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Termodinamica dell'interazione nucleare forte

Hagedorn (1965): density of hadronic states
dN/dm grows exponentially Number of Hadronic

states
/T
p(m)=Cm“e™"™
TO estimated to be 160 MeV

T, is called Hagedorn limiting temperature for an hadronic system

Partition function for a gas of hadrons, with m>~T

log Z(T, V)mfdm m”” p(m)e T OCfdm m””’"ze (

Integral dwm?'ges for T->T,:
hadronic matter cannot have a1>T,

Cabibbo-Parisi (1975) — one year after Gross —~Wilczek paper:

Divergency of the partition function has to be associated with
a phase transition of hadronic matter to quark-gluon matter
+ asymptotic freedom at large T -> weakly quark gluon gas




Diagramma di fase della materia
fortemente interagente

Quark—gluon plasma

Hadron phase
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Cromodinamica quantistica numerica
(vedi talk di M.P. Lombardo)

Goal: solving QCD on a grid of points in space and time with size (Ns) xNt

Partition function

) i?dTId3xL[A,¢7,¢l]
Z :IDAu (x)DW (x)DY(x)e”®
iT - 1/T= ﬁ

Physical size : L =Ns xa, Time — Temperature: T = 1/(Nt x a)

U(n,n+ )= exp(igt”AZ (n))

®Only thermodynamical observables (EoS, susceptibility, ...)
®No real time dynamical processes!

®Cannot be directly used at finite baryon density (sign problem, no neutron star aargh!!)

®Only very recently, calculations for physical quark masses became feasible!



Wuppertal-Budapest collaboration, QM?2012 talk

Reference: a gas of non-interacting massless
Particle (Stefan-Boltzmann law)

3 flavor, N, = 4, p4 staggered
my =770 MeV

£ =0.7GeV/ fin’
1. U160 MeV

T/T,

No interaction means (for a massless gas)

continuum
H|_=F_‘I

NS v
N=10 O 1=T" =pP-3p=0
N=12 ¢ H
Ni=16

HRG model but in fact 1 = O(p) !

Interaction o 3 T > Tc ceases to be a hadron gas
measure but it is not a gas of weakly interacting
quarks and gluons up to very high T
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How to produce a matter
with p >> 1 GeV/fm’
lasting for t > 1 fm/c

in a volume much larger than a hadron?

Accelerator Lab Nuclei

SPS (90's) CERN Pb-Pb
RHIC (00-.. RHIC Au-Au
LHC (09-..) CERN Pb-Pb
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Space time sketch of the nuclear collision process
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Probing the Quark Gluon Plasma

The plasma 1s a transient and rapidly decays. This situation 1s dramatically different from
the 1dealized situation of lattice QCD calculations.

Several possible probes at our disposal, that
can be clustered in three groups

.o : . Quark Gluon Plasma
» Hadron radiation - 2 g ! o @ Critical point. ¢

» Electromagnetic radiation | N <

o

» Hard probes: heavy quarks and quarkonia,
jets, hard photons etc.

Common feature: early production,
“calculable” 1n perturbative QCD,

easily comparable to pp and pA
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1 Baryon Density [in units of nuclear matter density]



Hadron radiation

Provides direct information about the hadronization stage of the plasma.
With hadronic multiplicities one can determine the thermodynamical state at the stage
when hadrons cease inelastic interactions and decouple (chemical freeze-out

E RHIC Au+Au collisions 200 GeV o
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F. B., J. Manninen, Phys. Rev. C 78 (2008) 054901

RHIC Au-Au
SPS Pb-Pb

$ J. Cleymans et al. Phys.Rev. C73 (2006) 034905

% AGS Au-Au

*

chemical freeze out
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M=00 Chemical freeze-out line

steeper than the extrapolated
HRG QCD line

e\ T;: J.Cleymans et. al.

LGT, m=0, O(u?)

......

HOT QCD Collaboration (F. Karsch, Wroclaw 2013)

Tc = 154(9) — 0.0066(7) (WT)* MeV

RHIC 39 GeV
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Because of post-hadronization inelastic rescattering, chemical freeze-out may
not coincide with hadronization (strictly speaking: latest chemical equilibrium
point)



Reconstruction of the hadronization point
and comparison with lattice QCD

Rescattering corrections
imply an upward shift
of the c.f.o. temperature

Y
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o

F.B., M. Bleicher et al.,
Phys. Rev. Lett. 111,
082302 (2013)
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Lattice calculations from
F. Karsch, J. Phys. G 38, 124098 (2011); S. Borsanyi et al., ibidem 124101
G. Endrodi, Z. Fodor, S. D. Katz and K. K. Szabo, JHEP 1104, 001 (2011)

See also: The critical line of two-flavor QCD at finite isospin or baryon densities from imaginary
chemical potentials. P. Cea, L. Cosmai, M. D'Elia, A. Papa, F. Sanfilippo, Phys.Rev. D85 (2012) 094512



Il Quark Gluon Plasma come liquido quasi-perfetto
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RHIC Scientists Serve Up "Perfect" Liquid

New state of matter more remarkable than predicted -- raising many new questions
April 18, 2005

TAMPA, FL -- The four detector groups conducting research at the Relalivistic Heavy lon Collider (RHIC) -- a giant atom
“"smasher" located at the U.S. Department of Energy's Brookhaven National Laboratory -- say they've created a new state of
hot, dense matter out of the quarks and gluons that are the basic particles of atomic nuclei, but it is a state quite different
and even more remarkable than had been predicted. In peer-reviewed papers summarizing the first three years of RHIC
findings, the scientists say that instead of behaving like a gas of Iree quarks and gluons, as was expected, the matter created
in RHIC's heavy ion collisions appears to he more like a liquid.

"Once again, the physics research sponsored by the Department of Energy is producing historic
results," said Secretary of Energy Samuel Bodman, a trained chemical engineer. "The DOE is the
principal federal funder of basic research in the physical sciences, including nuclear and high-energy
physics. With today's announcement we see that investment paying off."

“The truly stunning finding at RHIC that the new state of matter created in the collisions of gold ions
is more like a liquid than a gas gives us a Erofound insight into the earliest moments of the universe,
said Dr. Raymond L. Orbach, Director of the DOE Office of Science.

Also of great interest to many following progress at RHIC is the emerging connection between the
collider's results and calculations using the methods of string theory, an approach that attempts to
explain fundamental properties of the universe using 10 dimensions instead of the usual three spatial
dimensions plus time.

Secretary of Energy
Samuel Bodman
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Relativistic hydrodynamical model

Freeze-Out

Hadron Gas

time

9,77 (x)=0

9,4 (x) =0

Assumptions:

% Local thermodynamical
equilibrium at chemical
decoupling (Cooper-Frye
distribution)

% Lattice QCD Equation of State

# Ideal fluid (now viscous 2nd
order in gradients)

#Bjorken longitudinal solution
v =z/t (2+1) (lately 3+1 D)

#*Initial conditions: may differ



“Measuring” the 1nitial temperature of the plasma
with hydrodynamical model

(Huovinen, Kolb, Heinz, Hirano, Romatschke, Teaneys,..)

The i1dea 1s to determine the initial conditions
from the observed final spectra (in the transverse plane)

@ PHENIX prelim.
* STAR prelm,

* PHOBOS prelim
¥ BRAHMS prelim
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Fitted parameters. The initial T 1s correlated
to the initial equilibration time.



Elliptic flow in peripheral collisions

Reaction

Anisotropic pressure gradient: if there is
collective flow, particles get a larger momentum
on the reaction plane!

IN; . Ny ., » . ,
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Elliptic flow coefticient v_

dN; | dN: _
(b)) = 5= (8) (1 + 2 v (p1, b) cos(2pp) + - ) -
dyprdpy (/5::[_)()) 2T (/_lj])_l_(/])_l_())( + 2vy(pL, b) cos(2¢p) + )

STAR, PRL90 032301 (2003)+
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Elliptic flow is sensitive to the viscosity of the QGP

O STAR non-flow corrected (est). s
® STAR event-plane "/s=0.08
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Very low values of viscosity, or
better: /s ratio

Sommario delle determinazioni di viscosita a RHIC e LHC (Heinz, RANP 2013)

4-}

(n/8s) epr(T.<T<2T,) =

4




Shear viscosity in strongly interacting conformal quantum
field theory (from AdS/CFT correspondance)

Kovtun, Son, Starinets PRL 94, 111601 (2005)

n ~ pvl, S~Nn =

mean free path

T~ mvt ~ h———mMmM
S de Broglie wavelength

Quasiparticles: de Broglie wavelength < mean free path

Therefore n/s = h




What does low viscosity mean?

1 1 1
From kinetic theory: = §,0"UT A= §'77’1?’1‘UT/\ = §’HPT/\

In relativistic fluid:

Low values of n/s imply that the thermal wavelenght is comparable to the
mean free path: a particulate description of this fluid is inconsistent

s it SLE n=27x 10%m3 o~ 107 m?

A~ 400nm > d = (1/n)Y? = 3nm > A =~ Dpm
p

, 28  — —19 2
sl ), — 3.410“m 3 o~ 10"Ym

— A= 03nm~d=(1/ -n.,)l/ > = 0.31nm > Ap ~ 5pm

QGP is so strongly interacting near Tc that a particle cannot travel a wavelenght without colliding!



Beyond Quasiparticles

e QGP at RHIC & LHC, unitary Fermi “gas”, gauge the-
ory plasmas with holographic descriptions are all strongly
coupled fluids with no apparent quasiparticles.

e In QGP, with n/s as small as it is, there can be no
‘transport peak’, meaning no self-consistent description
iIn terms of quark- and dgluon-quasiparticles. [Q.p. de-
scription self consistent if rqp ~ (57/s)(1/T) > 1/T'.]

e Other “fluids” with no quasiparticle description include:
the “strange metals” (including high-T7,. superconductors
above T.); quantum spin liquids; matter at quantum crit-
ical points;. ..

I1 QGP e’ un sistema di campi quantistici in interazione, ma puo' essere
ancora definito come un fluido.

Perche' possa esserlo €' solo necessario che la tipica scala microscopica
(per es. definita dalla distanza di correlazione di grandezze come le

varie correnti o il tensore degli sforzi A << L (A/L = numero di Knudsen).




Fluidodinamica senza teoria cinetica

1 .
= —exp |— lime
P 7 I e—0

La scala miscroscopica emerge dalla distanza di correlazione del tensore degli sforzi e deve essere
molto minore della distanza su cui variano significativamente i campi 3 e ¢



Recent developments from LHC experiments:
from averages to event-by-event hydrodynamics

Si studiano le componenti armoniche n>2 nello
spettro azimutale degli adroni

When including fluctuations, all moments appear:

: e — = - g
{ | i y
L |
3 | |
; o < : e i

=2 =1 1 —4
alsov; andn > 6

Compute v,, = (cos|n(¢ — ¥n)|)




Big vs. Little Bang: The fluctuation power spectrum

Mishra, Mohapatra, Saumia, Srivastava, PRC77 (2008) 064902 and (81 (2010) 034903
Mocsy & Sorensen, NPA855 (2011) 241, PLB705 (2011) 71

Flow power spectrum for ultracentral PbPb Little Bangs

Big Bang temperature power spectrum (Planck 2013) (Data: CMS, Quark Matter 2012; Theory: OSU 2013)
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Higher flow harmonics get suppressed by shear viscosity

A detailed study of fluctuations is a powerful
discriminator between models!

U. Heinz RANP 2013, 9/23/2013




Viscosity smoothens fluctuations and affect more higher harmonics

)

(n/8)qep(Te<T<2T,) = 4+ 50%
. A

In questo lavoro assumono sempre pit importanza i codici numerici di fluidodinamica relativistica.

Stato dell'arte: 3+1 D con implementazione della teoria di Israel-Stewart
e fluttuazioni di stato iniziale.

Ideal Viscous

t=3.7fm/c



ECHO-QGP: codice di idrodinamica relativistica dissipativa
della comunita italiana

Collaborazione Firenze-Ferrara-Torino entro RM31-SIM e PRIN2009(2011)

Eur. Phys. J. C (2013) 73:2524 o THE EU ROPEAN
PHYSICAL JOURNAL C

DOI 10.1140/epjc/s10052-013-2524-5

Regular Article - Theoretical Physics

Relativistic viscous hydrodynamics for heavy-ion collisions
with ECHO-QGP

I 238 w7 g - . 1.2 x5 1 3 5 . T . 5
L. Del Zanna'->*#, V. Chandra?, G. lngh]raml]‘*, V. Ro]andcﬁ"', A. Beraudo®, A. De Pace’ , G. P;‘igllz'il*;14"',

A. Drago*?, F. Becattini'->*

Evoluzione di ECHO codice numerico 3+1 D ideale GR per plasmi astrofisici
(L. Del Zanna et al.)

Include 3+1D Israel-Stewart con fluttuazioni di stato iniziale e produzione
di particelle (vedi talk di Valentina Rolando)

Energy density IjI.*'fmJJ




Un breve sommario dell'attivita in Italia

Ampio spettro di argomenti nel campo di questa fisica sia per quanto
riguarda la fenomenologia che la teoria:

® Produzione di stranezza (Firenze)

» Soppressione della J/psi (Torino)

» Cromodinamica su reticolo (Torino)

» Modelli effettivi del quark-gluon plasma (Catania, Torino)

» Fenomenologia dei quarks pesanti nel plasma (A. Beraudo, Catania)
» Jet quenching nel plasma (Catania)

» Fenomenologia delle collisioni pp di alta energia (Firenze, Trieste)
» Materia nucleare ad alta densita' e oggetti stellari compatti (Catania,
Ferrara, Firenze, Torino Politecnico)

» Polarizzazione nel quark-gluon plasma (Firenze, vedi talk di E.
Grossi)

Vedi talks di Ruggieri, Puglisi, Grossi, Rolando, Lavagno, Alba, Scardina



Conclusioni

© There 1s little doubt that QGP has been produced in relativistic heavy
1on collisions

© Many observations point to a system which is hotter than Tc and
strongly interacting (low viscosity), in accordance with QCD. The study
of its properties 1s ongoing at LHC

« Search of the QCD critical point and the onset of deconfinement at
lower energies

« Relativistic heavy ion collisions have been a very effective laboratory
for advanced theoretical subjects: not only QCD, but also relativistic
statistical mechanics, relativistic hydrodynamics and kinetics

© Hopefully, there will be useful results for relativistic astrophysics
and cosmology



Jets as a probe of the plasma

Nucleus-nucleus collisions
hard 1nitial scattering
scattered partons probe traversed hot
and dense medium

‘Jet tomography’

- Initial parton-parton scattering with

large momentum transfer

- Unlike in vacuum, quarks and gluons lose energy (brehmsstrahlung and collisions)
before hadronizing

Theoretical task: to calculate energy distribution of hard partons traversing a length

L within the medium



Di-jet imbalance

Pb-Pb events with large di-jet imbalance observed at the LHC
g0 @ [wei]e Rho Phi

Lego

recoiling jet strongly quenched!

CMS: arXiv:1102.1957
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Spacial anisotropy gets converted into momentum
anisotropy provided that:

# Thermalization occurs while the system is still almond-
shaped

+ This requires short times (~ 1 fm/c) when the system is

still in the QGP phase




Soft and Hard probes

SOFT (pT ~AQCD,T)
driven by non perturbative QCD

Iron yields, collective modes of the bulk,

ngeness enhancement, fluctuations,
'mal radiation, dilepton enhancement

HARD (pT >>> AQCD)
Early production, pQCD applicable,

Baseline pp, pA

quenching, heavy quarks, quarkonia,

‘d photons (W, Z2)

Nuclear modification factor
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[ Centrality of the collisions

p” :(E,px,py,pz)

In terms of pT and y

U —

pr = (mT cosh y, p,.,m_ sinh y)




AGS

(E802,E877, E917)
| SPS

(NA49)
@ RHIC

(BRAHMS)

dN/dy net-protons

Baryon stopping decreases, but a larger energy density is achieved
(hotter, denser, longer)




Have we overcome the critical T?

Same observation as in elementary collisions. Statistical equilibrium as an
Intrinsic feature of QCD at the soft scale, i.e. hadronization (F.B., U. Heinz,
R. Stock, H. Satz et al)

+ .
T .

0
,x"n

plicity (data)

Multi

T=164.6+3.0 MeV
V=40.245.7 fm®
7,=0.648+0.026

x*=39/12 dof

-1
10 1 10
Multiplicity (therm. model)

Number of St.Dev.

In order to show that Tc has been overcome, i.e. that a QGP has been produced,
we need to go to other observables



Strangeness enhancement: Wroblewski ratio

K collisions
7'p collisions
pp collisions
pp collisions
e e collisions




Suppression of
high-p. hadrons

( n Ot S O fO r Y) R,, = 1 for hard QCD processes

in absence of nuclear modifications

Yield,, (p;)
Nbin>AA Yieldpp (pr)

Ry (pr) = <

- Due to energy loss of partons, *0-5%  Pb-Pb\5,=276TeV

there is a strong suppression of high
ot hadrons e

- Even larger at LHC than @ RHIC

- Nuclear modification factor R,,(p;)

for charged particles produced in O-
5% centrality range

minimum (~ 0.14) for p, ~ 6-
7 GeV/c
then slow increase at high p;

20
PLB 696 (2011) 30-39 p, (GeV/c)



The largest temperature ever achieved on Earth
> 2 x 1012 K




High harmonics fluctuations reminds the CMB fluctuations. ..
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100
Multipole moment 1

Freeze-out 1 ~ 380.000 y's (QGP ~ 10%° s)
Sound horizon R ~ Mps (QGP ~ 6 fm)

Of course n=200 Is not possible to be seen for a hadron system
with R ~ 10 fm



A recent ALICE measurement

_ A first schematic calculation
Centrality

* 0-2%

2<p_<=2.5GeVic

1.5 < p':_ < 2 GeV/c

Hydrodynamiics, e4=3p °
Renormalized to m=3 m

Stailg & Shuryak, PRC (2011)

None of the models reproduce the correct shapes:
No peak at n=3
Too large for n> 6

A promising new challenge -> new findings and knoweledge
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