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Introduction to Heavy-lon Physics

In ultra-relativistic heavy-ion collisions, a saturated partonic state
(Color Glass Condensate, CGC) is created.

Instantly, the CGC involves into a locally equilibrated strongly
coupled plasma of quarks and gluons (sQGP).

The sQGP, with a temperature above 200MeV and the quantum
numbers of the vacuum, undergoes a pressure driven expansion
characteristic of an ideal liquid, before hadronizing at a cross-
over temperature of about [70MeV.

Transport properties of the sQGP like viscosity and parton
energy loss parameters, can be estimated analytically using string
theory and the AdS/CFT correspondence.

Introduction to Heavy-lon Physics

In ultra-relativistic heavy-ion collisions, a saturated partonic state
(Color Glass Condensate, CGC) is created.

Instantly, the CGC involves into a locally equilibrated strongly
coupled plasma of quarks and gluons (sQGP).

The sQGP, with a temperature above 200MeV and the quantum
numbers of the vacuum, undergoes a pressure driven expansion
characteristic of an ideal liquid, before hadronizing at a cross-
over temperature of about 170MeV.

Transport properties of the sQGP like viscosity and parton

energy loss parameters, can be estimated analytically using string
theory and the AdS/CFT correspondence.

Au+Au Collision at RHIC

197 x (100GeV + 100 GeV) in center of mass

Y =100 y = 100
.

| GeV = mass of proton
Ifm (Fermi) =10"'"*m = radius
of proton

approx. 6] of kinetic energy




Au+Au Collision at RHIC Au+Au Collision at RHIC

Trajectories of particles
produced in a collision of
two Gold nuclei at RHIC, |
seen by the STAR de(ec[cr"

N.B.This picture is of course not
QCD matter, but a Hubble picture
of Nebula MI-67

80% of kinetic energy is converted Out of the fireball

to shortlived “Fireball thousands of particles emerge

Fireball proper lifetime At = [0-15fm/c = 5x10% s

Strong interaction Strong interaction

A collision of two protons A collision of two protons

. (or more generally two hadrons) . (or more generally two hadrons)

at high energies at high energies

Proton Proton

Q:What will be the reaction products? Q:What will be the reaction products?

1950s - 1960s 1950s - 1960s

4o
SEALN

A: The reaction produces more hadrons




Strong interaction

...if we look ...

into the first 0.0001 sec of cosmic history when
the temperature was above 10'2K we encounter

problems of a difficulty beyond the range of

modern statistical mechanics. At such

temperatures...strongly interacting particles will
be in a state of continual mutual interaction, and

cannot reasonably be expected to obey any

simple equation of state

Proton
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Steven Weinberg (1972)
(from FWilczek, hep-th/9609099)

Quantum ChromoDynamics (QCD)

Quarks spin = 172

Quantum gauge theory (early 1970%)
Electric
charge

— Point-like fermions (Quarks)
— Massless bosons (Gluons)

QCD particles carry ‘Color’ charge: red, green, blue
Quarks carry fractional (£1/3, £2/3) electric charge

larce carriers

However, observed particles are Hadrons (no net color) B 00 1 3
Baryons made of 3 quarks (e.g. proton) L) CLO8
e Mass  Electric
Gevic?  charge

Mesons made of quark + anti-quark (e.g. pion) - B
glllﬂﬂ Q

Quarks

Strong interaction

late 1960’s

At high energies, electrons appear to
scatter of pointlike, quasi-free Photon

particles inside proton
1990 Nobel Prize to
Jerry Friedman (MIT),
Henry Kendall (MIT),
Richard Taylor (SLAC)

Paradox:
Weakly bound proton constituents can be seen in high-energy scattering,
but can not be liberated even in most violent collisions

QED vs QCD

q

This looks rather similar. Making free electrons is easy.
Why can’t one make free quarks?
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“Polarization of the
Vacuum”
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Vacuum fluctuations (e.g. e*e” pairs) P = : Gluons (unlike photons) carry
screen electric charge | (color-) charge
Electric charge appears stronger at Contribution of Glyons (Spin 1)
smaller distance 02 ! to vacuum .fluctuamor'ls leads to
(e.g & = 1/128 at 90GeV) Tt anti-screening

Color charge appears smaller at

smaller distance (higher

momentum interactions)

“Asymptotic Freedom”




High Momentum: 10 GeV Low Momentum: 0.2 GeV High Momentum: 10 GeV
Large Distance: |fm Small Distance: 0.01 fm

Small Distance: 0.01 fm
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Momentum Scale

Low Momentum: 0.2 GeV
Large Distance: |fm
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In high energy physics...
we distribute a higher and higher
amount of energy into a region of

with smaller and smaller size
Superdense Matter: Neutrons or Asymptotically Free Quarks?

J. Collins and M. J. Perry
al Physics, Univevsity of Cavbridge,

...to study the question of “vacuum”,
we must turn to a different direction;
we should investigate different Department of Applicd Mathemati
5. England
o ¥ 1975)
: k model implies that superdense matter (found

ck holes, and the €) consists
the interact w

phenomena by distributing high
energy over a relatively large volume”
y a Bjorken scaling s that Ly
ry allows realistic caleulations taking full account of

TD Lee, 1975

First experiments started in the mid-80’s at

High Momentum: 10 GeV
Brookhaven (Long Island) and CERN (Geneva)

Low Momentum: 0.2 GeV
Small Distance: 0.01 fm

Large Distance: |fm

<€
A Gluon

G Proton
_)
What we expected to find (since early 1980’):

Momentum Scale

QD macar o bl peare If we were to heat the
of Nebula M1-67
world to a temperature of a
few hundred MeV, hadrons would melt
into a plasma of liberated quarks and
gluons
(D. Gross, 1998)

Bulk * Matter at
high temperature




QCD Matter at high Temperature QCD Matter at high T and Density

John Negele’s Blue Gene
Supercomputer
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RHIC

Critical point?

Quarks and Gluons
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Temperature T [MeV]

Numerical Calculations:
at high T Color Super-
Deconfinement: Teritical ~ 170 MeV ~ 2x10'2K Neutron stars  conductor?

Energy density ~ 0.7 GeV/fm?

Nuclei Net Baryon Density

RHIC events contain almost as much anti-matter and matter ( p/p = 0.8)
5 x nuclear matter density! RHIC explores cross-over region of phase diagram

AIP Top Physics Story, Dec 2005 Heavy lon Experiments at RHIC

1931-2006
AMERICAN INSTITUTE Gk PHYSICS
75 Years of Service

FRYSICSINCWS|Upaate
The AIP Bulletin of Physics News \ Superconducting collider
Article Tools. Number 757 #1, December 7, 2005 by Phil Schewe and Ben Stein ) g s

@ Enlarge text

N . w RHIC . 3.8km circumference

2o " The Top Physics Stories for 2005 = ’ X X

& 3 i First beams in June 2000
At the Relativistic Heavy Ion Collider (RHIC) on Long Island, the four large g h 2k 8 —alT

Subscribe detector groups agreed, for the first time, on a consensus interpretation of

# e ) g : :p+p, d+
several year’s worth of high-energy ion collisions: the fireball made in these g g p : 6 Runs. P Pv d ALI,

collisions -- a sort of stand-in for the primordial universe only a few iy 2 3 <

microseconds after the big bang -- was not a gas of weakly interacting CU+CU, Au+tAu
quarks and gluons as earlier expected, but something more like a liquid of / » i =

strongly interacting quarks and gluons (PNU 728).

. 3 : 4 Experiments:
“...the fireball made in these [heavy-ion] , g 1 PHENIX, STAR (big)

. . . . , -. BRAHMS, PHOBOS (small)
collisions...was not a gas of weakly interacting s L) :
quarks and gluons as earlier expected, but
something more like a liquid...”

CMS energy (GeV) per nucleon-nucleon pair!

E increase
based on Whitepapers by BRAHMS, PHENIX,

PHOBOS and STAR collaborations at RHIC y range




Heavy lon Experiments at RHIC and LHC Anatomy of a Heavy lon Detector

STAR Detector

Silicon Vertex
Coils Magnet ~Iracke

E-M
/,'/Ca]orimeter
Time Projection

—~— Chamber

—Time Of
Flight

CMS Energy (GeV)

tronics
tforms.

Ta
E increase
Y range

7 Forward Time Projection Chamber

3 flavour

2 flavour




Heavy lon Collision

What we see:
“Ashes” of the Medium

Collision Geometry

Anatomy of a Heavy lon Collision

Spectator Calorimetry
Fraction x-section Particle Ratios
Reaction Plane Elliptic Flow Particle Yields
Geometry Thermalization Hadronization

Entropy Production Hydro Evolution Kinetic Freezeout
Energy Deposition Elliptic Flow Overall Timescale
Multiplicity Radial Flow Spectra
E; Calorimetry Spectra HBT
Net Baryon Distribution HBT

Collision Geometry and Centrality

Spectators

UrQMD
visualization

o e w
——dogiae
L
Participants
Spectators

Use # of participants (“Npart”) to characterize
collision centrality (impact parameter)




“Soft” and “Hard” Physics

T

o
Ginel=42 mb
(RHIC) o

Ginel=33 mb
(SPS)

Oinef=2| mb
(low AGS)

PHOBOS Glauber MC

G 1 L L 1

0 100 200 300 400
N

part

Use centrality to change Volume,
but also collisions/nucleon

Npart/2 = # of participating nucleons:

Point-like ‘
’ W

Ncoll = # of NN collisions:

“Soft” and “Hard” Physics

Drees, QM ‘01

172z 1/p, dN/dp, (mb GeV/c)®

power law fit

— interpolation to 130 GeV-._

1 2 3 4 5 6
p, (GeVic)

Measuring Centrality

The collision geometry (i.e. the impact parameter) determines
the number of nucleons that participate in the collision

Zero-degree
Calorimeter

Many things scale with N,,,;:
+ Transverse Energy
« Particle Multiplicity
* Particle Spectra




Measuring “Centrality”

Tight cuts on geometry ' ‘
difficult with RHIC ZCAL Bin data in
(only neutrons) Multiplicity

A few definitions

1000 2000 1000 2000
Paddle Mean (arb units) Paddle Mean (arb units)

(e} (d)

Multiplicity
monotonic

with Npa e

Glauber MC: Fractional x-section to Npart

Rapidity Angular D butio
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Pseudorapidity n

n.b.: 'm going to ignore the difference
between rapidity and pseudorapidity




Rapidity vs Pseudo-Rapidity

200 GeV Au+Au

dN dN ey

=p
dndp, dydp

n=-Intan6/2

Interlude:
Some results from p+p
and p+A

Things to remember

® Characterize centrality by number of
participants Npart (~Volume) or number of
collisions

® Use rapidity to describe longitudinal phase
space

® Approximate rapidity with pseudo-rapidity
(not identical')

Pcaiida-Raniditrv Dictrihiitinne in n+n

] T e e

I NSD p+p(p+p) - h* -

B % CDF v§=1800 GeV |
O UAS v3=900 GeV —|
X UA5 V5=540 GeV
© UAS v5=200 GeV

[ & UA5 vS§=53 GeV(pp) |




Centrality Dependence in pt+A

c Nt ) 100 Gev/e
Fermi National Accelerator Laboratory {
AE 50 Gavie
2.5 + * B
FERNILAB-PUR-19/41-EXE R
7e
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AN EXPERTNENTAL STUDY OF NULTIPABTICLE PRODUCTION 1 p R
18 BADBON-NDCLEVS INTERACTIONS AT HIGH ENESGY "

Npart Scaling in d+Au

PHOBOS nucl-ex/040902 T R T T
T T T T T T T PHOBOS nucl-ex/0409021

d+ Au * 0-20%

200 GeV ° 20-40%
= 40-60%
= 60-80%
+ 80-100%

Min-bias

d+Au 200 GeV 4

Npart Scaling in d+Au

® 200 GeVd+Au

O 200 GeV d + Au Min-Bias
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Limiting Fragmentation

Alner et al. £, Phys ©33, 1 (1986) ppinel
Thome et al, NFB123, 365 (1577) pp inel

< 236 GeV

+ 308 "
452 "

T 532

Particle production in restframe of one of the
colliding particles



Limiting Fragmentation in d+Au “Baryon-Stopping” in p+p and p+A

1 Net P ptp: xg distribution flat:
L t t e
S o 2) 50% energy loss

Iperint

p+Pb cen

" -

4 85 01204 20 2 Defines available energy for particle production

Leading Particle Effect pQCD Prediction of total multiplicity
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Perturbative QCD can predict energy dependence of
total multiplicity. Non-perturbative transition from
partons to hadrons hidden in fragmentation functons

eff

Subtract energy of leading protons to define effective energy




Things to remember

In p+p collisions, about 50% of the energy
available for particle production

Available Energy

® |n pt+A, total hadron multiplicity scales like :

Npart * pp (same energy)

® Both p+p and p+A show limiting
fragmentation scaling vs energy

Net Baryon Distributions

Nuclear Stopping in AutAu Callisiors at /37 = 200 GeY
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Things to remember

y loss <8 y>

Rapidit;

In A+A collisions, about 70-80% of the
energy available for particle production

® Stopping in A+A comparable to expectations
from p+A

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

Hadron Multiplicities

Charged particle multiplicity near mid-rapidity in central Au+Au collisiors
at 5= 568 and 130 AGEV
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Particle Density near Mid-Rapidity dN/dn@n=0

Models prior to RHIC

PHOBOS Whitepaper

Lexus
® PHOBOS

O NA49 (SPS)

& EB95EBBSEYT (AGS)

LT

-+ | 1

Au+Au
200Gey ™

1000 1500

10 100
p s
dN, dy VE, (GeY)

Oct 2004
Manifestation of Parton Saturation?

c.f. Blaizot, McLerran,Venugopalan, Kovchegov

Parton Saturation Mid-rapidity Multiplicity vs Centrality
_I < r] < | Compilation: Sasha Milow/QM04

Gluon density in proton Idea(S):
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o PHENIX

Entropy is not “created” but
SR “‘liberated” from gluon distributions
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dN,,/dr/(0.5N,)
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Gluon density increases with x, Q? 1 - te o

BUT: Gluons interact, limiting growth oy, ros oov '
of gluon densities: Saturation i i + %ﬁ% 4o als el

PHENIX Preliminary PHENIX Preliminary
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Low energy High energy

Fraction of momentum carried
by gluon




Mid-rapidity dN/dn vs \'s and N dN/dn vs Vs and N,
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Factorization in a hard/soft picture?




Factorization of transverse dynamics?
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Limiting Fragmentation Limiting Fragmentation cntd

BRAHMS
o 0-5% Au+Au, \S =130 Gev

o 0-5% Au+Au, \S\.\. 200 Gev

30-40% Au+Au, NS 200 Gev

A 9.4% Pb+Pb, \S, =17 Gev

PHOBOS PRL 91,052303 (2003)

| b) 0-6%

BRAHMS PRL 88,202301 (2002)

Particle production in restframe of one of the nuclei



Limiting Fragmentation vs Centrality Total Multiplicity {Nch) inAu+Au
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550 charged particles per unit rapidity

5
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Collision energy

RHIC delivered first collisions on June 12th, 2000
PHOBOS submitted first paper July 19th, 2000

Transverse

Longitudinal

Beam . Beam

Use “energy flow” from
longitudinal (=beam) to transverse direction
to estimate energy/volume

1000 particles x 0.5 GeV/particle

= 3GeV/fm3

X (7 fm)2* | fm

Much larger than €cric = 0.7 GeV/fm3

But: Equilibration?

Things to remember

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 (=0, vs pT|
vs n)

Parton saturation?

But:
Correspondence of multiplicity in A+A vs e+e- vs p+p (1/2Vs)

Everything points to early (initial) determination of
multiplicity distributions



