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Au+Au Collision at RHIC
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Quark Gluon Plasma

(F Karsch, hep-1at/0106019)

3 flavour
2+1 flavour ——
2 flavour
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Heavy lon Collision

3 flavour

2 flavour ———
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Heavy lon Collision

What we see:
“Ashes” of the Medium
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Relativistic Heavy lon Collider

L First Physics in ‘00
g BRAHMS

e ey Versatile machine
: Au+Au (‘00-°02, ‘04)

p+p (‘02,°03,°05)

d+Au (‘03)

4 Experiments

Cu+Cu (°05)

Complementary capabilities
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A few definitions
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Rapidity

Before Collision After Collision

5 / 5

Rapidity V=10 Rapidity

Measures longitudinal velocity
Logarithmic: CMS region is magnified
Lorentz-boost in beam-direction: Shiftiny
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Rapidity vs Pseudo-Rapidity

200 GeV Au+Au

_ — dN/dn
- dN/dy

n=-Intan6/2
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Angular Distribution

200 GeV AutAu B. Back, Breckenridge ‘05

0-3% central

Only 22% emitted
with pT>pL
60 90 120 150 However, these
Angle 6 (deg) .
particles carry
information about
the densest region
formed in the
2 0 2 collisions
Pseudorapidity n
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Collision Geometry

|
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Collision Geometry

Participant Region Spectators ——»

Spectators

Smaller Impact Parameter b

}

More Participants (Npart)

}

Bigger Collision System —  More Produced Particles!
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Azimuthal Anisotropy

Reaction

Initial State Anisotropy
Coordinate Space
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Azimuthal Anisotropy

Reaction
plane

Initial State Anisotropy Final State Anisotropy
Coordinate Space Momentum Space
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Hydrodynamics and Flow

(D.Teaney,2003) LI nes:

b = 6.8 fm (16-24% Central) . .
o STAR Data Viscosity/Entropy

|deal Hydro

Lower Bound
from String Theory

u IIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
0 02040608 1 12 14 16 1.8
p,(GeV)

The QGP as an ideal fluid?
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Hadron Multiplicities
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PHOBQOS Detector at RHIC

Octagon
SPeCtrometer NIM A 499, 603-623 (2003)
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“Soft” and “Hard” Physics

Drees, QM ‘01
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Ncoll= # of NN collisions:
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First RHIC Paper

Charged particle multiplicity near mid-rapidity in central Au+tAu collisions
at F = 58 and 130 AGeV
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Wa p the Firt o of peendoragidity deosi-
timn of primary chaorged particles near mid-rapidiy in AutAu
eellimions ax % = 54 wad 130 ACEV. For the mos costral
cclliscns, wa Brd the charged pactich peadoapidicy densiy
to b IV = A= 12 [wbak) = 30wt} md 53 ATV and
S8 10 wkak) = Auywl ] wl L3] ACaV, valuse that are kighs
thain any peveizusly cheered ia nochar collivicos. Comparsd
o protor-antipeckon eollidcns) our daks whow oa irerese in
tha preudccapidity densily per parlicpaat by moes than 407
ak tha higher svacgy.

PACS numbers: 25.75.-q

In Jura 2000, tho Relutivistle Heavy-lon Collidar
[RHIC) st Brockheven Matwonal Laboratory dellwered
the fArst solbsions botwaen Au nuckl at the highest
oanter of mess nergles schloved in the lsborstory to
dute. In this paper we present dsts talem with the
PHOBOS datecior durlng 1he first colbder run at en-
ergles of 7 = 26 and 120 AGe¥W. The ultimala goal
of cur work s to undarstand the bahsvicr of sirongly
Interacting matter &1 condriyons of extreme density
temparsture.  Juantum chromodynsmies (OO, 1
fundamental 1 of Interectlons, predicts that
for suffizlently nargy Ity & now stabe of muttar
will ba formad, the so-called quark-ghien plasms (QGF)
1]. The messurements shown repraserr the first siap
toward the develo pment of & full pizture of the dynamizal
evolutlon of nudeus-nueleus collisloms st RHIC .

Sudying the dependence of charged partizle deneiis

on and system slza provides miormetion on tha m-
4 hard parion-parion seatterlng procosscs,
which aen be epkeulated wslng perturbative QCD, nd
soft proseses, which are trested by phenomenclogleal
mod;lpl.l that deseribe the mm-p-nEu.rbamw- secice of

D). Prodiztions for mutypartiele produoetion m
Em'rg.' hevyon eolllslons, n'htl.'meruﬂ‘m & Tmhﬁ
madals, fvpleally vary by up to & faror of twvo [2].

[n this Jetber wa repori data for the most cemirsl
Au+Au colllslons detecied In cur apparatus. We ave
datermined tha ¢ depandenes of tho density of
mmdmdpmcﬂuduu 004 1o the g:{mif:
charsctarzed by tho pseudorspldity demsrty &V dn)| .00,
where ij = — Intan(#'2) and # 1s the polar angle from the
bapm gxis. Thos dats prowide the Arst moars to con
streln modals of hosvy-don collislons st RHIC onergles.
They will allow the extrectlon of besie Informadlon s
the Inltlsl conditions In 1hase colhsiors, in partieoler the
energy demstty, and thus form an essaniwl elemant for
tha proper prediction or deseriptlon of other obsarvshbles.

The PHOBOE detector amploys sibeon ped deteciors
to perform tracking, wertex defectlon mg mmlttiplleiy
massuremends.  Detalls of the selup and 1the Jayout of
tho silizon sensors csn ba found hare 4], For
tha Initlsl mmning period of the semlerator only oemall
frartiom of tho full sctup wes installed. Tt mduded
the first & lsyers of the slllcon spactrometer (SPEC),
part of 1he two-layer sllleon veriex detector [VTX] snd

PHOBOS PRL (2000)
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PHOBOS Au+Au

NA49 Pb+Pb data
UAS pp (NSD)
CDF pp (NSD)
HIJING model Au+Au

F 00 e

10°
s'2 (GeV)

Mid-Rapidity Multiplicity
surprisingly low
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dN/dn@n=0

PHOBOS Whitepaper

HIJING (dN, /dy, b<3fm) . ® PHOROS
HIJING+ZPC+ART (b=0) — O NA49 (SP5)

ROMD (b=3fm) <  EBSS5 EBBE ES1T (AGS)
UrSMD (b=3fm)
WRI+URZMD (b=1fm)
HzD, WYMNI+HSD (b=2fm)
MEXUS (b<=2fm)

DPM (Po+Pb)

DPMJET (Pb+Pb, 3%)
SFM (5%)

LEXUS {57%)

EKRT saturation [b=0)
Hydro+UrQD (b=0) Al+AL

Fireball {~5%:) 200 Ge\
McLV (dNidn. b=0)

1 I ] 1
1000

dN_ /dy

Oct 2004

Manifestation of Parton Saturation?

c.f. Blaizot, McLerran,Venugopalan, Kovchegov, Kharzeey, Nardi,
Levin, Mueller, Salgado, Wiedemann, Eskola, Tuchin + many others
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Particle Multiplicity at RHIC

PHOBOS Central Aut+Au (200 GeV)
I L I I A Y L T B L
qm99 | HUING (dN,/d, b<3fm) ﬂ—
qm99 | HUING+ZPC+ART Pl u
qm99 | RQMD (b=3fm) ||ﬂ
qm99 | UrQMD (b<3fm) I I .
L
qm99 | VNI+UIQMD (b<tfm) I | -
qm99| HSD,VNI+HSD (b2fmyy ~  m
qm99 | NEXUS (b<2fm) 1 =
99 | DPM (pb-pb) no,
99 | DPMJET (soen 3% 10 -
I
99 SFM (5%) i om
) [
6/00 | LEXUS (5% || -
99 EKRT saturation (=0, | | .
99 | Hydro+UrQMD (b=0) I I’
. | |
qm99 | Fireball (-5%) : IE -
7/08 'M::_LV_(dedn. b0) ?l \
~ o _n.
I TP Tyl L
600 1200
Color Glass R d

Low Energy

Parton Saturation

High Energy
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“Soft” and “Hard” Physics

\\

mﬂgﬂ.

Oinel=2! mb
(low AGS)

PHOBOS Glauber MC

0 ! |
0O 100 200 300 400
N

part

Use centrality, energy to change
balance of soft and hard particle production
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Mid-rapidity Multiplicity vs Centrality

-|<r|<_

R

PHENIX

= PHOBOS i
* STAR -
¢ BRAHMS .

dN,,/dn/(0.5N,)
dN,,/dry/(0.5N,)

| @%MH %%‘W‘%

PHENIX Preliminary 7 =~ PHENIX Preliminary |
200 300 10 200 300

Npart Npart
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Energy + Centrality Dependence

PHOBOS PRC 2004, nucl-ex/0405027

L I B Rygqes [.liu+Au 1) |
L O Rygqgs (Au+Au 2)

A ® Rygip; (P+P)

| — Saturation Model
==+ Hijing (1.35)
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100 200

“Factorization of Energy and
Centrality Dependence”
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Factorization of transverse dynamics!

Au+Au: Ratio 200/62.4 GeV

=p> (GeVic) 0.25 1.25 2.50

400

Factorization of Energy and
Centrality Dependence over large range in p+
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Rapidity Distributions




Bjorken Picture

d

d’p, dy

l

d o _df?
d p, dy
“Boost-invariant”’
Expansion
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Pseudo-Rapidity Distributions in p+p

NSD p+p(p+p) -+ h*
¥ CDF +&=1800 GeV
O UA5 +s=800 GeV
¥ UA5 +3=540 GeV
0 UAS vs5=200 GeV
. © UAS VE=53 GeV(pp)
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Limiting Fragmentation

Alner et al. Z. Phys ©33, 1 (1986) pp inel
" Thomea et al, NPB129, 365 (1977} pp inel |

4 236 GeV
4 308 "
T 452 "
roB3z2 "
¢ g28 "
53
200"
Bas "
Qoo "

Particle production in restframe of one of the
colliding particles
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Limiting Fragmentation vs Centrality

0-6% central

e 200 GeV
o 130 GeV
= 19.6 GeV

dN,,/dn'AN__ /2)

Different Limiting Curves for
Central and Peripheral Data

S But both energy-independent

o
)
T
m
(=%
=
=
=
Eﬂ
[5]
=
©

Dominance of Geometry!?

PHOBOS PRL 91,052303 (2003)
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Factorization of Longitudinal Dynamics

PHOBOS PRL 91,052303 (2003)

* 200 GeV
© 130 GeV
*~ 19.6 GeV

N - Ybeam

Dominance of Collision Geometry?
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Rapidity Dependence of v,

PHOBOS PRL 2005 Au+Au 0-40%

:M
0.06

Elliptic Flow

Pseudorapidity

No Boost-invariant plateau:
Same initial asymmetry leads to different final
state v2 vs y at all Vs
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Limiting Fragmentation for Elliptic Flow?

PHOBOS nucl-ex/0406021

@ 19.6 GeV
Vv 62.4 GeV
H 130 GeV
A 200 GeV

- e 19.6 GeV
L v 62.4 GeV
“F = 130 GeV
:I A 200 GeV |
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Total Multiplicity




Npart Scaling in d+Au

PHOBOS nucl-ex/040902 | RIS IS
T T T T T PHOBOS nucl-ex/040902 |

JELT e - d+Au 200 GeV
200 GeV 20-40%
40-60%
60-80%
80-100%

o Min-bias
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oo OOOOOO{’O
AC'::O.) » ‘UD;_\”
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999999.. 0 . -
o

,‘ \ ]
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[ I IO NI
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Total Multiplicity {Nch? in Au+Au

PHOBOS PRL 91, 052303 (2003) PHOBOS nucl-ex/0301017

i 200 GeV
o <Nch>ete-*<0, 5Nparé>

[ 200 GeV ST, \
[ +

53'

# 1

0

I30 GeV |
# ,¢
¢

IMI T 1

¢
b d
0 . 4—'”'* '
e 196 GeV |

&
1 &
«:
o
Z
o~
N
v
S
c
T
N
Z
T

—
1 T T

b—""

100 200 300

part

I

“Npart -Scaling
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e A
e e,pt+p, A+A Correspondence

® PHOBOS Au+Au | PHOBOS QM’02, Steinberg

®  UA5 (pp, NSD)
ALEPH (e"e prelim.)

dN/dn /{ Npaﬂl2 )

200 GeV
:e':‘t'ﬁa':A“':*A“: e

e*e- measures dN/dy-
(rapidity relative to
“thrust” axis)

Data / AA Fit

-._-g'!+ AAlpp ~ 1.41.5
. L J

2 4 6 8
|

Surprising agreement in shape between AA/e*e-/pp
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Landau Hydrodynamics

Carruthers, Duong-Van on pp data in 1973:

surprisingly well described by Landau’s energy-

dependent |Gaussian rapidity distribution

(2.1) for the definition of v
1 d‘J dl:v

—— ——  E———

O dy dy
=N exp(-y*/2L)/(27L)"?,
where the parameter L is
=3 1In(s/4m,?),

where s is the squared total c.m. energy.

Gunther Roland/MIT




* 200

-1||.. =
[l 0%-5% centrali
-I-II.-

Rapidity Distributions

0-5% centrahity | /“?’T"& BRAHMS
. f T[-

;” | Meson rapidity distributions
fi 130) are approximately Gaussian

100

- reminiscent of Landau?

-4 0

N
| = ‘1 -
N

y
\

)

%

BRAHMS 200 GeV
MAGS 173 Cpey
MAGD 122 Gel
NA4D 8.8 GeV

ES T/ ERSGS 10K Ciel
BT ERGD B Gy

. B9 T ERM 6 GeV

.'II
A

TAA
ffﬂh\:‘

L'-IT'E




Landau Hydrodynamics!?

- . T . surprisingly well described by Landau’s energy-
; B Pion rapldlty width dependent Gaussian rapidity distribution [see Eq.
= 2 [ Central Au+Au/Pb+PB (2.1) for the definition of y]
= °f RHIC
7] 1 : BRAHMS
= - SPS =N exp(-y*/2L)/(27L)""2,
n- : where the parameter L is
- AGS ... . . =
1 10 102 L=%1n(s/4m,?) (1.6)
\lsNN (GBV) where s is the squared total c.m. energy.
~PHOBOS QM’02, nucl-ex/0301017
N -
+ -
5 30 <Nch>/<0.5 Npart> Au+A
Z C <NCh> e'e” Secondly, we wish to stress that as a function of avail-
|\ 20 - able energy W,,, the hadronic multiplicity varies as
—_ - ver a vast range of initial energies.?
"'l.- —
: -
6 10F
2 N Carruthers, Duong-Van
SN ' on pp and eTe" data in 1983
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The Future

Gunther Roland/MIT




Energy Dependence

Armesto, Salgado, Wiedemann hep-ph/0407018

PR
- = Nov/s N0
ﬁ"pa:u'l. d'-"? (

part
n~0

Models prior to RHIC

10 10° 10°
\[Syy (GeV)

Gunther Roland/MIT

Detectors
planned for
dN/dy > 5000!

dN/dn ~ 1800

dN/dn ~ 1100




Limiting Fragmentation and LHC

-
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i"/”
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T 5
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Extrapolation to LHC

Landau model
- cll4
(<Nch> s)

| ' [ ' |
Saturation modell/ dN/dn ~ 2000

\ ,

| central Au+Au

200 GeV
130 GeV

19.6 GeV
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Limiting Fragmentation in p+p

Thome et al, NPB129, 365 (1977)  pp inel
Alner et al. Z. Phys C33, 1 (1986)  pp NSD

23.6 GeV
308 "
53 3
200

546

900

Holds up to 900 GeV!
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Summary

Slow, logarithmic growth of mid-y density
Parton saturation!?

Npart scaling of total multiplicity

Parton saturation?
Limiting fragmentation scaling vs energy, centrality

Parton saturation!?
Factorization of energy and centrality dependence (n=0, vs
pT, vs n)

Parton saturation!?

But:
Correspondence of multiplicity in A+A vs e+e- vs p+p (I/2\/s)

Everything points to early (initial) determination of
multiplicity distributions

LHC will provide definitive answers!
Gunther Roland/MIT




Elliptic Flow at LHC

PHOBOS nucl-ex/0406021 Au+Au 0-40%

w=106Gev <N >=201f {5 =624Gev <N >=201} Ys,=130Gev <N >=209}\s,=200Gev <N >=211

#

Elliptic

T4 T L | 1

ID 2“|4|”n”-4|.”-2:“
seudorapidit

..-4 - 0...2...

2

Elliptic
F|§)W

19.6 GeV
62.4 GeV
130 GeV

 H «4 @
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Elliptic Flow at LHC
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20%< Centrality < 40%
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0-6% central
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