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QCD in extreme: relativistic nuclear collisions
(Quest to understand multiparticle production)

“cv”:

Graduated from Moscow Engineering Physics Institute 
   specializing in theoretical physics 

Worked at MEPhI, 
    TPI Minnesota,
    Pittsburgh U., 
    U. of Heidelberg, 
    Berkeley Lab

Experimental Collaborations: 
    E877 @ AGS.BNL
    NA49, NA45(CERES) @ SPS.CERN
    STAR @ RHIC.BNL
    ALICE @ LHC.CERN  

~300 papers
   > 18 (5 – “few” authors) with citation index  > 250
   discovery of anisotropic flow at  AGS, SPS,
   RHIC (first STAR paper), LHC (first ALICE Pb+Pb paper)…

   2008 APS Fellow

        Sergei A. Voloshin
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Outline:
- what questions we try to answer
- what experiments we perform
- 3 examples of my “contribution”
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Fundamental physics: questions to answer 

The February 2002 issue of Discover magazine 
based its cover story on the recent 105-page 
public draft of the National Research Council 
Committee on Physics of the Universe report, 
Connecting Quarks with the Cosmos

What is dark matter? 
What is dark energy?
How were the heavy elements from
 iron to uranium made?
Do neutrinos have mass?
Where do ultra-energy particles 
come from?
Is a new theory of light and matter 
needed to explain what happens at 
very high energies and temperatures? 
Are there new states of matter 
at ultrahigh temperatures and 
densities? 
Are protons unstable? 
What is gravity? 
Are there additional dimensions? 
How did the Universe begin? 
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The Structure of matter. Types of interactions
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The Structure of matter. Types of interactions

Hadrons are particles 
“participating” in the strong 
interactions
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Quantum Chromo Dynamics (QCD)
Forces between quarks: exchange of colour gluons
Confinement: at larger distances interaction become 
stronger  Free quarks are not observed in nature; 

Non-trivial structure of the vacuum: 
Spontaneous breaking of the chiral symmetry – 
generation of masses. 

u         d         s        c         b          t   

Questions we try to answer:
- Are there a new (deconfined) state of matter - Quark Gluon Plasma, where
quarks and gluons can move “freely”?
- What are the properties of this matter (e.g. viscosity)?
- How it hadronizes (converts to regular matter)?
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The Phase Diagram of QCD
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QGP

Quark-Gluon Plasma   =   color deconfinement
                                        +  thermalization

Local color screening  deconfinement  
(“free” color propagation over large distances
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Ultrarelativistic nuclear collisions

       BNL AGS       CERN SPS        BNL RHIC    CERN LHC

          ~5 GeV         ~ 17 GeV      up to 200 GeV    ~5500 GeV

Large Hadron Collider
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Ultrarelativistic nuclear collisions

       BNL AGS       CERN SPS        BNL RHIC    CERN LHC

          ~5 GeV         ~ 17 GeV      up to 200 GeV    ~5500 GeV

Energy of the Pb beam at LHC ~ 1 ton of TNT !

Large Hadron Collider
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STAR @ RHIC

9
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CERN
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Detector:
Length: 26 meters
Height: 16 meters
Weight: 10,000 tons

Collaboration:
> 1000 Members
> 100 Institutes 
> 30 countries

13

ALICE Detector
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ALICE Detector construction
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ALICE Detector construction
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Central Event

From real-time Level 3 display.

STAR
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STAR event
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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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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 view):

1. Large elliptic flow SV, Poskanzer, Snellings (STAR)
2. Jet quenching 
3. Constituent quark scalingSV, QM2002

Note the importance of item #3, “partonic flow” -> deconfinement !).

At present, we are in the second phase of RHIC – quantitative
understanding of sQGP
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Elliptic Flow

X

Y

XZ-plane  -  the reaction plane
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Elliptic Flow
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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

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 ) + ...( )
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Shear viscosity / entropy density

Shear viscosity to the entropy
density ratio close to the low 
quantum limit  --> “perfect 
liquid”
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Elliptic flow: number of quarks scaling

Constituent quark scaling holds very well.
  Deviations are where expected.

Gas of constituent quarks – deconfinement !

STAR PRL 92(2004)052302

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

topological charge

winding number

Chern-Simons number

The volume of the box is 2.4 by 2.4 by 3.6 fm.
The topological charge density
Animation be Derek Leinweber

   N
CS =   -2       -1        0         1          2

Energy of gluonic field is periodic in NCS direction
(~ a generalized coordinate) and oscillatory in other
 directions

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

Topological transitions have never been observed directly 
 (e.g. at the level of quarks in DIS). 
An observation of the local strong parity violation  
would be a clear proof for the existence of such physics. 
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Search for the Chiral Magnetic Effect

25

Charge separation along the 
magnetic field manifests violation 
of parity (mirror symmetry)

8
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FIG. 2. (Colour online) The centrality dependence of the
three–particle correlator defined in Eq. 2. The red circles
indicate the ALICE results obtained from the cumulant anal-
ysis. The blue stars show the STAR data from [6]. The
green triangles represent the genuine three–particle correla-
tions (!cos(!! + !" " 2!c)#) from HIJING [20] corrected for
the experimentally measured v2{2} [17]. A model prediction
for the same sign correlations incorporating the Chiral Mag-
netic E!ect for LHC energies [21] is shown by the solid red
line. Points are displaced horizontally for visibility.

other analyses the orientation of the collision symme-
try plane is estimated from the azimuthal distribution
of charged particles in the TPC, and hits in the forward
VZERO and ZDC detectors [19]. The small di!erences
between the methods are considered as part of the sys-
tematic uncertainty.

Figure 1b shows the centrality dependence of the two–
particle correlator !cos(!! " !")#, as defined in Eq. 3.
The statistical uncertainty is smaller than the symbol
size. The two–particle correlations for the same and op-
posite charge combinations are always positive and ex-
hibit qualitatively similar centrality dependence, while
the magnitude of the correlation is smaller for the same
charged pairs. Our results di!er from those reported by
the STAR Collaboration for Au-Au collisions at

$
sNN =

200 GeV [6] for which a negative correlations are observed
for the same charged pairs.

Figure 1c shows the !cos"!! cos"!"# and
!sin"!! sin"!"# terms separately. For pairs of
the same charge particles, we observe that the cor-
relations projected onto the direction perpendicular
to the reaction plane, !sin"!! sin"!"#, are larger
than those projected onto the reaction plane direction,
!cos"!! cos"!"#. On the other hand, for pairs of
opposite charge, the two terms are almost identical
except for the most peripheral collisions.

Figure 2 presents the three–particle correlator
!cos(!! +!" " 2#RP )# as a function of the collision cen-
trality compared to model calculations and results for

RHIC energies. The statistical uncertainties are repre-
sented by the error bars. The shaded area around the
points indicates the systematic uncertainty based on the
di!erent sources described above. Also shown in Fig. 2
are STAR results [6]. The small di!erence between the
LHC and the RHIC data indicates little or no energy de-
pendence for the three–particle correlator when changing
from the collision energy of

$
sNN = 0.2 TeV to 2.76 TeV.

In Fig. 2, the ALICE data are compared to the ex-
pectations from the HIJING model [20]. The HIJING
results do not exhibit any significant di!erence between
the correlations of pairs with same and opposite charge
and were averaged in the figure. The correlations from
HIJING show a significant increase in the magnitude for
very peripheral collisions. This can be attributed to cor-
relations not related to the reaction plane orientation, in
particular, from jets [6].
For the correlations originating in CME, the correla-

tion of pairs with same and opposite charge should be
similar in magnitude and opposite in sign. The results
from ALICE in Fig. 2 show a strong correlation of pairs
with the same charge and simultaneously a very weak
correlation for the pairs of opposite charge. This could
be interpreted as “quenching” of the charge correlations
for the case when one of the particles is emitted toward
the centre of the dense medium created in a heavy–ion
collision [5]. An alternative explanation can be provided
by a recent suggestion [13] that the value of the charge
independent version of the correlator defined in Eq. 2 is
dominated by directed flow fluctuations. The sign and
the magnitude of these fluctuations based on a hydro-
dynamical model calculation for RHIC energies [13] ap-
pear to be very close to the measurement. Our results
for charge independent correlations are given by the blue
band in Fig. 2.
The thick solid line in Fig. 2 shows a prediction [21]

for the same sign correlations due to the CME at LHC
energies. The model makes no prediction of the absolute
magnitude of the e!ect, and can only describe the energy
dependence by taking into account the duration and time
evolution of the magnetic field. It predicts a decrease of
the correlations by about a factor of five from RHIC to
LHC, which would significantly underestimate the ob-
served magnitude of the same sign correlations seen at
the LHC. At the same time in [5, 10], it was suggested
that the CME might have the same magnitude at the
LHC and at RHIC energies. Note that, in [8] it is argued
that local charge conservation e!ects may be responsible
for a significant part of the observed charge dependence
of the correlator !cos(!!+!""2#RP )#. A full discussion
of these e!ects is beyond the scope of this paper, and will
be presented in a future publication.
Figure 3 shows the dependence of the three–particle

correlator on the transverse momentum di!erence, |pt,!"
pt,"|, the average transverse momentum, (pt,! + pt,")/2,
and the rapidity separation, |"! " "" |, of the pair for the

ALICE: charge dependent  correlations 
qualitatively consistent with CME, and 
similar in strength to those observed by STAR. 
No model can reproduce the signal. 

Voloshin, PRC70 057901 (2004)

Kharzeev, PLB633 260 (2006))

ALICE:  arXiv:1207:0900
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Thank you !
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