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Phase transition/crossover within QCD
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Full lattice QCD simulation
Because the relevant symmetry is
explicitly broken by quark mass, symmetry
arguments no longer imply the existence
of a finite temperature phase transition.
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Even no reliable information from the first-
principle LQCD calculation, effective chiral
models suggest a first order chiral phase

transition in the large density region. 3



Phase Diagram of QCD
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Lattice and Experimental approaches
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Divergence/singularity approaching CEP
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Critical opalescence (Il 73 %)

As the CP approached, the density begin
to fluctuate over a large length scales,
comparable to the wave length of light.




Why study CEP of QCD

Crucial in diagram, test QCD in non-perturbative region
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Higher moments are crucial in HIC

Maximum correlation Iength 2~3 fm (dynamical evolution, freeze out...)
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Non-monotonic functions of the collision
energy, higher moments more sensitive

signature of CP.
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Universally, sign change of Kurtosis indicate

that CP is close.
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Phase diagram with tri-critical point

Start with Landau-Ginzburg effective potential, with order parameter m.

long wavelength fluctuations, model-independent.
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Phase diagram with crossover and CEP

Effective potential for a crossover + critical end point
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2 4 6 :

Wona = ao + axm” + asm™ + agm” + alinear term
Verossover = Qo + a2m2 + a4m4 —+ m6—%m + ..
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Phase diagram with Gross-Neveu model

GN model, relativistic, renormalizable, QCD like, 1+1D...
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Key features with GN model
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Key features with GN model
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almost not touch the
“hadronic” phase, except in the
region very close to the CEP.

It will be very hard for the
freeze out curve to enter the
negative kurtosis region.
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Susceptibilities = Cumulants
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From phase diagram to observables
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By coupling the critical sigma field with the number
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Susceptibility

Effective potential: QQ(u, T, o)  Grand Canonical ensemble

Q(T
Partition function: Z = /[da] exp (— (T U))
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Gap equation and singularity

Effective potential Q(u, T, o)
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Correlation length dependence canceled in the singular parts.

Singularity from correlation ==> singularity from discontinuity.
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Tree level contribution
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Tree level contribution
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There is a large region of negative m,, beginning at the critical point and opening
up into the crossover region. The negative m, region overlaps with the “hadronic”
phase near the critical point = non-monotonic feature, sign change!
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Comparison with m,
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Our model calculation are qualitatively
agree with the lattice and HIC data, our

results are reasonable.

Near the CEP, m, has a large peak and may
change its sign. The shape and magnitude
depend on how close the freeze out line to

the CEP.

More information/other probes are needed

to localize the CEP, how about m,?
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Comparing with STAR new data
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Further study with 3f-NJL model

Effective T munans) = 26 (o, +04+07) | 4Kouogo |+ f_zd (T, jupimy),

d3

potential: .
(T pgimg) = N | oLy

{Ef@(A 72) + Tl [1 + e-<Ef-ﬂf>/T] +Th {1 + e-<Ef+“f>/TH .

m

Flavor
coupled: Ef=y/m}+p* m;=m;—4Go;+2Kopop,  f#f #f" €{ud,s}

23



Susceptibilities with 3f-NJL model
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Along hypothetical Freeze-out lines
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Combination of m; and m,, common?
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Combination of m; and m,, common?
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Singularity with Strangeness

No net strange quark
g = 0 i
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Summary

1. Phase diagram with TCP and CEP are explored. With correlation
length or discontinuity, singularity near CEP is universal.

2. Higher moments, susceptibilities and observables are discussed.
Prediction with full tree-level correlators.

3. A large region of negative m,, overlaps with the hadronic phase
near CEP. Sign change of m,, and peak in m, indicate non-
monotonic behaviors. Flavor structure and possible
observables(B, Q, S) are discussed.

4. Comparing with lattice and HIC data, non-monotonic features
are likely to be robust. The shape of m, vs. m,, and ordering

T >T >T >Tp help to indicate the location of CEP.

min,m2 max,ml max,m2
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Summary

1. Phase diagram with TCP and CEP are explored. With correlation

length or discontinuity, singularity near CEP is universal.
Higher moments, susceptibilities and observables are discussed.
Prediction with full tree-level correlators.

A large region of negative m,, overlaps with the hadronic phase
near CEP. Sign ch% ak in m, indicate non-

monotonic behaviOrs. avor “structure and possible

observables(B, Q, S) are discussed.
Comparing with lattice and HIC data, non-monotonic features
are likely to be robust. The shape of m, vs. m,, and ordering

T >T >T >Tp help to indicate the location of CEP.

min,m2 max,ml max,m2

32



Back ap



Another way to check, Example with 2
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Tree level contribution
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