
Exploring QCD Matter
at high baryon density

5/24/19 J. D. Brandenburg : FAIRNESS 2019

1

Daniel Brandenburg, 

Brookhaven National Laboratory

FAIRNESS : FAIR Next Generation Scientists

20-24 May 2019 Grand Hotel Arenzano, 
Genova, Italy

[Beppe Grillo]



Talk Outline
Introduction

oBig Questions:  Why Study QCD Matter? 
o The QCD Phase Diagram
oWhat Theory can tell us (experimentalists perspective)

Studying QCD Matter with Heavy Ion Collisions
oBasics of Heavy Ion Collisions
o Scanning the phase diagram
o Search for 1st Order phase transition & Critical point
o Search for Chiral Symmetry Restoration

Summary & Outlook
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Why study QCD Matter?
The history of the Universe
(as we currently understand it)

Early Universe : 
o High temperature / energy 

density 
o low density
o Too hot for “normal” 

matter to form
o How did the earliest forms 

of normal matter form?

We study QCD matter to understand the physical evolution of 
the early Universe and emergence of structure
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Chiral Symmetry and the Proton
o The proton (and neutron) make up almost all visible matter
o The proton is (much) more than the sum of its parts!

oHiggs Boson only explains the mass of fundamental particles!
o The remaining 99% of proton mass:

o Kinetic energy
o Gluon self interaction
o Quark Interactions (chiral symmetry breaking)

𝑀"= 938 MeV

u u+ d+

𝑀#= 2.3 MeV
𝑀$= 4.8 MeV

𝑀 ≈ 10 MeV

≠
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We study QCD matter to 
understand the mass of 
normal matter



The QCD Phase Diagram
Extreme 
Temperature e.g. 
Early Universe

Extreme Density 
e.g. Compact Stars
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The QCD Phase Diagram
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Big questions  = questions about 
the QCD Phase Diagram

Is there a 1st Order Phase transition 
between the hadron gas and the 
Quark Gluon Plasma phases?

Is there a critical endpoint between 
phase transition and crossover 
region?

Does the transition to a chiraly
symmetric phase coincide with the 
deconfinement transition?

What is the equation of state for 
these types of matter?

But we know QCD, why not just calculate it!



QCD Calculations
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o Only Lattice QCD is really QCD from first principles – though some caveats
o Sign problem prevents direct calculations at large baryon chemical potential 

o Progress is being made 
o Regions of overlap with LQCD can help verify other models 

Experimental measurements are needed to determine key features of phase diagram

Theoretical Approaches:
o Lattice QCD : “first principles”
o Chiral Perturbation Theory : 

Systematic approach
o Hadron Gas Models & Quark 

Models : Can be verified in 
overlap region with LQCD and 
𝜒𝑃𝑇

o Many other models – Sorry, I 
cannot possible list them all

LCDQ = Lattice QCD
PQCD = Perturbative QCD
QM = Quark Models
HM = Hadron Models
𝜒𝑃𝑇 = Chiral Perturbation Theory

CP

1st Order PS



Studying QCD Matter 
with Heavy Ion Collisions
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Facilities for Heavy Ion Collisions
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Future NICA

Future FAIR
SIS100/300

SIS18 + HADES already running at GSI

LHC

SPS



FAIR Complex at GSI
Currently Running
SIS18
o Fixed target with ions, 

protons and 𝜋 beams
o 𝑠-- ≈ 2.4 − 2.6 GeV
o𝜇4 range : ∼880 – 670
oActive experiments: 

o HADES (start 2012 )
o miniCBM (start 2018)

More about the Future 
near the end of the talk
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Relativistic Heavy Ion Collider (RHIC)
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o Located at Brookhaven 
National Laboratory, Long 
Island, NY, USA

o Ions accelerated with 𝐸, 
steered with 𝐵

o Uses >1,700 dipole magnets 
in two 3.8 km rings 

o Since beginning operation in 2000:
o p+p, p+Au, p+Al, d+Au, 3He+Au, Cu+Cu, Cu+Au, Au+Au and 

U+U at 𝑠--=7.7 – 200 GeV, p+p at 𝑠 = 510 GeV 
o Four experiments:

o STAR, PHENIX(‘16), BRAHMS(‘06), PHOBOS (‘05) – STAR is only 
active experiment now



Spectators

Participants

b

before collision after collision

Studying the QCD Phase with Heavy Ion Collisions

Use SIS18 / RHIC / LHC to accelerate heavy ions (gold, 
lead, etc.) to >0.90c (SIS18) or >0.99c (RHIC & LHC)
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o Each HIC follows a specific trajectory through the QCD phase diagram

o Varying collision energy and impact parameter we can control:
o Initial temperature, initial 𝜇4, system size, lifetime

𝛾9:;< ≈ 108
𝛾@:< ≈ 7000

At large 𝛾 - Ions are compressed into thin “pancakes”
𝛾 = B

BCDE
,  𝐿G = 𝐿/𝛾, 𝛽 = 𝑣/𝑐
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Life of a Heavy Ion Collision
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𝜇M

𝜇C



Life of a Heavy Ion Collision
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𝜇M

𝜇C

As we actually observe them



The HADES Detector
HADES = High Acceptance Dielectron Spectrometer
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o Full azimuthal acceptance

o 18 to 85 degrees in Polar

o 𝑒M𝑒C par acceptance : 35%
o Mass resolution : 2% (𝜌, 𝜔)

Physics Program:

o Excitation function for low-
mass dielectron pairs

o Excitation function for 
(multi-)strange 
baryon/mesons
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08/07/18

17Solenoidal Tracker At RHIC (STAR)

Time Projection 
Chamber

Barrel Time of Flight

Vertex Position Detector

Muon Telescope 
Detector

Magnet return 
steel



Heavy Ion Collision : Common Terms

5/24/19

18

End 
View

Side 
View

𝜙
𝜃 = 0°, 𝜂 = ∞

𝜃 = 45°
𝜂 = 0.88

𝜃 = 90°
𝜂 = 0

𝑝Y

Transverse Momentum:

𝑝Y = 𝑝Z[ + 𝑝][
Rapidity:  𝑦 = B

[
ln aMbc

aCbc
Pseudo-Rapidity (y for m=0) : 

𝜂 =
1
2 ln

𝑃 +𝑃d
𝑃 −𝑃d

= −ln tan
𝜃
2
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Centrality in HICs
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𝑏
We cannot measure 
impact parameter (𝑏) 
directly!

Instead we measure charged 
particle multiplicity (𝑁jk) and 
correlate to 𝑏

Same technique is used for:
o 𝑁"mno - number of 

participating nucleons
o 𝑁jpqq - number of binary 

collisions between nucleons



Centrality in HICs8 J. Adamczewski-Musch et al.: Centrality determination with HADES

Fig. 8. Upper panel: The distributions of the impact parameter b calcu-
lated with the Glauber MC model. The colored distributions represent
the four most central centrality classes selected by the number of hits
in the TOF and RPC detectors N

TOF+RPC
hits . Lower panel: The correspond-

ing distributions of the number of participants Npart.

5 Conclusions

The Glauber Monte Carlo model has been employed for the
event characterization of Au + Au collisions at 1.23A GeV, as
measured with HADES at GSI-SIS18. The different experi-
mental centrality estimators, number of reconstructed tracks,
Ntracks, and number of recorded hits in TOF and RPC, N

TOF+RPC
hits ,

can successfully be described by the model fits. Based on these
fits the events can thus be categorised in different centrality
classes with corresponding average number of participating
nucleons hNparti and impact parameter hbi. This procedure

provides a well defined and universal approach to determine
the centrality dependences of many observables measured by
HADES, such as strange hadron production [19], dileptons
and flow patterns.

The HADES Collaboration gratefully acknowledges the sup-
port by PTDC/FIS/113339/2009 LIP Coimbra, NCN grant
2013/10/M/ST2/00042 SIP JUC Cracow, Helmholtz Alliance
HA216/EMMI GSI Darmstadt, VH-NG-823, Helmholtz Al-
liance HA216/EMMI TU Darmstadt, 283286, 05P12CRGHE
HZDR Dresden, Helmholtz Alliance HA216/EMMI, HIC
for FAIR (LOEWE), GSI F&E Goethe-Universität, Frank-
furt VH-NG-330, BMBF 06MT7180 TU München, Garching
BMBF:05P12RGGHM JLU Giessen, Giessen UCY/3411-23100,
University Cyprus, CNRS/IN2P3 IPN Orsay, Orsay, MEYS
LM2015049, CZ.02.1.01/0.0/0.0/16 013/0001677 NPI CAS Rez.
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𝑏
We cannot measure 
impact parameter (𝑏) 
directly!

Instead we measure charged 
particle multiplicity (𝑁jk) and 
correlate to 𝑏

Same technique is used for:
o 𝑁"mno - number of 

participating nucleons
o 𝑁jpqq - number of binary 

collisions between nucleons



Going to high 𝜇4
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Effect of Collision Energy on 𝜇4
Beam energy effects deBroglie
wavelength of partons.
Wavelength determines the 
scale observed by colliding 
parton :
o Whole nucleus
o Individual nucleons
o Individual partons
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Low collision energy High collision energy

Nucleons are opaque
Valence quarks are stopped
Excess quarks = high 𝜇4
Baryon dominated

Nucleons are transparent
Valence quarks pass through
Equal quark / anti-quarks = low 𝜇4
Meson dominated



Effect of Collision Energy on 𝜇4
Beam energy effects deBroglie
wavelength of partons.
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Low collision energy High collision energy

Nucleons are opaque
Valence quarks are stopped
Excess quarks = high 𝜇4
Baryon dominated

Nucleons are transparent
Valence quarks pass through
Equal quark / anti-quarks = low 𝜇4
Meson dominated



Where in the phase diagram?
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PoS(CPOD2017)016

Overview HADES Manuel Lorenz for the Collaboration

1. The Baryon-Rich Side of the Phase Diagram

Figure 1: Left panel: Chemical freeze-out points in the Tchem – µb plane. The filled black circles (a) are
taken from [8], the black open triangles (b) are from [6] and the black open circle (c) from [7]. The presented
fit results are defined in the legend. The dashed curve corresponds to a fixed energy per nucleon of 1 GeV,
calculated according to [6] and various fits to HADES data [9, 10]. Right panel: Yields (filled red circles) of
hadrons in Ar+KCl reactions and the corresponding THERMUS fit values (blue bars). The lower plot shows
the ratio of the experimental value and the THERMUS value. For the X�, the value of the ratio is quoted
instead of displaying a point.

The characterizations of strongly interacting matter in its different phases is a great challenge.
Especially, at high net-baryon densities properties of QCD matter are not well established as ab-
initio calculations can not yet be performed in this regime [1]. Thus, one has to rely on extrapola-
tions or models based on effective Lagrangians. This lack of exact QCD calculations, opens up for
a range of various possible scenarios, like higher order phase transitions and new exotic phases of
matter [2], which need to be explored experimentally.
Heavy-ion collisions (HICs) are the tool for this endeavor. As the inter-penetration time of the
colliding nuclei decreases with increasing collision energy and the amount of stopped nucleons in
the collision zone decreases at the same time, the net-baryon density in the collision zone increases
with decreasing energy. On a more quantitative level, the extracted freeze-out parameters from sta-
tistical hadronization model (SHM) fits [3, 4, 5, 8, 7] to particle yields obtained at various energies
show a striking regularity, lining up on a curve in the temperature - baryo-chemical potential plane,
connecting smoothly data from the lowest energies at SIS18 up to the highest available energy at
LHC [6, 7], see left panel of Fig.1. An example for such a fit to HADES data from Ar+KCl colli-
sions at

p
sNN = 2.6 GeV [9, 10], obtained with the THERMUS code [11], is depicted on the right

panel of Fig.1. Thus, HICs offer a unique possibility for a systematic scan of the different phases
of strongly interacting matter in the laboratory.
HADES is a multi-purpose charged-particle detector operated at the SIS18 synchrotron located at
the GSI Helmholtz Center for Heavy Ion Research in Darmstadt, Germany. The provided ion-beam
energies of 1-2 A GeV translate to the highest baryo-chemical potentials at freeze-out [6] of all cur-
rently running heavy-ion experiments, hence it marks the high baryon density frontier.

1

Experimentally how do we measure where 
we are in the phase diagram for a given:
o Collision energy
o Centrality
o Rapidity range

Using a model which assumes statistical 
equilibrium (Statistical Hadronization Models):
Relate the measured particle yields (p, K, p, L, 
X, f, W) and their ratios, to the location in the 
phase diagram

HADES: Au+Au √sNN=2.4 GeV  
Large stopping and interpenetration times 
à Baryon dominated system 
 system 
 
 
 

 
             

 
 
 
 

K. Fukushima 

Fast detector: 8-50 kHz trigger rate 
Large Acceptance: Full azimuthal and  
polar angle coverage of Θ = 18° – 85° 
 
2.1x109 events analyzed 
  
 

   
 

Progress detector driven 

Clear hierarchy in hadron yields:  
p ≈ 100, π ≈ 10, K+ ≈ 10-2, K- ≈10-4 

protons 

The Baryon-rich Side of  the Phase Diagram 

Step 1 : Measure Particle Spectra



Where in the phase diagram?
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1. The Baryon-Rich Side of the Phase Diagram

Figure 1: Left panel: Chemical freeze-out points in the Tchem – µb plane. The filled black circles (a) are
taken from [8], the black open triangles (b) are from [6] and the black open circle (c) from [7]. The presented
fit results are defined in the legend. The dashed curve corresponds to a fixed energy per nucleon of 1 GeV,
calculated according to [6] and various fits to HADES data [9, 10]. Right panel: Yields (filled red circles) of
hadrons in Ar+KCl reactions and the corresponding THERMUS fit values (blue bars). The lower plot shows
the ratio of the experimental value and the THERMUS value. For the X�, the value of the ratio is quoted
instead of displaying a point.

The characterizations of strongly interacting matter in its different phases is a great challenge.
Especially, at high net-baryon densities properties of QCD matter are not well established as ab-
initio calculations can not yet be performed in this regime [1]. Thus, one has to rely on extrapola-
tions or models based on effective Lagrangians. This lack of exact QCD calculations, opens up for
a range of various possible scenarios, like higher order phase transitions and new exotic phases of
matter [2], which need to be explored experimentally.
Heavy-ion collisions (HICs) are the tool for this endeavor. As the inter-penetration time of the
colliding nuclei decreases with increasing collision energy and the amount of stopped nucleons in
the collision zone decreases at the same time, the net-baryon density in the collision zone increases
with decreasing energy. On a more quantitative level, the extracted freeze-out parameters from sta-
tistical hadronization model (SHM) fits [3, 4, 5, 8, 7] to particle yields obtained at various energies
show a striking regularity, lining up on a curve in the temperature - baryo-chemical potential plane,
connecting smoothly data from the lowest energies at SIS18 up to the highest available energy at
LHC [6, 7], see left panel of Fig.1. An example for such a fit to HADES data from Ar+KCl colli-
sions at

p
sNN = 2.6 GeV [9, 10], obtained with the THERMUS code [11], is depicted on the right

panel of Fig.1. Thus, HICs offer a unique possibility for a systematic scan of the different phases
of strongly interacting matter in the laboratory.
HADES is a multi-purpose charged-particle detector operated at the SIS18 synchrotron located at
the GSI Helmholtz Center for Heavy Ion Research in Darmstadt, Germany. The provided ion-beam
energies of 1-2 A GeV translate to the highest baryo-chemical potentials at freeze-out [6] of all cur-
rently running heavy-ion experiments, hence it marks the high baryon density frontier.

1

Experimentally how do we measure where 
we are in the phase diagram for a given:
o Collision energy
o Centrality
o Rapidity range

Using a model which assumes statistical 
equilibrium (Statistical Hadronization Models):
Relate the measured particle yields (p, K, p, L, 
X, f, W) and their ratios, to the location in the 
phase diagram

Step 2 : Fit with SHM

HADES
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1. The Baryon-Rich Side of the Phase Diagram

Figure 1: Left panel: Chemical freeze-out points in the Tchem – µb plane. The filled black circles (a) are
taken from [8], the black open triangles (b) are from [6] and the black open circle (c) from [7]. The presented
fit results are defined in the legend. The dashed curve corresponds to a fixed energy per nucleon of 1 GeV,
calculated according to [6] and various fits to HADES data [9, 10]. Right panel: Yields (filled red circles) of
hadrons in Ar+KCl reactions and the corresponding THERMUS fit values (blue bars). The lower plot shows
the ratio of the experimental value and the THERMUS value. For the X�, the value of the ratio is quoted
instead of displaying a point.

The characterizations of strongly interacting matter in its different phases is a great challenge.
Especially, at high net-baryon densities properties of QCD matter are not well established as ab-
initio calculations can not yet be performed in this regime [1]. Thus, one has to rely on extrapola-
tions or models based on effective Lagrangians. This lack of exact QCD calculations, opens up for
a range of various possible scenarios, like higher order phase transitions and new exotic phases of
matter [2], which need to be explored experimentally.
Heavy-ion collisions (HICs) are the tool for this endeavor. As the inter-penetration time of the
colliding nuclei decreases with increasing collision energy and the amount of stopped nucleons in
the collision zone decreases at the same time, the net-baryon density in the collision zone increases
with decreasing energy. On a more quantitative level, the extracted freeze-out parameters from sta-
tistical hadronization model (SHM) fits [3, 4, 5, 8, 7] to particle yields obtained at various energies
show a striking regularity, lining up on a curve in the temperature - baryo-chemical potential plane,
connecting smoothly data from the lowest energies at SIS18 up to the highest available energy at
LHC [6, 7], see left panel of Fig.1. An example for such a fit to HADES data from Ar+KCl colli-
sions at

p
sNN = 2.6 GeV [9, 10], obtained with the THERMUS code [11], is depicted on the right

panel of Fig.1. Thus, HICs offer a unique possibility for a systematic scan of the different phases
of strongly interacting matter in the laboratory.
HADES is a multi-purpose charged-particle detector operated at the SIS18 synchrotron located at
the GSI Helmholtz Center for Heavy Ion Research in Darmstadt, Germany. The provided ion-beam
energies of 1-2 A GeV translate to the highest baryo-chemical potentials at freeze-out [6] of all cur-
rently running heavy-ion experiments, hence it marks the high baryon density frontier.
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Experimentally how do we measure where 
we are in the phase diagram for a given:
o Collision energy
o Centrality
o Rapidity range

Using a model which assumes statistical 
equilibrium (Statistical Hadronization Models):
Relate the measured particle yields (p, K, p, L, 
X, f, W) and their ratios, to the location in the 
phase diagram

Step 3 : Get 𝑇jkrs (chemical 
freeze-out temp) and 𝜇4



RHIC Beam Energy Scan
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Baryon'Chemical'Potential'µB

Te
m
pe
ra
tu
re

Quark&Gluon+Plasma

Hadronic Gas

LH
C
+2
.7
6+
Te
V

Quark&Gluon+
Plasma

Energy 
(GeV)

Chemical 
Potential 

µB

Pred. 
Temp. 
(MeV) 

LHC 2760.0 2 166.0
RHIC 200.0 24 165.9
RHIC 130.0 36 165.8
RHIC 62.4 73 165.3
RHIC 39.0 112 164.2
RHIC 27.0 156 162.6
RHIC 19.6 206 160.0
SPS 17.3 229 158.6
RHIC 14.5 262 156.2
SPS 12.4 299 153.1
RHIC 11.5 316 151.6
SPS 8.8 383 144.4
RHIC 7.7 422 139.6
SPS 7.7 422 139.6
SPS 6.4 476 131.7
AGS 4.7 573 114.6
AGS 4.3 602 108.8
AGS 3.8 638 100.6
AGS 3.3 686 88.9
AGS 2.7 752 70.4
SIS 2.3 799 55.8



Trajectory through Phase Diagram of a HIC
Sailing in the phase diagram

0-5% AuAu@19.6 GeV
(brightness = fluid cell volume)

(The critical point is only for eye guidance)
31Chun Shen (BNL)
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Sailing in the phase diagram

0-5% AuAu@19.6 GeV
(brightness = fluid cell volume)

(The critical point is only for eye guidance)
Chun Shen (BNL) 31

Sailing in the phase diagram
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Chun Shen (BNL) 31

Sailing in the phase diagram

0-5% AuAu@19.6 GeV
(brightness = fluid cell volume)

(The critical point is only for eye guidance)
Chun Shen (BNL) 31

Sailing in the phase diagram

0-5% AuAu@19.6 GeV
(brightness = fluid cell volume)

(The critical point is only for eye guidance)
Chun Shen (BNL) 31

Sailing in the phase diagram

0-5% AuAu@19.6 GeV
(brightness = fluid cell volume)

(The critical point is only for eye guidance)
Chun Shen (BNL) 31

𝜇4(GeV) 𝜇4(GeV) 𝜇4(GeV)

[Chun Shen BNL]

0-5% Au+Au
𝑠-- = 19.6 GeV

Keep in mind: 
Path through the phase diagram is not as trivial and localized as we often depict



Particle Ratio
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740 4 Hadron production

Fig. 4.9 The energy dependence of strange hadron yields relative to pions, including
the most recent results from NA49 [166, 195] and RHIC [225]. In the right panel, note
the scaling factors of 10 and 100 for the Ξ−/π− and Ω−/π− ratios, respectively. The
measured yields at midrapidity are compared to the thermal model calculations of ref. [6]

is presented in Fig. 4.10. The two quantities have been calculated from the
yields at mid-rapidity as:

σ = 2(K+ + K−) + 1.54(Λ+Λ̄)
S = 1.5(π+ + π−) + 2p̄

The strangeness has in principle to be complemented with the yields of φ,
Ξ, and Ω (and Ξ̄, and Ω̄), but, since the measurements for these yields are
scarce (as seen in Fig. 4.9) they were left out for the strangeness count. The
factor 2 multiplying the kaon yields takes into account K0, while the factor
1.54 for Λ hyperons accounts for the contribution of Σ± and was deduced from
the model calculations (the yield of Σ0 which decays with 100% branching
ratio into Λγ is always included in the Λ yield.). The factor 1.5 for the pion
yields accounts for the π0yield, while in case of p̄ yields the factor 2 is used to
account for the produced protons. As expected from the individual particle

Steep decrease in ⁄𝑝 𝜋M : decreasing 𝜇4 and 
transition from baryon dominated to meson 
dominated

Peak in ⁄𝐾M 𝜋M : competing effects. 1) 
decreasing light quark fraction, 2) increasing 
v𝑞𝑞 production (𝑢 𝑠̅) in kaon
Ø Interpreted as indication of the onset of 

deconfinement

Phys. Rev. C 77, 024903

Peak in ⁄𝐾C 𝜋C : Both are produced 
particles. Steep increase corresponds to the 
rapid rise in temperature



Particle Ratio
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740 4 Hadron production

Fig. 4.9 The energy dependence of strange hadron yields relative to pions, including
the most recent results from NA49 [166, 195] and RHIC [225]. In the right panel, note
the scaling factors of 10 and 100 for the Ξ−/π− and Ω−/π− ratios, respectively. The
measured yields at midrapidity are compared to the thermal model calculations of ref. [6]

is presented in Fig. 4.10. The two quantities have been calculated from the
yields at mid-rapidity as:

σ = 2(K+ + K−) + 1.54(Λ+Λ̄)
S = 1.5(π+ + π−) + 2p̄

The strangeness has in principle to be complemented with the yields of φ,
Ξ, and Ω (and Ξ̄, and Ω̄), but, since the measurements for these yields are
scarce (as seen in Fig. 4.9) they were left out for the strangeness count. The
factor 2 multiplying the kaon yields takes into account K0, while the factor
1.54 for Λ hyperons accounts for the contribution of Σ± and was deduced from
the model calculations (the yield of Σ0 which decays with 100% branching
ratio into Λγ is always included in the Λ yield.). The factor 1.5 for the pion
yields accounts for the π0yield, while in case of p̄ yields the factor 2 is used to
account for the produced protons. As expected from the individual particle

Phys. Rev. C 77, 024903

Something interesting is happening 
for 𝑠-- < ~20 GeV

Now, Lets look for the 1st order 
Phase Transitions and Critical point
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Behruz Kardan Quark Matter 2017 - Chicago - 8th February 2017

Collective Flow
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+
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FOPI: Phys. Lett. B612 (2005) 173-180
STAR:  Phys. Rev. C 86, 054908
EOS, E895: Phys. Rev. Lett. 83 (1999) 1295
E877: Nucl. Phys. A 638 (1998) 3
CERES: Nucl. Phys. A 698 (2002) 253
NA49: Phys. Rev. C 68 (2003) 034903

� = ('� RP )
ψRP 

Look at the collective behavior 
of the medium

Where 𝜓 is the azimuthal angle and Ψ~
is the 𝑛ok order event plane
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FIG. 4: Directed flow slope (dv1/dy) near mid-rapidity ver-
sus beam energy for intermediate-centrality Au+Au. Panels
(a), (b) and (c) report measurement for antiprotons, protons,
and net protons, respectively, along with UrQMD calculations
subject to the same cuts and fit conditions. Systematic un-
certainties are shown as shaded bars. Dashed curves are a
smooth fit to guide the eye.

mum, and for the double sign change in the case of net
protons. Further work towards a more complete theoret-
ical understanding of the present observations is needed.
To better understand the possible role and relevance of
stopping, measurements as a function of centrality would

be helpful, but available event samples are too small for
this purpose. We note that the observations in Fig. 4(b)
and (c) qualitatively resemble predicted signatures of a
first-order phase transition between hadronic and decon-
fined matter [5–8, 22, 24].

In summary, we report directed flow for charged pi-
ons, protons and antiprotons in

√
sNN = 7.7 - 200 GeV

Au+Au collisions in the STAR detector at RHIC. At in-
termediate centralities, dv1/dy near mid-rapidity for pi-
ons and antiprotons is negative at all measured energies,
while the proton slope changes sign from positive to neg-
ative between 7.7 and 11.5 GeV, shows a minimum be-
tween 11.5 and 19.6 GeV, and remains small but negative
up to 200 GeV. In the same centrality region, the net-
proton v1(y) slope also shows a minimum between 11.5
and 19.6 GeV, and changes sign twice between 7.7 and 39
GeV. These findings are qualitatively different from the
predictions of the UrQMD transport model, which ex-
hibits a monotonic trend in the range

√
sNN = 7.7− 200

GeV. The observed minimum for protons and net pro-
tons resembles the predicted “softest point collapse” of
flow and is a possible signature of a first-order phase tran-
sition between hadronic matter and a deconfined phase.
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First order phase transition 
produces a spinoidal region –
region of phase coexistence = 
softest point in EoS

Minimum in dv1/dy is consistent 
with predictions for a softest 
point in EoS due to 1st order 
phase transition 

𝑣B is Sensitive to the compressibility

*v1 image: Behruz Kardan

Dashed line is just to guide the eye
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Ethane near 𝑇<
Critical opalescence

T. Andrews. Phil. Trans. Royal Soc., 159:575, 1869
M. Smoluchowski, Annalen der Physik, 25 ( 1908) 205 - 226 
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Ethane near 𝑇<
Critical opalescence

o Correlation length diverged near critical point:
o Fluctuation between gas and liquid phase over large distances
o When length ~ wavelength of light ->  opalescence



Fluctuations in QCD
Q: Fluctuations of what? A: Conserved quantities
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Charge(C), Baryon Number(B), Strangeness(S) 

- Look for event-by-event fluctuations in a fixed volume
- Corresponds to divergence in susceptibilities 

Susceptibilities are directly accessible in lattice QCD! 
BUT – cannot predict behavior near Critical Point



Fluctuations in QCD
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Experimentally, we cannot 
measure baryon number directly

Proxy : net-protons =  p − 𝑝̅

Also, we don’t know the volume…

STAR, Phys. Rev. Lett. 105, 2010
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Experimentally, we cannot 
measure baryon number directly

Proxy : net-protons =  p − 𝑝̅

Also, we don’t know the volume…

Make ratios or products that 
cancel volume term:

𝜅𝜎[ = ��
�

��
E /YE

Independent of volume!

STAR, Phys. Rev. Lett. 105, 2010
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Experimentally, we cannot 
measure baryon number directly

Proxy : net-protons =  p − 𝑝̅

Also, we don’t know the volume…

Positive kurtosis

Negative kurtosisZero kurtosis

Very sensitive to the “tails” of distribution:
Very statistics hungry

[wikimedia]

Make ratios or products that 
cancel volume term:

𝜅𝜎[ = ��
�

��
E /YE

Independent of volume!
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Positive
kurtosis

Negative
kurtosis

http://arxiv.org/abs/1503.02558v2

M. Stephanov

Poisson Baseline



Comparison with STAR BES-I 

     red/black = unfolding (preferred method) + vol. flucs. corr. 
 

     green = evt-by-evt eff correction of factorial moments + vol. flucs. corr. 

HADES 
preliminary 

HADES 
preliminary 

STAR analysis:  Xiaofeng Luo et al., PoS (CPOD2014) 019 
                                                          arXiv:1503.02558v2 

QM2017      February 6 - 11, 2017        Chicago IL    15 

Fluctuations from HADES 
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arXiv:1503.02558v2

HADES point (central collisions) doesn’t 
seem to return to the Poisson “Baseline”
More data needed for a firm conclusion



Experimental Complications
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D. Particle ratios

Figure 9 shows the anti-particle over particle ratios ( p̄/p
from 0�5% centrality, d̄/d from 0�10% centrality) in Au+Au
collisions at

p
sNN = 7.7, 11.5, 14.5, 19.6, 27, 39, 62.4,

and 200 GeV. For comparison, the PHENIX and ALICE data
points are shown. Both ratios p̄/p and d̄/d approach unity
at higher collision energies. This can be attributed to the de-
creasing net baryon density at mid-rapidity, as well as due to
p( p̄), d(d̄) production becoming dominated by pair produc-
tion.
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/p 0-5%pSTAR 

/d 0-10%dSTAR 

/d 0-20%dPHENIX 

/d 0-10%dALICE 

/ppThermal 

/ddThermal 

FIG. 9. Energy dependence of p̄/p, d̄/d ratios from Au+Au colli-
sions at RHIC [44]. The PHENIX and ALICE data points are shown
as triangles and inversed triangles [13, 33]. The curves are thermal
model results as described in the text.

In the framework of statistical thermal models [55] the par-
ticle multiplicity from a source of volume V and chemical
freeze-out temperature T is given by

Ni =
giV
⇡2 m2

i T K2(m/T ) exp(µi/T ), (7)

where gi, mi, and µi are the degeneracy, particle mass, and
chemical potential of particle species i respectively. This for-
mula is valid in the Boltzmann approximation, which is rea-
sonable for all hadrons and light nuclei. The chemical poten-
tial can be expressed as µi = BiµB + S iµS + QiµQ, where Bi,
S i, and Qi are the baryon number, strangeness and charge, re-
spectively, of particle species i, and µB, µS , and µQ are the
corresponding chemical potentials for these conserved quan-
tum numbers.

Results calculated by a statistical thermal model using the
parametrizations for T and µB established in [56] are shown in
Fig. 9. The thermal model can describe the p̄/p and d̄/d ratios
over a very wide energy range. The p̄/p ratio is calculated
for measured inclusive protons. The di↵erence of weak-decay
fractions for p and p̄ reaches a maximum around

p
sNN = 6

GeV [57], which might be the reason of the deviation between
measured and model p̄/p ratios at low energies.

Figure 10 shows the energy dependence of d/p and d̄/p̄
yield ratios for the most central collision and are compared
with those from E802 [29], NA49 [36], PHENIX [33], and
ALICE [13]. The p( p̄) yield is corrected by weak-decay feed-
down from strange baryons [58]. The d/p ratios decrease and
d̄/ p̄ increase with increasing

p
sNN and both converge to the

same value of about 3.6⇥10�3 at LHC energy where the chem-
ical potential is consistent with zero and hence the ratios are
only determined by the chemical freeze-out temperature. Pre-
dictions by the statistical thermal model for d/p and d̄/ p̄ yield
ratios are also shown in Fig. 10 by dashed curves and are in
agreement with experimental data.
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FIG. 10. Energy dependence of d/p and d̄/p̄ yield ratios. The
curves represent the thermal model results as described in the text.
The symbols represent measured data [13, 29, 33, 36].

Figure 11 shows the energy dependence of the µQ/T values,
which are related to the isospin e↵ects in the collision system.
These can be obtained by the ⇡+/⇡� ratio and (d̄/ p̄2)/(d/p2)
from Eq. (7),

µQ

T
=

1
2

ln
 
⇡+

⇡�

!
, (8)

µQ

T
=

1
2

ln
 

d̄/p̄2

d/p2

!
. (9)

The deviation from Bose-Einstein distribution for pions in
Eq. (8) can be neglected if T < 180 MeV and µQ/T >
�0.4 [57]. The energy dependence of d̄/ p̄2, d/p2 yield ra-
tios for top 10% centrality Au+Au collisions are presented in
the top panel of Fig. 11. The NA49 results [36] are shown in
this figure, they are consistent with STAR BES data, within
uncertainties. The µQ/T extracted from BES (d̄/ p̄2)/(d/p2),
⇡+/⇡� data, and NA49 ⇡+/⇡� ratios are shown in the bot-
tom panel of Fig. 11. The µQ/T increases with

p
sNN and

reaches zero at high collision energy, which suggests that the
isospin e↵ect is smaller at higher collision energies and most
of the particles are from pair production. The µQ/T values ex-
tracted from ⇡+/⇡� are systematically larger than those from
(d̄/p̄2)/(d/p2) at small

p
sNN although the uncertainties in the
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https://arxiv.org/pdf/1903.11778.pdf

Substantial fraction of protons are bound in heavy fragments : d, t, He, etc.
o How does this effect the baryon number fluctuations measured through 

protons?
Particle identification techniques do not give 100% purity/efficiency

https://arxiv.org/pdf/1903.11778.pdf
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Mass difference of light quark states : #�#C$
v$

[
𝜋� 𝜌� 𝑎B

Mass (MeV/𝑐[) 135 770 ~1260 

https://arxiv.org/pdf/0807.2389.pdf

Chiral symmetry restoration : mass of chiral partners will become the same

https://arxiv.org/pdf/0807.2389.pdf


Search for Chiral Symmetry Restoration
NA60 Measured 𝜇M𝜇C
in In+In collisions at 
𝑠-- = 17.3 GeV

Extremely high precision 
→ Isolate 𝜌� meson
→Thermal dileptons
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NA60 Thermal Dileptons
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o𝜌-meson 
broadening/melting 
through medium 
interactions

oPossible link to chiral 
symmetry restoration

How does low mass excess evolve with collision energy?
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oUse experimentally verified 𝜌 spectral function(SF) → search 
for 𝑎B SF satisfying QCD & Weinberg sum rules

oPhenomenological description of mass splitting 
between 𝜌 (vector) and 𝑎B(axial-vector)108 P.M. Hohler, R. Rapp / Physics Letters B 731 (2014) 103–109

Fig. 3. Finite-temperature vector (black curve) and axial-vector (red curve) spectral functions. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

Fig. 4. Regions of axial-vector spectral functions at T = 150 MeV when requiring
agreement with the QCDSR only at dA = 1% (dashed lines), and additionally with
WSR-1 at |dWSR1| ! 1% (dotted lines). The solid line corresponds to a minimal f
value from Eq. (27).

merges into the ρ while the excited states degenerate somewhat
earlier through chiral mixing. The ρ–a1 merging is largely dictated
by the WSRs, but the concrete shape close to chiral restoration is
more sensitive to the QCDSRs. Note that our analysis not only com-
plies with a “trivial” degeneracy at the restoration point, but rather
provides a systematic temperature evolution, starting from the vac-
uum, compatible with current best estimates for the T dependent
chiral order parameters and condensates (at T = 170 MeV, our
condensates are close to zero, undershooting the lQCD data for
the 2-quark condensate; our axial-vector spectral function at this
temperature is thus more of an illustration of the expected de-
generacy at higher T where ⟨q̄q⟩T ≃ 0). The in-medium a1 mass
shift is consistent with a leading T 4 behavior, in line with model-
independent constraints from the chiral Lagrangian. Our analysis
also suggests that the approach toward restoration “burns off” the
chiral mass splitting between the ρ and a1, while “bare” masses of
m0 ≃ 0.8 GeV essentially persist, similar to Ref. [7].

6. Conclusion

The objective of this work was to test whether in-medium vec-
tor spectral functions which describe dilepton data in heavy-ion
collisions are compatible with chiral symmetry restoration. To-

ward this end, we deployed QCD and Weinberg sum rules in a
combined analysis of vector and axial-vector spectral functions,
using lattice-QCD and the hadron resonance gas to estimate the
in-medium condensates and chiral order parameters, and chiral
mixing to treat the T dependence of excited states. We first found
that the QCDSR in the vector channel is satisfied with a small (or-
der 5%) amendment of vector dominance. We then introduced a
4-parameter ansatz for the in-medium a1 spectral function and
found that a smooth reduction of its mass (approaching the ρ
mass) and large increase in width (accompanied by a low-mass
shoulder) can satisfy the axial-vector QCDSR and 3 WSRs over the
entire temperature range from T = 0–170 MeV, ultimately merg-
ing with the vector channel. This establishes a direct connection
between dileptons and chiral restoration, and thus the answer to
the originally raised question is positive. Our findings remain to be
scrutinized by microscopic calculations of the a1 spectral function.
Work in this direction is ongoing.
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Systematic study of 𝑒M𝑒C
STAR measurements 
of 𝑒M𝑒C in BES 1

o Away from 𝜌 – spectra well 
described by “hadronic 
cocktail”

o Sustained excess observed 
in 𝜌 meson region 
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The Melted 𝜌
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Strong experimental evidence that 𝜌-meson “melts” →
Hohler & Rapp: “Is ρ-meson melting compatible with chiral restoration?”

NA60 & STAR excess yields are well described by melted 𝝆+QGP model

Model includes :

𝝆𝟎 “melting” from chiral 
symmetry restoration

QGP radiating like a 
thermal black-body



HADES High Precision MeasurementsComparison to HADES data

• Radiation from in-medium U accounts for the excess

• Same spectral function used in calculations for UrHIC (but at different T, PB !)
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Significant excess observed over expected sources

But 𝑻 ≈ 𝟖𝟎 MeV < 𝑻𝑪!

At high 𝜇4 the Chiral transition may 
proceed at lower T than 
deconfinement transition

𝑇<
� < 𝑇<

��b

Excess is well described by the same in-medium 
broadened 𝜌 as for higher energies

HADES in CBM: Measure the 𝜌 − 𝑎B mixing



Summary
Heavy Ion Collisions gives us the tool we need to systematically 
exploring the QCD Phase Diagram
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1st Order Phase Transition
Net-Proton 𝑣B shows double sign change → softest 
point in EoS (phase coexistance region)
Critical End Point
Fluctuations in conserved quantities → access susceptibilities 
𝜅𝜎[ for net-p shows possible deviation from Poisson Baseline

Chiral Symmetry Restoration
Melting of the 𝜌� meson may be linked to Chiral Symmetry restoration
Model consistently describes excess from HADES to RHIC energies

Conclusive results need more data → Outlook



RHIC Beam Energy Scan II
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Extended PID with eTOF for BESII

Successful collaboration with CBM!



The Next Era of high-𝜇4 Experiments
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Thank you!
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STAR Fixed Target
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Setting the Scene
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Jet Quenching in the Quark Gluon Plasma
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[Credit: APS/Alan Stonebraker]
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• High-pT partons (quarks and gluons) – forebears of jets – lose energy via 
strong interactions with the partonic medium 

• Clear signature of the Quark Gluon Plasma observed by all 4 RHIC 
experiments in 2003 (cover of PRL!)

𝑠-- = 200 𝐺𝑒𝑉

J. Adams et al. (STAR Collaboration) Phys. Rev. Lett. 91, 072304



Jet Quenching in the Quark Gluon Plasma

Quantify jet quenching:
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 (GeV/c)
T

p
1 2 3 4 10 20 100 200

AA
R

0

0.5

1

1.5

2 SPS 17.3 GeV (PbPb)

  WA98 (0-7%)0p

RHIC 200 GeV (AuAu)

  PHENIX (0-10%)0p

  STAR (0-5%)±h

LHC 2.76 TeV (PbPb)

  CMS (0-5%)

  ALICE (0-5%)

/dy = 400gGLV: dN

/dy = 1400gGLV: dN

/dy = 2000-4000gGLV: dN

YaJEM-D

escelastic, small P

escelastic, large P

YaJEM

ASW

/fm2> = 30 - 80 GeVqPQM: <

SPS

RHIC

LHC

JHEP04(2017)039

𝑅�� =
Yield in AA Collisions

Yield in pp Collisions ×
# “binary” collisions in AA

Significant Jet quenching (𝑅�� ≪ 1) 
has identified as a clear signature of 
QGP formation 

Clear evidence for QGP 

formation at RHIC and LHC



Finding the QGP
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Behruz Kardan Quark Matter 2017 - Chicago - 8th February 2017

Collective Flow

5

radial flow

directed flow

elliptic flow 

v1 = hcos(�)i

=

⌧
px
pt

�

v2 = hcos(2�)i

=

*
p2x � p2y

p2t

+

triangular flow
v3 = hcos(3�)i

=

*
p3x � 3pxp2y

p3t

+
ψ3

FOPI: Phys. Lett. B612 (2005) 173-180
STAR:  Phys. Rev. C 86, 054908
EOS, E895: Phys. Rev. Lett. 83 (1999) 1295
E877: Nucl. Phys. A 638 (1998) 3
CERES: Nucl. Phys. A 698 (2002) 253
NA49: Phys. Rev. C 68 (2003) 034903

� = ('� RP )
ψRP 

Look at the collective behavior 
of the medium

Where 𝜓 is the azimuthal angle and Ψ~
is the 𝑛ok order event plane



Finding the QGP

3.4 Probing partonic matter: results from RHIC 727

arises whether additional contributions will appear at lower energies. Several
theory papers have related the level of fluctuations to the initial conditions
in heavy ion collisions [181, 182].

3.4.3 Constituent Quark (NCQ) Scaling of elliptic flow

The remarkable scaling of the v2 of high momentum hadrons with the number
of constituent quarks has led to a general acceptance of the notion that the
initial matter at RHIC is partonic. Figure 3.30 shows the latest results from
STAR and PHENIX that include measurements from the pion all the way to
the multi-strange hyperons [183].

Fig. 3.30 Elliptic flow as a function of the transverse momentum (left) and of the trans-
verse kinetic energy (right), both axes scaled with the number of constituent quarks (from
[183])

The general consensus is that the quark scaling hints at a unique produc-
tion mechanism for higher momentum particles, namely the recombination
of quarks into hadrons in the deconfined phase [184, 185]. This mechanism is
distinctly different from thermal production of lower momentum hadrons and
fragmentation production of higher momentum hadrons. Neither hadroniza-
tion mechanism is theoretically well described but the empirical evidence for
recombination seems overwhelming at this point, and for quarks with negli-

5/24/19 J. D. Brandenburg : FAIRNESS 2019

60

oHow do we know the medium is partonic?



Figure 6

(left) A peripheral heavy ion collision produces an approximately elliptical collision region (shaded red). A gas of weakly
interacting particles would give a more or less isotropic distribution of final particles (red), whereas a fluid would give rise
to an anisotropic distribution (blue), due to the difference in pressure gradients in the transverse directions. (middle) In
(107) a hydrodynamic model with several temperature-dependent parametrizations of ⌘/s (see paper) is compared with
ALICE measurements of the anisotropy (108), as obtained by the integrated Fourier coefficients vn (n =2 to 4 from top to
bottom), for p

sNN = 2.76 TeV collisions as a function of the centrality class (0% being head-on collisions). For more
off-central collisions there is an increasing and large v2, giving a hint into the importance of hydrodynamic evolution.
(right) We show event-by-event distributions of the v2 distribution for off-central collisions from (107) compared to
ATLAS measurements (109). In this Section, we shall discuss the comparison between precise measurements of the
anisotropy and increasingly sophisticated hydrodynamic calculations, as in the middle and right figures.

Second, at energy scales within an order of magnitude of the confinement/deconfinement
energy scale, QCD is strongly coupled. The implication of this was not fully realized
before experiments at RHIC began (110, 111), as the most common expectation was the
formation of an equilibrated gas of quarks and gluons with a temperature somewhat above
the confinement/deconfinement scale. We now realize that in this temperature range QCD
describes a relativistic fluid consisting of quarks and gluons that are so strongly coupled to
their neighbors that the resulting liquid cannot even be described in terms of quasi-particles.
The weak coupling picture must be correct at early times in collisions with exceedingly high
energy; even in these collisions, the strong coupling picture would become applicable later
after a hydrodynamic fluid has formed. The question of for how long during the initial
moments of a RHIC or LHC collision a weakly coupled picture can be applied remains
open.

The crucial distinction between both scenarios can be found by measuring the anisotropy
of particles produced in heavy ion collisions. Qualitatively this is easy to understand, as
we saw in Section 3: in the case of weakly interacting gas of particles, scatterings are rare,
the directions of the momenta of the gas particles are random, the initial spatial anisotropy
in the collision zone is washed out by random motion, and the azimuthal distribution
of particles in the final state ends up isotropic. In this case, the measured two-particle
correlations are trivial, coming only from effects like momentum conservation in late-time
decays of hadrons. Alternatively, if the quarks and gluons form a strongly coupled liquid
soon enough, while the distribution of energy density produced in the collision remains
anisotropic, this non-circular and lumpy drop of fluid will expand in a hydrodynamic fashion,
yielding faster expansion in the direction of larger gradients: hydrodynamics converts

www.annualreviews.org • HIC: The Big Picture and Big Questions 23

QGP :Ideal Gas or Perfect Liquid?
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Fit and Bayesian Analysis 
give most likely value of 
⁄� � ≈ 0.07C�.��M�.�� + 𝑐(𝑇 − 𝑇j)

Note, 𝑐 is mostly 
unconstrained [0, 1.6] /GeV

Average ⁄� � strikingly close 
the theoretical limit from 
holography:

( �1 4𝜋 ≈ 0.08)

If QGP were a weakly 
interacting gas of quarks 
and gluons : expect 
isotropic distribution

Hydrodynamic flow converts spatial anisotropies into momentum anisotropy



Standard Model of Physics
Fundamental building blocks of matter:
o Quarks 
o Leptons
And their fundamental interactions:
o Electromagnetic
o Weak interaction
o Strong interaction
o Gravity (not yet!)

But normal matter isn’t just  
bare quarks

Why Study QCD Matter?

We study QCD to understand the emergence and 
organization of “normal” matter from quarks and gluons

[https://commons.wikimedia.org/wiki/File:Standard_Model_of_Elementary_Particles.svg]
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https://commons.wikimedia.org/wiki/File:Standard_Model_of_Elementary_Particles.svg


Life of a Heavy Ion Collision
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63U.W. Heinz, (2004). 
http://arxiv.org/abs/hep-ph/0407360.

o 𝜏 = 0 : initial collision

o 𝜏 < ∼ 1 fm/c : pre-equilibrium –
not much is known about the 
dynamics. Assume fast approach 
to thermal equilibrium

o 1 < 𝜏 < ≈ 15 fm/c : QGP is 
formed if 𝜀 > 𝜀j, 𝑇 > 𝑇j
o Viscous hydrodynamic 

expansion and cooling

o 𝜏 > 10 − 15 fm/c : Freeze-out
o T drops below 𝑇j
o Chemical freeze-out : inelastic 

scatterings cease - particle 
species are fixed 

o Kinetic freeze-out : elastic 
scatterings cease – particle 
momenta are fixed

o Free stream to detectors
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FIG. 25: (Color online) The GCE model fits shown along
with standard deviations for (a) Au+Au 7.7 and (b) Au+Au
39 GeV in 0–5% central collisions. Top panels are for the
particle yields fit and lower panels are for the particle ratios
fit. Uncertainties on experimental data represent statistical
and systematic uncertainties added in quadrature. Here, the
uncertainties are smaller than the symbol size.

ment of strangeness [80]. Since the BES data cover a
wide range of energies from low to high, both GCE and
SCE approaches are studied here.

In addition, different approaches have been proposed
to fit the data, i.e. whether particle yields or the particle
ratios should be used in the fit. The fitting of particle
ratios leads to the cancellation of a volume factor, thus
getting rid of an extra parameter. However, a possible
disadvantage is the use of a common particle to construct
different ratios, leading to correlated uncertainties. We
investigate the difference between these two approaches
by fitting both the particle ratios and particle yields in
THERMUS.

Since the freeze-out parameters represent collision sys-
tem properties, it is better to also include the other
strange particles in the THERMUS fitting. The results
presented here for particle yields are obtained using yields
of π±, K±, p, p̄, Λ, Λ̄, Ξ, and Ξ. The corresponding re-
sults for particle ratios are obtained by using the ratios
π−/π+, K−/K+, p̄/p, Λ̄/Λ, Ξ/Ξ, K−/π−, p̄/π−, Λ/π−,
and Ξ/π−. The dN/dy of Λ, Λ̄, Ξ and Ξ̄ are obtained
from the measured pT spectra within |y| < 0.5, and a
follow-up paper on the pT spectra of these particles is in
preparation (the technical details are currently available
in Ref. [83]). As mentioned earlier, the (anti-) proton
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FIG. 26: (Color online) The SCE model fits shown along
with standard deviations for (a) Au+Au 7.7 and (b) Au+Au
39 GeV in 0–5% central collisions. Top panels are for the
particle yields fit and lower panels are for particle ratios fit.
Uncertainties on experimental data represent statistical and
systematic uncertainties added in quadrature. Here, the un-
certainties are smaller than the symbol size.

yields reported here by STAR are inclusive. The cor-
responding yields in the THERMUS model are treated
in the same manner as in data i.e. all inclusive. The
fraction of weak-decay feed-down contribution (from Λ,
Σ, and Ξ) to the proton yield from THERMUS is found
to be 18% at 7.7 GeV and up to 29% at 39 GeV. The
weak-decay feed-down contribution to anti-proton yield
is found to be up to 50% at 7.7 GeV and 37% at 39 GeV.
It may be noted that the strange particle yields (Λ, Λ̄,
Ξ, and Ξ) used here are measured for |y| < 0.5 while
the light hadron yields (π±, K±, p, and p̄) are measured
for |y| < 0.1. The uncertainty due to this difference is
not considered in the extraction of chemical freeze-out
parameters.
Considering the grand canonical case, for a hadron gas

of volume V and temperature T , the logarithm of the
total partition function is given by [50],

lnZGC(T, V, {µi}) =
∑

species i

giV

(2π)3

∫

d3p ln(1 ±

e−β(Ei−µi))±1 (7)

where, gi and µi are degeneracy and chemical potential
of hadron species i respectively, β = 1/T , and Ei =
√

p2 +m2
i , mi being the mass of particle. The plus sign
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TEMPERATURE OF CHEMICAL FREEZE-OUT AND BARYON DENSITY
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FIG. 33: Extracted chemical freeze-out temperature versus
baryon chemical potential for GCE (top panel) and SCE (bot-
tom panel) cases using particle yields as input for fitting.
Curves represent two model predictions [79, 80]. Uncertain-
ties represent systematic errors.

rameters (Tch, µB , and γS) between GCE and SCE re-
sults obtained using the particle ratio fit plotted versus
⟨Npart⟩. Similarly, Fig. 32 shows the ratio of chemical
freeze-out parameters (Tch, µB, γS , and R) between GCE
and SCE results obtained using particle yields fit plotted
versus ⟨Npart⟩. We observe that the results are consis-
tent within uncertainties for GCE and SCE using both
the ratio and yield fits, except for γS in the most periph-
eral collision in case of yields fit.
Figure 33 shows the variation of chemical freeze-out

temperature with baryon chemical potential at various
energies and for three centralities 0–5%, 30–40% and 60–
80%. For 62.4 GeV, the three centralities shown are
0–5%, 20–40% and 60–80%. The results are shown for
both GCE (top panel) and SCE (bottom panel) cases
obtained using particle yields fit. The curves represent
two model predictions [79, 80]. In general, the behavior

is the same for the two cases, i.e. a centrality depen-
dence of baryon chemical potential is observed which is
significant at lower energies.
Next, we test the robustness of our results by com-

paring to results obtained with different constraints and
using more particles in the fit.

1. Choice on Constraints

The results presented here are obtained assuming µQ =
0. However, we have checked the results by constraining
µQ to the initial baryon-to-charge ratio for Au+Au colli-
sions, i.e. B/2Q=1.25. We have also checked the results
by applying both constraints, i.e. µQ constrained to 1.25
as well as µS constrained to initial strangeness density,
i.e. 0. Figure 34 shows the extracted chemical freeze-out
temperature (upper panels) and baryon chemical poten-
tial (lower panels) in Au+Au collisions at

√
sNN =7.7,

19.6, and 39 GeV for GCE using particle yields as in-
put to the fit, for the three conditions mentioned above.
It is observed that these three different conditions have
negligible effect (< 1%) on the final extracted Tch and
µB. The extracted parameters are similar for these dif-
ferent cases. Similarly, µS , the radius parameter, γS , and
χ2/NDF (plots not shown here), all show similar results
for the three cases discussed above. The same exercise
was repeated for the SCE case and the conclusion remains
the same.

2. Choice on Including More Particles

For the default results discussed above, the particles
included in the THERMUS fit are: π, K, p, p̄, Λ, and
Ξ. It is interesting to compare the freeze-out parameters
extracted using different particles sets in the thermal fit.
Figure 35 shows the comparison of extracted freeze-out
parameters in Au+Au collisions at

√
sNN = 39 GeV for

GCE using yields as input to the fit. Results are com-
pared for four different sets of particle yields used as in-
put for fitting. When only π, K and p yields are used in
fit, the temperature obtained is lower compared to other
sets that include strange hadron yields. Also, γS is less
than unity, even for central collisions. It can be seen that
for all other cases, the results are similar within uncer-
tainties. However, the χ2/NDF increases with increasing
number of particles used for fitting.

B. Kinetic Freeze-out

The kinetic freeze-out parameters are obtained by fit-
ting the spectra with a blast wave model. The model
assumes that the particles are locally thermalized at a
kinetic freeze-out temperature and are moving with a
common transverse collective flow velocity [43, 51]. As-
suming a radially boosted thermal source, with a kinetic

STAR,arXiv:1701.07065v1

Phys. Rev. C 73, 
034905 (2006) 

Nucl. Phys. A 
834, 237c 

5/24/19 J. D. Brandenburg : FAIRNESS 2019

65



David Tlusty CBM-STAR Joint Workshop

TEMPERATURE OF KINETIC FREEZE-OUT
➤ the separation between between 

temperatures of kinetic and 
chemical freeze-out grows with 
increasing energy 
➤ might suggest the effect of 

increasing hadronic interactions 
between chemical and kinetic 
freeze-out at higher energies  

➤ radial flow velocity shows rapid 
increase at very low energies 
and slower increase at higher 
energies
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FIG. 38: (Color online) (a) Energy dependence of kinetic
and chemical freeze-out temperatures for central heavy-ion
collisions. The curves represent various theoretical predic-
tions [81, 82]. (b) Energy dependence of average transverse
radial flow velocity for central heavy-ion collisions. The data
points other than BES energies are taken from Refs. [43, 53–
64, 66] and references therein. The BES data points are for
0–5% central collisions, AGS energies are mostly for 0–5%,
SPS energies for mostly 0–7%, and top RHIC and LHC ener-
gies for 0–5% central collisions. Uncertainties represent sys-
tematic uncertainties.

sion centrality classes. The bulk properties are studied
by measuring the identified hadron dN/dy, ⟨pT ⟩, particle
ratios, and freeze-out parameters. The results are com-
pared with corresponding published results from other
energies and experiments.
The yields of charged pions, kaons, and anti-protons

decrease with decreasing collision energy. However, the
yield of protons is higher for the lowest energy of 7.7
GeV which suggests high baryon stopping at mid-rapidity
at lower energies. The yields decrease from central to

peripheral collisions for π±, K±, and p. However, the
centrality dependence of yields for p̄ is weak. The energy
dependence of pion yields changes slope as a function of
beam energy. The slope above 19.6 GeV is different when
compared to that at lower energies. This may suggest
a change in particle production mechanism below 19.6
GeV.
The π−/π+ ratio is close to unity for most of the ener-

gies. The lowest energy of 7.7 GeV has a greater π−/π+

ratio than at other energies due to isospin and significant
contributions from resonance decays (such as ∆ baryons).
The K−/K+ ratio increases with increasing energy, and
shows very little centrality dependence. The increase in
K−/K+ ratio with energy shows the increasing contri-
bution to kaon production due to pair production. The
K+/π+ ratio shows a maximum at 7.7 GeV and then
decreases with increasing energy. This is due to the as-
sociated production dominance at lower energies as the
baryon stopping is large. This maximum corresponds to
the maximum baryon density predicted to be achieved in
heavy-ion collisions. The centrality dependence is simi-
lar at all energies, increasing from peripheral to central
collisions. The p̄/p ratio increases with increasing en-
ergy. The ratio increases from central to peripheral col-
lisions. The results reflect the large baryon stopping at
mid-rapidity at lower energies in central collisions. The
p/π+ ratio decreases with increasing energy and is larger
at

√
sNN = 7.7 GeV. This is again a consequence of

the higher degree of baryon stopping for the collisions at
lower energies compared to

√
sNN = 62.4 and 200 GeV.

The ⟨mT ⟩−m values increase with
√
sNN at lower AGS

energies, stay independent of
√
sNN at the SPS and BES

energies, then tend to rise further with increasing
√
sNN

at the higher beam energies at RHIC. The constant value
of ⟨mT ⟩ − m vs.

√
sNN around BES energies could be

interpreted as reflecting the formation of a mixed phase
of a QGP and hadrons during the evolution of the heavy-
ion system.
The chemical freeze-out parameters are extracted from

a thermal model fit to the data at midrapidity. The GCE
and SCE approaches are studied by fitting the particle
yields as well as the particle ratios. The results for parti-
cle yield fits compared to particle ratio fits are consistent
within uncertainties for both GCE and SCE. The GCE
and SCE results are also consistent with each other for
either ratio or yield fits. The SCE results obtained by
fitting particle yields seem to give slightly higher tem-
perature towards peripheral collisions compared to that
in 0-5% central collisions. The chemical freeze-out pa-
rameter Tch increases from 7.7 to 19.6 GeV; after that it
remains almost constant. For a given energy, the value of
Tch is similar for all centralities. In all the cases studied,
a centrality dependence of baryon chemical potential is
observed which is significant at lower energies.
The kinetic freeze-out parameters are extracted from

a blast-wave model fit to pion, kaon, proton, and anti-
proton pT spectra. Tkin increases from central to periph-
eral collisions suggesting a longer lived fireball in central

Phys. Rev. C 96, 044904
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Comparison with STAR BES-I 

     red/black = unfolding (preferred method) + vol. flucs. corr. 
 

     green = evt-by-evt eff correction of factorial moments + vol. flucs. corr. 

HADES 
preliminary 

HADES 
preliminary 

STAR analysis:  Xiaofeng Luo et al., PoS (CPOD2014) 019 
                                                          arXiv:1503.02558v2 

QM2017      February 6 - 11, 2017        Chicago IL    15 

Fluctuations from HADES 

Checking the Poisson limit:  𝜿𝒏 vs. Δ𝑦  

   13 QM2017      February 6 - 11, 2017        Chicago IL 

Æ Expect to approach Poisson limit for narrow enough phase-space bin! 
 
Æ Shown here for our Au+Au proton data with unfolding & volume correction:   

phase-space bin:  𝑦𝑎𝑐𝑐 = 𝑦0 ± Δy                     𝑺 ⋅ 𝝈 → 𝟏  𝐚𝐧𝐝  𝜿 ⋅ 𝝈𝟐 → 𝟏  𝐟𝐨𝐫   𝚫𝒚 → 𝟎 
                             𝑝𝑡 = 0.4 − 1.6 𝐺𝑒𝑉/𝑐  

Poisson 

Poisson 

HADES 
preliminary 

HADES 
preliminary 

Î ok! 
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Demonstrate Poisson 
limit for small volume

arXiv:1503.02558v2



Nuclear Modification Factor in BES 1
Smooth transition 
from suppression 
(𝑅<b < 1) at 
highest energies to 
enhancement 
(𝑅<b > 1) at lowest  
energies

Turn off of the 
QGP?
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RCP =
hNcolliPeripheral
hNcolliCentral

( d2N
dpTd⌘ )Central

( d2N
dpTd⌘ )Peripheral
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Nuclear Modification Factor in BES 1

o 𝑅<b ≪ 1 (at high 𝑝Y ) : QGP is definitely formed
o If 𝑅<b ≥ 1 : QGP may be formed  or may not - competing effects
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What can we say 
from this 
measurement?



𝑅<b for Identified Hadrons 

oPions are more sensitive probes of suppression than heavy 
particles

oNo sign of suppression above ~19.6 GeV
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62.4 39.0
27.0 19.6
14.5 11.5
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