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Quark Matter Phase Diagram 
!   Lattice QCD calculations: 

 Expect an analytic crossover at 
low  

!   Locations of  critical point and 
first order phase transition vary 
greatly by model as calculations 
advance to finite 

Fodor, Katz JHEP04 (2004) (050) 

mu,d �= 0, ms ≈ physical

Phase diagram for µB = 0
already the µB = 0 phase diagram is not fully explored

phase boundary is known to be very sensitive to cut-off effects
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Nτ = 4, standard staggered fermions (the setup used by deF+P):
⇒ mcrit

ps " 300 MeV for nf = 3, i.e. larger than physical mπ

FK, E. Laermann, C Schmidt, PL B520 (2001) 41
INT, Seattle 2008, F. Karsch – p. 7/32

Karsch, Laermann, Schmidt PLB520 (2001) 41 
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Location of the CP (theory)
Source (T, µB), MeV Comments Label
MIT Bag/QGP none only 1st order —
Asakawa,Yazaki ’89 (40, 1050) NJL, CASE I NJL/I
“ (55, 1440) NJL, CASE II NJL/II
Barducci, et al ’89-94 (75, 273)TCP composite operator CO
Berges, Rajagopal ’98 (101, 633)TCP instanton NJL NJL/inst
Halasz, et al ’98 (120, 700)TCP random matrix RM
Scavenius, et al ’01 (93,645) linear σ-model LSM
“ (46,996) NJL NJL
Fodor, Katz ’01 (160, 725) lattice reweighting I
Hatta, Ikeda, ’02 (95, 837) effective potential (CJT) CJT
Antoniou, Kapoyannis ’02 (171, 385) hadronic bootstrap HB
Ejiri, et al ’03 (?,420) lattice Taylor expansion
Fodor, Katz ’04 (162, 360) lattice reweighting II

QCD critical point: fluctuations, hydrodynamics and universality class – p.3/21

M. Stephanov: arXiv:hep-ph/0402115 

µB

µB



Experimental Search 
!   Onset of  Deconfinement 
!   First Order Phase Transition 
!   Critical Point 

Considerations 
!   Matter Evolution – Phase Change 
!   Energy Dependence 
!   System Size Dependence 
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The corresponding (ρB , T ) diagram, where T is the freeze-out temperature is perhaps more
easily grasped and we show it in Fig. 2 below:
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Figure 2: The hadronic freeze-out line in the
ρB −T phase plane as obtained from the val-
ues of µB and T that have been extracted
from the experimental data [2]. The calcula-
tion employs values of µQ and µS that ensure
〈S〉 = 0 and 〈Q〉 = 0.4〈B〉 for each value of
µB. Also indicated are the beam energies (in
GeV/N) for which the particular freeze-out
conditions are expected at either a collider
(red) or a fixed-target facility (blue).

These novel representations of the freeze-out line bring out very clearly that there is a
maximum value of the net baryon density: At the highest collision energies, freeze-out occurs
for a negligible value of ρB and at an energy density of nearly one half GeV/fm3; then, in the
range of µB = 400 − 500MeV (and a temperature of T = 140 − 130MeV), the freeze-out line
exhibits a backbend and approaches the origin. Thus, the net baryon density at freeze-out has
a maximum value which amounts to about three quarters of the familiar nuclear saturation
density of ρ0 ≈ 0.16 fm−3.

The fact that the freeze-out value of the net baryon density exhibits a maximum as the
collision energy is being scanned suggests that the corresponding collision energy (range) is
optimal for the exploration of compressed baryonic matter. This suggested optimal beam kinetic
energy is 15 − 30GeV per nucleon for a fixed-target configuration (such as FAIR at GSI),
corresponding to

√
sNN = 5.6 − 7.8GeV for a collider (such as RHIC at BNL).

The results presented here should provide valuable guidance for establishing the desired
capabilities of the contemplated NICA at JINR. In particular, our results suggest that freeze-
out densities all the way up to the maximum value could be explored at a collider facility
delivering beam kinetic energies of up to ≈2.4 GeV/N .
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Miller et. al. Ann.Rev.Nucl.Part.Sci 57
(2007) 
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Au+Au 19.6 GeV spectra: Cebra QM08 arXiv:0903.4702v1 
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moo+	
  

moo-­‐	
  

!   Simple model with Spherical 
symmetry assumed	



!   T and β are correlated in fitting 
procedure	



!   All particles with singular blast 
velocity (even in center)	



!   Lack of boost invariance 
assumption	



d2N
mT dmT dy = AeγE/T

�
sinh(α)

α (γE + T )− T cosh(α)
�

γ =
�
1− β2

�−1/2
, α = γβp/T

Phys. Rev. Lett. 42:880-887 1979 
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βT (r) = βS

�
r
R

�n

βT : Individual shell velocity
βS : Surface shell velocity
r : Radius of individual shell
R : Radius of surface shell
n : Blast profile parameter

!   Invoke boost invariance to assume 
cylindrical symmetry	



!   Applies blast profile with radial 
dependence	



!   Systematic errors predominantly due 
to cut at low mT-m0 to exclude region 
of weak decay and muon 
contamination and variation in ���
n parameter, in this plot n=1	



!   Assumes Boltzmann statistics: 
Problematic at low mT-m0 for π	



�βT � = βS
1

(1+n/2)

βT (r)Schnedermann, Sollfrank, Heinz 
Phys. Rev. C. 48:2462-2475 1993 
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!   Imbalance of p/π + vs. p/π – ratio 
increases with lower collision 
energies	



!   Increasing p/π + ratios with 
increasing centrality	



!   No effect on p/π − ratio in centrality. 	


!   Net-baryon density increases with 

centrality. Effect most prominent at 
lower energies	



!   Q: How is net baryon number 
transported over 3 to 5 (10-100 GeV 
beam) units of rapidity?	



_	



_	



p+p 200, Au+Au 200, 62.4 GeV:  
[STAR: PhysRevC.79.034909] 

Cu+Cu 62.4, 200 GeV:  
[STAR: PhysRevC.83.034910] 
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p+p 200, Au+Au 200, 130, 62.4 GeV  
[STAR: PhysRevC.79.034909] 

Cu+Cu 62.4, 200 GeV  
[STAR: PhysRevC.83.034910]  

Au+Au 9.2 GeV  
[STAR: PhysRevC.81.024911] 

7.7, 11, 39 GeV: Kumar QM2011  

!   One of the initially predicted 
signatures of QGP	



!   Kaon production mechanisms:	


!   Pair production	


!   Associated production with 

hyperons (sensitive to baryon 
density)	



!   Showing a shift from associated to 
pair production at higher energies?	



!   What is the behavior of the ���
Cu+Cu system?	
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!   Statistical Model Fit: 
Appreciable change in μB 
due to species size for 
central collisions	



!   Fit to particle ratios to get 
Tch, μq, μs (μB, μS) and γS.  
Model reproduces ratios 
with great precision	



p+p 200, Au+Au 200, 130, 62.4 GeV  
[STAR: PhysRevC.79.034909] 

Cu+Cu 62.4, 200 GeV  
[STAR: PhysRevC.83.034910]  

Au+Au 9.2 GeV  
[STAR: PhysRevC.81.024911] 

7.7, 11, 39 GeV: Kumar QM2011  
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!   Chemical freeze-out temperatures show 
no dependence on centrality or  collision 
ion species.	



!   Kinetic freeze-out temperatures decrease 
with increasing centrality	



!   Cu+Cu systems might have higher 
kinetic freeze-out temperatures in 
comparison with Au+Au collisions at 
similar collision energies	



!   If so, does this give us hints about initial 
system energy density? Does it tell us 
about                        ?	



p+p 200, Au+Au 200, 130, 62.4 GeV  
[STAR: PhysRevC.79.034909] 

Cu+Cu 62.4, 200 GeV  
[STAR: PhysRevC.83.034910]  

Au+Au 9.2 GeV  
[STAR: PhysRevC.81.024911] 

7.7, 11, 39 GeV: Kumar QM2011  

E866/917 PLB476.1.2000���
NA49 PRC66.054902.2002 

FOPI Nuc.Phy.A612.493.1997 
EOS Phy.Lett.75.2662.1995 

Andronic et. al: Nu.Ph.A772.167.2006 
Cleymans et. al. J.Phy.G25.281.1999 

Cleymans et. al. PRC57.3319.1998 
Braun-Munzinger et. al. PLB365.1.1996 
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!   Spectral shapes differ at low mT-m0 for protons in Cu+Cu 22.4 GeV 
collisions compared to Au+Au 19.6 GeV collisions	



!   Blast-wave results hint at lower blast velocity βT and higher 
temperature Tkin for Cu+Cu 22.4 GeV vs. Au+Au 19.6 GeV collisions.	



!   Less p/π + vs. p/π - asymmetry observed for central Cu+Cu 22.4 GeV 
vs. Au+Au 19.6 GeV collisions.  Net baryon density increases for 
lower collision energies and increases with Npart	



!   For central Cu+Cu 22.4 GeV, K+/π+ ratio is slightly lower than Au+Au 
19.6 GeV central collisions	



!   Chemical freeze-out temperature seems independent of collision 
centrality and system size at RHIC energies. The baryon chemical 
potential appears lower in Cu+Cu 22.4 GeV collisions in comparison 
with Au+Au 19.6 GeV for central collisions.	



_	
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!   If it is possible we have missed the critical point and first order phase transition, 
how else may we attempt to reach towards it (along with an energy scan)?	



!   1: Decrease system size to increase Tch? The NA61 expectation was not a 
significant effect for our data	



!   2: Does increasing system size increase μB? Challenge with non spherical ions:  
While head-on Uranium collisions would be ideal for this there is very low 
cross-section for such collisions.	
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