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=« Outline

&= |Nntroduction

»Dynamics of Relativistic Heavy
lon Collisions

s »Basic Checks

@ > Two Big Discoveries
* ®Bulk Dynamics: Elliptic Flow

® &Probe: Jet Quenching Disclaimer
N[ & (Highlight of new data) | ~200 papers from
N7 4 collaborations
. »Summary at RHIC since 2000.

Impossible to cover
all of them In
one-hour lecture!




= INntroduction

‘ = Q. What are our building blocks?

;f—i'n ton
16 types of quarks: up, down, =
charm, strange, top and bottom)

A. Quarks, leptons, and gauge particles

If you would answer “open and closed strings, ...”,
you should go to another summer school...




. Introduction (contd.)
" Q. What is the matter in which quarks
and gluons play a direct role?

L

N A. The Quark Gluon Plasma (QGP)
N7 Quarks and gluons are moving almost
! freely out of hadrons.



. Introduction (contd.)

Main Casts
Matter: Quarks
Gauge: Gluons
” Sub-Casts
B | Hadrons (Quarks are confined.)
* |Fundamental principle
s | OQCD (QuantumChromo Dynamics)

L

N Form of Matter
Wt QGP (Quark Gluon Plasma)
QGP study =

“Condensed matter In particle physics”



. Two Faces of QCD
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Asymptotic freedom
Gross, Politzer, Wilczek
Nobel Prize(2004)




Recipe for “Quark-
s Gluon Soup”

pressure heat quark-gluon
% plasma
9. . R
. o9+ 83
s 1 &

*  For system of many nucleons,
n 1. Compress them!

— - Density Increases

2. Heat them up! |
- Temperature increases




Critical Energy Density

= from Lattice
' Equation of State and 7.

T, MeV]
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N (mg /m, >~ 0.7, TV1/3 = 4) (T, for mﬂl; 300 MeV)
/T =6+ 2 = ce = (0.3 — 1.3)GeV/fm? |

» improved staggered fermions but still on rather coarse lattices:

N, =4,ie.a !~ 0.8 GeV
FK, E. Laermann, A. Peikert, Nucl. Phys. B605 (2001) 579

FaMNIC 2005, F. Karsch — pd’20
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Stolen from Karsch(PANICO5);
Note that recent results seem to be T.—190MeV



Matter evolves with our
& Universe

Historyv of the Universe

To understand QGP

N~
. To understand
origin of matter
T as well as
N/ early universe




Schematic Phase -
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*Density means “baryon” density



. Little Bang!

RHIC: Relativistic Heavy lon Collider(2000-)
- . RHIC as a time machine!

A

front

7 view

: side

N HITSw T e view
i‘\"fﬂ 100 GeV per nucleon

Au(197X100)+Au(197 X100) collisions

Energy frontier as of today
- Large Hadron Collider (LHC) will start soon.



20z

Dynamics of
" Heavy lon
. Collisions

i

4
71

-



Dynamics of Heavy lon
s Collisions

‘a
B

KFreeze—Out At f f ,;l'f;:/ yﬂ t

4

T

QGP,
T,< 1 fmle
-
3 | % ‘
, / %
\)
Time scale Temperature scale

10fm/c~10-%3sec

100MeV~10%%K

<<10“(early universe)

Freezeout
“Re-confinement”
Expansion, cooling
Thermalization

First contact
(two bunches of gluons)



I\Icoll & Npart

-
Taickness function:

T(r)= [ d 2 + 22

(r) / Vet +2%) Gold nucleus:
Woods-Saxon nuclear density: 0,=0.17 fm-3
. R=1.12A13-0.86A1/3
p(r) = oxpl(r — B)/3] 7 1 d=0.54 fm

# of¥binary collisions

T,:A = f &rT(r —b/2)T(r + b/2)

'fg‘wcoll =Tsa (b)ain
N/}

. = 42mb @200GeV

# of participants

d2 N, pa.rt

(r;b)
1 I
= Ta( +§b) {l—exp :
1 -
—+ Tb(r_ab) {1_exp inf a

1— (survival probability)
/ d21' dsza.rt

pa.rt



Centrality
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*@- . BASIC CHECKS

A\L




Basic Checks (1):
s ENnergy Density

Y71

Bjorken(’83)
Bjorken energy density

(mT) dN
€Bj (1) = 5
Tt R<|dy
_ total energy
T: proper time (observables)
y: rapidity

R: effective transverse radius
M+ transverse mass



Centrality Dependence of

s ENergy Density
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CAVEATS (1)

~ = »Just a necessary condition In the

sense that temperature (or
pressure) Is not measured.

»How to estimate tau?



Basic Checks (11):
s | Temperature

g /°° p°dp
272 Jo exp[(E; — p;)/T] £ 1

@ (M) =V |n"(T,0) + 3 M poying(T, 1)
R

I
T Y,

1 ~" — 4 _
N

direct Resonance decay

%N

)

Y1 A->Nr, p27nn, etc.

Two fitting parameters: T, Ug




Ratios
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~ Amazing fit!

plp AA EIE QIQ i KIK KT pirKP/h ¢/h A Z/hQ/c*10

p/p KK K/m p/m2/h™*50
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# STAR = : g3
=i PHENIX . -
- O PHOBOS - — : N
[ Wl
— A BRAHMS -%— . T
- [ |
B S, =130 GeV = ; S, =200 GeV
Model re-fit with all data _%_ [ Model prediction for
—— T=176 MeV, u_=41MeV X sl T=177 MeV, u, =29 MeV
— —_ -
Braun-Munzinger et al., PLB 518 (2001) 41 D. Magestro updated July 22, 2002)

T=17/MeV, pg = 29 MeV

> Close to T, from lattice




CAVEATS (11)

. “®wEven e*e or pp data can be fitted

e welll
See, e.g., Becattini&Heinz('97)

>3S0, what Is the meaning of fitting
parameters?

»Just Lagrange multiplier?
See, e.g., Rischke('02),Koch('03)
" s« >Whysocloseto T.?

N - No chemical eq. in hadron phase!?
\ - Essentially dynamical problem!

L



Basic Checks (111):
-« Pressure

ol Blast wave model (thermal+boost)
. Sollfrank et al.(’93)

Driving force of flow o mrky (%) Io (W;pT)
—>pressure gradient
Inside: high pressure 10°
Outside: vacuum (p=0) 10°
. —_ =

|

T=100MeV v.=0.5

— T=160MeV,v.=0.0

B

Y71

dN/p.dp; (arb.unit)
— E; -

10-1 bbb b b Lo b 1
0051152253354
pr (GeVic)
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ovaj_talk at QMOS

Spectral change iIs seen!
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CAVEATS (111)

‘.
%, >»Not necessary to be thermalized

completely
¢ Results from non-equilibrium
model also show similar shapes.

»>How Is radial flow generated
® dynamically?



Necessary Conditions to
= Study QGP at RHIC

W
“'* »Energy density can be well
above g..
¢ How large locally?
“ =Temperature can be extracted.
- ¢ How high inside the matter?
" >»High pressure can be built up.
= ¢ How high?

NT

- Importance of systematic study

_ based on dynamical framework

~
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- Two Big
- Discoveries:
® 1 .Elhptic Flow

Sy
Z
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What is Elliptic Flow?

‘s Ollitrault ('92)

Ly
How, does the system respond to spatial anisotropy?
Hydro behavior

No secondary interaction {, ,
J

A — 00 A=0
e N\
oo° & "'\ Xt
4 - \!'
. Spatial Anisotropy
e
1. Interaction among |_m> 2V,
I\ produced particles [ ] N
W = OUTPUT VW S|\ | i S
Momentum Anisotropy
0 y 2 V2 = (COS(2¢)) 2-; ) -



VvV, from a Boltzmann

«= Simulation
Z&ng et al.(’99) Ideal hydro limit

el A= 00

0.1 -

o .,‘ o e Bmb X —= 0O :ldeal hydro

E "5 free streaming 1
-D R Sy .- R L L s

Interacting
b= 1.5 g system

5 6 7

0.05 |

t(fm/c)

A
0z
L TS

(generated through secondary collisions
v, is { saturated in the early stage
sensitive to cross section (—1/m.f.p.—1/viscosity)

I
%

\



Schematic Picture of
s | Shear Viscosity

- -

Shear flow Smearing of flow

%

L

. i

7\ one step Perfect fluid:
N7 A=1/cp > 0

shear viscosity 2 0




Primer of
* Hydrodynamics

Non-relativistic Navier-Stokes eq. (a simple form)

Neglecting external force and assuming incompressibility.

Du 1 il
~~ = _ZVP+ 1v2g
_PFessure gradient Shear viscosity
zzﬁgenerates flow diffuses flow.

Interplay btw. these two effects

Caveat: In the actual calculations, relativistic
version of (ideal) hydro equations is solved.




Early Universe Went With the Flow

Posted April 18, 2005 5:57PM

Between 2000 and 2003 the lab's Relativistic Heavy lon Collic
repeatedly smashed the nuclei of gold atoms together with s
that their enerav brieflv aenerated trillion-dearee temperaturs
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Az univerzum keletkezése wtani néhany milliomod méasodperc allapotst
Mmﬂﬁ!ﬂrﬂﬁtmmmmﬂzm
uténi anyag forrd, siri és Tolyékony lehetett.

Az  amerkal Brookhaven  Nemzeti
Laboratonium ) RHIC gyorsitoja
(Relativistic lon  Coliider,
Hﬂhrmﬂmmn—flﬂﬁﬂ;ﬁu}ﬂﬂm

kisérieti csoport  kézis
Wﬁnﬁmﬂﬁw
nehéz atommagokbol sikerilt elGallitaniuk

T b, FHERRE, ARTRENRAVNSRER, €FEEENRIE S e
— ¥, FHEITMHLMER, mARELEMU R EEREMATHERS. atommagok mar ismert eleni épitdkoveibal,
kvarkokbol és gluonokbol all, viszont
I I JJ.I - - - !-.'. I. -I £ I az
Dost eimelei  joslalokiol, es igen
@ ﬂnr.ﬂt :::::;::TE:HHDEH.H wm I'I'I'H'BI
nehézion-itkozésekben keletkezett amm nem szabad kvarkok és gluonok
MMMWMWW&MA
T “"“"as 'liquid-I négy cikket, amelyeken a RHIC négy nagy nemzetkozi kisérleti
PHEWE  BREVENTE R LINES E:” Autoren Ehave kizel egy éve doigozik, a Nuclear Physics folydirat egyszerre fogja kozoini.
hot,
ng
-M‘E n-,\.l' o ad dporauons, UUUUBU DRAMIVID, m.
Neues aus der Welt der Wissenschaft ‘ asahi.comby™ > i > LOM MW T
[ ORF OM Science : News : Wissen und Bildung . Kosmos ] ?ﬁa}ﬁéi@ FiLf( rd r?#“"?iiﬁﬁﬁ] a .qewyhen
5
HER 22
Das Universum war am Anfang "flissig" = R e
Das Universum war direkt nach dem Urknall vermutlich o arly
einem Fluidum dhnlich. Das schlielfen danische e
Forscher aus Experimenten am weltstirksten Chiod A D JCHATE [ 2 o | R I B 24 2 AR T - G D
felgghetschleumger RHIC am Brookhaven National Q T BB LT B el DERF — b tllsl . I-‘l‘f-‘:!'HEJE'Jj{ at
aboratory- ar BRBOEAMT 74— 2 TR T/ 5T B8, KEOEHICH
7 M ZBECEI DD TR, LT DL R BIZSH T e AN, &
Mit seiner enormen Kollisionsenergie bildet der RHIC ’ BELI-. BEREAIT ?*"z‘i»ﬂ?‘.ﬂ T, FHPHROLIELERATS
rund 1.000 Milliarden Grad Celsius heille Urmaterie dal IR 5 ADWHENSHD,

vormn Anbeginn der Zeit vor rund 13,7 Milliarden Jahren

Mal kawie uidll 1au pveel PreEdici=d. L
microseconds of its existence. Most of them are now convineed they have tound = '“marlzlng tthI rStth ree years Df RHIC ﬂndlngs"
it. But, strangely, it seems to be a liquid rather than the expected hot gas. X |n5tead Df beha\uﬂng ||ke a gas Df free quarks and

o I e . O B, T ﬁ\!“ﬁﬂ"-ﬁ.ﬁ-‘ +I‘\ﬁ I‘H-\.H-ﬁl' ﬁl‘ﬁ-\.“ﬁ.i-'

nach.

. " o

il T = ﬂlllﬂﬁﬁ iH'I DUTF"H hﬁ-\.l.l"l.l' iﬂﬁ ﬁhlliﬁiﬁ“ﬁ




Agreement btw. hydro

= and data

.l STAR(02)
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Hydro results: Huovinen, Kolb, Heinz,...
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TH,U.Heinz,D.Kharzeev,R.Lacey,Y.Nara

.« Results from our Group

b=8.5fm

®  QGP fluid+hadron gas
QGP+hadron fluids
QGP only

+  PHOBOS 25-50%

(Upper-left)
Pseudorapidity dependence
(Upper-right)

Transverse momentum dep.

(Lower-right)

Centrality dependence

0.25

0.2

0.15

IVIIII|IIII|IIII|IIII|IIII|IIII

20-30%
— STAR, n
-= STAR, K
STAR, p

P I BRI
0.204 0.6

08 1 1214 16 1.8 2
pr (GeVic)

T,.,=100MeV

--# - hydro+cascade
&+  PHOBOS(hit)
PHOBOS(track)

P R R
50 100 1

PN P T
50 ﬁﬂﬂ 250 300 350 400

part



- cummary of Elliptic Flow

"« »EXxperimetal data are consistent

with perfect fluid (neglecting
viscosity) QGP picture.

” >Remember

(shear viscosity) ~ (mean free path)
g ~1/(cross section),
guarks and gluons interact with each
other strongly.

20>
- S
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" Two Big
Discoveries:

L

» 2.Jet Quenching

Sy
Z



Tomography

CT (computed tomography) scan

.-
_———_"__
—
e —

®“Tomography”
N 1. Known probes: Spectra reliably calculable via pQCD
E‘W’i“ 2. Good detector: RHIC experiments!
- 3. Interaction btw. probes and unknowns:
Recent development in this field

SEFE X REFH. [DoybTESIA— 0T L —F2TZX7 ] BARYEZRE2004F12A 5



Jet Tomography

" .

@ Tool 1. Jet quenching
Bjorken(’82)
Gyulassy,Plimer
Wang ('90)

/)
a 180 deg.
s correlation?

9

\High “density” matter

Bjorken(’82)
. Appel ('86)
Tool 2. Jet acoplanarity Blaizot & McLerran ('86)




Difference btw. pp and

= AA
.
" pp collisions AA collisions
QGP?
Nucleof /'\gJet AX(T 4 _
x |
.lll O O

Nuclleon b d b d -

- f @§ Ax f’ @§

z#::: f: parton dist.

- D: Frag. dist.

Initial Final
effects effects



Nuclear Modification Factor

o
. y P dN44 /dprdn
AA =
(NcoH)dep/dedn
Au+Au 0-10% central
(null result) *b=2.8 fm
binary collision scaling 5 B
BT N, = 978
[ J .Npart = 333
. articipant scalin
a0.341 | PAMCRAtscaling - WL
AN'7 : part/NcoII = 0.341

P



« PQCD at Work

..

N

E*d°c/dp® (mb-GeV ?.c?)

Aclo (%)

(Data-QCD)/QCD

]
y a)
10
10°
10° I PHENIX Data
. — KKP NLO
10
= = Kretzer NLO
10
10°
107
10"
S S
40 - b)
T — 1
0 L | I
20 - |
=40 E
“E c)
2 -
0 %—
4 F
F d)
2 F /'%%__—
0 :
0 5 10 15

p: (GeV/c)

Ty, P+ distribution
In pp collisions
at sgrt(s) = 200
GeV

High pT particles
can be utilized as
probes of matter



High p; data at RHIC

‘. AA
S, - dN“4/dprdn 1 dN 1 f A, AN
. — = 7
n (N COII)dN bp / dedn Ntrigger dAg¢ Ntrigger 'qu*SdAn
T I L B L BN BRI
2] { ‘ R 0-10% Gentrah Ll » d+Au FTPC-Au 0-20% .
g 25— e » u+Au \spyy= e o < . ' N
0 TEERE| BT g —eemnbe S
ii L } Pb+Pb \s,,=17.3 GeV E L | * Au-+Au Central -
1:;: i o i u 1
g L g 0.1 4 . .
Ilé1'5__ E : . ' 1 :
- B E L ) . | .. v ¥4 |
15_- ...... n n*lu ........................................ 0;{ F .' ----------- ' ,ﬁ ; -L*****.*. 3 .-—
05— n”m'“uu JL PR R B B R B
Iig‘?fﬁ;;ﬁé‘} -1 0 1 2 3 4
A R e e AL A A ¢ (radians)
# 0 1 2 3 4 5 6 31 (Ge\s}k) r)r)r)v(
Y/ T Q)
S.S.Adler et al.(PHENIX), A/
PRL91,072301(2003). C.Adler et al.

(STAR), PRL90,082302(2003).
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Summary of Jet
& Quenching
" »Yields of high pT hadrons are
suppressed.
»Correlation btw. two jets Is lost.

»>3Suggesting “opague” matter (in the
sense of QCD) Is created at RHIC.
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Highlights of
"« New INntriguing
. Data

”
03
AN,
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Jet Structure
. Y Leading
w .Cone—like structure? (PHENIX) hadrons
. —_— — /4/

0.4-(a) 3-4 ©0.4-1GeVic _J (b) 3-4 ®1-2 GeVlc

——Au + Au 0-20%

0.2 Medium

3-4 ®3-4 GeVlic

0.04-(¢) i iy B
& [ 1+ ]
<] B T xX 3.5 1
O o0.02 SR, HR , SR_ ]
a % A _
q M i
: b B it
% Ed4) + 4-5 ®4-5 GeV/c E
M —I + xX10 =
" s 5
>-£ 2 d'- Eg QGO‘:’QO g

N YU —— e e
0.061(9) ORI LS A " 5-10 ® 5-10 GeV/c |
: . x2.5

0.04F =

0.02[ .

o o T T
0 2 4 0
A¢ (rad)




J/PSI suppression

] o Iy[<0.35 SyStglobal =+12%
0.8 —% o IVEl22.2] systgmml: +7 %

e T CaT Srednif
Eﬁ 0.8 @ ] 4
o @ g _- Color Debye screening
0.4 L [@ .' (Matsui-Satz)
0.2} ]
g 0—=—"50""700 150 200 250 300 _ 350 'N'hno
Y/ 1
’ (PHENIX) Lattice studies:
M.Asakawa and T.Hatsuda, PRL. 92, 012001 (2004)
9 talk by S Oda A. Jakovac et al. PRD 75, 014506 (2007)

G.Aarts et al. arXiv:0705.2198 [hep-lat]. (Full QCD)



Spectral Change of

= Hadrons?

& :
W

1IIII|IIII|IIII|IIII|IIIIIIII|IIII|IIII|III

10 & : = -
E min. bias Au+Au at\|s,, = 200 GeV
L] DATA JTG — Tee L]""P — e

1024 WI<035 ., n— yee i PYTHIA
102 , p—ee w oG — ee (random correlation)

-

©— ee&nﬂee
—— O —ee &nee

|
i S\ W / ’ \
:: VAR T M, R *
:-::|-.!| R S CH RSN PR N VRTINSOt o AP 12 L..L...l.,.l..,.l,. -
0 0.5 1 1.5 2 25 3 3.5 4 ;1.5
Mee (GeV/c™)

(PHENIX)
Posted on arXiv in this May!

Mass shift of p mesons?
Broadening of peak?
Evidence of partial
restoration of chiral
symmetry?



. Summary
. »Basic checks suggest that it Is
promising to create the QGP at

RHIC

» >Two big discoveries indicate the
a matter produced in heavy ion
=« collisions is strongly interacting
" and dense (opaque) system.

N >The tip of the iceberg! Many other
W observables support this picture.

»More quantitative analyses are
under way.



« Outlook
Large Hadron Collider @ CERN

R

Higher CO||ISIOI’1T energy, " hlgher | |n|t|al
temperature, longer life time of QGP,
smaller baryon density,



