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When ordinary substances are 
subjected to variations in tempera-

ture or pressure, they will often undergo 
a phase transition: a physical change 
from one state to another. At normal 
atmospheric pressure, for example, water 
suddenly changes from liquid to vapor 
as its temperature is raised past 100° C; 
in a word, it boils. Water also boils if the 
temperature is held !xed and the pres-
sure is lowered—at high altitude, say. The 
boundary between liquid and vapor for 
any given substance can be plotted as a 
curve in its phase diagram, a graph of tem-
perature versus pressure. Another curve 
traces the boundary between solid and 
liquid. And depending on the substance, 
still other curves may trace more exotic 
phase transitions. (Such a phase diagram 
may also require more exotic variables, as 
in the !gure).

One striking fact made apparent by 
the phase diagram is that the liquid-
vapor curve can come to an end. Beyond 
this “critical point,” the sharp distinction 
between liquid and vapor is lost, and 
the transition becomes continuous. The 
location of this critical point and the 
phase boundaries represent two of the 
most fundamental characteristics of any 
substance. The critical point of water, for 
example, lies at 374° C and 218 times nor-
mal atmospheric pressure. 

The schematic phase diagram shown 
in the !gure shows the di"erent phases 
of nuclear matter predicted for various 
combinations of temperature and baryon 
chemical potential. The baryon chemical 
potential determines the energy required 
to add or remove a baryon at !xed pres-
sure and temperature. It re#ects the net 
baryon density of the matter, in a similar 
way as the temperature can be thought to 
determine its energy density from micro-
scopic kinetic motion. At small chemical 
potential (corresponding to small net 
baryon density) and high temperatures, 
one obtains the quark-gluon plasma phase; 

a phase explored by 
the early universe dur-
ing the !rst few micro-
seconds after the Big 
Bang. At low tempera-
tures and high baryon 
density, such as those 
encountered in the 
core of neutron stars, 
the predictions call for 
color-superconduct-
ing phases. The phase 
transition between a 
quark-gluon plasma 
and a gas of ordinary 
hadrons seems to be 
continuous for small 
chemical potential 
(the dashed line in 
the !gure). However, 
model studies sug-
gest that a critical 
point appears at 
higher values of the 
potential, beyond 
which the bound-
ary between these 
phases becomes a sharp line (solid line in 
the !gure). Experimentally verifying the 
location of these fundamental “landmarks” 
is central to a quantitative understanding 
of the nuclear matter phase diagram.

Theoretical predictions of the loca-
tion of the critical point and the phase 
boundaries are still uncertain. However, 
several pioneering lattice QCD calculations 
have indicated that the critical point is 
located within the range of temperatures 
and chemical potentials accessible with 
the current RHIC facility, with the envi-
sioned RHIC II accelerator upgrade, and at 
existing and future facilities in Europe (i.e., 
the CERN SPS and the GSI FAIR). Indeed, 
the recent discovery of the quark-gluon 
plasma at RHIC gives evidence for the 
expected continuous transition (dashed 
line in the !gure) from plasma to hadron 
gas. Physicists are now eagerly anticipat-

ing further experiments in which nuclear 
matter will be prepared with a broad range 
of chemical potentials and temperatures, 
so as to explore the critical point and the 
phase boundary fully. As the experiments 
close in, for example, the researchers 
expect the critical point to announce itself 
through large-scale #uctuations in several 
observables. These required inputs will be 
achieved by heavy-ion collisions spanning 
a broad range of collision energies at RHIC, 
RHIC II, the CERN SPS and the FAIR at GSI.

The large range of temperatures and 
chemical potentials possible at RHIC and 
RHIC II, along with important technical 
advantages provided by a collider coupled 
with advanced detectors, give RHIC scien-
tists excellent opportunity for discovery of 
the critical point and the associated phase 
boundaries.

Search for the Critical Point: “A Landmark Study”
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Strongly Interacting Matter in extreme conditions
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High energy densities „Free“ quarks?
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Heavy-Ion Collisions
1. Introduction
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1. Introduction

Phase Diagram of Strongly Interacting Matter

USA-NSAC 2007 Long-range plan *Will be taken in Run 2011

!

• Is a phase transition/critical point 
   reflected in hadronic observables?
     

- In order to search for the onset of 
      deconfinement and the critical point 
      RHIC started 2010 the „Beam Energy 
      Scan“ (BES) program.   
   
        

-           = 7.7, 11.5, 18*, 27*, 39 GeVsNN

39

18

• The chemical freeze-out points extracted 
   from the existing STAR data approaches 
   the crossover region and are close to a 
   possible prediction of the critical point 
   from Lattice Theory.
 • The location for the onset of 
   deconfinement (OoD) and the critical 
   point (CP) is theoretically not well 
   constrained and the BES program will 
   look for signatures for the OoD and the 
   CP.
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The BNL Accelerator Complex

• Beam species from p to 197Au79+ (2011 with Electron Beam Ion Source (EBIS) up to U).
    

• Beam energy from          = 7.7 - 200 GeV at RHIC.

2. The STAR 
experiment 

sNN
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• TPC: Q, x, p, dE/dx
• TOF: time of flight 

• π±, K± and p   : dE/dx in TPCs
• K0, Λ, Ξ, Ω      : decay topology +
                            inv. mass. + dE/dx
• φ                           : inv. mass. + dE/dx 

s

The STAR Experiment

→ →

2. The STAR 
experiment 

TPC

TOF

FTPC

STAR Ref.: K. H. Ackermann et al.: 
NIM A 499 (2003) 624   

BBC

|η| < 1

|η| < 1

2.5 < |η| < 4.0

2.2 < |η| < 5.2
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Scenarios for the OoD and CP

• Do we see partonic collectivity at top RHIC energies?

a) Anisotropic flow

b) Particle yields and spectra

c) Event-by-Event fluctuations

• Will we see a change of the EOS in the
   RHIC Beam Energy Scan (BES)? 

d) Beam Energy Scan program of STAR
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Elliptic Flow

x

y
z

• Elliptic flow is sensitive to 
   the early stage of collision 
   dynamics.
    

   ⇒ A unique hadronic probe 
       of the early stage

v
p
p
y

x
2

12 =   = tan  cos ,

 = 
y x

y x

2 2

2 2+
• In non central collisions the 
   coordinate space configu-
   ration is anisotropic, but the
   initial momentum distri- 
   bution is isotropic.    

• Interaction among consti-
  tuents generate a pressure 
  gradient which transforms 
  the initial coordinate space 
  anisotropy into the observed 
  momentum space anisotropy 
  → anisotropic flow    

a) Anisotropic flow
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Partonic Collectivity

Hadronic collectivity

Heavy Ion collision

Partonic collectivity

• Collectivity develops on the 
   quark level and persists 
   after hadronization.

• Collectivity develops on the 
   hadronic level and will be 
   different for every hadron 
   species due to differing 
   cross-section.

a) Anisotropic flow
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Partonic Collectivity

STAR Ref.: S. Shi for the STAR 
Collaboration: NPA 830 (2009) 187   

• At low pt (≤ 2 GeV/c) hadronic mass ordering 
   effect is visible.
    

• At high pt (> 2 GeV/c) number of quarks ordering.
                                         

   ⇒ Collectivity develops at the partonic stage
PHENIX: Issah and Tarenko, nucl-ex/0604011
NQ inspired fit: Dong et al., PLB 597 (2004) 328

PHENIX: open symbols

a) Anisotropic flow
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Partonic Collectivity

S
0K

0-80% most central

0-80% most central

0-60% most central

Au Au sNN+ ,   = 62.4 GeVAu Au sNN+ ,   = 200 GeV

Cu Cu sNN+ ,   = 200 GeV
• v2 of light and multi-strange hadrons are scaling 
   by the number of quarks
    

   ⇒ also visible for Φ and Ω which indicates that the 
        collectivity develops at the partonic level    

Event plane method (TPC)

Event plane method (TPC)

Event plane method (FTPC)

STAR Ref.: B. I. Abelev et al.: PRC 75 (2007) 054906
                            B. I. Abelev et al.: PRC 99 (2007) 112301
                     B. I. Abelev et al.: PRC 77 (2008) 054901
                     B. I. Abelev et al.: PRC 81 (2010) 044902

a) Anisotropic flow
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Alt:PRC 68 (2003) 034903

 (GeV/c)
T

p
0 0.5 1 1.5 2 2.5

2v

0

0.05

0.1

0.15

0.2
-+h+h

p

 
Au+Au 9.2 GeV (0-60%) Pb+Pb 8.8 GeV (0-43.5%)

Au Au sNN+ ,   = 9.2 GeV

Signatures for a Phase Transition - BES Program    

• v2 results from 9.2 GeV test run 
   with 3k good events.
     

• STAR recorded in the BES 
   program several million events 
   at 3 energies.

STAR Ref.:  B. I. Abelev et al.: PRC 81 (2010) 024911

a) Anisotropic flow
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Signatures for a Phase Transition - BES Program    

y

v2 • At the phase transition from hadronic matter to 
   quark-gluon plasma the EOS is softer in a mixed 
   phase.
      

• This should be visible in a deep minimum of 
   proton v2 at midrapidity known as softest point.

Stöcker:NPA 750 (2005) 121
Kolb et al.:PRC62 (2000) 054909

a) Anisotropic flow
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v2 • At the phase transition from hadronic matter to 
   quark-gluon plasma the EOS is softer in a mixed 
   phase.
      

• This should be visible in a deep minimum of 
   proton v2 at midrapidity known as softest point.

Stöcker:NPA 750 (2005) 121
Kolb et al.:PRC62 (2000) 054909

• Hydro calculation shows a minimum for the elliptic 
   flow when passing through a change of the EOS 
   from hadronic matter to quark-gluon plasma.

a) Anisotropic flow
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v2 • At the phase transition from hadronic matter to 
   quark-gluon plasma the EOS is softer in a mixed 
   phase.
      

• This should be visible in a deep minimum of 
   proton v2 at midrapidity known as softest point.

Stöcker:NPA 750 (2005) 121
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• The breaking of v2 number of quark scaling will 
   indicate a transition from partonic to hadronic 
   world.

⇒ Important to measure multi-strange 
    particles especially Ω and ϕ v2

a) Anisotropic flow
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Scenarios for the OoD and CP

a) Anisotropic flow

b) Particle yields and spectra

c) Event-by-Event fluctuations

d) Beam Energy Scan program of STAR

• "Horn" and "Step": Equilibration at early stage of
   both hadron gas and QGP.
   (Gazdzicki, Gorenstein:APP B30 (1999) 2705)
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<mt> - m0

b) Particle yields and spectra
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Heat used to vaporize
water to water vapor

Heating of 
water vapor
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STAR Ref.:  B. I. Abelev et al.: PRC 81 (2010) 024911

• <mt> - m0 results from 9.2 GeV test run with 3k good events.
• STAR recorded in the BES program several million events.
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• <mt> - m0 results from 9.2 GeV test run with 3k good events.
• STAR recorded in the BES program several million events.
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K/π Ratio
b) Particle yields and spectra

STAR Ref.:  B. I. Abelev et al.: PRC 81 (2010) 024911

• Non-monotonic structure in K+/π+ 
   ratio visible.
    

• STAR measurements at 9.2 GeV 
   with 3k events in agreement with 
   existing data
     

• STAR recorded in the BES 
   program several million events 
   at 3 energies.
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a) Anisotropic flow

b) Particle yields and spectra

c) Event-by-Event fluctuations

Scenarios for the OoD and CP

•  Diverging susceptibilities near the critical point 
   are connected to fluctuations.
   (Stephanov et al:PRD 60 (1999) 114028, 
     Gorenstein et al.:PLB 585 (2004) 237)

• Baryon number and strangeness correlation in a QGP.
   (Koch et al:PRL 95 (2005) 182301)

• Higher moments are more sensitive to diverging sigma field.
   (Stephanov:PRL 102 (2009) 032301)

d) Beam Energy Scan program of STAR
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• Hadron ratios...

- ... are an intensive quantity

- ... characterize the chemical composition of the fireball

- ... are not affected by hadronic re-interaction when looking at 
       conserved quantities (baryon number, strangeness)

• Change of particle (e.g. strangeness) production properties at the
   phase transition

- Two event classes  
      

- Larger fluctuations in 
   the mixed phase

c) Event-by-Event fluctuations

Introduction in Ratio Fluctuations



Michael K. Mitrovski SPIN-Praha-2010 - Praha - July 2010 21

K/π Ratio Fluctuations
c) Event-by-Event fluctuations

dyn data mix data mixsign= ( )2 2 2 2      relative width     = RMS Mean x/ [%]100,

• Steep rise towards low SPS energies.
     
• No variation from top SPS to RHIC 
   energies.

• Rise towards low energies not repro-
  duced by UrQMD.

• HSD catches the trend, but over-
   predicts the data at high SPS 
   energies.
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STAR Ref.:  B. I. Abelev et al.: PRL 103 (2009) 92301

NA49 Ref.:  Alt et al.: PRC 79 (2009) 044910
UrQMD Ref.:Bleicher et al.: arXiv:0805.0567
HSD Ref.: Gorenstein et al. PRC 79 (2009) 024907
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K/π Ratio Fluctuations
c) Event-by-Event fluctuations

STAR BES Program
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K/p Ratio Fluctuations
c) Event-by-Event fluctuations
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Schuster et al.: PoS CPOD09 2009

• QGP: strangeness is carried by strange   
             quarks, baryon number and strange-
             ness is correlated.

• HG:    strangeness is carried by K and Λ, 
             baryon-strangeness correlation 
             changes with µB.

STAR Ref.:  J. Tian et al.: SQM09

• K/p is an approximation for CBS?

• Sign change at low energies.
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             ness is correlated.

• HG:    strangeness is carried by K and Λ, 
             baryon-strangeness correlation 
             changes with µB.

Event-by-Event p/K Fluctuations from Au+Au Collisions at RHIC 4

0 1 2 3 4 5

10

210

310

410

510 200GeV
Real Events
Mixed Events

STAR Preliminary

0 1 2 3 4 5

10

210

310

410

510 62.4GeV

Ev
en

ts

0
)-+K+)/(Kp(p+

Figure 1. Distributions of event-by-event p/K ratio from real data and mixed events
for the most central Au+Au collisions (0-5%) at

√
sNN = 62.4 GeV and 200 GeV.
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Figure 2. Measured p/K fluctuations in terms of σdyn for central Au+Au collisions
(0-5%) at

√
sNN = 62.4 GeV and 200 GeV compared with the central Pb+Pb collisions

(0-3.5%) from NA49. Both statistical and systematic errors are shown for the data.

At RHIC energies of 62.4 GeV and 200 GeV the net baryon density at mid-rapidity

in the STAR acceptance is small, and most baryon and strangeness quantum numbers

are pair produced [13]. If we consider the total multiplicity as a reference for a sample

in which most of particles are pair produced, we may underestimate the magnitude

of dynamical fluctuations. Particle correlations in general have important effects on

fluctuation measurement. Such correlations could be due to hyperon decays, associated

production, resonance decays and pair production. We find that correlations between

protons and kaons will reduce the relative width of p/K ratio distribution, while the

correlations of p− p̄ and K+ −K−
from pair production enhance the relative width.

Because of detector acceptance and efficiency, particle pairs from pair-production

mechanism are not always measured event-by-event experimentally. We generally cannot

identify the particle pair in an event from all the particles measured. Therefore we

cannot unambiguously determine a reference that accounts for pair statistical and

STAR Ref.:  J. Tian et al.: SQM09

• K/p is an approximation for CBS?

• Sign change at low energies.
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K/p Ratio Fluctuations
c) Event-by-Event fluctuations

0 100 200 300 400 500 600

Baryon chemical potential, B (MeV)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

C
o

rr
e

la
ti
o

n
 c

o
e

ff
ic

ie
n

t,
 C

B
S
 =

 
B

S
/

S
S

QGP

Hadron gas

µ

Koch et. al.:PRL 95 (2005) 182301
Schuster et al.: PoS CPOD09 2009

• QGP: strangeness is carried by strange   
             quarks, baryon number and strange-
             ness is correlated.

• HG:    strangeness is carried by K and Λ, 
             baryon-strangeness correlation 
             changes with µB.

Event-by-Event p/K Fluctuations from Au+Au Collisions at RHIC 4

0 1 2 3 4 5

10

210

310

410

510 200GeV
Real Events
Mixed Events

STAR Preliminary

0 1 2 3 4 5

10

210

310

410

510 62.4GeV

Ev
en

ts

0
)-+K+)/(Kp(p+

Figure 1. Distributions of event-by-event p/K ratio from real data and mixed events
for the most central Au+Au collisions (0-5%) at

√
sNN = 62.4 GeV and 200 GeV.

10 210
-10

-5

0

5

10

 [%
]

dy
n

!
 (GeV)NNs

 STAR p/K  (Au+Au 0-5%)
 STAR K/p  (Au+Au 0-5%)
 NA49 K/p  (Pb+Pb 0-3.5%) 

STAR Preliminary
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√
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At RHIC energies of 62.4 GeV and 200 GeV the net baryon density at mid-rapidity

in the STAR acceptance is small, and most baryon and strangeness quantum numbers

are pair produced [13]. If we consider the total multiplicity as a reference for a sample

in which most of particles are pair produced, we may underestimate the magnitude

of dynamical fluctuations. Particle correlations in general have important effects on

fluctuation measurement. Such correlations could be due to hyperon decays, associated

production, resonance decays and pair production. We find that correlations between

protons and kaons will reduce the relative width of p/K ratio distribution, while the

correlations of p− p̄ and K+ −K−
from pair production enhance the relative width.

Because of detector acceptance and efficiency, particle pairs from pair-production

mechanism are not always measured event-by-event experimentally. We generally cannot

identify the particle pair in an event from all the particles measured. Therefore we

cannot unambiguously determine a reference that accounts for pair statistical and

STAR BES Program

STAR Ref.:  J. Tian et al.: SQM09

• K/p is an approximation for CBS?

• Sign change at low energies.
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Higher Moments: Net-Proton Kurtosis

STAR Ref.:  M. M. Aggarwal et al.: arXiv:1004.4959, 
accepted for publication in PRL
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• Critical point effect

- Higher moments are more sensitive 
   to diverging sigma field:

   〈N2〉≈ ξ2, 〈N4〉≈ ξ7 

- Divergence should be reflected in 
   net-baryon and net-proton kurtosis

- Kurtosis*Varince = 1 for Poisson 
   distribution, if not close to the 
   critical point

• Phase transition effect
   

- net-proton kurtosis as proxy for 
   net-baryon 

c) Event-by-Event fluctuations
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a) Anisotropic flow

b) Particle yields and spectra

c) Event-by-Event fluctuations

Scenarios for the OoD and CP

d) Beam Energy Scan program of STAR
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Collected Data for BES

ECM System Centrality Statistics

39 GeV Au+Au min. bias 169M

11,5 GeV Au+Au min. bias ≥ 7,5M

7,7 GeV Au+Au min. bias 5M

d) Beam Energy Scan program of STAR
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Observables

• ... and many more.

OoD

CP

http://drupal.star.bnl.gov/STAR/starnotes/public/sn0493

d) Beam Energy Scan program of STAR

ECM (GeV) 7,7 11,5 39

Statistics 2,5M 3,8M 52,5M

Observables Millions of EventsMillions of EventsMillions of Events

horn/step/kink 0,1 0,1 0,1

v2 (up to ~ 1,5 GeV) 0,2 0,1 0,1

nq scaling π/K/p/Λ (mt-
m0/nq < 2 GeV) 6 5 4,5

nq scaling Φ/Ω (pt/nq = 
2 GeV/c) 56 25 12

PID fluctuations (K/π, 
K/p) 1 1 1

Kurtosis 5 5 5

http://drupal.star.bnl.gov/STAR/starnotes/public/sn0493
http://drupal.star.bnl.gov/STAR/starnotes/public/sn0493
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Particle Identification and Acceptance of STAR

Nu Xu 24/34 BNL PAC, 21 - 22, 2010 

Particle Identifications & Accept. at STAR 
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Particle Identification at STAR 

Au Au sNN+ ,   = 39 GeV

Nu Xu 26/34 BNL PAC, 21 - 22, 2010 
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Particle Identification at STAR 
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d) Beam Energy Scan program of STAR
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Summary and Conclusions

a) Anisotropic flow

b) Particle yields and spectra

c) Event-by-Event fluctuations

d) Beam Energy Scan program of STAR

• NQ scaling works for Au+Au √sNN = 62.4/200 GeV 
   and Cu+Cu at √sNN = 200 GeV collisions. 
         

• The EOS may be softer in a mixed phase. This should be visible:
     

- Collapse of proton v2 at midrapidity
     

- Minimum of v2 for charged particles for a change of the EOS 
       

• v2 NQ scaling will break in a hadronic scenario. 

• "Step" structure observed in <mt>-m0.
      

• The K+ to π+ ratio shows a "Horn" at low SPS energies.

• K/π interpretation still not conclusive. 
      

• K/p shows non-trivial excitation function.
  • Kurtosis*Variance shows = 1, not close to CP. 

• Great Success.
       

• Will attempt all the propsed measurements to 
   search for the  „Onset of Deconfinement“ 
   and „Critical Point“.  



The End and 
Thanks for 

Your Attention
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Main Strangeness Carrier
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