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HIC experimental programs

e Past Programs: SIS/LBL,AGS/BNL, SPS/CERN
* Present Programs:

I) RHIC/BNL (2000-On): Au-Au @ 200 GeV (also p+p, d+Au, Ca-Ca and lower energies):
Discovery machine: First evidence for a new new, strongly interacting state of matter: a “perfect fluid”
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2) LHC/CERN (2010-On) : Pb-Pb @ 2.76 TeV (also p+p @ 2.76 TeV and p+Pb @ 5 TeV)

Confirmation & Precision machine: quantitative description of the thermal properties of the QGP

- | month of running per year starting Nov ’| 0
- | dedicated experiment: ALICE (U. Santiago). CMS and ATLAS also involved in data taking/analysis

- So far, excellent accelerator and detectors performances: Data collected ~ 0.15 nb-!
- 2013: p+Pb collisions @ 5 TeV (LHCb also joining!)
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LHC experiments bring new insight into primordial
universe
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Goal of HIC experiments: Study hot and dense QCD matter

- QCD physics: understanding the QCD vacuum, confinement and chiral symmetry.

w- Field theory: Emergence of macroscopic (thermal) phenomena from fundamental
gauge theories

m~ Cosmology: Reproduce in the laboratory conditions ~10ys after the Big Bang



Microscopic theory = Quantum Chromodynamics
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Strong interactions are responsible for 99% of (visible) matter in the Universe

Electromagnetism

Microscopic theory: QED (p, e, V)

Macroscopic, collective behavior:

* Phase transitions: gas, solid, fluid,
superfluid ...

* Condensed / solid state physics:
Insulators, semi-conductors,
ferromagnets, glasses ...

* Chemistry ... industry

Strong interactions
Microscopic theory: QCD

(quarks, gluons)

Macroscopic, collective behavior:

?



Strong interactions are responsible for 99% of (visible) matter in the Universe

Electromagnetism

Microscopic theory: QED (p, e, V)

Macroscopic, collective behavior:

* Phase transitions: gas, solid, fluid,
superfluid ...

* Condensed / solid state physics:
Insulators, semi-conductors,
ferromagnets, glasses ...

* Chemistry ... industry

Strong interactions

Microscopic theory: QCD
(quarks, gluons)

Macroscopic, collective behavior:

* What are the phases of QCD ?

* Is a color-chemistry possible?
* Are there color-superconductors?
* Color-industry?

Study of QCD matter
at high density or temperature



Properties of QCD:

* Asymptotic freedom: The strength of the interaction is smaller at short distances
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Properties of QCD:

* Asymptotic freedom: The strength of the interaction is smaller at short distances

* Confinement: Quarks and gluons are not observed as free states. They are confined
in color singlet states, hadrons.
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Properties of QCD:

* Asymptotic freedom: The strength of the interaction is smaller at short distances

* Confinement: Quarks and gluons are not observed as free states. They are confined
in color singlet states, hadrons. Y

@ mesons (q3) baryons (qqq)
T K, p... p,n, N's...

- Would a high-temperature (density) QCD system allow (quasi)free quarks and
gluons, i.e a Quark Gluon Plasma?
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* The entropy, energy density or pressure of a an ideal (non-interacting) gas are
proportional to the # d.o.f: (

Pion gas

R
QGP .

7
dqqg:dg+§dqq:2s'(Ng—1)+§'2q(—1'25°Nf'Nc:37(fOI'Nf:2)




Pion
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Results from Lattice QCD:

* The entropy, energy density or pressure of a an ideal (non-interacting) gas are
proportional to the # d.o.f: ( s e p
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* Explosion of degrees of freedom
aroundT= 150 - 180 MeV

* Is there a phase transition around
that temperature?
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Results from Lattice QCD:

* The string in potential models "melts at high temperatures :
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Phase diagram and broken symmetries

* Phase transitions of thermodynamical systems can be related to the restoration of broken
symmetries of the system

* Phase transitions are signaled by the abrupt changes in the behaviour of the order parameter

First order: discontinuity Second order: discontinuity Crossover: continuous
in the order parameter in the Ist derivative behaviour
o
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(density) (magnetic susceptibility)



Phase diagram and broken symmetries

* Phase transitions of thermodynamical systems can be related to the restoration of broken
symmetries of the system

* Phase transitions are signaled by the abrupt changes in the behaviour of the order parameter

* Lattice calculations indicate that for realistic quark masses the phase transition from hadronic
matter to a QGP at zero baryochemichal potential is actually a crossover
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Phase diagram and broken symmetries

* QCD with massless quarks can be decomposed into right- and left-handed sectors
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Chiral symmetry is spontaneously broken in the vacuum
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The chiral condensate can be regarded as an order parameter for the phase transition
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Phase diagram and broken symmetries

* QCD with massless quarks can be decomposed into right- and left-handed sectors

155
9

It is invariant under SUL(Ny) x SUL(Ny) 5 (Z) — €Xp [Z 9%(}2) )‘a} (Z)
L(R) L(R)

Chiral symmetry is spontaneously broken in the vacuum
(017 4l0) = (0lqz qr + r qzl0) ~ —(240MeV)?  * R

The chiral condensate can be regarded as an order parameter for the phase transition

] #0, for T < T,
<O|qq|0>—{ =0, forT >T.

Equarks =qriPqr+qri Pqr dI.(R) = q

Other symmetries: Center symmetry Z(Nc) for Polyakov loops (infinitely heavy masses)
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Phase diagram and broken symmetries

* The chiral symmetry (Z(Nc)) is restored (broken) above the phase transition:
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The QCD Phase diagram. A sketch

Early Universe The Phases of QCD

# Fulure LHC Expernments
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* Current understanding of phase diagram is rather speculative due to the lack of reliable
theoretical tools or empiric information. Mostly based on models

* It has been suggested that the phase diagram may have a critical point where the first order
phase transition happening at high baryon density ends
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Space-time picture of heavy ion collisions. The “little bang”

, Hadronic Detection

Collision , ' QGP Phase Phase

Fireball:

e ~|0-'> meters across

e lives for ~5x10-23 seconds

* Typical LHC event:

-Tacp~ 10° Tsun ~ 4 trillion °C

- ~15000 particles detected
(I*I, TUs, Y’s, p’s,resonances...)



Observables

. Hadronic Detection

Collision _ ' QGP Phase Phase

Fireball: Bulk Observables: p ~ <p>,T
~ 99% of detected particles
* ~10-'> meters across % parti
* lives for ~5x10-23 seconds - Multiplicities
* Initial state: Initials T, €,
* Typical LHC event: * Thermal, chemical equilibrium?
-Tagp~ 10° Tsun ~ 4 trillion °C * Thermal radiation, dileptons
- ~15000 particles detected - Correlations (collectivity)
("I, TT’s, Y’s, p’s,resonances...) * Flow, fluctuations, transport

* Femptoscopy.
* Charge asymmetries: CP Violation



Observables

» Hadronic

Collision QGP Phase

Bulk Observables: p ~ <p:>,T
~ 99% of detected particles

Fireball:

* ~10-'> meters across
- Multiplicities
* |nitial state: Initials T, €
* Thermal, chemical equilibrium?
* Thermal radiation, dileptons
- Correlations (collectivity):
* Flow, fluctuations, transport
* Femptoscopy.

e lives for ~5x10-23 seconds

* Typical LHC event:

-Tagp~ 10° Tsun ~ 4 trillion °C

- ~15000 particles detected
(Il TT’s, Y’s, p’s,resonances...)

* Charge asymmetries: CP Violation

Detection

Fast (light and heavy )
quarks and gluons
(Energy loss, quenching)

Colorless probes

vy, W*

(control)

Hard Probes: p >> <pe, T

~ 1% of detected particles

* Produced at very early times

* Medium tomography & diagnosis

* Interpretation requires “vacuum’”
(p+p) and “cold nuclear” (p+Pb)
data at the same energy



1. Before the collision: Non-linear dynamics and saturation

® Gluon recombination processes reduce the # of gluons in the wave function before the collision

1 gluon emission BFKL ladder CGC evolution: BFKL ladder fusion
%@mmm (x, ke )
—> —>
Dilute regime at low energies Dense regime at high
“BEK|”’ energies “BK-JIMWLK”
Op(x, k) Pl ky) ~ K @ d(x, ki) — d(x, ke )?
~ K @ ¢(x, ki) 8ln(xo /x) ¢ ot

dln(xg/x)

radiation recombination
* In the saturation regime, color fields become perturbatively strong ~ |/g. Classical scenario
ot + i
ki S Qs(x) ¢ o< (AAT) ~ — —aa™ > [a,a'] ~ 1

(s

All these effects are accounted for by the Color Glass Condensate effective theory



1. Before the collision: Non-linear dynamics and saturation

o &

® Empiric “confirmation”: RHIC and LHC total multiplicities are a lot smaller than those
corresponding to a simple superposition of nucleon-nucleon collisions

10- bMCrcBK 200GeV Gaussian nucleon
L bMCrcBK 2.76TeV
-« ALICE 2.76TeV )
gl -+ PHOBOS 200GeV P
A\ g 1
5 g
& [ I LHC
< 6 e . .
S [ .7 Non-linear small-x evolution
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Glasma: The medium right after the collision

Chromo electric-magnetic fields are longitudinal

Flux tubes
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Pantha Rei: RHIC and LHC matter flow!

Elliptic flow

initial geometry Final state momentum dN"
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Pantha Rei: RHIC and LHC matter flow!

Elliptic flow

initial geometry dN"

anisotropy

Final state momentum
anisotropy

N
d2ptd¢o<1+2cos(2¢)—i—...
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= The fireball expansion is very well described by Hydrodynamics:
* energy-momentum + charge conservation (‘9“ THY

* local equilibrium + small mean free path
* Equation of state: e(p,T,M)

ideal fluid dissipative terms (viscosity...)

—— ——
- - Y

T = le(p,T) + p)|utu” —pg"” +F(V, u":n;D...)

0,jn =0



Flow: Geometry, fluctuations and higher harmonics

lumpy, fluctuating initial
conditions

initial profile
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The most perfect fluid (smallest viscosity) ever measured!!

n/s<5x(1/4r)

KKP bound derived
in the framework of the AdS/CFT
correspondence= 1/411

Small viscosity strongly
indicative of strong coupling
behaviour

nls

The produced medium at RHIC
and the LHC is far from the
expected quasi-free QGP




The String Connection (or the weird couple)

* So RHIC matter behaves like a strongly interacting system (perfect fluid, jet quenching..)

* So we need a formalism that allows to study strongly coupled systems in real-time
formalism (Lattice QCD operates in imaginary time)

The Anti de Sitter / Conformal Field Theory Correspondance (AdS/CFT)

4d world Weakly coupled ¢ 5 N=4 SYM in 4d
supergravity in )
AdSsxSs space A=gs Ne — 00
N, — o0
Black brane along
the fifth 1 Finite-T system
dimension T na

A\

5th dimension

Caveats: N=4 SYM is conformal. It is supersymmetric. It includes scalar and fermions. It
has no charges in the fundamental representation (quarks)....

Used for: Studies of thermalization and onset of hydrodynamics behaviour, energy loss of soft
and slow particles...



One step back: Does the medium really thermalize?

Photon spectrum: Thermal at low kt

RHIC Au-Au 200 GeV
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One step back: Does the medium really thermalize?

Relative abundances of different hadronic species well described in statistical

models (grand canonical ensamble + chemical equilibrium)
d°p 1

NI — Vgl / (2_‘)3 <El )

exp 1

for bosons

r T

(7] = n
] - -— -— — - 0 - u —y CRE p— - -
3 plp AA Z/IE QIQr/n KIK' K/ p/rKP/h ¢/h” A/h ZhQ/x*10 = plp KK K/n p/m2/h™50
1 - K, % . - s
=, e e T o e
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- L
L
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.
" X
; ¥r STAR Lo . .y
v E PHENIX : -
— O PHOBOS Bl —_ . -
- ol
— A BRAHMS -%- ; ~
— "
B S =130 GeV X L : S\ =200 GeV
_2 Model re-fit with all data A T :[ Model prediction for
10 = T=176 MeV, u,_ =41 MeV " e | T=177 MeV, u, =29 MeV
= — :
Braun-Munzinger et al., PLB 518 (2001) 41 D. Magestro (updated July 22, 2002)

BUT: They also work in et+e- and pp(bar). Statistical nature of thermalization??



Soft sector: A lot more...

* Femptoscopy: Information about the
dimensions of the region of particle production
through

pion and kaon interferometry 310% Anausprasa20ceY
EMO‘ZX o mln.blas;u;Au (Run4) %
k3 « p+p (Runs) E
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* EM radiation: Photon and low-mass e Wtfﬁ =
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» Searches for CP-Violation: metastable domains where

vacuum excitations violate parity could be created
in Heavy lon Collisions: Another fundamental
aspect of QCD probed with heavy ion collsions

e tmey  S. Mukherjee 12,
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* Fluctuations: search of the critical point: 100 ¢+ + e
Higher cumulants, kurtosis in particle tis [ [ b A
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Hard Probes

* They serve as tomographic probes
of the produced medium

* Their production rate is well
understood in pQCD

* Main RHIC highlight: The produced medium
is opaque to the propagation of colored particles

Photons are not suppressed

Au+Au - 200 GeV (central collisions):
A o : W 0O Directy [PHENIX], ¢* [PHENIX Preiiminary] .
1= b1 Inclusive h* [STAR])
1]’ ( T [ ) — (]0'\\/ (l])l (] b = 10 A 2° [PHENIX preliminary]
AA [)I V] = = [ \ 1 / 1 E * Q n [PHENIX]
-1 AA ( ) )( 01)1)/ ( 1)'1‘ = GLV parton energy loss (dN'/dy = 1100)

Parton energy-loss
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Hadron and Jet quenching at the LHC

| : Confirmation of the factorization hypothesis
doaa/dprd=b

Raalpr,b) Taa(b)do,,/dp; Colorless particles (,\V, Z) unaffected by the medium

CMS (* preliminary)  PbPby\js,, = 2.76 TeV

2 r [ [ ‘ [ I : l
18 j Ldt=7450pub" T O ey A O “ . .
. R W (0-100%) p; >25 Gavic Similar suppression of
1.6 SR lsolated photon (0-16%) high-pt hadrons and full jets
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. . _ ¥
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. G . .
o 1 L4 | 1 1 1 1 |
0 20 40 60 80 100 100 150 200 250 300
p.(m_) (GeV) jetp_(GeV)

Distinct B-suppression pattern at small pt First observation of B-jet suppression



Jet Anatomy at the LHC

* Large fraction of pt-imbalanced pairs. Azimuthal correlation (back-to-backness) similar to p-p collisions
* (Hard part of) Jet fragmentation functions similar to vacuum.

momentum imbalance
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Jet Anatomy at the LHC

Dijet, photon-jet and Z-jet correlations:
* Large fraction of pt-imbalanced pairs. Azimuthal correlation (back-to-backness) similar to p-p collisions
* (Hard part of) Jet fragmentation functions similar to vacuum.

jet 4

E ;"--. |7 T <|p|T |lp|T|> T
T4 : :
. S A gt e 1 S NQ.}_ = =
AR e = ool prre0Gev 3
- -QQ:—O-QE_ pit>25GeV L
/ A Photon ~ Py /pf>25/60
(191GeV) 0.82— _E
Jet g ATLAS =
07 l
0-62_ Anti-k, Jet R=0.2 ﬁ _
V Fec i b b

100 200 300

(N

Eqp<Ey 20-80% 0-80% 0-20% "

1

* Physical picture: soft components are transported out the jet cone by rescatterings with the medium
* Strong constraints of energy-loss models. Goal: to build a full dynamical picture of in medium jet propagation:

* Coherence between emitters
* Energy corrections

* Color reconnections

* Jet conversions

* Building practical MC analysis tools
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Melting of Quarkonia States: A QGP Thermometer?

1/(r)

Y(1S) ® s

x6(1P)
° ‘ J/p(18)

J/(1S)

2 (1P) ‘ ves)

* QQ (cc:J/Y,P’, Xc..and bb: Y, Y, Xp... ) states are expected to melt in the medium due to color screening.

* Sequential melting: QQ size~
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*From non-relativistic potential theory

~ medium resolution
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Melting of Quarkonia States: A QGP Thermometer?

T/T, 1/(r)
® o
2 Y(ls) . Y(18) ‘....
e 0 Ce
x6(1P) (X
‘ J/p(18) LA Q °®
1.2 |8 7/0(15) o %3 o
. ®
o
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*From non-relativistic potential theory

* QQ (cc:J/Y,P’, Xc..and bb: Y, Y, Xp... ) states are expected to melt in the medium due to color screening.

1 1
* Sequential melting: QQ size~ e TDebye ~ —  ~medium resolution
Ebing g
%Y | AR - Such a a picture starts emerging from data!!
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(a big) BUT!!:

- Kinematic cuts affect total yield reconstruction

- In-medium spectral functions (imaginary potential, Landau
damping...) and transport not yet well understood.

- Other cold (shadowing, saturation, absorption) and
hot (regeneration) effects not yet well understood

- When looked more differentially (pt-distributions,
centrality dependence, flow etc) the whole picture
does not quite fit yet



News from the p+Pb run at the LHC (2013)

The matter produced in p+Pb collisions flows!!
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Plans for the future

- ALICE, CMS and ATLAS at the Heavy lon Town meeting, CERN 29 Jun 2012 http://indico.cern.ch/event/HItownmeeting
- ALICE, CMS and ATLAS contributions to the Preparatory Group for a European Strategy for Particle Physics

LHC: RHIC:

» End of Phase0 (2010-2013). PO Wamm NENX  SupwGCDE
-0.15 nb™" in Pb-Pb coll Vsny = 5.5 TeV
- Feb 2013: p-Pb run (5TeV, [dt L ~ 30nb)

STAR Decadal Plan Synopsis

Py mca

«2013-2014: Long Shutdown 1.
- ALICE, CMS and ATLAS detector upgrades

o3

+ Phase1 (2015-2017)
-1-3 nb"' Pb-Pb at Vsn = 5.5 TeV
- Reference data p-p, p-Pb Vsn = 5.5 TeV

Upyr

» 2018 Long ShutDown?2
- Significant detector upgrades TTTJT'I Lo
* Phase2 (2019-beyond) - Focus on energy scan and varying initial conditions (nuclei) -
- Luminosity increase to 6x10°7cm-'s™! Polarized target: Spin physics
- Goal: O(10 nb™') in Pb-Pb at Vsyn = 5.5 TeV
- Lighter nuclei

Others: Planned facilities involving high-energy nuclear reactions EIC (Electron lon Collider), LHeC (Large hadron-
electron collider), FAIR (GSlI; Facility for antiproton & ion research) would provide complementary studies.
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Lattice QCD

® |n the grand-canonical ensemble, the thermodynamical
properties of a system in thermodynamical equilibrium are
given by (see Karsch, Lecture Notes in Physics ‘02):

Z(T,V, i) = Trexp{—=(H Y i)}

- O0lnZz NT'InZ) \ _0lnZz . TrO expA —%( H - uilN;)}

) § —

N ov OT o O, g Trexp{—=(H — >, t:iNi)}
® With a rotation to Euclidean space -it— |/T and imposing
(anti)periodic boundary conditions for (fermions) bosons,

- 1/T
(T, V, ) = / Dy DyD A" exp{— /

J 0

dxg / d> x| Lrp— puN ) }
JV

® The partition function may be computed perturbatively, or
by discretization and Monte Carlo methods: lattice QCD.



One step back: Does the medium really thermalize?

Transport models:

® |deal hydro is the extreme version of transport for very large
opacities. If thermalization/isotropization is not achieved, small
deviations can be dealt with through viscous corrections, but large
deviations require transport: relativistic Boltzmann equation.

di?\'r ;
o4 L £ .
Collision term C|f,] = Cyain — Closs

PP Su

® Parton transport now includes 2<»2 and 2«3 reactions (BAMPS

accelerates isotropization.
® Hadron transport includes many reactions/species (AMPT,
UrQMD).



Hagedorn Temperature
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e——o hadron spectra

- Hagedorn fit
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Bag model: Hadrons are “droplets” of perturbative
vacuum with quasi free quarks and gluons inside:

r 4
Hbag:Hkin+Hbag "‘"'%_+_7TR3B + ...

R 3

Bag B ~ €pert — €ENon—pert ™ (250 MGV)4

constant

50

/Non-perturbative vacuum
enp <0 «— 2R —

perturbative

vacuum
Epert — 0

.




Bag model: Hadrons are “droplets” of perturbative
vacuum with quasi free quarks and gluons inside:

x 4
Hyoy = Hyin + Hygg ++-~ =+ -7R’B + ...

R 3

Bag 4
B~ ert — on—pert ™ 2 M
constant Cpert ~ ENon—pert ~ (250 MeV)

(Non-perturbative vacuum
enp <0 «— 2R —

perturbative

vacuum
Epert — 0

.

Potential models. Lines of color field are confined to flux tubes or strings

V(R)= -~ + KR

String tension:

K ~ (420 MeV)? = 900 MeV fm™*

V(R /
/ R

‘:x%
AN

:U TYY Y ey




Vacuum at T=0 Pion Gas T>0

DRCED
DA

= Pressure and energy density of ideal Bose (and Fermi) massless gas

7.‘.2

%T‘l, €xr =3pr, dr=3 (7T:|:,7TO)

Pion gas: Pr & dr




Vacuum at T=0 Pion Gas Quark-Gluon Plasma
r N r N

© 9 el [:::
BOED,

J .

\_ y,
d.=3—> (7.7 .7

%)

Pressure and energy density of ideal Bose (and Fermi) massless gas
2

Pion gas: Dr R d7T g_o T4 . € = Spﬂ : d7r — 3 (7.‘.:|:7 71_0)
7'('2 A 7'('2 4
QGP PGP ~ dgch % T — B, EQGP ~ dgqq % 1+ B

7 7
dgqq:dg+§dqq:28-(N§—1)+§-2q5-28-NC-Nf:37 (N; = 2)

o %)



pressure energy density

4 ..
D €aap/ T
QGP
pﬂgas
— e /T
T, s = 1
0 50 100 150 200 250 0 50 100 150 200 250
T (MeV) T (MeV)

T, ~ 140 MeV

Latent heat of the phase transition: L = egap(1e) — €xs ~ 4B ~ 1GeV fm "

Energy density of nuclear matter € ~ 0.15 GeV fm ™3
QGP TOCP ~ 170 MeV ~ 2 - 102 Kelvins
Sun core Tsun ~ 1.5+ 107 Kelvins

Coérdoba Tcérdoba ~ 10° Kelvins
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Energy density & pressure

Results from Lattice QCD

16
14
12
10

e/T?

Tr,

\Stephan-BoItzman (ideal gas) limit

“Explosion” of degrees of freedom

1.~ 170+ 180 MeV

(o R A N 2 e ¢

100 150 200 250 300 350 400 450 500 530

For an ideal gas ¢ = 3p ~ T*

The “trace anomaly” T}/ =€ —3p

is 2 measure of the interaction

(and also of the degree of violation of

scale symmetry)

9 .
g | (e30)T° Trg
3 | $ 2
-
6+ ;*? asqtad: N;=8 —e—
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§ e
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4

Debye screening of the heavy quark potential in the QGP phase

* The presence of free quarks
and gluons around a heavy
quark pair screens the
interaction.

* The string tension tension
goes to zero

Debye mass

N.+iN
m%: 32 fg2

T2

effective string tension

K(T) — 0 for T >> T,

V(r)

Vacuum Medium

Vir,T) ~ _Geff exp|l—mpr]+ K(T)r

0.8
0.6
0.4
0.2

-0.2
-0.4
-0.6
-0.8

r

" Fy(r.T) [GeV]

Lattice QCD

>T

05 1
r[fm]
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Other way for the QGP: compressing nuclear matter at low temperatures

Baryon number density ~ Baryochemical potential

_INg=Ng _ T [MB 1 (MB)?’]

np

3 V 6 T—|_7r2 T

P e P S N
L &) e &

Pressure of a Fermi gas:

T4 [7%2

1
—d. -
PF 3 1120 ' 4
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Other way for the QGP: compressing nuclear matter at low temperatures

Baryon number density ~ Baryochemical potential

1Nq—Nq T3 UB 1 UB 3
_ - _d. ( )
"BT3TY 6 [T+7r2 T

P e P S N
\@ @) . \@@) . i:)

Pressure of a Fermi gas:

T4 77T2 1 UB 2 1 UB 4
e DIy ()
br 3 [120+4 7) T3 \7T

Critical baryochemical potential for the QGP phase transition (T=0)
Poz(tiBe) = B = ppe ~ 3/ BY/* ~ 1.1 GeV

Nuclear matter:  UBnm ~ 0.9 GeV



Putting all together: The phase diagram of QCD

* At low the phase transition is smooth
crossover between hadron gas and QGP.
More like melting butter

200

* At larger the transition becomes first
order. Existence of a critical point.
More like water-vapor transition

CrosSover

-k ek
N o~
o O o
I
|
>
'
!

critical point

-~
(8

Hadron phase

Temperature [MeV]
o
o

N
o O

)

Quark—gluon plasma

first order

NQ f &

250 500 750

1000

1250 1500 1750 2000

Baryon chemical potential [MeV]

* A number of phases, Color Superconductivity (2SC), Color Flavor Locked (CFL) ...
have been proposed. Lattice methods not reliable ready in this regime ....



Where to find the QGP?

Heavy ion collisions

Core of neutron stars may be composed “exotic” quark matter

Mg ~1+2Mgyn: Rysg~ 10km

Early Universe: The temperature of the Universe at time|0-*~10- seconds was
Tuniv~ 200 MeV. It went through a phase transition from quarks and gluons to hadrons

— Radius of the Visible Universe P

- Farly Universe
Inflation 200

Quark Soup

Wall 0

1735 Quark-gluon plasma

P |

pu—y
O
o

Parting Company

Heavy Io
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First Galaxies

&
8
g
£
3

Hadron phase

Neutron Stars

———————————— - —
Modern r-.

— -
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a )
Relativistic Heavy Ion Collider (RHIC)
Alternating Gradient Synchrotron (AGS)

@ Brookhaven National Lab (BNL)

Large Hadron Collider (LHC)
Super Proton Synchrotron (SPS)
@ CERN

-—
e p—. -

Lab years /sy (GeV)

AGS | BNL 87/99 5

SPS CERN 86/02 17

RHIC | BNL oI/ 200 Au-Au, d-Au, p-p, Cu-Cu
LHC | CERN /N 5500  Pb-Pb, p-Pb, p-p

* First hints of QGP formation at SPS. More conclusice evidence obtained at RHIC

* Of the 4 big experimental collaborations at the LHC, one (ALICE) is fully dedicated
Kto HIC. Other two (ATLAS and CMS) will perform related measurements

J



Locating HIC experiments on the QCD phase diagram:

* The baryon density in the midrapity region decreases with increasing collison energy

[ & AGS S
a0tk AGE Yo
- (E302.EST7. EQL7
n:hlpo—i_pz & [ mSPs | SPS y
. 2 ol Mase ; r . . . .
Po — Dz = *Feric e increasing collision
2 (BRAHMS) ¥a
. 2 40 energy
High energy: = : )
valence quarks are not Z 20 F A A
. - & Crak iy
slowed down by the collison v "2 cweee :' v
Ellll-4lII-.EIIIII.'III Elllr-llll
Yem
* The temperature increases with collision energy
0.25
%‘ ° L!_IC Quarks and gluons
0.2 h e RRIC (130
O
= 015 ¥
9 SPS
=
© o1
Q
Q
= 0.05
g Hadrons
0 ...............

0o 02 04 06 08 1 1.2 1.4

Baryon Chemyjgal Potential ug [GeV]



Space-time view of heavy-ion collisions

hadronic phase

QGP and ] and freeze-out
hydrodynamic expansion .

initial state

i .|.'|I it
li'lllnlI |If-lllul.

pre-equilibrium

N = cte

< Detected particles

F 100NV gt ee streaming T
o 10 fm D 5 Hadron Phase
T~ 7 adrons
- pl Quark-Gluon Plasma
©

T ~ 300 MeV 7~ lim Pre-equilibrium

7 =01fm

Ultra-relativistic
¢ A nuclei

We lack of a unified description of the collision dynamics at all times
63




The Initial State: Color Glass Condensate & Saturation

Po _|_pz
Po — Pz

Y =1n

e linear evolution (DGLAP, BFKL), dilute regime
gluon radiation

Pz N
Ny PN,
kzzxpz aY

exponentially growing gluon densities

AY
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The Initial State: Color Glass Condensate & Saturation

Po _|_pz
Po — Pz

Y =1n

e linear evolution (DGLAP, BFKL), dilute regime
gluon radiation

p- o N
9 ~ PN,
kzzxpz aY

gluon recombination Non-linear evolution (CGC), high density

z o O N,
L 9 9 ~J —_ 2
[ B v A 5y PN, RNg
AY

* At high energies (large rapidities, small-x), the hadron wavefunction reach saturation
due to the growing importance of recombination processes

Rs 1

Qs ~ R—s kt < QS(Y)

* Saturation is enhanced in nuclei (large # of gluons, even at low energies)

2, ~ AVEQ? A3 6 Q> [HHIC 1+ 2GeV?



Bulk properties of RHIC matter: Multiplicities
Predictions before RHIC vs data

* One expects the total # of produced - dN E
hadrons to be proportional to the # of 6 dn |,—o -
partlo.ns in the wavefuncttin of colliding i incoherent p+p = )
nuclei i ition .+ — 7
4__ SUPEIPOSt lon ’,*’CGC (McLerrau,
* First surprise at RHIC: Total multiplicities : o Lo _ venugopalar)
came out a lot smaller than predicted by 9l ot ¢
simple superpositions of proton-proton i i ,
- ;
COIIISIonS: DZFTJ.I..I (. III'.""! - 1 | 1 1 1 III|P %I 1 | |
2
10 10 SNN

e Saturation explanation:The flux of an,
colliding partons (mostly gluons) is a0 Hm il HHI
reduced due to saturation effects 600F- l

5003—
* CGC predictions account the energy 400"
rapidity, centrality of the multiplicities 300 * AR 0% By =200 Ge

200?— ® Au-Au 0-6%, \[s,,=130 GeV
... CGC has been discovered at RHIC... "t

0 I L I I L I
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The success of hydrodynamics at RHIC

Hydrodynamics is an effective theory that describes the long wavelength modes
of the conserved charges of the system

energy-momentum conservation: J,, T+ =0

ion: -
baryon number conservation: Oujs =0

. —_ —1
It requires local equilibrium and a small mean free path: Amyfp ~ (on)” — 0

ideal fluid dissipative terms (viscosity...)

— —

T = |e(p,T) + p|u’u” —pg"” +F(V, u";n; D . ..)
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= ldeal hydro describes a lot of RHIC data!! J

Input for hydro evolution:

Photon Spectrum RHIC Au-Au 200 GeV * QGP E.oS.

> Tharmal Phatons in Au+fu aty's, - = 200 GeV 1 1 1
3 i * short thermalization time:
JA AR R

P —— D. d'Enterras & D. Paressounko: T, = 530 MeV, 1, = C.15 fmfc .

8 1 —— S. Rassanen et al.. T, = 580 MeV,t, = 0.17 Imfc Tthetrm i O . 6 . ]. fm
"’Q — 0. K. Brivastava T, = 450-600 MeV, t, = 0.2 fric

E S Turtde st al: T, = 370 MaV, 1, = 0.33 Imic

= J Aameatsl T, =300 Mav. 1, =0.5 fmic « o o

‘?U 1 0'1 —_— W OEsang: Promgt Yy NLO pQCD x T‘_‘ (0-200%) e Inltlal energy denSItYo

w

hydro
<T,>~350 MeV

~ 30 GeV /fm’

6Tthe'l“Tn

hadron spectrum

© PHENIX prelim,
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