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QCD phase diagram

Nu Xu 14/22 	��������
����������������� July 18 -21, 2011 

Beam Energy Scan at RHIC 
Motivations: Study QCD phase  
structure 
  - Signals of phase boundary 
  - Signals for critical point 

Observations:  

(1) v2 - NCQ scaling: 
 partonic vs. hadronic dof 

(2) Dynamical correlations: 
 partonic vs. hadronic dof 

(3)   Azimuthally HBT: 
 1st order phase transition 

(4) Fluctuations: 
 Critical point, correl. length 

(5) Directed flow v1 
 1st order phase transition 

-   http://drupal.star.bnl.gov/STAR/starnotes 
   /public/sn0493 
-   arXiv:1007.2613 
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Critical point in QCD phase diagram

§ Large uncertainties in theoretical predictions on the critical point.
3



4

Mapping the phase diagram via heavy ion collisions

Require first-order phase transition ?

Chen, Ko, Liu & Zhang, PoS (CPOD 2009) 034 (2009) 



Collision energy dependence of density fluctuations 
Sun, Chen, Ko, Pu & Xu, PLB 781, 499 (2018)
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Neutron relative density fluctuation from yield ratio of light nuclei

Op-d-t =
N3HNp

N2

d

= g
1 + (1 + 2↵)�n

(1 + ↵�n)2

�n =
h(�n)2i

hni2

h�n�npi = ↵
hnpi

hni
h(�n)2i

§ Expect a similar behavior for         from u-quark density fluctuation.          6

Sun, Chen, Ko & Xu, PLB 774, 103 (2017) 

α: correlation factor

TC ≈ 144 MeV
μC ≈ 385 MeV

pK0
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Neutron relative density fluctuation from yield ratio of light nuclei

Dingwei Zhang for STAR Collaboration, NN2018
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Deuteron number in the coalescence model
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Deuteron number in the coalescence model (Continued)
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In this limit, the coalescence model gives 
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N coal
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<latexit sha1_base64="TkUc11GKdHVVGaP6YGi2Y0YZaaA="></latexit>

10Why !"#$%&'() *+ = !"#$%&'() *- ?



Entropy per baryon and the d/p ratio Siemens & Kapusta,
PRL 43, 1486 (1979)
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Time evolution of baryon entropy in relativistic heavy ion collisions
From the hadronic phase of AMPT

§ Baryon entropy per baryon remains essentially constant during
hadronic evolution. 12
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Chemical freeze-out in relativistic heavy ion collisions
Jun Xu & CMK, PLB 772, 290 (2017)

§ Both ratio of effective particle numbers and entropy per particle 

remain essentially constant from chemical to kinetic freeze-out.
13



Effect of density fluctuations on deuteron number
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Assuming

where en and ep  are unit vectors along the density gradient of the 
neutron and proton spatial distributions, and a is the length over 
which they change appreciably, then the second term becomes

r⇢n(X) ⇠ ⇢n(X)
a en, r⇢p(X) ⇠ ⇢p(X)

a ep
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If the directions of en and ep are not strongly correlated and a is 
significantly larger than !, then F2 is much smaller than the first term, 
and 
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Taking into account density fluctuations

then

where h⇢ni, h⇢pi : average neutron and proton densities

Cnp = h�⇢n�⇢pi/(h⇢nih⇢pi) : neutron and proton

density correlation
<latexit sha1_base64="VbtaxX+Sn/xk5mWD84WgpllEUWA="></latexit>

Nd ⇡ 3

21/2

✓
2⇡

mT

◆3/2 Z
d3x(h⇢ni+ �⇢n)(h⇢pi+ �⇢p)

=
3

21/2

✓
2⇡

mT

◆3/2 Z
d3xh⇢nih⇢pi+

Z
d3x(�⇢n)((�⇢p)

�

=
3

21/2

✓
2⇡

mT

◆3/2

Nph⇢ni(1 + Cnp),
<latexit sha1_base64="0pnitQaqgQpuZREchTzXGKqux+s="></latexit>

16



where

�⇢n = h(�⇢n)2i/h⇢ni2 : relative neutron density fluctuation
<latexit sha1_base64="W00p2UCOBgbI2d+Ax1FicE30D9E="></latexit>

For triton
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Define yield ratio
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Define yield ratio

then

where
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Define isospin density fluctuation
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Summary

§ Both the first-order QGP to hadronic matter phase transition and
the presence of the critical point are expected to give rise to large 
density fluctuations in the matter produced in relativistic heavy ion
collisions.

§ Without density fluctuations, the coalescence model and the
thermal model give similar yields of light nuclei.

§ Density fluctuations in produced matter affect the yield of light nuclei
in coalescence model.

§ The yield ratio N"#N$/N&' is sensitive to the neutron density 
fluctuation. 

§ Studying the energy dependence of the yield ratio N"#N$/N&'
provides the possibility to extract information on the critical point
and the region of first-order phase transition in QCD phase diagram.
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