An introduction to high energy
heavy ion physics
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Matter
particles
All ordinary
particles
belong to
this group

These

particles
existed just
after the

Big Bang.
Now they are
found only

in COSMIC
rays and
accclerators

Force
particles
These
particles
transmit the
four
fundamental
forces

of nature
although
gravitons
have so far
not been
discovered

Electron

Proton

in 1975

test of eleciroweak theory

Nucleus Neutron
LEPTONS QUARKS

Electron neutrino

Particle with no electric

charge, and possibly no mass; 0

bilkons fly through your body

every second
Z | Muon Muon neutrino
! A heavier relative of the Created along with muons

electron; it lves for two- when some particles docay °

§ milionths of a second
= | Tau Tau neutrino Top
! Heavier still; it is extremely not yet discovered but Heawer stil Heawver still, measunng
E unsiable. It was discovered behbeved to exst 0 bottom quarks is an important
-

Gluons
Carriers of the
strong force
between quarks

Feit by:
quearkas

The explosive release of nuclear
energy is the result of the strong force
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Photons

Particles that

make up light; r
they camy the g

eleclromagnetic

*

f .!
force
o\
\ 3
0 Felt by. Felt by:
quarks and leptons

quarks and charged leptons

Electricity, magnetism and chemistry
are all the results of electro-magnetic
force
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Intermediate
vector bosons “
Carriers of the
weak force

Some forms of radio-activity are the
result of the weak force

Gravitons
Carriers of
gravity

All the weight we experience is the
result of the gravitational force

PETER CROWTHER
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Quantum Chromo Dynamics (QCD)

3 color charges green Hadrons
blue)

Hadrons have to be colorless
Baryons have all 3 colors

Mesons has a color and an
anti-color
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QCD potential

Gluons carries color U

Coulomb Potential

\!(r) [a.u.]
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QCD & Confinement

1 The strong interaction potential
— Compare the potential of the strong & e.m. interaction

C C ’
Vv =& =-—+ kr c,c , k constants

em S

4 r

— Confining term arises due to the self-interaction property
of the colour field. k~1GeV/fm

o o

a) QED or QCD (r < 1fm)

|A

I <
q,* 90,
b) QCD (r > 1 fm)
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Exercise: How big is k?

1 k=1GeV/fm

8 What force does that correspond to in kilograms?
— mg=1 GeV/fm => m=?
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Consequences of 10 ton force!

1 This is why QCD is also called the strong interaction
— QCD can bind together quarks even though they are EM repulsed

1 QCD is for low energies non-perturbative
— We know the theory but we cannot solve it!
— We don't know how to describe hadronic properties with QCD

i But at high energies (small distances << 1 fm) we can use
perturbative QCD

1 |dea: Can we create high energy matter where the quarks
and gluons are the fundamental degrees of freedom

— This is also the phase of matter in the universe around 1 micro
second after the big bang!

— It is first after this time that quarks and gluons “crystallize” into
hadrons
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Schematic QCD phase diagram

2nd order
(crossover) Quarks and Gluons
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1 At high temparures and/or energy densities
we expect a phase transition to a phase
where the quarks and gluons are deconfined:
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Lattice QCD results

(Numerical non-perturbative)
QCD energy denisty Heavy quark potential

?. iii‘!ﬂ-i

*- qan "W T &k & 30 E ]
I.J aoh ¥
3 flavour i e marame &
#‘ 27 gamw aal
2 flavour H:. »
.ﬂlr guE =g d BAw dnd WA S AEE =
T, = (173 +/- 15) MeV *‘ .
iy .'-.#. BEF Wy EA S HEEF =

e, ~ 0.7 GeV/fm® 00

At T~Tc the
strong
potential is
screened so
e.g. c+c-bar
states can
disaSSOCiate. Color Screening
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Exercise: What is the high
energy limit of QCD?

2
TT

fecn ™3

000450005

Bosonic degrees Fermionic degrees
of freedom (gluons) of freedom (quarks)

T4
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Answer:

2
€op= = 2X8+L2x2x3x3| T
30 : 3
Gluon spin and color T

(Anti+)quark spin, color and flavor

This suggests that the
Quark Gluon Plasma
should behave as a

3 flavour

2 flavour gas of quarks and

|
| T, = (173 +/- 15) MeV 9|UOI‘IS-
e ~0.7 GeV/fm®

C
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Heavy ion collisions:
The study of high energy QCD

The evolution of a heavy ion collision

hadronic phase

hvdrod QGP and ) and freeze-out
initial state ydrodynamic expansion -

pre-equilibrium hadronization

1 By colliding heavy ions it is possible to create a large
(»1fm?3) zone of hot and dense QCD matter

1 Goal Is to create and study the properties of the Quark
Gluon Plasma

1 Experimentally only the final state particles are observed,
so the conclusions have to be inferred via models
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3 Accelerators to produce the
high energy beams

— Relativistic Heavy lon Collider
at Brookhaven National
Laboratory (outside new York)

— Large Hadron Collider at
CERN (near Geneva)

21 Experiments to detect and
reconstruct the final state
particles

— PHENIX and STAR at the
Relativistic Heavy lon Collider

— ATLAS and ALICE at the
Large Hadron Collide
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Heavy Ion Jargon

1 Centrality (ex. for Au+Au):

 Spectators

Binary collisions

L

| —

Par upaﬁf_
so ft)

1 . . * Spectators

- Spectators

Participants Spectators

10 12
pact Parameter

1 The total energy is proportional to the participant

1 The number of parton-parton (quark-quark, quark-gluon,
gluon-gluon) is proportional to the binary collisions

1 Example:

6 participant
9999 8binary collisions
(pp has 2 participant and 1 binary collision)

«

]
v
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Event

From real-time Level 3 display.

color code J energy loss




Event

From real-time Level 3 display.




Event

From real-time Level 3 display.




Charged Particle Multiphcity
dN/dn

Au+Aun @ JSNN =200 GeV Accordlng to B-lorken
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Estimate the energy density, assume <Et>~0.5GeV,
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“Measured” initial energy
density

Bjorkens hydrodynamic formula for thermalized energy density
in terms of measured transverse energy ET
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Break

1 Please take 1 minute to write down
on a piece of paper what the
muddiest point so far has been
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Short recap

We want to prove that the matter formed in heavy ion
collisions is the expected Quark Gluon Plasma predicted
by theory

— a high energy gas/phase of quarks and gluons

Problem: We have to derive this from the final state
particles that are emitted after the system has cooled of

We have shown that the energy density derived from the
charged particle density is larger than the energy density
required from QCD numerical simulations

We want now to show that the matter formed is strongly
Interacting and that it shows quark and gluon degrees of
freedom
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Elliptic flow (v2)
umque in heavy ion collisions

Fourier decomposition:
dN/d@p =1+ 2 V,cos(2 Ag)

Centrality 2D - 25 (%) Centrality 40 - 45 (%)

>Hago

)
(4]
—
°
<
a

=lsgyp

{apea) 62

Initial
spatial pressure
anisotropy gradients

Sen5|t|V|ty to
- mmd  carly expansion
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Elliptic flow exercise(s)

1 Why is the elliptic flow
sensitive to early
interactions after the hot
and dense matter has
been formed?

— Hint: The individual nucleon-
nucleon collisions don't
know the event plane

1 Bonus question: Why Is
the flow generated in the
event plane and not
transverse to that

— Hint: Think of the matter
density contours
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1 Each nucleon-nucleon
Interaction produces on
average a spherical
symmetric distribution.
Only by interacting elliptic
flow Is generated

Zhang, Gyulassy, Ko, Phys.
Lett. B455 (1999) 45

= Flow is strongest in the
i event plane because of the
stronger matter gradient

— hydrodynamic explanation

SCIENCE Vol: 298
2179 (2002)

t (fm/c)
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Elliptic flow at RHIC is
“Maximal”

25 30

(1/S) dN _,_/dy

I Relativistic hydrodynamic predicts elliptic flow

— The high energy medium interacts very strongly immediately after
being formed

— Medium does not behave as a gas, but an almost perfect fluid!
I Question: Where is QCD dynamics?
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Hard probes (nQCD):
parton-parton interactions

Puaysica
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Heavy Ion Jargon Revisited

1 Centrality (ex. for Au+Au):

 Spectators

Binary collisions

L

| —

Par upaﬁf_
so ft)

1 . . * Spectators

- Spectators

10 12
pact Parameter

1 parton-parton collisions are proportional to binary
collisions

1 Exercise: Why is the number of binary collisions in central
collisions proportional to A43 while the number of
participants is A?

— Hint: What is the average amount of nuclear matter

covered in the “target” nuclei?
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The nuclear modification factor
),

~ d°NYdp.dy
(N d*N™1d p,dy

7° 80-92% Central ——
PHENIX preliminary PH ENIX

n0 spectra:
L}

min.bias x 2

10 12 14 16 18 20
p (GeVic)

—
PH. ENIX @)

E PHENIX Data

7® 0-5% Central
—EKKPFF

——
PHENIX preliminary PH - ENIX

é#,

,......"‘“.#.H%*?j++% +
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ntroduction to High Energy Heavy lon Physics
10.3.2008 P. Christiansen (Lund) 25

10 12 14 16 18 20
p (GeV/c)



The nuclear modification factor
for pions (2/2)

0 80-92% Central . " F 7°0-5% Central -
PHENIX preliminary PH- ENIX ’ PHENIX preliminary PH ENIX

.“.-i---'-oij?é*iié§i

8 10 12 14 16 18 20 8 10 12 14 16 18 20
b (GeV/c) b (GeV/c)

1 In central collisions we observe only 20% of the remnants
from parton-parton collisions that we expected to observe!

I What happens to the rest?
— They loose energy as they go through the high energy matter!
— This is the QCD signature we looked for!

1 But first let us consider other alternatives!
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Could the binary
scaling be wrong?

Au+Au\[s,,, = 200GeV, 0-10%
Source of direct photons

PH. ENIX PHENIX preliminary
70
+']]

-=dir. photon
i I .
fh}h} .'-"}J 3 -

Annihilation Compton Scattering

%, - | +
e 5*.--;-.;--%.-&:‘“? §§*§§+

18
pT{GeVie)

1 Direct photons does not interact with final state hadronic
matter!

1 Direct photons shows no nuclear modification and therefore
confirm binary scaling of hard processes!

Introduction to High Energy Heavy lon Physics
10.3.2008 P. Christiansen (Lund) 30



10.3.2008

Could it be an initial state
effects? Aut+Au vs d+Au

Au+Au 200GeV

B h*+h 70-80% /N+N [J n° 70-80% /N+N

d+Au 200GeV = h*+h 60-88%/ N+N
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Could it be an initial state
effects? Aut+Au vs d+Au

Au+Au 200GeV

B h*+h 40-50% /N+N [J n° 40-50% / N+N

d+Au 200GeV = h*+h 40-60%/ N+N
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Could it be an initial state
effects? Aut+Au vs d+Au

Au+Au 200GeV

B h*+h 20-30% /N+N [J n° 20-30% / N+N

d+Au 200GeV = h*+h 20-40%/ N+N
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Could it be an initial state
effects? Aut+Au vs d+Au

Au+Au 200GeV

B h*+h 0-10% /N+N [J n°0-10% /N+N

]
ﬁu'

Il
o
]

d+Au 200GeV = h*+h 0-20%/N+N

P\ _of
T Vel
| Al
,’:2 /’ .

\ 0 y
29°¢ 90
‘@2 > )

LA 4

a2 00
So it must be a final state effect!
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The suppression is due to
energy loss in the medium

Side view Most jets Back view

“1/ are P .
eV d Trigger
>« create

back to Associated
back! particles

— p+p min. bias

* Au+Au Peripheral ~STAR

1IN, dN/d(Ad)

4 < p,(trig) < 6 GeV/c JEEEIHS IR IrAclAY]d
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The suppression is due to
energy loss in the medium

Side view Most jets Back view
X1/ are T Trigger
i created 99
back to
back!

— p+p min. bias

A large
energy loss
requires a
QCD
interacting
medium, i.e.,
a colored
medium!

* Au+Au Central

1IN, dN/d(Ad)

4 < p,(trig) < 6 GeV/c RIS IR IpA I\l
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Aut+Au vs d+Au

Hot vs cold nuclear matter

All 4 &
experiments &
published
together in
PRL:

4« d+Au (MB) n=0

e AutAu (0-10%)

Nuclear Modification Factor

.« d+Au FTPC-AU 0-20% No suppression seen in d+Au
. —pspmin bias Ay — Quarks and gluons loose/radiate
energy as they interact with the
colored quarks and gluons of the
created matter.
This suggests that the quark gluon
plasma has been discovered!

1/Nqoger AN/A(AO)
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Summary:

Hard experimental work at RHIC has lead to the conclusion
that a Quark Gluon Plasma is most likely produced in
central collisions of gold on gold! BUT

Theoretical models are not very constrained by the data as
they use many phenomenological inputs

— New excitement: Can string theory describe non-
perturbative QCD?

Many observations suggests that the picture is more
complicated (Quark Gluon Plasma is not like we expected)

— Particularly heavy quark data challenges many models

One expects that all these effects should grow as one goes
up in energy

What will we see at LHC?!
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