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The Particle Zoo
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1000’s of “hadronic states” (particles & anti-particles)
have been observed: more all the time
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Heating up Hadrons

Update of the Hagedorn mass spectrum

Wojciech Broniowski,' * Wojciech Florkowski,’?'t and Leonid Ya. Glozman®:*

In the early 1960’s
Rolf Hagedorn
predicted that

the bound state
spectrum would
rise indefinitely
— Singularity at

limiting temperature
Th~170 MeV
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Fig. 3.1: The predicted and the
experimental mass spectrum as it
evolved from 1964 to 1967.
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QCD is notoriously
hard to solve
for high temperature,
so solved numerically
on powerful machines!

Years ago, it was
discovered that there
IS a “jump” in the

8 tlavens number of “degrees
. of freedom” at
| T.=(173 +/- 15) MeV
cc~ 0.7 GeV/fm’ T [MeV] the Hagedorn
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The Big Bang

Z the weak force
¥ hydrogen
g quek D deuterium
£  enti-quark He helium 3 degrees K
e - electron L1 lithium i’j,kh"'
v



What State of Matter?

Does it act Does it flow,
like an ideal gas? like a (compressible) liquid?
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RHIC Experiments to Scale
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STAR & PHENIX - ~500 member collaborations
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RHIC Experiments
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A Brief Review of Soft RHIC Physics

e Centrality Measurements
e Particle Multiplicities
e Particle Spectra / Radial Flow

e Elliptic Flow



Centrality

2/

participants

yT \%Z/X

Classical impact parameter between nucleons controls
1) size & shape of overlap region, 2) number of spectators



DC vs. BBC
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Centrality Measurements
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Fraction of Total Cross Section

PHENIX
Cu+Cu at 22.4 GeV
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Optical vs. Monte Carlo Glauber Models
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Multiplicity per “Participant Pair”
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Multiplicity
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—nergy Dependence of Multiplicity
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—xtended Longitudinal Scaling”
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—xtended Longitudinal Scaling”
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Scaling also observed in elementary collision processes
(hasn’t broken yet in p+p!)



Color Glass Condensate

Gelis, Stasto, Venugopalan (2006)
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Nucleon and nuclear wave function in an essential
feature of initial state = physics @ RHIC Il (y), EIC, LHC
Is there a deep connection w/ hydro?



—nergy Dependence of Multiplicity
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—xtended Longitudinal Scaling
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Centrality

/2)

part

dN/chy/(N

_R(200/X)

I I.ml

=

N

N

(Is)
T T

=3
T

Dependence”?

Bt A 200 GeV

® 62.4 GeV

o ir 19.6 GeV
| | | | | | | | | | | | | | | |

[ ] Comb. 130 GeV -

1 Energy and centrality dependence

| 27200/19.6

- [L1Comb. 200/130

nOUpg 0o 0 O Oogd

%006 0 ¢ o o o .o -

__0200/62.45%”%”;h ¢ $ ¥ dh —

Divide each set by 200 GeV data

| ) Comb. 200 GeV _

“factorize”

No additional multiplicity
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The Question of Minijets
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Total Multiplicity

When we integrate over all
pseudorapidity find
very simple result:
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Hydrodynamics

Energy locally
equilibrated
iIn a volume,
adjacent cells are
In causal contact

Pressure gradients
develop via
ideal (inviscid)
scale-invariant
expansion into
vacuum

freezeout

Fluid elements
freezeout isotropically
In local rest frame
Into hadron states when

T<Tch



Thermal “Blackbody”
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—guation(s) of State
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Hydrodynamics in RHIC Data
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—nergy Dependence of Elliptic Flow

008 .
- E __-m| [S€E
006 T 4
- %;(,, ....................................... > 1 “limit”
0.04 S B o
O 02 B § .......... > | fa”
a I ¢ ® LHC
~ 0F ) o STAR |
- ¢ A PHOBOS| -
002+ ¢ PHENIX |
- NA49 |
ol CERES |_
0.04f j& CER :
® ES895
006 £ FOS _
I - ¢ FOPI .
2008} | | | _
1 10 100 1000
VS (GeV)

Controversy about fate of vo at the LHC



Scaling with “Area Density”
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Degrees of Freedom (Equation of State)

Nucl.Phys.A761:296-312,2005
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y (fm)

Flow Fluctuations (20006)
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The Big Questions

|s the system evolution really consistent with
being locally thermalized?

How Is this equilibrium established so fast (<1 fm/c)?

What degrees of freedom are active as it thermalizes,
as it evolves, and as it freezes out?



Degrees of Freedom

o

Parton distributions,
Nuclear Geometry,

Nuclear shadowing

Parton production &

reinteraction
(or, sQGP!)

Chemical freezeout
(Quark recombination)

Jet fragmentation functions

Hadron rescattering

Thermal freezeout &

Hadron decays



What Is the fluid made of?
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What is the fluid made of?

AdS/CFT arguments suggest that SQGP _ 3 SB
a QGP should be “strongly coupled” ""d-o-f. — g'"d.o.J.



What Is the fluid made of?

P. Kovtun, D.T. Son, A.O. Starinets Phys.Rev.Lett.94:111601,2005
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Data s.uggests that A+A produces a strongly-coupled
system with subhadronic degrees of freedom (“sQGP”)
— perhaps saturating “viscosity bound” from AdS/CFT
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Measuring Viscosity @ RHIC
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Viscous Hydrodynamics (under construction!)
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Viscous terms quite complicated, but dramatic
theoretical progress recently (and connections with transport!)

Large uncertainties in modeling, but surprising success
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