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✦ Introduction. High energy heavy ion collisions.
✦ Anisotropic flow: Number of constituent 

quark (NCQ) scaling
✦ Tests of the chiral magnetic effect

✦ Anisotropic flow: system response to 
anisotropic initial conditions. 
✦ Flow fluctuations and nonflow
✦ Fluctuation in the initial conditions ➔ 

(all) harmonics flow
✦ Conclusions
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Ultrarelativistic nuclear collisions

       BNL AGS       CERN SPS        BNL RHIC         CERN LHC

          ~5 GeV         ~ 17 GeV      up to 200 GeV        ~2760 (5500) GeV

mprotonc
2 = 1 GeV
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Ultrarelativistic nuclear collisions

       BNL AGS       CERN SPS        BNL RHIC         CERN LHC

          ~5 GeV         ~ 17 GeV      up to 200 GeV        ~2760 (5500) GeV

mprotonc
2 = 1 GeV

x ( A=208 )  ➡
LHC Pb+Pb central collision: ~ 0.2 mJ !!! 
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STAR, Nature 473, 353 (2011)STAR, Science 328, 58 (2010) 
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QGP@RHIC: Gas or Liquid?

Quark-Gluon Plasma   =   color deconfinement
                                        +  thermalization + ?

Local color screening  deconfinement  =  “free” color propagation 
                                                           over large (>> 1 fm) distances
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RHIC answer in the news
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Shear viscosity / entropy density

η
s

1
4π
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Major RHIC discoveries

“The physical picture emerging from the four (RHIC) experiments is consistent and surprising. The 
quarks and gluons indeed break out of  confinement and behave collectively, if only fleetingly. But this 
hot mélange acts like a liquid, not the ideal gas theorists had anticipated.”
M. Riordan, W. Zajc, Sci. Am., May 2006, 34-41.
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Major RHIC discoveries

“The physical picture emerging from the four (RHIC) experiments is consistent and surprising. The 
quarks and gluons indeed break out of  confinement and behave collectively, if only fleetingly. But this 
hot mélange acts like a liquid, not the ideal gas theorists had anticipated.”
M. Riordan, W. Zajc, Sci. Am., May 2006, 34-41.

Three major RHIC discoveries (my “count”):
1. Large elliptic flow   
2. Jet quenching 
3. Constituent quark number scaling 
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Term “flow” does not mean necessarily 
“hydro” flow – used only to emphasize 
the collective behavior multiparticle 
azimuthal correlation.

Anisotropic flow

Anisotropic flow ≡ correlations
with respect to the reaction plane
(more general definition later)

Note large orbital angular momen-
tum in the system and strong electric
and magnetic fields!

X

Z

XZ – the reaction plane

Picture: © UrQMD

y

x xx

Directed flow Elliptic flow

Fourier decomposition of single particle (semi) inclusive spectra:

S.V., Y. Zhang
hep-ph/9407282
Z.Phys. C70 (1996) 665

d 3N
dpt dydΔϕ

=
d 2N
dpt dy

1
2π

1+ 2v1 cos(Δϕ ) + 2v2 cos(2Δϕ ) + ...( )

b

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Constituent quark coalescence
coalescence                                    fragmentation

Low pt quarks High pt quarks

In the intermediate region coalescence can be described by:



S.V., QM2002
D. Molnar, S.V., PRL 2003 

D(z)
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coalescence                                    fragmentation
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In the intermediate region coalescence can be described by:



S.V., QM2002
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Elliptic flow: Quark scaling

STAR, Phys Rev C (72), 014904 (2005)  - Constituent quark scaling holds very well.
  Deviations are where expected.

- Elliptic flow saturates at pt~ 1 GeV, just at
  constituent quark scale. An accident? 

STAR PRL 92(2004)052302
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LHC

11

Similarly at LHC, final analysis in progress.
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Chiral Magnetic 
Effect

12

Charge separation along the 
magnetic field would manifest 
violation of parity (mirror symmetry)
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Chiral magnetic effect. EDM of QCD matter.

Charge separation along the orbital momentum:
EDM of the QCD matter (~ the neutron EDM)
(Local Parity Violation)

Chiral magnetic effect:   
quark interactions with topologically nontrivial 
gluonic field configurations ➱  NL≠NR  
⊕   magnetic field ➱ charge separation
or  
Induction of the electric field parallel to the (static) 
magnetic field

L or B

The asymmetry is too small to observe
in a single event, but is measurable 
by correlation techniques

Phys.Rev.D57:2186-2206,1998.

   N
CS =   -2       -1        0         1          2

Energy of gluonic field is periodic in NCS 
direction (~ a generalized coordinate)

Instantons and sphalerons are 
localized (in space and time) solutions 
describing transitions between different vacua
 via tunneling or go-over-barrier
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Observable. Backgrounds

Event generators: the signal is not zero, 
but different from expectations (e.g. same 
charge ~ opp. charge)

 (+,+) and (-,-) results are  combined as “same charge”
HIJING+v2  = added “afterburner” to generate flow
MEVSIM: flow as in experiment, number of resonances 
maximum what is consistent with experiment 

 “Flowing clusters”/RP dependent 
fragmentation

 Global polarization, v1 fluctuations, …

I.     Physical background (RP dependent). 
    Can not be suppressed

II.  RP independent. (depends on method and 
in general  can be greatly reduced) 

?
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RHIC (STAR) Data vs models

 Large difference in like-sign vs unlike-
sign correlations in the data compared to 
models.

 Bigger amplitude in like-sign 
correlations compared to unlike-sign.

 Like-sign and unlike-sign correlations 
are consistent with theoretical 
expectations

 … but the unlike-sign correlations are small, 
might have significant contribution effects not 
related to the RP orientation.

 The “base line” can be shifted from 
zero.

〈 +,+ 〉  and  〈–,–〉  results agree within errors 
and are combined in this plot and all plots below. 
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 Au+Au and Cu+Cu @ 200 GeV

+/–    signal in Cu+Cu is stronger,
qualitatively in agreement with “theory”,
but keep in mind  large uncertainties due
to correlations not related to RP 
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Δη dependences  (AuAu200).

Typical “hadronic” width,
consistent with “theory”.

Not color flux tubes?

Correlations at large Δη (and 
large Δpt, see next slide)  --
it is not HBT or Coulomb. 
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LHC 

18

ALICE: the signal is very similar to that observed by STAR.
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Further (future) tests

19

In both cases the magnetic field is small, 
but elliptic flow is large in body-body. 

U+U very central collisions

All (“physics”) background effects 
scale with elliptic flow.

Correlations due to chiral magnetic effect 
scale with (square of ) the magnetic field.
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but elliptic flow is large in body-body. 

U+U very central collisions

All (“physics”) background effects 
scale with elliptic flow.

Correlations due to chiral magnetic effect 
scale with (square of ) the magnetic field.

Try to identify other features 
of the “topological bubbles”, 
e.g. instanton “bubble” 
-  decays isotropically, 
- into equal number of q-qbar 
pairs of all flavors.

t’Hooft’s  interaction
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Further (future) tests

19

In both cases the magnetic field is small, 
but elliptic flow is large in body-body. 

U+U very central collisions

All (“physics”) background effects 
scale with elliptic flow.

Correlations due to chiral magnetic effect 
scale with (square of ) the magnetic field.

Try to identify other features 
of the “topological bubbles”, 
e.g. instanton “bubble” 
-  decays isotropically, 
- into equal number of q-qbar 
pairs of all flavors.

t’Hooft’s  interaction

Look for: Mass distribution, multiplicities, quark flavor content of the 
clusters (PID correlations, KKπ vs πππ, etc.),  angular distributions, 
unusual behavior in HBT parameters (production by coherent field)

STAR, pp2pp, phase II
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Flow fluctuations. “Nonflow”

The difference between two-particle and many-particle 
correlation results are due to flow fluctuations and 
nonflow.
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Flow fluctuations. “Nonflow”

The difference between two-particle and many-particle 
correlation results are due to flow fluctuations and 
nonflow.

The difference between v2[2] qnd v2[4} is almost
fully saturated by eccentricity fluctuations according to nucleon 
participant Glauber MC.
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“Ridge”. (Nonflow?)

21

Δϕ Δη

Long range in rapidity and localized in azimuth correlations 
have been observed in semi-central and central collisions.

dN
pa
irs

dΔ
ηd

Δϕ
 (a

.u
.)
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pY

pX

pp

Radial expansion  2-part azimuthal correlations
All particles produced in the same NN-collision
 (qq-string) experience the transverse radial “push”  that is
(a) in the same direction (leads to correlations in phi)
(b) the same in magnitude ( correlations in pt )

x

y
rapidity

pp collision

AA collision
pY

pX

NNAA
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Figures are shown for particles from the same NN collision. 
Dilution factor to be applied!

!!! - the large values of transverse
flow, ρt

2 > 0.25, would contradict “non-flow” 
estimates in elliptic flow measurements 

Radial expansion  2-part azimuthal correlations

uQ* = M uu* = M (v2 + δ ) = Mv2 + δ
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Correlation function. Pure hydro.

After “flow” subtraction (dashed line on the upper 
right plot)
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Single “hot spot”

25

Instead of a “bump” due to a push-out of a “hot spot” by radial flow,
it appears that the high density region actually “blocks” the development of
radial flow in this direction, leading to a dip with two “side-splashes”.

Note that the “dip” and the “bump” lead to _positive_ correlations,
the “ridge”, but the details (e.g. harmonic decomposition of the correlation 
function is different)
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Density decomposition

26

=

=
positions
of hot spots

∑

Shuryak et al.

It is difficult to select events with (only) one hot spot at
a given position  ==> we will proceed in a different
direction.
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Density decomposition

27

=

=

+

+ + +...

+

Ψ1,3

Ψ2

Ψ5

Ψ3

Ψ4

eikr cosφ = 1+ ikr cosφ −
1
2
k2r2 cos2φ −

1
6
ik 3r3 cos3φ + ...
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Density distributions

28

10k Pb+Pb events, b=8 fm



Int. School of Nuclear Physics, 33rd  Course, ERICE, Sicily, September 16-24, , 2011page S.A. Voloshin

Density distributions

28

10k Pb+Pb events, b=8 fm



Int. School of Nuclear Physics, 33rd  Course, ERICE, Sicily, September 16-24, , 2011page S.A. Voloshin

Density distributions

28

10k Pb+Pb events, b=8 fm



Int. School of Nuclear Physics, 33rd  Course, ERICE, Sicily, September 16-24, , 2011page S.A. Voloshin

Density distributions

28

10k Pb+Pb events, b=8 fm



Int. School of Nuclear Physics, 33rd  Course, ERICE, Sicily, September 16-24, , 2011page S.A. Voloshin

Density distributions

28

10k Pb+Pb events, b=8 fm



Int. School of Nuclear Physics, 33rd  Course, ERICE, Sicily, September 16-24, , 2011page S.A. Voloshin

Density distributions

28

10k Pb+Pb events, b=8 fm



Int. School of Nuclear Physics, 33rd  Course, ERICE, Sicily, September 16-24, , 2011page S.A. Voloshin

ALICE

29
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v1(pt)

30
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pt dependence of “odd” and “even” v1

31
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The origin of both is the same -- density gradients
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Density decomposition

32

=

=

+

+ + +...
We can also address the “individual” shapes by 
femtoscopy! … but this is another talk

+

Ψ1,3

Ψ2

Ψ5

Ψ3

Ψ4

eikr cosφ = 1+ ikr cosφ −
1
2
k2r2 cos2φ −

1
6
ik 3r3 cos3φ + ...
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Summary

33

  Heavy ion collisions is a unique laboratory to study QCD, 
including physics of hadronization, properties of QCD vacuum.

  Anisotropies in particle production appear to be a very 
sensitive tool for such studies.

✦  Constituent quark number scaling -- an important observation 
which might reveal the dynamics of hadronization.
✦  Anisotropies in particle production in a very strong magnetic 
field of colliding nuclei could provide a unique “playground” for 
direct experimental studies of nonperturbative QCD effects.
✦  Flow fluctuations, quite accurately measurable experimentally, 
provide another observable very sensitive to the initial state of 
the system evolution / wave function of the fast nucleus.
✦ “Nonflow” due to interplay of “hot spots” and radial flow, and 
flow fluctuations due to fluctuations in in the “shape” are different 
descriptions of the same phenomena. 


