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QGP and phase diagram studied in heavy ion collisions
since 1987 at AGS(5GeV), 1996 at SPS(17GeV), since
2000 at RHIC (200GeV), since 2010 at LHC(2.76TeV).
Indirect evidence for strongly coupled and liquid like
QGP formed in HIC.
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Critical point: End of a first order phase transition line + crossover

Critical opalescence: As the CP approached, the density begin to

fluctuate over a large length scales, comparable to the wave length
of light. (for CO, gas, 0.3nm =» 600nm)
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Lattice and Experimental approaches
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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
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signature of CP. M. Stephanov, PRL 2009

Universally, sign change of Kurtosis indicate

that CP is close. M. Stephanov, PRL 2011
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Susceptibilities = Cumulants
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From phase diagram to observables

Partition function:
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By coupling the critical sigma field with the number
density, the fluctuation and the criticality will be
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Susceptibility

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

Q(T
Partition function: Z = /[da] exp (— (T 1 U))

T
T togZ = ~(Tn) - ()
Tzc,f—;logZ = -T<Q"> +(a29éi’8€’ UO))2<502> ?
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T4§—;log2 = -T°<Q" > +(82ﬂéiga’ 00)>4(<(5a4> —3(00%)?) + -

Sign change =» near zeros =2 small
how about other terms?



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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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}
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Susceptibilities with 3f-NJL model
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Along hypothetical Freeze-out lines

2.0r — v v " 1.0r — r r ,

-
\‘ ,' \‘
4 . \
I' \‘ U4 b
1.5 . \ ] 0.8} /’ S,
. J \ PRI e,
~~ '[ “ Ve 'o ",¢ \ ~‘~
* . A -
m o, 1 o 0.6 [ / o"' S "Q
N\’ 1.0 b '/ ---- NS F ~ ,:‘,o \~ ~’~
L AN - Cad ~ N
. 4 ‘ﬂ' s Ve — & S
/ R SN 0.4 ool "=t L
R \ E ~
0 5 ’, “’ e ‘9 [ N
Sp e R 0.2 \
:‘--‘ S~ -:..'Aq.-.~ * [ “\ ]
Q‘ |‘
[}
0.0k . . . b 0.0L 1

F
15¢ K 1 R
;oY 1.5 ;N
10 /] \ / \
~ ! \ — 3 2\
:Q / \ O 1.0 L ™,
~ 5 g \ ~—’ R !
N " “ N O 5 i ', "O' ‘ "
" ’-+-. hd 'lﬂ" \ O'
y PSS N s ) ¢
o . [\ . 1 e
0 --‘-l'-—-:: ------ ‘\ e - ‘\ ........ ""
\ ez -~ OoO X "4'
\Q-. —""- S = "’

16



-

ﬂnin,nzg > Tmax,ml > Tmax,mg > TCEP

also seen with Ising model
robust features of CP
survive after non-thermal
effects
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Reasons for T ordering
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Reasons for T ordering
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Summary

QCD phase diagram with CP are explored. Higher order

susceptibilities and relations between observables are crucial.

Sign change of m,, and peak in m, indicate non-monotonic
behaviors. The banana shape of m, vs. m,, and ordering

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

min,m2 max,m1l max,m2

Data comparison shows QCD criticality. CP is needed to explain

the data. BES-II will answer ...
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Summary

QCD phase diagram with CP are explored. Higher order

susceptibilities and relations between observables are crucial.

Sign change of m,, and peak in m, indicate non-monotonic
%mvs. m,, and ordering
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max,m2

behaviors. The ba

T >Tmax,m1>T

min,m2

Data comparison shows QCD criticality. CP is needed to explain
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Phase transition and CP within QCD

N N=2 PURE
m - |GAUGE
S o4 o rg 2" order T
o 4()” e Z(2) '\ order
physical point “N=3
‘ mgi ‘ Nf=1

rnu,d
F. R. Brown, et al. PRL 1990

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. 25
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CEP in HIC

Crucial in diagram, test QCD in non-perturbative region
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Slowing out of equilibrium near CEP
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Key features with Gross-Neveu model
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but separates the positive and negative region of skewness,
guides the negative region of kurtosis of the sigma field.
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Critical slowing down
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