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The QCD Phase Diagram

US NSAC Long RangePlan



Nonzero baryon density tells us about
general properties of strong interactions

• Asymptotic 
freedom

• Confinement, 
Chiral 
Symmetry

• Quarkyonic 
Phase Mc Lerran

Quarkyonic 
Phase ?

?



Strong Interactions and Finite Baryon density in the XXI Century:
shift of the focus at the turn of the decade



INTRODUCTION

RESULTS ON THE PHASE DIAGRAM:
CRITICAL ENDPOINT
PHYSICS OF THE FREEZOUT LINE
THE QUARKYONIC PHASE

OUTLINE







Strong 
Coupling 
Expansion

Numerical 
Analysis



Option1: The strong coupling expansion

Kawamoto, 
Miura, Onishi 
2007

A long history..



The Strong Coupling Expansion:

approaching the continuum limit



The mp/2 barrier
Option 2 : Integrate over fermions and ..

Summary
Of our 
efforts!!





COMPLEX LANGEVIN?   
→Gert Aarts

NEW ALGORITHMS?
→Shailesh Chandrasekharan

DENSITY  OF STATE METHODS?
→Christian Schmidt 

LEARNING FROM SIMPLER SYSTEMS?
→David Kaplan



The results on the phase diagram presented in the 
following were obtained by these ‘easy’ approaches 



CRITICAL ENDPOINT







CHALLENGING THE ENDPOINT

NB: assume that endpoint is part of the critical surface at m=0



Towards the continuum 



RESCUING THE ENDPOINT



Finite radius of convergence : ENDPOINT

Gavai Gupta 2007--2009



FREEZOUT





Freezout
Andronic, Braun-
Munzinger, Stachel 2009 –
Courtesy of the Authors





Data from RBC Collaboration 
Courtesy E. Laermann and C. 
Schmidt. C. Ratti and MpL QM09

Lower bound on the radius of convergence
And freezout point 

Freezout 
point



Freezout line might well be amenable to a 
lattice study Lattice data from RBC-Bielefeld 

Collaboration – C. Ratti MpL QM09 



Gavai Gupta 2010

Results along the
Freezout line



THE QUARKYONIC PHASE



The quarkyonic phase



Quarkyonic phase – Two color

Brauner, Fukushima, Hidaka 2009



Superfluid phase still confined





Strong Interactions and Finite Baryon density
in the (second decade of)  XXI Century:

Expect 
Experimental
And lattice results on: 
Critical Endpoint, 
Freezout region, and 
(maybe) Exotic phases

Entering the 
precision era


