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Introduction to the physics
of the quark gluon plasma

Lecture 1




Introduction

Q. What is the matter (in the sense
of many body system) in which
“building blocks™ play

a fundamental role?




Building Blocks

SIZE IN METERS

http://pdg.lbl.gov/
http://www.particleadventure.org/




Fermions in Standard Model

matter constituents

FERMIONS spin = 12, 312, 5/2, ...

Leptons spin =1/2 Quarks spin =1/2

= Mass Electric EIETaT Approx Electric
GeV/c? charge GeV i 2 charge

lightest _(0-0.13)x10-9 0 0.002

- ,J neutrino®
€ electron 0.000511 -1 : -1/3
Y,y middle 10.009-0.13)x10-°| 0 ‘ . 2/3

M/ neutrino®

»HJ muon 0.106 —1 0.1 -1/3
Vi neatrino* | (0.04-0.14)x102| 0 2/3
1.777 =1 . —1/3




Bosons in Standard Model

force carriers

BOSONS spin=0 1,2, ..
ﬁnified Electroweak spin =N / Strong (color) spin =1 \

Electric
charge

Electric
charge

Z boson




Baryons as Composite Particles

Baryons qqq and Antibaryons (qq

Baryons are fermionic hadrons.
These are a few of the many types of baryons.

Name | Quark | Electric
content char_ge

proton uud

antiproton| tud

neutron udd

lambda uds
omega SSS




Mesons as Composite Particles

Mesons qq
Mesons are bosonic hadrons
These are a few of the many types of mesons.

Quark | Electric
content| charge

ud +1
su —1
ud
db

CcC




Physics of Many bodies

“The whole is more than the sum of its
parts." (AriStOtle) http://en.wikipedia.org/wiki/Holism

“More is different” (P.W. Anderson) nip://
www.sciencemag.org/cgi/pdf_extract/177/4047/393

“Wholism is the way to proceed science in the
215t Century.” (T.D. Lee, one of the founders

of elementary particle physics) http://www.riken.jp/r-
world/info/release/news/2000/dec/index.html#fro_01 (Original article in
Japanese)

<:> Elementary Particle Physics
as “Reductionism”




Condensed Matter Physics of
Elementary Particles

Quark Gluon Plasma QGP:
Many-body system of quarks and
gluons under equilibrium

—> Statistical and thermodynamical
physics of quarks and gluons




Recipes for Quark Gluon Plasma

quark-gluon

How are colored particles set free

from confinement?
Compress}

Heat up

hadronic many body system

Figure adopted from
http://www.bnl.gov/rhic/QGP.htm




How High?

Suppose a closed-pack e g
massless pion system, A T

|
4

2 3
37T7“7T

~ 3.67°

==) T. ~ 100 MeV ~ 102 K
for - ~ 0.5 tm

(PR~




Where WAS the QGP?

Historv of the Universe

History of the Universe

8 -
- =3 -
= ' j E
¢ r»(\'g'}jx @ i
3
@E .

|

e

History of the matter

THE SAVERGE BECOMES TRANSPANENT

== == _— Nucleosynthesis
Hadronization

Quark Gluon Plasma

(after micro seconds of Big Bang)




Where IS the QGP?

Fate of Smashing Two Nuclei

Multiplicity of charged hadrons ~ 700 per unit rapidity
in @ head-on collision at sqrt(s,,)=200 GeV




New Era Just Started!

Heavy lon Collision Event
== — - =

Pb+Pb @ sqri(s) = 2.76 ATeV.

Run 168665, Event 83797

’T1me 2010-11-08 11:37:15 CET .}i EXPERIMENT

/ \ @ . T
2010-11-08 11:29:42 o S s .
Fil: 1444 3 = o >
Run : 137124 - 2 L XX
Event : 0x00000000271EC693 ) &R

File Edit View Window Help

et e e Multiplicity of charged
=1 hadrons ~ 1600 per
unit rapidity in
a head-on collision at
sqrt(syy)=2.76 TeV

NS, 6MS Experiment at LH
ord
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M.Cheng et al., PRD77,014511 ("08)

The QGP from the 15t Principle

04 06 038 1
Trg
5]
nﬂ,o.@.@a@?,

Equation of state from lattice QCD
eTypical energy density scale of transition : ~1 GeV/fm?

ePseudo-critical temperature: ~190 MeV —> 170 MeV(?)
eSound velocity is small in the vicinity of transition region

eattice QCD is NOT applicable for time evolution




Conjectured Phase Diagram of QCD

Eagdy Unjuerse The Phases of QCD Understandi ng Of

= Ruture Lﬁf) Experiments

H T — phase diagram
7 ; — “Condensed matter

Temperature

physics of QCD”

The region in which

"+ Hadron Gas 5upe3§23uctor ~ We can investigate
Mats_ton i, by relativistic heavy
ion collisions

.
% Critic3l Point
. 0

-
900 MeV
Baryon Chemical Potential




Physics of Relativistic

Heavy lon Collisions




Primary Goals of Heavy lon Collisions
at Ultrarelativistic Energies

= Understanding of QCD matter under extreme
conditions (high T and low ng)

m Confinement, chiral symmetry breaking
m Relevant to early universe
= Unique opportunity
= Understanding of hadrons and nuclei at very

high collision energy
m Universal behavior (color glass condensate)

m Not necessary unique, but give a good opportunity




Big Bang vs. Little Bang

Freeze-Out

Lt

D Hadron Gas

EHMNMEEUER., MEDLSBEPIRIBENETNTEN. \

IRTE137485F

; ; " WMAPODIRAI
3055

Ev Iy

,<1fml/c

EANITANE WV INEN

z

"RT"OBUIREET
FHIIBEOR

3D Hubble expansion Nearly 1D Hubble expansion™
+ 2D transverse expansion

Figure adopted from

http://www-utap.phys.s.u-tokyo.ac.jp/~sato/index-j.htm *Bjorken("83)




Big Bang vs. Little Bang (contd.)

Big Bang

Little Bang

Time Scale

10 sec >> m.f.p./c

1023 sec ~ m.f.p./c

Expansion Rate | 10°°/sec

102223 /sec

Local thermalization is not trivial
In heavy ion collisions.

Spectrum

Red-shifted
(CMB)

Blue-shifted
(hadrons)

p—

Collective flow is a key to see whether
local thermalization is achieved.




Jargon: Centrality

“Centrality” characterizes a collision
and categorizes events.

central event peripheral event

Participant-Spectator picture is valid




How to Quantify Centrality

Centimeters

DX
Dipole Magnet

Centimeters

lIl_iHll]Illl

B §w ' e

N . The number of participants

N, The number of binary collisions
,as a function of
200 400 600

Npart and I\Icol
Impact parameter 52 charge sum
PHENIX: Correlation btw. BBC and ZDC signals




Sufficient Energy Density?

Bjorken(’83)
‘ Bjorken energy density

(mp) dN
71 R2 dy

egj(7)

total energy

: (observables)
T: proper time

y: rapidity
R: effective transverse radius
m;: transverse mass




Estimated Energy Density at RHIC

f,,

1Illllllllll'lllllllllllllllllg

L L L B N BN N N o ””j €B_J(/T)
<mT> dN

T R2 @

B Au+Au 200 GeV
® AutAu 624 GeV

~

GeV/fm

[

T B
) O S S S S S S — -,

XT
€g;t [GeV/im'/c

BJ
w

€

Well above €.
S PTY-RVIS ) {rom |attice
o z from |att|cf;é§°6%ee‘(, _ S|mulat|ons in

& =
|

T R 4

PHENIX(’05)
STAR(’08)




Remarks on this Estimate

= Just a necessary condition in the sense that
temperature (or pressure) is not measured.

m How to estimate tau?

= |f the system is thermalized, the actual energy
density is larger due to pdV work.

= Boost invariant?

m Averaged over transverse area. Effect of
thickness? How to estimate area?




Matter in (Chemical) Equilibrium?

2
g o0 p<dp
n(T,p) = /

272 Jo expl(E; — p1;)/T] -

(N;) =V | nf™(T, n) + Y T pyinp(T, 1)
R

>4 N, >4
——

— Y]

direct Resonance decay

Two fitting parameters: T, Uy




Amazing Fit!

Plp MA E/E QQ i KIK' K/ pirKh o/ A/hT Z/hQ/r™10 = plp KK K/n p/me/h™*50
b —— PREEA

A A .

Yr STAR
PHENIX

0O PHOBOS

A BRAHMS

sn=130 GeV

Model re-fit with all data
T=176 MeV, u_ =41 MeV

\lsNN=200 GeV

Model prediction for
T=177 MeV, u, =29 MeV

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

T=177MeV, ug = 29 MeV
I::> Close to T, from lattice




Remarks on this Estimate

= Even e*e or pp data can be fitted well!
See, e.g., Becattini&Heinz('97)

= What is the meaning of fitting parameters?

See, e.g., Rischke(’02),Koch(’03)

= Why so close to T_?
> No chemical eq. in hadron phase!?
> Essentially dynamical problem!

0-u(z) @) 3 i(0ivij)p;

expansion rate reaction rate




Matter in (Kinetic) Equilibrium?

Kinetically equilibrated Kinetically equilibrated
matter at rest matter at finite velocity

=

Pyt Pyt

(R a=).
N2> NF—"p.

Isotropic distribution Lorentz-boosted distribution




Radial Flow

Kinetic equilibrium Blast wave model
inside matter (thermal+boost)

e.g. Sollfrank et al.("93)

. —— T=100MeV,v,=0.5
—— T=160MeV,v,=0.0
L —

Pressure gradient
=> Driving force of flow 1% ‘
: 0051152253354455
- Flow vector points to pr (GeVic)

radial direction

9




Spectral change is seen in AA!

e bty Power law in pp & dAu

\ - O.Barannikova, Q

Convex to Power law
in Au+Au

e “Consistent” with
thermal + boost
picture

eLarge pressure could
be built up in AA

collisions




Remarks on this Estimate

Not necessary to be thermalized completely
m Results from hadronic cascade models.

How is radial flow generated dynamically?
Finite radial flow even in pp collisions?

= (T,v;)~(140MeV,0.2)

= |s blast wave reliable quantitatively?

Consistency?
m Chi square minimum located a different point for f and W

Flow profile? Freezeout hypersurface? Sudden
freezeout?




Basic checks cleared

= Energy density can be well above e..
= Thermalized?

s “Temperature” can be extracted.

s Why freezeout happens so close to T.?

= High pressure can be built up.
= Completely equilibrated?

Importance of systematic study
based on dynamical framework




Major Discovery at

Relativistic Heavy
lon Collider (RHIC)




Hydrodynamics for QGP at Work
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Universe May Have Begun as Liquid, Not Gas

Associated Press
Tuesday, April 19, 2005; Page A05

New results from a particle collider suggest that the universe behaved like a

liquid 1n its earliest moments, not the fiery gas that was thought to have
pervaded the first microseconds of existence.

Early Universe was a liquid

Quark-gluon blob surprises particle physicists.

by Mark Peplow

news@nature.com

The Universe consisted of a perfect liquid in its first moments, according to
results from an atom-smashing experiment.

Scientists at the Relativistic Heavy Ion Collider (RHIC) at Brookhaven National
Laboratory on Long Island, New York, have spent five years searching for the
quark-gluon plasma that is thought to have filled our Universe in the first
microseconds of its existence. Most of them are now convinced they have found
it. But, strangely, it seems to be a liquid rather than the expected hot gas.




Ollitrault ("92)

What is Elliptic Flow?

How does the system respond to spatial anisotropy?

| No secondary interaction | V 4 | Hydro behavior |

A — OO N
A
>

e

Spatial Anisotropy

Interaction among
produced particles

OUTPUT ]
>

Momentum Anisotropy

27




Elliptic Flow in Kinetic Theory

Zhang-Gyulassy-Ko("99) ideal hydro limit

A

A — O :ldeal hydro

.. Treosueaming . o — 00 : strongly
b = 7.5fmj interacting
system

‘(generated through secondary collisions
saturated in the early stage
_sensitive to cross section (~1/m.f.p.~1/viscosity)




Arrival at Hydrodynamic Limit
yA

8= 17GeV _ >
HYDRO limits X

Sy, = 130 Gev ‘;T
ol
™

momentum anisotropy

spatial anisotropy
output

, — response
input

Experimental data reach
T T ey momy hydrodynamic limit curve
for the first time at RHIC.
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GP as Opaque QCD Matter
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REVIEW
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21 December 2001

Signs of the Quark-Gluon Plasma?

Researchers have seen the first clear
indicator of conventional matter dissolving

into free-roaming quarks and gluons, but they

will need to see several other signs before
they can be sure. The scientists collided
pairs of gold nuclei at high energies and
observed the particles that sprayed from the
impact point. They detected fewer particles
from the collisions than standard theory
predicts, suggesting that a tiny blob of
unbound quarks and gluons may have been
created. By combining this finding, reported
inthe 14 January print issue of PRL, with
many to come in the next few years,
researchers may be able to understand a
state of matter that hasn't existed since the
dawn of the Universe.

Quarks create everyday particles like
protons by sticking together in packets of
two's and three's, but there's no reason they
can't form larger associations. In theory,

Brookhaven National Laboraton#RHIC-PHENIX

QGP? The impact of two gold nuclei
ejected fewer particles at right angles from
the collision axis than standard theory
predicts. This is the first indicator of an
exotic state of matter, but much mare
evidence is needed to be sure it was
produced.

Perfect liguid is something like
a black ink in a sense of QED.




Jet Tomography

1. Suppression of
inclusive yields
at high p-

2. Modification
of back-to-back
correlation

Adopted from
http://www.lbl.gov/Science-Articles/Archive/sabl/2008/Feb/jets.html




Jet Quenching

medium

An energetic parton loses its energy by emitting
gluons during traversing medium.

eEmitted gluons also interact with medium.
e|nterference effect (LPM effect)

e Medium evolves dynamically.

Figure adopted from M. van Leeuwen, talk at QM2005.




High p; Spectra

‘Proton-proton collision ‘ ‘Nucleus-nucleus collision ‘

@)/'\Sjet

QGP?

f: Parton distribution function = A: Mass number

D: Fragmentation function f”: Parton distribution in a nucleus
D’: Modified fragmentation function




Perturbative QCD

pp>7OX a)

 JO— Leading order
9,4

9,9

E*d’s/dp’ (mb-GeV %c3)

2
2
9
<

Bp
KZ/fa(ﬂ?laQQ)dilflfb(iEz;QQ)dﬂiz
ab

(Data-QCD)/QCD

pr (GeV/c)

PHENIX data and
NLO QCD results




Figure adopted from http://www.star.bnl.gov/central/focus/highPt/

How to Quantify Jet Quenching

Nuclear modification factor

AN A4 /dprdn
<Ncoll>dep/ded77

Raa =

Yield scales with
NI

coll *

Yield suppresses?




Suppression of High pr Hadrons

R,.Vs.R_(n=0): centrality dependence

- TN = -

- AutAu 0-10% PH - ENIX - - d+Au0-20%

- Mcharged hadrons . - Mcharged hadrons
- ®neutral pions - L ®neutral pions

TN

PH TENIX prcleliminary:
4 6 8 10
p; (GeV/c)

Large suppression in central Au+Au collisions!
Slide adopted from D.d’Enterria, talk at QM2004.




Onset of Jet Quenchlng

dN?/dy = 400
dN?/dy = 800
dN¥/dy = 1400

P; (GeVlc)
D.d’Enterria, 0902.2011[nucl-ex]
(Almost) no jet quenching at SPS
Jet quenching was discovered for the first time

at RHIC.




Jet Accoplanarity

Trigger

Near-side jet
Away-side jet

Background

0 X2 x
A¢ (radians)

What happens to away side peak in
azimuthal angle distribution for
associated hadrons?

Figure adopted from
http://www.star.bnl.gov/central/focus/highPt/




Disappearance of Away-Side Peak

pr(assoc) > 2 GeVic

+ d+Au FTPC-Au
J, — p+p min. bias

pr(assoc) > 0.15 GeVic

Opp
N[<1.0 g Au+Au 5%

A ¢ (radians)

Away-side peak:

Exists in p+p and d+Au
collisions, but disappears
in Au+Au collisions

Where does the lost
energy go?

—> Distributed among
soft particles?

Figure adopted from http://www.star.bnl.gov/central/focus/highPt/




Split of Away-Side Peak

| 2.5-4 GeV/c x 2 -3 GeVic, All Charge |

3 007: #  Centrality: 0-10%

S« 0.065 A ®  Centrality: 30 - 40% x 0.33

- 005§ #  Centrality: 60 - 92% x 0.048
0.04f
0.03f
0.02f
o.o1 '

04~}

001

*Background subtracted

One away-side peak = Two peaks!?
Figure adopted from H. Blsching, talk at QM2005.




Mach-Cone in QGP?

(Sound veIOC|ty) < (Velocity of a high energy parton)
Information about sound velocity in the medium
—>Mach angle ~ 75 deg.

—> (Average) sound velocity c.2 < 0.1

- Very soft equation of state?




Near Side Jet Structure

Ridge structure in pseudorapidity direction (STAR)

T




J/psi suppression

ly|<0.35 systg
lyle[1.2,2.2] syst

(]

Hal

+12%
+7 %

(PHENIX)

Color Screening

Color Debye screening
(Matsui-Satz)

Lattice studies:

M.Asakawa and T.Hatsuda, PRL. 92, 012001 (2004)
A. Jakovac et al. PRD 75, 014506 (2007)
G.Aarts et al. arXiv:0705.2198 [hep-lat]. (Full QCD)




Spectral Change of Hadrons?

'O min. bias Au+Au at\[s, = 200 GeV

'. e DATA w0 - yee JW — ee
1028 <035 ¥ ee

& / ) cC — ee (PYTHIA
4 pr>02GeVic \ . )

=+ cC — ee (random correlation)

® — ee & lee
— 0 > ee &nee

Mass shift?
Broadening of peak?
Other mechanism?

L
O
Z
l_
o
L
®]
O
<
a
pd
w
T
a
=
S
®
Q
o~
S
8
=
-
z
©
3
<

(PHENIX)




Other Probes

o tost ooour it [ Rare particles

Induced

womp at the RHIC energies

g: fast colour octet 199 radiation d
‘ 0. d
w% oy | eheavy quarks
;

triplet

loss ?

singlet/octet

QQ: slow colour %/E' - } I ® q u a rko n Ia
ec

Y*: colourless

ephotons
— TRl < .
v:colourless ~  _ Controls o d I- I e pto n S e

i

QCD medium

Figure adopted from Rare prObeS WI” be
D.d’Enterria, 0902.2011[nucl-ex] important at LHC




New Results

at LHC




Multiplicity

e © Pb-Pb 2.76 TeV ALICE

(o ¢]
h |
IIII|IIII|IIII|IIII|\II
=
0.2 TeV
part>/2)
©

=i
-
-
0
2
1
[o2]

Siwy
|I~LI\I|IIII|IIII|IIII|II

¢¢¢¢¢
¢¢$

W

(ANg/d/((N_)/2)

N2) \Sgq=2T6TeV

£#¢

a
R

part
(2]

N
(dN,,/dn)/(C N

— + + HUING 2.0 (sg=0.23) [11]

— HWING 2.0 (sg=0.20) [11]

- == Armesto et al. [12]
Kharzeev et al. [13]
Albacete et al. [14

1 1 1 1 1 1 1

> Pb=Pb 2.76 TeV ALICE 0 Au-Au 0.2 TeV

* pp NSD 2.76 TeV
- pp Inel 2.76 TeV

T TT
—o—

=
=
©
3
=
o
S

S
°|1|

I 1 | 1 1 1 1 | 1 1
100 200

One data point kills most of models

ALICE, arXiv:1011.3916, arXiv:1012.1657




Elliptic Flow

0 05 1 15 2 25 3 35 4 45 5
pt(GeV/c)

Almost identical
to RHIC!?

o
v,{4}
v,{4} (same charge)
v,{q-dist}
a V{LYZ}
v,{EP}STAR
v{LYZ}STAR
40 50 60 70 80 90

centrality percentile

~30% increase
from RHIC to LHC

ALICE, arXiv:1011.3914




Jet Quenching

Pb-Pb \[Sgy=2.76 TeV ©0-5%  Pb-Pb\Sg=276TeV

—— scaled pp reference
* 0-5%
70-80%

- e T
SPETED S hY X L
P

High pT hadrons are suppressed again!




QGP in pp collisions!?

(a) CMS MinBias, pT>0.1GeV:‘c (b) CMS MinBias, 1.0GeV."C<pT<3.OGeV."c

Ridge in pp
collisions!?

CMS,JHEP09(2010)091




Understanding of Full Evolution
at LHC Era

m After some initial time, space-time evolution
of created matter is described by
hydrodynamics reasonably well.

= What happens at first contact? (Or how does
the hadron/nucleus look at very high energy?)

= If we would know the particle/entropy

production at first contact, how does the QCD
matter under local equilibrium form?




Parton Distribution in Proton
at Small x

eGluons are dominant at
small x.

eSmall x = High energy
eHadron/Nucleus as a
bunch of gluons at high
energy

Bjorken x ™~ Fraction of longitudinal momentum in

proton
Kinematics in gg—=> g

e pT Ty
1,2 = —=€

/5




Interplay btw. Emission and

Recombination at Small x
Linear effect (BFKL

Figures adopted from
E.lancu and R.Venugopalan, in Quark Gluon Plasma 3 (world scientific)




Non-Linear Evolution and
Color Glass Condensate (CGC)

small x %
high energy

*More sophisticated equation (BK or JIMWLK) e R
based on QCD has been solved. K.Itakura, talk at Q\M2005.




“Phase Diagram” of hadrons

eSome evidences exist.
e Test of CGC at LHC

eHow to describe
perturbative CGC to
non-perturbative QGP?
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Onset of CGC in d+Au Collisions
at RHIC

midrapidity _ forward rapidity

F n=0

: T]:_‘._ ll

.Kharzeev et al., PRD68,094013(’03).  H.Fuijii, talk at RCNP workshop(’'07)




Summary

= An almost perfect fluid and opaque QCD
matter is created at RHIC for the first time.

m Concept of strongly interacting quark-gluon many
body system is established.

= Toward comprehensive understanding of the
collision as a whole and the QGP at LHC

m CGC is the key concept at ultrarelativistic energy.

= Some exotic phenomena are anticipated.

m Something like perfect fluidity or shock wave
(Mach cone) at RHIC




