NY 14627
Y Digparimant of Physies, Yalo Unbversity, Now Havon, OT 06420
[July 3, 2000

W p tha Free of paandorapidily dansi-
timn of primacy chargped partices near oodragdily in AutAu
celligons st F = 5 aad 130 ACEY. For the mos cestral
ecllisione, wa Bred thacharged particl pmadoespidiey densiy
o b AN | (g ca = 4082 12 [wbak ) = 3 00myut) ol 53 ACHY and
SEE 1 (wkak) = W wpwl] ol L3 ACaY | valuse that ace kighe
thao any previcusly ohecved i ooclaar collisicns, Comparsd
t= protor-antipeotan eollisions, our daks shew wn irerese is
tha pesudccapidity deosily psr parlicpast by mocs tban 407
ak ktha higher svargy.

PACS numbers: 25.75.-q

In Juma 2000, the Ralatiwistle Heavy-lon Collidar
[RHICY st Brookhawen Matwonal Laborsiory dellwered
the fArst colhsioms between Aun nuckl ab the highest
mantar of mess energles achloved in the laboratory to
date. In this paper we present dats taken with tha
PHOBOS datecior durlng 1ha first colbder mm ak -
ergloes of 7 = 50 wnd 120 ACeW. Tho ultimate goal
of cur work 1s to undarstand tho bshsvier of strongly
Interacting matter &1 condnions of extreme denstty and
temparsture.  Quantum chromodynsmies (SO0, 1l
fundamental 1 w2tlons, ot that
for suffelently mw?;}ﬁul@ & nEw :tmmMr
'.l.']]] ba formed, the so-=alled quark-ghoen plasms (QCF)

. Tha messuremants shown rapreser the fArst stap
tw.l:\dl:h.u developmeant of u full phzture of tha dynamizal
evolutlon of nuelus-nueleus collislons st RHIC enargies.

E1udving tha depondencs of charged partiele dersiias

on and svstem slza s mformstion oo the m-
k meah‘cmh:dpuﬂHuﬂm:mtcﬂrqmmu.
which ean be caleulated using perturbattve 00, and
soft procesas, which are trested by phenomenclogleal
mn-dgll.l that deseribe the nonperturbscive seeior of

D). Prodizcions for mutypartiele produetien m
E‘-en;'- heavyon colllslons, n'htl.'u'-cf;m & mn}ﬁh
madals, trpleally vary by up to & fartor of two [2].

[n this Jetter we repori dats for the most eemicel
Au+Au colllslons detecied In cur appartus. W ave
datermined 1he energy dapendenca of the density of pri
miq-ﬂ.mdpml&icmmdmunuﬂmhogfmgs
charsctarmed by tho pseudorspldity donstty &Y/ dn .00,

where i = — Intan(#'7) -:nd-&'LHh-u]:-u]n:rmpluirmﬂe
basm gxis. Thosa dsts provide the frst moas to con-
straln models of hesvydon collisloms st BHIC energies.
Thay will allow iha extrectlon of bask Informailon sbout
tha Inltlal conditions In 1hase colbficrs, in partleuler the
energy density, and thus foom an essemial elemant for
tho proper pradiction or deseription of other obsorvsbles.

The PHOBOSE detector amploys sibeon peed deteciors
to perform tracking, vertex dotectlon urs mttipliciy
massursmanls, Dalals of tho setup snd 1w kyout of
the siizon sensors can be found dsewhera [24]. For
the Inltlsl mmning perlod of the s mlerstor only & small
fraction of the full setup wes Installed. T nduded
tha first & layers of the slllcon spectrometar (SPEC),
part of 1he two-laver silleon warlax datector [VTX] and

2.5 - 0.25 In(s) + 0.023 In*()

PHOBOS Au+Au
NA49 Pb+Pb data
UAS pp (NSD)

CDF pp (NSD)
HIJING model Au+Au
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s (GeV)




Particle Density near Mid-Rapidity

Models prior to RHIC

Lexus (Ka




Parton Saturation

Gluon density in proton |dea(s):

Entropy is not “created” but
“liberated” from gluon distributions

Gluon density increases with x, Q?

BUT: Gluons interact, limiting growth

Fraction °fl;“°me”t“m carried  5f gluon densities: Saturation
y gluon

regy Hi - rgy




One important lesson

from Nestor Armesto, QM 2008

Charged multiplicity for n=0 in central Pb+Pb at\[s,,=5.5 TeV

ALICE TDR

L8

pre-RHIC predictions, JMPA15 (2000) 2019

e CERN workshop

PHOBOS extrapolation

1906 1998 2000 2002 2004 2006 2008 2010 2012
year

Don’t bet your experiment on predictions....




e e, ptp,A+A Correspondence !

PHOBOS Au+Au _ PHOBOS QM’02, Steinberg

UA5 (pp, NSD)
ALEPH (e"e prelim.)

=

dN/dn / Npanf2 )

200 GeV
.entraI:Au-.l-Au, . A

e*e- measures dN/dy
- (rapidity relative to
Hige me ~ - 13 ” H
— ..' o thrust” axis)
2 4 6 8

M

Surprising agreement in shape between AAl/e*e"/pp

Data / AA Fit




550 charged particles per unit rapidity

Transverse
A
PRL 85 3100 (2000)

3
2.5-0.25In{s) + 0.023 In"[8)

-
2

Longitudinal
® PHOBOS AutAu
T NA43 Pb+Fb data
| UAS pp (NSD)
CDF pp (NSD)
W HIJING model Au+fu

normalized per participant
dN/dn /(0.5 {Npart}}
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Collision energy Use “energy flow” from

longitudinal (=beam) to transverse direction
RHIC delivered first collisions on June |2th, 2000 to estimate energy/volume

PHOBQOS submitted first paper July |9th, 2000

1000 particles x 0.5 GeV/particle

~ 3GeV/fm?

mx (7 fm)2 * | fm

Much larger than €cric = 0.7 GeV/fm?3

But: Equilibration?




WXNRft Al Wi HRITRS T RS IRRSE T RSs ff
thfe WAL ate [ P2

Action density on =|5fm? lattice
D. Leinweber, Adelaide

e.g. can one measure or calculate the
viscosity of a system at T > 200MeV?

first we need to show that we indeed
produce an interacting system at such
temperatures




How do we prove that we make “matter”?

Non-central collision (Transverse plane)

Nucleus Il Nucleus |




How do we prove that we make “matter’?

Non-central collision (Transverse plane)

Nucleus Il Nucleus |

“Hot” overlap zone is asymmetric in azimuthal angle

2 2
Oy — 0%

Define: €54 = “Initial State Eccentricity”

2 2
0y, t0%




Non-interacting particles




Non-interacting particles Collective expansion of Matter

Shape information is not transfered to
momentum space
Flat azimuthal distribution

T dN/de

Azimuthal ang]e @




Non-interacting particles Collective expansion of Matter

¥

Shape information is not transfered to Shape information transformed into
momentum space momentum space
Flat azimuthal distribution cos(2 ) modulation of azimuthal distribution

T dN/de | T dN/dp
3

4

Azimuthal ang]e @ Azimuthal angie @




How do we prove that we make “matter’?

Azimuthal distribution e ’s
dN/dp = | +2 v., cos(2(e - P0)) Elliptic Flow

STAR PRL 2000

Ratee

“most peripheral r,_l_? p) v,

1

0.4 0.6 0.8 1
— mostcentral— Collision centrality N /M max

3 -2 -1 0 {t 2 3

PHOBOS .
Au+Au 130GeV Azimuthal angle

Peripheral central
collisions collisions

The initial anisotropy in coordinate space is translated
into momentum space: Interactions — Equilibration (?)




Hydrodynamic Evolution

||||||||||||||||||||||||||||||||II|III_
centralitv: 0-80% 3 S
200 BV I+ 4 1T Hydro curves: b)
200 GeV K¢ T.= 165 MeV,
200GeVp + P T; = 130 MeV
200 GeVA+ A
200 GeV Cascade

0.18
Initial State 1, 0.16
0.14
0.12

Energy/Momentum
Conservation 0.1

0.08

0.06
Baryon number - 0.04

Conservation

A

PHBENIX = 5 TR
0.02 R

0 Preliminary

0.02|||||||||||||||||||||||||||||||||||||||
0 02 04 06 08 1 1.2 14 16 1.8 2

—
Fe

—
1)

-

=
oo

Equ. of State

p (GeV/fm?)
=
(aa]

=
.

|deal Hydro
local equilibrium

e (GaV/imY) ° I vanishing >\MFP

no viscosity




STAR PRL 2000

Peripheral
collisions

Hydrodynamics

“Ideal hydrodynamics”

Assumption:
Shortly after initial collision (<1-2fm/c) a system in
local equilibrium with very small mean free path is
created

Local equilibrium & small Amgp& small shear viscosity

v2 « € (i.e. initial geometric eccentricity)

Mid-central data reach hydro prediction (calculated using
Amfp = O)

central
collisions

Once shape info is lost in
free streaming, can’t be recovered




Elliptic Flow and Geometry, |

Test connection between geometry and elliptic flow

by comparing Au+Au to Cu+Cu

PHOBOS 200 GeV

50 100 150 200 250 300 350 400

part Collision centrality




Elliptic Flow and Geometry, |

Test connection between geometry and elliptic flow
by comparing Au+Au to Cu+Cu

PHOBOS (2005) ‘
200 GeV Data

. Au+Au
o 2o
]
»

h} * §Cu+Cu

150 200 250 300 350 400

part Collision centrality

vz is large even for central Cu+Cu




Challenge: System Size Scaling

PHOBOS (2005)
200 GeV Data

For same Npare (~ same initial density), v2/€sd is
much larger in Cu+Cu than in Aut+Au collisions




Re-thinking €

At fixed b

participants

In Glauber MC model, geometry is
sampled by finite number of nucleons

-

Geometry varies from event-to-event,
even at fixed b

Aguiar, Hama, Kodama, Osada, hep-ph/0106266 (QM 2001)
Miller, Snellings, nucl-ex/0312008

(4 citations until 2005, 28 since then)

Broniowski et al, arXiv:0706.4266




Collision Geometry Fluctuations
Cu+Cu Cu+Cu

9 /9 2 22\2 1 A(A2 \2
Plots from Richard Bindel, Maryland, Jy - JI \/(Jy J:I!) + 4(0.33’9')

using PHOBOS Glauber MC Epaif‘t = —
12 12 2 2
oy + 0 ay + oz

¢¢ . . . .Y
Participant Eccentricity

PHOBOS 2005, see also
Broniowski et al, arXiv:0706.4266

If flow is driven by initial matter distribution,
the orientation (and shape) of that distribution
should determine direction and magnitude of flow




System Size Scaling

PHOBOS (2005)
200 GeV Data

100 200

Collision centrality Npart

Re-interpretation of Glauber MC initial states
yields v, scaling between Cu+Cu and Au+Au




Collision Geometry Fluctuations

Cu+Cu

How do we know the Glauber shapes and
shape fluctuations are real?

Measure them directly! o(v2) _ O(€)
If V2 & E, then: <V2> <E>

i.e. relative fluctuations in v2 should be
determined by relative fluctuations in €




€part Fluctuations in Glauber MC

—— Baseline

Gy = 45mb

—a = 0.482fm

a = 0.586fm
200 GeV Au+Au R, = 7.02fm
PHOBOS MC d = Dfm
0 100 200

N
PHOBOS QM2006 C. Loizides part

d = 0.8fm

Large event-by-event variation of €part (~40%)

Robust against variation of Glauber MC parameters




Extracting v2 Fluctuations

Measured

=
=
=

Number of Events

PHOBOS: event-by-event fit of (v2,¢o) over ~ 41
b .., ob o
g(v5™)=J, K(va™ Vo) f (v,) dv,

!

Measured

Corrected

——ftodified HIJING + GEANT
"4 R 200GV

Correction function




Observed Elliptic Flow Fluctuations

100




What is the nature of this matter?

a*+ 7 (PHENIX) O p +p (PHENIX
Plot from M. Isaah ® =’ (PHENIX) A+ (STAR)
CIPANP ‘06 ¢ K*+ K (PHENIX) = +Z (STAR)
Ks (STAR) d (PHENIX)
6 (STAR)

Baryons

KET = pT2 + mo? - mo (GeV)

Elliptic flow as a function of
“transverse kinetic energy”




What is the nature of this matter?

o+ (PHENIX) O p +E_(PHEN|x

Plot from M. Isaah [ & n° (PHENIX) A +1 (STAR)
CIPANP ‘06 19 [ ¢ K"+ K (PHENIX) = +E (STAR)

Kg (STAR) d (PHENIX)

o (STAR)

Baryons: n=3
KE,/n (GeV) Mesons: n=2

T

Flow mechanism “knows” about quarks

But: detailed microscopic dynamics that lead to
“quark-number scaling” are not yet understood




How well does our fluid flow!?

D.Teaney, 2003: Estimated viscous corrections
to ideal hydro calculations

b = 6.8 fm (16-24% Central)

® STAR Data Comparing

shear viscosity/entropy density,
RHIC matter is 100% better

fluid than water

Bl L |

n -
0 02040608 1 12 14 16 18
p,(GeV)

Large elliptic flow implies
very small viscosity < small Amg, & strong coupling




Perfect liquid at RHIC?

Data from RHIC suggest that n/s < 0.2 (possibly < 0.1)

—RHIC @ 41 n/s = |

How can one calculate n/s?




How can one calculate n/s?

Perturbative QCD gives n/s = |

Liquid — vanishing Amfp, — strong coupling
pQCD is the right theory, but wrong approximation

Lattice QCD: hard (see later)

String theory:
Shear Viscosity of Strongly Coupled N = 4 Supersymmetric Yang-Mills Plasma

. Policastrol2, D.T. Son**, and A.O. Starinets!
! Department c otk y, New York, New York 10003

*RIKEN-BNL Research Center, B al Laboratory, Upton, New York 11973
(April 2001)




String Theory to the Rescue!?

Using the anti—de Sitter/conformal field theory correspondence, we relate the shear viscosity n of
the finite-temperature A" = 4 supersymmetric Yang-Mills theorv in the large N, strong-coupling
regime with the absorption cross section of low-energy gravitons by a near-extremal black three-
brane. We show that in the limit of zero frequency this cross section coincides with the area of the
horizon. From this result we find n = ZN2T?. We con jecture that for finite 't Hooft coupling g-%-m_-"'w’
the shear viscosity 15 7 = f( g%,h.l_-"w’]_-"w’g]"g, where f(r) 1s a monotonic function that decreases from
O(z7 2 In~"(1/2)) at small z to 7/8 when z — oc.

The ratio of shear viscosity to volume density of entropy can be used to characterize
how close a given fluid is to being perfect. Using string theorv methods, we show that
this ratio is equal to a universal value of fi/dwkp for a large class of strongly interacting
quantum field theories whose dual deseription involves black holes in anti-de Sitter
space. We provide evidence that this value may serve as a lower bound for a wide class
of svatems, thus suggesting that black hole horizons are dual to the most ideal fluids.




Hong Liu, QM 2006

AdS/CFT correspondence

Maldacena (1997), Gubser, Klebanov,Polyakov; Witten (1998)

N =4 Super-Yang-Mills _ _
theory in 4d with SU(N) <:> A string theory in 5d AdS

Finite temperature {——> Black hole in AdS;

Large N and _ o
strong coupling limit <:> Classical gravity limit

YM observables at infinite N and infinite coupling can be
computed using classical gravity

Apply to both dynamical and thermodynamic observables.




represented by the

Viscosity bound

Viscosity Bound

All field theories with a gravity
dual were found to have

nN/s > 1/4m
Universal bound!?
“Black hole horizons (in 5-d

anti-de-Sitter space...) are dual
i it gravity to the most ideal liquids”




Lattice QCD Calculation of n/s

Harvey Meyer (MIT)

/s [0704.1801] —&—

5/s [0710.3717] —o—

Lattice calculations agree with small shear
viscosity for QCD plasma

Require bold extrapolations to extract n




What else can one learn about the medium?

in vacuum VAl Hadrons at high pr (>>T)
originate from
“fragmentation” of high pr
quarks (or gluons)

in hot medium

What happens when high
pT partons traverse the
medium?




The Medium is “black’™: Jet Quenching

(T;Z)?;),el d2l\“TAA/ded77 ' PHENIX =©
Rap = (Noow) Poy Jdprd ¥ STARh
coll) @~ 0Opp[APT AT A PHOBOSh

BAHMSh
B S S S EEEEEEEENSEN

q =10, no medium

q =1 GeV “ffm

q=5GeV “/fm .
Observe a suppression
= | €6e . "

g = 10,15 GeV “ffm (“jet quenching”)

by factor 5-6!




N

-Scaling ?

coll

& Pphotons

M

ﬂ:“(from quark and gluon jets)

—
! ——

R,.(p; > 6.0 GeV/c)
&n

[ L | Ll 1 | [l L I | Ll I 1 1 I L | 1
150 200 250 300 350

participant

High pT photons (which don’t suffer energy loss in the
medium) are produced with the expected rate relative
to p*p




The Medium is “black’™: Jet Quenching

PHENIX =°

aiel 2Ny a/dprdny Y STARh

R =
AT (Noon) d2app/dprdn A PHOBOSh

L1 BRAHMS h
q =0, no medium

q=10GeV “/fm

q=5GeV *ffm

d=10.15 GeV ffm
]

20 25
P, (GeV)

Hadrons at high pr
originate from
“fragmentation” of high pr
quarks (or gluons)

Expected yield in AutAu,
relative to p+p

Observe a suppression
(“jet quenching”)
by factor 5-6!

in hot medium

In medium, only “surface
radiation” escapes. Partons
traversing medium are
“swallowed” by medium.




The Medium is “black’™: Jet Quenching

> PHENIX =
ot 2Ny 4 /dprdn Y STARh
<JNCO”> dQ(Tpp/ded’i] 4 PHOBOS h

L1 BRAHMS h
q =0, no medium

q=10GeV “/fm

|\\\\\\\\\|||\||\|\\\‘\\\‘\\\‘\\\_
SGeV<p:'g<1ZGeV:

6GeV<p|*<8GeV

Raa =

-~

1 =5 GeV */fm

ll‘TT|‘TTT||T![ITT‘IT\‘!TT‘TTI'T!IIIT

_—

5 - L1 ‘ L1 ‘ L1 ‘ L1 | 111 ‘ 111 | L1 ‘ 111 ‘ L1 ‘ L1l
q=10.15 '-’.]-:'\I-' “m 1910 8 6 4 -2 0 2 4 6 8 10
20 25 Xo [fm]

P, (GeV)

Hadrons at high pr
originate from
“fragmentation” of high pr
quarks (or gluons)

in hot medium

In medium, only “surface
radiation” escapes. Partons
traversing medium are
“swallowed” by medium.




Gluon Bremsstrahlung

kT kick per unit path length

pQCD calculations give g = 1-3 GeV?%/fm




Energy Loss in String Theory

é of N=4 SYM theory

BDMPS transport coefficient reads: A = gy, Ne

3/2
. T
Gons == c g )f T° =26.69 o, N.T°

 Itis not proportional to number of scattering centers

« Take: N =3,ag=l,T= 300 MeV
C )

Gy =4.5GeV?/fm.

e Experimental estimates: 5-15 GeV?/fm




Jets and Angular Correlations

PHENIX
P+p

Trigger particle
pPT > 2.5 GeV

>
>

Associated particles

pPT > 2 GeV

Trigger:  pT > 2.5 GeVic
Associated: pT > 2¢0 GeVic
Plot angle of associated particles above
PT threshold relative to trigger

STAR
200 GeV p+p

PT > 20 GeVic




PHENIX
P+p

STAR
200 GeV p+p

PT > 20 GeVic

Jets and Angular Correlations

igger: pT > 2.5 GeVic
sociated: pT > 2.0 Gevic

PHENIX
central Au+Au

igger:-- pT > 2.5 GeV/c

sociated: pT > 2.0 Gevic







Where does the energy go?

+p PYTHIA v6.325 Au+Au 0-30% central
PTP
2
1 d Nch
Ntrig qu) dAn AE
BN .g*‘é{%«.,
R SOSEINARAN
[ R,
e 0.5 491135%3&%%%&:%3%5‘7" e
0 " o
4 A g2 ) 0
| = \
A 0 >
4 0 ™4 > Ag -4
¢ ) prtris > 2.5 GeV/c
prassec > 20 MeV/c

“Lost” energy found in quasi-thermal low prt particles,

even far in rapidity from trigger particle




Hadronization
Initial Collisions Recombination from quark soup [proton-non
suppression, quark-scaling of v,]

) Global statistical hadron formation at
High pt partons are produced [d+Au] T, = 170 MeV [particle ratios]

Overall Entropy defined [dN/dn] Radial expansion with 3; ~ 0.6¢c [PID spectra]
Geometrical asymmetry [Geometry] Particle emission after 10fm/c for few fm/c [HBT]

Hard Scattering takes place [direct vy]

Early Stage (~ few fm/c)
High Density (~ 5 GeV/fm3) [dN/dn, high p; suppression]

Local thermal equilibration[Elliptic Flow v,]
Pressure driven expansion [Elliptic Flow v, HBT]
Opaque for fast partons [Back-to-Back jets]




Heavy lons at LHC

CMS CMS: Big experiment

A Compact Solenoidal Detector for LHC

2600 Physicists
$500M construction
Designed for p+p

12500 tons
| GHz interaction rate
| TByte/sec data flow
World’s largest magnet (2.6 GJ)
200 m2Si Detectors

LHC Tunnel will close Sep | 2007

Total welght :

Ovemlldlameter:

Ovenalllength : i

Magnetic fleid CMS-FARA-DD1-11/07/37

Heavy ions at LHC
Unprecedented change in initial conditions
Qualitatively new probes of the medium, e.g. Jets




Models for LHC

Models prior to RHIC

10 102 10°

s, (GeV)

—‘ Pb-Ph, Vitev-Gyulassy \E, = 5.5 TeV

dN " idy = 2000 - 3500

POM, Au-fu, = 200 GaV, <= = 14 GeW"/im
- POM, Pb-Fo, Vi, = 5.5 TeV, 4= = 98 GeV7im

0-10 %

T I
PHOBOS preliminary

5
L+ 130 GeV, Star
o

17 GeV, Na49

4 GeV, E877

® 200 GeV. Au, trks
© 200 GeV, Au, hits
130 GeV, Au, hits
200 GeV, Cu, trks
© 200 GeV, Cu, hits

62.4 GeV, Cu, hits
|
60

1/(S) (dN_ /dy) [fm?]

| Week: Does elliptic flow saturate,
indicating equilibrium?

| Month:What is the jet
quenching parameter? Is the
medium “black’?

Bal® Once we have these qualitative answers:
— program of precision measurements of
medium properties




Measuring energy loss at LHC

Jet axis provides
/ parton direction

Multiplicity and flow Charged hadron tracks

measurements used to calculate
characterize density, Z = Prgrack)/ EvY
path length l

Measure dN/d: with € = log(1/2)

10% gr T T T T T
Photon energy tags C PYTHIA, p+p, 5.5 TeV

10 F )
parton energy E; p, > 70 GeV, E, > 70 GeV
A¢ap =3
. parton E
«» isolated photon EI
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Ey_ e
FFE=1N, dN/d

Higher collision energy allows to find
jets and photons at high pt (>70 GeV/c)




Quenched/Unquenched
El > 70GeV
* Reconstructed
— MC truth
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LHC + RHIC I

ulk properties
2y  Transport coefficient
— Shear viscosity

SHotl oomird... Quarks and Gluons

SWhat are the effective degrees of freedom?
' Critical point?

RHIC Il + FAIR@GSI

Fluctuations + Correlations
F Location of critical point?
Hadrons %, Properties of phase transition

Color Super-
Meutron stars  conductor?

Net Baryon Density




See you
next week!




Models prior to RHIC

Incoherent p+p superposition:.:: — Lexus (Kapusta,Jeon)
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“2-="%  PHOBOS

normalized per participant

-

0 Lo oo
10 10°

Collision energy \‘SNN (GeV)

Angular particle density near 90°

Low Energy High Energy Particle production by “liberation” of
gluons already present in incoming nuclei

Effective gluon density increases with energy,
but saturates when gluons below Qsa¢
overlap in transverse plane
Parton Saturation
This “Color Glass Condensate” describes
nuclei at high energies




Hadronization




Enhancement of Multi-Strange Baryons

a3 ORGAMIZATION FOR NUCLEAR RESEARCH
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Spectrum of Produced Hadrons

Temperature  Chemical Potential

* Statistical Description of Observed Yields in Gibbs
Grand-Canonical Ensemble

c.f. Hagedorn, Becattini, Braun-Munzinger, Cleymans, Heinz, Letessier,

— Many Different Implementations
 Mid-Rapidity vs 4-m yields
* Non-Equilibrium (s, vq)

Mekijan, Rafelski, Redlich, Satz, Sollfrank,Stachel, Tounsi + many others

* Numerical Implementation
* Here: Common Features of Different Approaches




Spectrum of Produced Hadrons

Example: Becattini et al; hep-ph/0310049
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Statistical Model Fit

12 QIQ min KIK*KIm pir K9 ol AW Zh Qi plp KIK K pir Qb
- 10 =
, %\h dﬁ;ﬁ %‘ ‘ﬁ"E’ X *‘E‘ S x50

w STAR
PHENIX

O PHOBOS
BRAHMS

s=130 GeV \5,,=200 GeV

[ IIIIII|

|

Model re-fit with all data Model prediction for
T=176MeV, p, =41 MeV v | T=177MeV, p =29 MeV

IIII|

Braun-Munzinger et al., PLB 518 (2001) 41 D. Magestro (updated July 22, 2002)

Relative Abundance: Two Parameters !




“Thermal Fit” Parameters vs sqrt(s)

uB drops with collision energy

Tch approaches limiting value




Size (Mass,Volume)

Microcanonical ensemble.All conservation laws including
energy-momentum (angular momentum, parity), charges
enforced.

(F Liu et al., Phys. Rev. C 68 (2003) 024905)
F. B., L. Ferroni, talk in ISMD 2003)

Canonical ensemble. Energy and momentum conserved
on average, charges exactly. Temperature is introduced

(A. Keranen, FB., Phys. Rev. C 65 (2002) 044901)

Grand-canonical ensemble.Also charges are conserved
on average. Chemical potentials are introduced

Difficulty of computing

from Francesco Becattini




Statistical Model for Elementary Collisions
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“Thermal Fit” Parameters vs sqrt(s)

ete- hadronizes at same Tch

Are we looking at a

?
3y ete- (Calnqu'nilclallllEnsemtgle)l 5 or property.

Strangeness enhancement unique to AA

(or at least large)

correlation volume




The “Horn”

\s (GeV)

NA49: Sharp maximum in K/1T ratio at low SPS energy

Broad maximum from pg and p+p Vs dependence,

but no sharp structure in models




