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History of the Universe
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Superdense Matter: Neutrons or Asymptotically Free Quarks?

J. C. Collins and M. J. Perry
Depavtment of Applied Mathematics and Theoretical Physics, Universily of Cambridge,
Cambridge CB3 2EW, England
{Received 6 January 1975)

We note the following: The guark model implies that superdense matter (found in neu-
tron-star cores, exploding black holes, and the early big-bang universe) consists of
guarks rather than of hadrons. Bjorken scaling implies that the quarks interact weakly.
An asymptotically free gange theory allows realistic caleulations taking full account of

strong interactions.




QCD Phase Diagram

Phase Transition at high T
~ 170 MeV

~ 1 GeV/fm3
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Karsch et al
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QCD Phase Diagram
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QCD Phase Diagram

In the beginning was ... a perfect liquid?
‘Big Bang soup’ really behaves like fluid, scientists say

1 N
Making Big Bang soup Oy
Sclentist say that in the

first millionth of a second
aftr the Big Bang, the

universe consisted of an : ; ; I 2004/5:Wh ite Pape I"S fl"Om
unimaginably dense and e
::l:e‘;sgﬁg:t‘i;nﬂgar ans Quark-gluon Nuclear particles

i 4 RHIC experiments

Within a ten-thousandth of a second, the universe
expanded and cooled to the point that quarks = along
with binding particles dubbed gluons = congealed Into
nuclear particles such as protons and neutrons.

REUTERS :3
Updated: 2:29 p.m. ET April 18,

WASHINGTON - Scientists using a giant atom Most Viewed [
smasher said on Monday they have created a

al-Qaida figure reporte A ril ‘05
new state of matter a hot, dense liquid « Kidman 'devastated’ about O P
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QCD Phase Diagram
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Examine different stages of the collision process
Look at key evidence for our current picture
Point out interesting puzzles




Collective transverse expansion

L Au+Au, 624 GeV
(") 0-15% central
e near midrapidity
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Blastwave fit

PHOBOS Preliminary
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Simultaneous fit constrains expansion parameters:
T¢=120MeV, 31 = 0.6c




Hadronization

Statistical Hadronization in the
Grand-Canonical Ensemble

Temperature hemical Potential

. [2 J 4 -+~ ].} 14 ['1313‘ |: eV p* —I—m" [T+p-q;/T + 1] B
(27)3

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

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

Statistical Hadronization in the
Grand-Canonical Ensemble

Relative Abundances: Two Parameters !
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\5 =130 GeV 5 =200 GeV
Model re-fit with all data Model prediction for
T=176 MeV, u, =41MeV T=177MeV, p, =29 MeV
Braun-Munzinger et al., PLB 518 (2001) 41 D. Magestro (updated July 22, 2002)
Gunther Roland/MIT  QGP School 2005 Torino




Hadronization

CalculationsiRedlich et al, Becattini et al, Braun-Munzinger et al, Rafelski et al

uB drops with collision energy

Tch approaches limiting value

Gunther Roland/MIT  QGP School 2005 Torino




Hadronization

Statistical Model for Elementary Collisions
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Hadronization

C + - 7
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Properties of the Medium

Leading Particle

Hadronsl /

q
4/7.
Hadrons ,\

Leading Particle

Use high pt hadron yield as “calibrated™ probe




Properties of the Medium

aggel d*Na/dprdn}:

Raa = >
(Neont) d?opp/dprdn

Use high pt hadron yield as “calibrated™ probe
Strong (factor 5) suppression observed




Properties of the Medium

0-5% Central
PHENIX preliminary

Suppression persists out to > |5 GeV/c




Properties of the Medium

PHOBOS, nucl-ex/0302015
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Poster by Dainese, Loizides and Paic
(best poster award at QM 2005)
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Dominance of surface emission?




Properties of the Medium

PHOBOS pr (GeVic)

Use high pt hadron yield as “calibrated™ probe
Strong (factor 5) suppression observed




4<p,(trig)<6 GeV/c STAR\'s = 200 GeV
p;(assoc.)>2 GeV/c ® Central Au+Au

0<| A1 |<1.4 'l ——p+p
A d+Au min. bias (prel.)

2 3
radians)

4 < pT(trig) < 6 GeVl/c
pT(assoc) > 2 GeV/c

Disappearence of back-to-back correlations in Aut+Au




Properties of the Medium

Au+Au, 20-40% Au+Au, 0-5%

STAR
D. Magestro

8 < pT(trig) <15 GeVic
pT(assoc) > 8 GeV/c

Back-to-back jets re-appear at sufficiently high pT




Trigger particle
pT > 2.5 GeV

Triggei

jet-pair partners
pT> 1.0 GeV

T oAb ;{D,u}; data

=lr:,2:-:}- reflected

Rich phenomenology at intermediate p




Properties of the Medium

Z+jet event in the Heavy Ion collision
dNch/dY =5000 Jet+Z0

5 N

Pt(Z) = Et(Jet) = 100 GeV.
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Properties of the Medium

200 GeV Aut+Au ,
Subtract fragmentation peak to

look at medium

== 70-80%

parton fragments

1 o

centrality

bulk medium

Tom Trainor



Hydrodynamic Evolution
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Hydrodynamic Evolution

T T | T T T T

STAR AutAu 130 GeV

-

 I—
5 3 —— 1 7
L — 1

estzﬁmdan:l

e
2]

L e—

\
‘i)x 200 300 400

N

part

Geometrical initial state
eccentricity from
Glauber model

—
-
-
-
—
-
-
-
—
-
-
-
—
-
-
-
—
-
-
-

i ™ S—
IIIIIIIlIIIlIIIIIIIII

Elliptic Flow signal exhausts “hydro limit”
for mid-central to central collisions




Hydrodynamic Evolution

Initial State

e
-

Energy/Momentum
Conservation

e
=]
o

O, 1T =10
i .FI

Baryon number fj,u g =0

Conservation

Anisotropy Parameter v,

p (Ge V#m®)

Equ. of State




Hydrodynamic Evolution

19.6 GeV 62.4 GeV 130 GeV 200 GeV

preliminary

+

i
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First observation of rapidity dependence of elliptic flow
Challenge to hydrodynamic calculations
Connection between flow and dN/dn




Hydrodynamic Evolution

Parton Cascade Hadron Cascade

HSD Calculation
pT>2 GeV/c

Molnar et al Cassing et al

Neither partonic nor hadronic cascade
reproduces flow




Hydrodynamic Evolution

PHOBOS 200 GeV
Statistical errors only
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Geometrical initial state
eccentricity from
Glauber model




Hydrodynamic Evolution

PHOBOS 200 GeV
Statistical errors only
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Surprisingly large flow signal
in Cu+Cu!




Hydrodynamic Evolution

Nucleus A Nucleus B

Glauber model
of AuAu collision

Participant Nucleons

Using the impact parameter as the x-axis, we define the
standard eccentricity using the widths of the distribution in x and y




Hydrodynamic Evolution

este:ma:lan:l

Large fluctuations in Even bigger fluctuations in
eccentricity Cu+Cu

Many peripheral events with
negative eccentricity




Hydrodynamic Evolution

One reasonable method is to realign the coordinate system
to maximize the ellipsoidal shape (a principal axis transformation)

Nucleus 1

Nucleus 2

Participant

“Participant” eccentricity
Opposed to “standard” eccentricity




Hydrodynamic Evolution

PHOBOS
preliminary

200 GeV
200 GeV
130 GeV
200 GeV
200 GeV
62.4 GeV

i

130 GeV. Star
17 GeV, Na49

4 GeV, E&77

i+

1/(S) (dN_ /dy) [fm™]

Low Density Limit:
STAR, PRC 66 034904 (2002)
Voloshin, Poskanzer, PLB 474 27 (2000)
Heiselberg, Levy, PRC 59 2716, (1999)

Surprisingly strong elliptic flow in Cu+Cu
Challenge to hydrodynamic picture




Hydrodynamic Evolution

Low Density Limit:
STAR, PRC 66 034904 (2002)
PHOBOS 130 GeV. Star Voloshin, Poskanzer, PLB 474 27 (2000)

preliminary
B 200 GeV
200 GeV
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Heiselberg, Levy, PRC 59 2716, (1999)
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Surprisingly strong elliptic flow in Cu+Cu
Challenge to hydrodynamic picture




Hydrodynamic Evolution

Low Density Limit:
STAR, PRC 66 034904 (2002)

PHOBOS preliminary Voloshin, Poskanzer, PLB 474 27 (2000)

Heiselberg, Levy, PRC 59 2716, (1999)
200 GeV, tracks 130 GeV, Star
< 200 GEV.. hits 17 GeV, Nadg

130 GeV, hits
200 GeV, tracks

o 200 GeV, hits

4 GeV, E&YT

62.4 GeV, hits L

10 20 30
1/(S) (dN_ /dy) [fm]

Surprisingly strong elliptic flow in Cu+Cu
Challenge to hydrodynamic picture




Hydrodynamic Evolution

PHOBOS preliminary

’
,«" 130 GeV, Star
’

17 GeV, Nad9

4 GeV, E877

® 200 GeV. Au, trks
O 200 GeV, Au, hits
< 130 GeV, Au, hits

200 GeV, Cu, trks
O 200 GeV, Cu, hits

62.4 GeV, Cu, hits

40 60
1/(S) (dN_ /dy) [fm™]

Will flow saturate at LHC
as themeralization is achieved?

Low Density Limit:
STAR, PRC 66 034904 (2002)
Voloshin, Poskanzer, PLB 474 27 (2000)
Heiselberg, Levy, PRC 59 2716, (1999)




Hadron Multiplicities

19.6 GeV 62.4 GeV 130 GeV
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Au+Au :PRL 91,052303 (2003)
d+Au :PRL 93,082301 (2004)

Cu+Cu: QM 2005

[Analog analysis: Robin Verdier]




Hadron Multiplicities

d+Au

200 GeV+ |

+'
P’
’ rd

-

P
s 1'
,' /l
ey
. - e
T s
"./

e
oo o 19.6 GeV
] ’,_j*'

&

100 200 300

PHOBOS <N .. <Nt

.t Scaling of particle production in Aut+Au

: + - s
Connection to pt+p and e e collisions




Hadron Multiplicities

19.6 GeV  62.4GeV 130 GeV 200 GeV "l - Ybeam
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“Extended longitudinal scaling” (aka limiting fragmentation)
of all longitudinal distributions




Mid-rapidity dN/dn vs Vs and N
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dN/dn vs Vs and N
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Armesto, Salgado, Wiedemann hep-ph/0407018




Hadron Multiplicities

Initial State
Parton Saturation

norm. dN/dn
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Armesto, Salgado, Wiedemann hep-ph/0407018
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Energy/Centr_aIity Factorization

Ratio of yields in bins of p
between 200 and 62 GeV

<pT>=0.25GeVic | <pT>=1.25GeVic | <pr>=25GeV/c | <py>=3.38GeVic | <p7>=3.88 GeVic
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Energy/centrality factorization vs p

Dominance of Collision Geometry?




Energy/Centrality Factorization
Ratio of 0-6% and 35-40% centrality bins, each normalized by Npypt

4 200 GeV
H 130 GeV

® 62.4 GeV

35-40%
0-6%

PHOBOS
Energy/centrality factorization vs N

Dominance of Collision Geometry?




Models/Extrapolations
to LHC

Detectors
<— planned for
dN/dy > 5000!

<— dN/dn ~ 1800
<€<— dN/dn ~ 1100

Will saturation dominate? VWhat about high p, p+p?




Initial Collisions
Hard Scattering takes place [direct y]
High pT partons are produced [d+Au]

Overall Entropy defined [dN/dn]

Geometrical asymmetry [Geometry]

The Big Picture

Hadronization
Recombination from quark soup [proton-non
suppression, quark-scaling of v7]

Global statistical hadron formation at
Tch = 170 MeV [particle ratios]

Radial expansion with BT ~ 0.6c [PID spectra]
Particle emission after 10fm/c for few fm/c [HBT]

Early Stage (~ few fm/c)
High Density (~ 5 GeV/fm3) [dN/dn, high pT suppression]
Local thermal equilibration[Elliptic Flow v7]

Pressure driven expansion [Elliptic Flow v HBT]

Low viscosity [Elliptic Flow v7]

Opaque for fast partons [Back-to-Back jets]




Big Questions

What is the What is the r\ature
of the medium?

initial temperature!
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What is the origin
of scaling rules!? What is the location of
the phase transition!?

- LHC




Physics goals at LHC, |

Extrapolation to LHC!?

‘Soft’ physics at RHIC: Scaling regime!?

First exciting LHC results will be on “soft physics”

Dynamical connection between soft observables!?




do/dyd’p. [mb GeV™?]

a(xp>0) (nb)

LAAB) d6/dE (ub/GeV), n|< 2.5
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Physics goals at LHC, Il

2 2
<k, "> =1.8 GeV — (h*+h )2, s'" = 5500 GeV

2 2

Q =p; = 5" = 5500 Gev
GRV 98LO — ("+hy2 5" =200 Gev
structure functions = 2 s - 200Gev

— a7 Medium modification at high pT

- -rcn, s -17Gev

Copious production of high pT
lvan Vitev Partlcles

Large jet cross section,

Different “melting” for members
of ' family depending on binding
energy

Large cross section for and Y
family production

Correlations, scattering in medium
jets directly identifiable



Near side, |A¢| < 0.6 Away side, [A)| >
1 A deAuminbias]|| .0 T

5 Au+Au 20-40%|} tan | preliminary
O Au+Au 0-5% |}

2.5

8 < pT(trig) < 15 GeV/c

N | P e L
0.8 1 04 0.6 0.8 1
z. = p,(assoc) / p,(trig)

Away-side D(zT) suppressed, but shape unchanged




J/psi suppression

J/y nuclear modification factor R, ,

Capella et al. hep-ph/0505032 suppression from co-mover

R
SAA
)

Grandchamp et al. hep-ph/0306077 suppression (no regen)

Kostyuk et al. hep-ph/0305277 suppression in QGP
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Ncoll/Npart vs Vs and Nt
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Factorization in a hard/soft picture?

Gunther Roland PANIC 2005 Santa Fe
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(MC)

/N

coll” "part

Armesto, Salgado, Wiedemann hep-ph/0407018




