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Elliptic Flow (the general concept)

o)
=
©
o
—
o
-
S
O

>

Out-bf—plane

*If no interactions (collectivity) between partons (hadrons), then particles
will be emitted isotropically in momentum space.

*If interactions, then p, > p,. Anisotropy (v,) is measure of interaction
strength.
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Elliptic flow described by fluid dynamics
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Consequence: if ideal hydrodynamics works (= zero mean free path) then
the interaction strength between partons is maximum = strong coupling
= ideal fluid behavior
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How strong is the coupling ?

Navier-Stokes type calculation
of viscosity — near perfect liquid
Viscous force ~ 0
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Simple pQCD processes do not
generate sufficient interaction
strength (2 to 2 process = 3 mb)

T T T T T
B STAR prelim, (Filimonov, Nov '01)
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Recently revised through enhanced

2 to 3 processes (multi-parton)
(BAMPS code, Frankfurt)



Lessons from RHIC: itl\:/llElE{lréI;‘lﬁ
The Quark SOUP

( AIP Science Story of 2006)

PHYSICISTS RE-CREATE
THE LIQUID STUFF OF
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The early universe behaves like a near perfect liquid, not like a
gas or plasma. 400 times less viscous than water, |0 times less

viscous than superfluid helium!
R.BELLWIED




Experimental
Verification phiys J

n ay 2010

—o— Sharma et al., [STAR], prelim

—_— Gavin and Abdel-Aziz, Phys.
97,162302 (2006)

— . Hees et al., arXiv:0808.3710
[hep-ph] (2008)

3 3 Adare et al., [PHENIX] Phys.
98, 172301 (2007)

—— Romatschke and Romatsch
Phys.Rev. Lett. 99,172301 (

= Drescher et al., Phys.Rev.
C76,024905 (2007)

¢ . Lacey et al, Phys.Rev. Lett.
98,092301 (2007)

In search of perfect fluids
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Collective flow confirms the strong coupling nature of the
deconfined matter produced at RHIC and the LHC

R.BELLWIED



How can light quark observables contribute ?
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at low pr: mass scaling (hadronic nature)

 BELLWIED at mid p: quark scaling (partonic nature)



Confirmed by strange quark (Q/¢) measurements

a consistent picture of deconfinement, partonic collectivity, partonic
thermalization, and partonic coalescence
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Breakdown of NCQ scaling

1 1 . ~ 2 - 2 2
Transverse kinetic energy: KEr = m; - m,where m* = p~ + m
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L3, Part |: Fluctuations /Correlations
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Definition of angular variables

* Momentum, azimuthal angle and pseudo-rapidity of the emitted particles are
used to study the collision

* (@ is the azimuthal angle and 1) is the pseudo-rapidity defined as:

o{afs)

* A correlation study of the angular difference variables An
and A@ of the emitted particles.

R. BELLWIED 12



Correlation Measure (Pearson’s coefficient)

* p = Two particle density

) . . Sibling Pairs
* Sibling Pairs «
Event A 2
n.nN
Psio (P11, $) = 2= =0
Area
X;
* Mixed Pairs
ﬁ Hb A Mixed Pairs
a S5
P, (p » 17, ¢) = Event B ==
ref t Area
* Final Measure: "
1
Psio — Pref Ap - Ap
— — P ref —— Normalized Ref Pairs:
A/ Pret A/ Pre Pret Total number of sibling to mixed pairs
dN
ch
b — g

* Number of correlated pairs perfinal state particle
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Di-hadron correlations — the original assumptions

 [f a static thermalized system is formed, the emissions would be
isotropic

[ No correlation structure

06

0]

4
2 2
dg o

Equal probability for each particle in any direction of emission

* In high energy nuclear and particle physics we expect specific correlation
effects

— Resonance decay
— Anisotropic flow
— Jet fragmentation

Anisotropic flow Jet fragmentation
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e e Lots of structure in RHIC emissions

as a f(centrality)
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...even more pronounced
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Pb-Pb 60-70%
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On the same scale from peripheral to central

Pb-Pb 70-80% Pb-Pb 0-10% Same scale
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Investigation of Fluctuating Initial Conditions

What if the initial energy density fluctuates and is not smooth
(i.e. the nuclei cannot be described by hard spheres).
Viscous hydro code from M. Luzum and P. Romatschke

( )
Settings: 200x200 grid, n/s = 0.08

a single event | average over |M Events
nergy density, b = 9.3 fm t=1.000 fm/c

Energy density, b = 9.3 fm t=1.000 fm/c
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http://hep.itp.tuwien.ac.at/~paulrom/codedown.html)(09001.488v1

Time evolution of initial conditions in
hydro

Energy density, b = 9.3 fm t=1.000 fm/c
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The cooling of the hot QCD vacuum
and the hot QCD medium

Energy density, b = 9.3 fm t=1.000 fm/c
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Lattice QCD calculation x (fm)
Adelaide Group
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Initial conditions plus radial expansion

Hama, Grassi, Kodama,
Takahashi et. al.

_1__d°N_
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(color ropes due to nuclear density profile) Ab 2 4 -6
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Many different ideas on origin

* Initial energy density fluctuations
Mishra et.al, Phys. Rev. C 77 (064902) 2008 Pb-Pb 2.76 TeVV
Takahashi et.al, Phys. Rev. Lett. 103,242301 (2009)
Alver and Roland, Phys. Rev. C 81 (2010) 054905
Werner et al, arXiv:| 104.3269v|

Sorensen et al,arXiv:1101.1925v|

© CGC flux tubes andlor radial flow 51—

Voloshin, Phys. Lett. B 632 (2006) 490 B C(LAMIRRIRN
Ut ity

Dumitru, Gelis, McLerran,Venugopalan
Nucl.Phys.A810:91-108,2008

Gavin, McLerran and Moschelli: Phys. Rev. C79 (200’
051902

Moschelli and Gavin: Nucl.Phys.A836:43-58,2010

¢ Modified mini-jets (pQCD related
explanation)
T.Trainor, Phys. Rev. C 80 (2009) 044901
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IONS

ial energy density fluctuat

iNni

Higher harmonics of
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Centrality evolution of A¢ di-hadron projections
- evidence for higher harmonics -
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Di-hadron correlation analysis

* applied to determine centrality and p; dependence of long
range correlations in An. Combined fit function for initial
density fluctuations and medium modified jet (remainder):

vl to v5 plus 2d Gaussian.
Data. stAr, 0=10%,
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Di-hadron correlations in STAR

* Major result on harmonics: sensitivity to viscosity
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* Major result on remainder: jet medium modification
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Initial State determines flow strength

Radial gluon distribution
Glauber

v, described by Glauber and CGC
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weak centrality dependence of v; => fluctuations origin
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CGC
2-D density profile

Smaller eccentricity

larger eccentricity
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- arXiv:1105.3928
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Theory calculation: Alver et al., PRC82,034913
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An exciting prospect for the future:
Event engineering

* The e-by-e statistics at the LHC enable event classification on the basis
of harmonics measurements. (PLB 719 (2013) 394)

Pb-Pb \/s,, = 2.76 TeV, 4-5% central

@ - v Event 14 \Dj v  Event 46 %
1.02F . i
O | ---- Acos(2Df )+B fit O --- Acos(3Df )+B fit
L ALICE B ALICE
RRRRRRRRRRR PERFORMRN&E
17 1.02 22/7/2012

1.01—

0.99 ?*

4
Dj (rad)

* Future studies: explore fluctuations
and multiplicity distributions e-by-e.
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Lattice QCD predictions for QCD transition

*Recent high resolution lattice calculations have yielded reliable
continuum extrapolations for all relevant order parameters of the
QCD phase transition.

The conclusions are: Difference between light and strange flavor
A.) that the transition is an

analytic crossover for an L

extended range of temperatures g |
(AT around 100 MeV)

0.6 1
B.) that in the crossover region 0.4 t ) |
. . . . . £ YT cont. [
there might be indications of a oo I I i};rz cont.

flavor hierarchy during
hadronization (.heawer flavors 150 200 250 300 350 400
freeze out at higher T [MeV]

temperatures, more abundant if
emission is statistical).

C. Ratti et al., PRD 85, 014004 (2012)
R. Bellwied, arXiv:1205.3625
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A short primer on QCD susceptibilities

PsB

T4

= QO(T, p) =

=mnZ(V, T, u)/VT?

2 1 P:f
T3 (?)

2 [7‘?1'
+ > | =
45 fra.. L 60

1

2t (Hs
+4?T2(

T

Grand potential
of QCD

Infinite T limit
SB gas

First derivative of grand potential with respect to chemical potential is
the density (density of quarks), equals zero at p=0.

Second derivative is susceptibility (variation of density with respect to
infinitesimal change in chemical potential).

Xrr(Top)

PQT, )

ka(T? ﬂ') _

T, p)

T2

Xuu (T Iu'@') —

T2

Xud(T' 1) _

T2
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Ops/T)?

Fluctuation of system.
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Susceptibility ratios in lattice QCD =
higher moment ratios of multiplicity distribution

Susceptibility ratios proposed as a model independent measure of Tch at y=0
(arXiv:1202.4173)

_ . )
1 xg (T) 2
s xXP.  xXPm) |1t aiEe ws/T) A+
MBOB = BT NB(T B(T)
Xz, X2 (T) |1 + %;%(T) (uB/T)2 + ...
- 2 |

At u=0: higher order expansion terms are zero, therefore X2 ~ c2, x4 ~ c4, x6 ~ c6, etc.

* The first four cumulants are

C, =<(5x)> C, =<(5x)2>
C, =<(5x)3> C= <(5x)4>—3<(5x)2 >2

« We can then define
Variance: 6> =C, Standard deviation: 6=,/C,

Skewness: S=C, / C;”’ 2 Kurtosis: Kk =C, / sz

So=C,/C, ko’=C,/C,
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Most recent results

* Latest results are based on continuum extrapolations of flavor dependent
higher order susceptibility ratios and signal a flavor hierarchy in the QCD
crossover region (Bellwied et al., arXiv:1305.6297)

1

strange x2(T)/SB = ' | ' strange quark yf, — =
Ii_ght xo(T)/SB +—e— o5 | light quark x./ys —— |
0.8 - light xo(1.11 T)/SB g5t HRG prediction for the strange quark
HRG prediction —— s ¢ =t 5 for the light quarks
[} [] B ]
06 - Ei 5 1 I
: . e _ -
o 4 15 1 HH frremeeee. .
0.4 , [} F 4 e S ¥ E e,
. /§ - | E "
¥ LB - E E ", |
E/i/ v & T s
> 3
0.2 A1 ] *s,
) ¥ '7 E""’i — 05 r s L] L.
0 ! : : : oL ! 1 ! 1 ! 1
120 140 160 180 200 220 130 140 150 160 170 180 190
T [MeV] T [MeV]

* Analysis of PID higher moments in ALICE and STAR has started.
* KG? = y,/y, is a good thermometer for hadronization.

* Strong fluctuations in ks2 for net-charge (charge number) and net-
protons (baryon number) as a function of energy might also indicate
critical point in phase diagram.
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Alternate explanation: non-equilibrium
proton annihilation after hadronization

Idea based on enhanced in-medium annihilation cross sections in
hadronic transport codes, e.g. UrQMD
o Steinheimer, Aichelin, Bleicher, arXiv:1203.5302
*Karpenko, Sinyukov, Werner, arXiv:1204.535 |
eBecattini et al., arXiv:1201.6349

LHC SPS
/ | / \\ |
L T%(u)

quark gluon plasma

wn
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100
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(an]

— adapted from: G.Enroedi etal.
arXiv:1102.1356 [hep-lat]
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Charge fluctuations

_(N(V,- D)) (N(N.-1)) . (N.N.)

Mo aymy = <N+>2 <N_ >2 <N+><N_ >

* e-by-e net charge fluctuations
depend on charge carriers

oF 44

» PRLI10, 152301(2013) N
’:; -1 i-ll|||||||||||||||||||||||||||||||I||| ||||||||||||||||||||||||||||H§ 3
§>£ E 11111 Hadron Gas % E
N QGP OH—: 250
QGP.q=1/3 Hadron Gas, q=| S oI 12
.\, . : oe [ @ ALICEPb-PbAn=1.6 ] s
¢ 0] e E 1"
0 Q’:OO ° N 1,
(3008008
0V %0 10 10 10
o) .0 o 00 VS (GEV)
00

* Small value in ALICE consistent
with onset of partial charge

Jeon, Koch, PRL 85, 2072 (2000). .

Asakawa et al., PRL 85, 2076 (2000). carriers
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Balance function

B(DA) = Z{N (Dh)NN++(Dh) N (Dh)N N_(Dh)

* correlation of balancing charges
depends on hadronization time

* PLB 723 (2013) 267
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Bass, Danielewicz, Pratt, PRL 85, 2689 (2000).
R.BELLWIED

!

(Dh)

7/10/2013

0.7+ .
 {
W
0.6 * o I -
*
* * e I I
* X ¢
o5 @ @ —
¢
¢ (a)
| | | |
g0 | ~® ALICE: Pb-Pb |, =2.76 TeV |
—&— STAR: Au-Au s, = 200 GeVy,
*
*
60| . ¥ .
* ¥ * e
o
(]
40| o ® -
[
e ° | | | | (b)
0 20 40 60 80
Centrality percentile
* Decrease in width consistent
with increase in t,

35/20



L3, Part 2: Conclusions / Future
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The Heavy lon Plasma Evolution
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Coherent story except for early thermalization and strong coupling near the
transition which cannot be easily reconciled with pQCD
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/ Where does it all begin / end ?

\\: Energy dependence of QCD matter

Hadronic

Hadronic Gas

Liquid-Gas

MN Hg—

The future: high energy at LHC, low energy at FAIR / RHIC
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/- The lesson from RHIC for high T QCD matter:
focus on the difference between medium and vacuum

* QCD matter may be more weakly interacting at very high T, but will not be
described by pQCD in the original sense.

* QCD case is not just an analogy to classical thermodynamics, there will be
new emergent phenomena

o Strong modification of coupling (interaction strength) and mass at high T
o Matter formation in medium and vacuum (hadronization) ?
> Properties of liquid phase / mixed phase

gluon saturation

\
" electroweak
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Relativistic Heavy lon Collisions have come a long way
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