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the Critical Point of QCD?
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Talk Plan
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F Why many chiral models predict a first-order
phase transition and the QCD critical point?

E Why those predictions are easily changed even
qualitatively?

F Liquid-gas phase transition of nuclear matter
“Established” critical point of QCD

F Understanding in analogy to nuclear matter

F Summary
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“Guessed” Phase Diagram of QCD
B B SO B B S S S R O SO $OE

Fukushima-Hatsuda (2010)

n Plasma

Temperature T

Nuclear Superfluid  meson supercurrent Baryon Chemical Potential (B

Gluonic phase, Mixed phase
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“Guessed” Phase Diagram of QCD

Temperature T

Fukushima-Hatsuda (2010)

asma

Liguid-Gas

14

X CFL-KC, Crystalline CSC

Meson supercurrent Baryon Chemical Potential (B
Gluonic phase, Mixed phase

Nuclear Superfluid
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“Guessed” Phase Diagram of QCD

B PR B R BP0 PP FRP PR BB B SR

Temperature T

How

Fukushima-Hatsuda (2010)

Ligugfi ‘
understood?

Color Superconductors

X CFL-KC, Crystalline CSC

Meson supercurrent Baryon Chemical Potential (B
Gluonic phase, Mixed phase

Nuclear Superfluid
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(QCD Phase Transitions
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Relativistic Heavy-Ion Collisions aim to see:

Color (or Quark) Deconfinement — Talk by Huang
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Chiral Symmetry Restoration

Constituent mass Bare mass
M ~ a third of My (~ 340MeV) m ~ a few MeV (< 5MeV)
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(QCD Phase Transitions
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Relativistic Heavy-Ion Collisions aim to see:

Chiral Symmetry Restoration

©

QCD Critical Point (formerly called Critical End-Point)

If this 1s found, 1t would be the first clear indication for

the chiral phase transition in the heavy-1on experiment.
(Dilepton measurement may give a signature, but indirect.)

Deconfinement is, on the other hand, already evident...
(Quark number scaling for example)
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Coherent Tendency
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Many chiral models coherently predict a 1st-
order phase transition at high baryon density.

Nambu—Jona-Lasinio (NJL) Model  Asakawa-vazaki (1989)
Quark-Meson (QM) Model (~ Linear-c Model)
Polyakov-loop Coupled NJL (PNJL) Model
Polyakov-loop Coupled QM (PQM) Model

Chiral Random Matrix Model (~ NJL Model)
Strong-coupling Expansion (~NJL Model)

Look like various models, but they are relatives...
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“Model-independent” Consideration
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Pressure in a “Quasi-Quark” Description

d3p

(27)

\/ p2+M ’ <—— Zero-point Energy

P=2NN,[

3
+ 2NN, T [ L] n[14e 70Ty [ g (P 0T
(27)
:
— iw—G <«—— Interaction Energy Medium Effects

Zero-point Energy favors larger M
Interaction Energy favors smaller M

== Optimal M chosen

Medium Effects favor smaller // == Chiral Phase Transition
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Zero—Poznt Energy

NEA [ #VPrE (g=MIA)
Tt
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1482 8% mn(1/8) ——

Chira Syﬁlmetry Breaking
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<
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Interaction Energy

St P Pt IR WP WO R g, WO, NN, ST T

M _NCNfA4§2 G- &
4G 4’ g NN, A
Vacuum Energy = Zero-point Energy + Interaction Energy
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1+&° -85 In(1/) —
1.02
|
0.98 r \
0.96 r 1
Curvature oc | 1——
0.94 - g
0.92
0.9

0 0.1 0.2 0.3 0.4 0.5
e

-]
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Medium Effects
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Double-Peak Structure

SO SR, SO PR SO FRD FEBS  FORr OS  FARr, BORS P00

o Fukushima (2008)
Pressure as a function of M
N N, u
=~ — 2__ 2)2 ”mP uMl I Curvature = ——= S
P ,~—a(Mi—M?) o=
g=—1 NN 1| : P [M] . . M=p M= M,
2M(2) 4 e 0.067 (in NJL)

m [
a=—2>-%t ~ 0.02~0.04 (in LSM)
SM

e B
. ﬁo ;i.gglldfgfo{ 1;[4;\9,3 Viev —~-=""" |Curvature =2 M,a
— Talk by Schaefer M
Double-Peak
a at M =0 is not physical information N.N,
a< —~0.076
— Model dependence { 1T
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If a 1s small enough...
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Chiral phase transition in 7 =0 quark matter

Critical point

Light quarks

>

Heavy quarks  First-order transition
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This simple analysis tells us...

Setirg et SRS R iyt et gt NN, 0Ny, NN ey, S
I 1Ist-order phase transition depends on the tachyonic
mass (negative curvature) at M =0 .

Not constrained by observables around the physical
vacuum at M =M, .

F Curvature 1s model-dependent.
NJL — Weak 1st-order (CP at lower 7T) c.t.

Stephanov diagram

LSM — Strong 1Ist-order (CP at higher 7)  (scattering plot)
B Roughly speaking...

Weaker ySB (smaller bag const.) — CP favored

Stronger ¥SB (larger bag const.) — CP disfavored
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Source of Ambiguity
WPyt WP WP O RO s T O et Nt Nt SRRyt ey
Is the Interaction Energy really so simple?
2
0 Simplest Choice M-
4G

0 Higher-order Interaction M-Terms

2
_M- M’ U(1)-axial anomaly with N;=3
4G
0 Different-type of Interaction n-Terms
2
_M_GV n> P as afunction of n as well as M
4G Not modify the vacuum properties

0 Ete, etc,...
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Cubic Term

DT TN CONRE L SRR S ST R S R R COIR L IR R S

1.02

Without cubic term

1

0.98

If a 1s not small enough
— 2nd-order phase transition

0.96 r

e

94 |

0.92

0.9

With cubic term . !
~~.0%) a2\ Ist
1.02 : : ‘ : 2nd %32
1 | 5
0.98 &
056 | Ist-order on the g o

Columbia plot

0.94

0.92 r

0.9
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0 Mud oc

— lst-order phase transition (weakened by quark masses)
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Density Terms
P N PO SN PO SN PO RN N SRS DR S
Vector Interaction (for example) Talk by Sasaki
L,=—G V(l_P y w) (1_|) e w) Not affect chiral symmetry

Non-zero in general

G,N°N"
SP,=—G,n" =— V9T[C4 L(w?=M*)o(u—M)
NNy (M
Po~——L—|1-3|5] | 0(u—M
u 12”2 o (M )
N .u 4G, N N.u’ 2
pors B SOVt
‘ 127t 37

Condition for 1st-order

N N 4G, N N .u>| Notsatisfied in NJL
a < — 2f [ — 4 62 e for G,> 025G
0.067 ST 37 CP disappears!
0.076
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Liquid-Gas Transition
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1st-order phase transition at u3z=(939-16)MeV

I\
Liquid-Gas (at finite 7) Chiral
Empty | Nuclear Matter
n=p
_ 0
n=0 o © O O O ~0.17fm"?
Dilute - > Dense

Our world is in a mixed phase — Evidence for 1st-order
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Experimental Evidences

P BB, RO R S SR B0, SR R0, SR g B

(At least) 13 evidences (Chomaz: nucl-ex/0410024)
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Saturation of Nuclear Matter

DT TN CONRE L SRR S ST R S R R COIR L IR R S

1st-order phase transition is a natural consequence
from the saturation property and that n is conserved

N-N potential - G-matrix — £(P)

BOOTII Po /
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QCD Critical Point in Terms of n

SO, B, SR B, OIS B0 SR, SO O, SRS, BB, R
Medium Effects

N.N u*
127

Vacuum Energy
P =—a(M{—M*f=~—aMj+2aM M?*+--

2 61
BN o
. T T T c f

py = LA (4] | o) =

u

0, - Saturation appears when
0 B S N N
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Density Terms Reuvisited

St P Pt IR WP WO R g, WO, NN, ST T

Vector-interaction generate a term like
2
6 PM — GV n
- If G} 1s too strong, the pressure

02 | : 1s pushed down, and there appears
no saturation point — no CP
Effect of the vector-interaction 1s
trivially understandable from the
point of view of liquid-gas picture.

04 r

-02 r

-04 r

c.f. Slow-mode at CP is
A o not chiral but density mode
Liquid-Gas (Fujii, Son-Stephanov)

Another Liquid-Gas
related to Chiral

>

Nuclear Matter
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Summary

DT TN CONRE L SRR S ST R S R R COIR L IR R S

Many chiral models predict a 1st-order phase
transition at high baryon density because the density-
induced pressure 1s the largest at M =0 .

Strength of the 1-st order transition depend on
unphysical curvature at M =0 — Model dependent!

Higher-order M-terms and additional »n-terms would
change the nature of the phase transition.

More natural understanding is of a liquid-gap phase
transition 1n terms of 7 just like 1n nuclear matter.
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