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QCD phase diagram
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¢ EOS at finite mu
¢ Freeze-out line
¢ Chiral phase transition line
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Fluctuations of conserved charges

Taler eXpaﬂSiOﬂ C)]c the QCD pressure: Aliton et al., Phys.Rev. D66 (2002) 074507

Gavai & Gupta et al., Phys.Rev. D68 (2003) 034506

o= g2 iioi = 3 i () (%) (5)
1,],R—
¢ Calculate the Taylor expansion coefficients at p=0
1 OP(T,p)/T*
BQRS — | BQS iy T
¢ Obtain other quantities using thermodynamic relations, e.g.
e — 3p _TaP/T4 ) i Tdy; " /dT (MB)Z- (M_Q)j (N_SY
T4 or o il51k! T T T
Pressure of hadron resonance gas (HRG)
=Y. WmZ(T Vi) ~exp(=mu/T) exp(Bug + Sps + Quo)/T)

meEmeson,baryon
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Pressure of QCD at nonzero muB

A(P/T?) =

LO expansion coefficient

HTD, Nucl. Phys. A 931 (2014) 52-62

variance of net baryon number dlstr|but|on
0.35 . . . .

HTD, F. Karsch, S. Mukherjee, arXiv:1504.0527

NLO expansion coefficient
Kurtosis * variance

NNLO expansion coefficient
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e HRG describes well on the LO expansion coefficient up to ~160 MeV while it
deviates from NLO expansion coefficient ~ 40% in the crossover region

e For small muB/T the LO contribution dominates

4 /21



0.8

0.6

0.4

0.2

Pressure with Uqg=ps=0

»(P(T,ue)-mwf'“‘/
i [.I.B/-r=10 —_
2.0 —
2.5 —
g~ 1MV
150 200 250 300

350

4.5

al
35 |

3t
25 |
21
15}

: |
05 |

0

vvvvvv

vvvvvvvvvvvvvvv

]J.B/T=0.0
1.0
2.0
2.5

T [MeV]

150

200 250 300

350

BNL-Bielefeld-CCNU, arXiv:1412.6727

¢ Leading order corrections dominates at small ps/T

¢ Higher order corrections becomes significant at ps/T=z2

5 /21



Conditions meet in heavy ion collisions

e /Zero net strangeness ns=0, and na/ne=r=0.4 as in PbPb collision
systems

nx o 8P/T4
5 = oix , X=B,Q,S
1 3
1
np = ”gl)ﬂ + n( )MB T = (; —2)ng
E.g. 1st order coefticient in ns: g) =5 "s + X%S o) + \B5
KB KB
 Expand pqandpsinterms of us
Ho _  HB HEB . KBS HB HB
= qlT+3(T)+ g 1T+3(T)+

e With constrains from isospin symmetry etc., one can derive g and s
order by order and then the pressure etc.

A. Bazavov, HTD et al., Phys. Rev. Lett. 109 (2012)192302 6 /21



Conditions meet in heavy ion collisions

e Zero net strangeness ns=0, and na/ne = r=0.4 as in PbPb collision
systems
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Pressure In the strangeness neutral system
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The EoS is well under control at us/T=<2 or Vsnn 220 GeV

BNL-Bielefeld-CCNU, arXiv:1412.6727
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—xplore the QCD phase diagram through
fluctuations of conserved charges

Comparison of experimentally measured higher order
cumulants of conserved charges to those from LQCD, e.Q.:

Mo(V3) _ (Ng) _ x2(T.ps

) _ p0
BNE) 0N Iy M
So(V8) B (v3) _ {(0Na)*) _ x§(Tip) _ o
Mo(Vs) Ny \2@oaus
HIC LQCD
mean: Mo generalized susceptibilities
variance: O‘czg O 1 0"InZ(T, i)

skewness: So - VT3 O(pg/T)"
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Explore the QCD phase diagram
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Ratio on charge fluctuations on the freeze-out line
In heavy ion collisions Ms=0 and Maq/Mg=r

ratios of mean " - Mx (T, )
' : RlQ(T7 :u) — T 9 — T x :
{0 variance: 0% 3 (T, )

ratio of electrical charge

QB — pl /pB _ 2 /2
to baryon ratio : 277 = R/ Ryp = 7“CTB/UQ

Expand the ratio around pg=0:

ST, fip) = B¢ 7 (T, up = 0) -

Expand the ratio around T«(us)=T(us=0):
dZ?B (Tf7 /ALB)

EQB(CZT]%:&B) — ZQB(CTJC — Tf,O?[’\LB) |

T T

T, —T
Tm( r—Tfo)

BNL-Bielefeld-CCNU, PRD 93 (2016)014512
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Parameterization of freeze-out line

Parameterization of Ti(us): works well in HRG models

Cleymans et al., PRC 73(2006)034905

_ f 2
Tf (ILLB) T Tf’() (]‘ o /{2 (IMB/TfaO) ) Andronic, Braun-Munzinger & Stachel, NPA 772(2006)167

Taylor expansion of the ratio at T= T{pus=0) and =0

BNL-Bielefeld-CCNU, PRD 93 (2016)014512
1 82293 (T7 /lB)
2! o5

25T, ig) = 2P (T, ip = 0) +
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Parameterization of freeze-out line

Parameterization of Ti(us): works well in HRG models

Cleymans et al., PRC 73(2006)034905
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Parameterization of freeze-out line
Parameterization of Ti(us): works well in HRG models
Ty (uB) = 10 (1 - "35 (uB/ T ,0)2) ilr?grrgr?irc]f Sﬁfﬂ'ﬁm;ﬁgeoroa?)gf;ii%f NPA 772(2006)167

Taylor expansion of the ratio at T= T{pus=0) and =0

BNL-Bielefeld-CCNU, PRD 93 (2016)014512

) ) 1 0?8981, fup )

SR8 (T, ip) = B2 (T, fip = 0) + Ezf __ A
] ) dX9B (T, [

NP0 (T, o) = X327 (Ty = Ty, i) + O(le Ap) ‘Tf (Ty —T0)
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Parameterization of freeze-out line
Parameterization of Ti(us): works well in HRG models
Tr(uB) =Tt0 (1 — ’ig (uB/ Tf,O)z) ilr?grrgr?ig? Sﬁaad}%L@%Qﬁ’gﬁof)&iiﬁ NPA 772(2006)167

Taylor expansion of the ratio at T= T{pus=0) and =0

BNL-Bielefeld-CCNU, PRD 93 (2016)014512

) ) 1 0?8981, fup )

SR8 (T, ip) = B2 (T, fip = 0) + Ezf __ A
] ) dX9B (T, [

NP0 (T, o) = X327 (Ty = Ty, i) + G(le Ap) ‘Tf (Ty —T0)

Ratio of (Ma/og )/(Mgs/og) can be expressed in terms of «1:

1 9?88 (T, i) dXQB(Ty, i)
EQBT 7 :EQBT i =0 T /o . fT r [ ~9
r ( fa,uB> r ( f,0, B ) + 21 8,&% Ra 1 f,0 dT T+ o,iip =0 B
Experimentally LQCD To be
accessible computable  determined
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A Mp ORY . .
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Temperature dependence of (N)LO expansion coefficients

NLO expansion of MQ/Oé/(MB/J%) = R%/RE,
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Comparison to experiment data

NLO expansion of MQ/Jé/(MB/J%) = RY/RE,

2P = ars [1 + (0(1)2Tf,0 — “£D12(Tf,0)) (R%)Z} +0 <(R1192)4)
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chiral phase transition and universal scaling

Behavior of the free energy close to critical lines

f(m, T)=h1+1015(2) + freg(mM,T), z=t/h1/Bd
h: external field, t: reduced temperature, [3,0: universal critical exponents
fs(z): universal scaling function, O(N) etc. | m = | T-T.
Magnetic Equation of State (ME0S): L — s J g |
M = -dfs(t,h)/dh =h1/2 fg(z) fX(z)=h})/5(m|/mS)1'1/58I\/I/8h
T 0.40 ¢
2.0
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15| 0.30 +
0.25
10l 0.20 t
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0.5 010
0.05 F
1Z=F/h1L/B81 0.00 z
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chiral phase transition and universal scaling

Behavior of the free energy close to critical lines
f(m, T)=h1+1/0 f5(z) + freg(m,T), =t/h1/B3

h: external field, t: reduced temperature, [3,0: universal critical exponents
fs(z): universal scaling function, O(N) etc. e 1 m = | T-T.
Magnetic Equation of State (ME0S): — s | (1) |
M = -9fs(t,h)/oh =h1/% fg(z) fx(z)=h}/°(mi/ms)1-169M/dh

¢ Comparison with QCD
M = mg (@) /T X = MaXtot/T"

¢Contributions from the regular term

M = hl/éf(;(Z) + freg , XM — halhl/é_lfx(z) + f7/°€9
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O(2) scaling fit to chiral susceptibilities & condensates
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universality at small baryon chemical potential

T Mq=0 - o :
nd The curvature of chiral phase transition line: Kq
order tri-critical T, (11) Hig\ 2 hg\ A
st Taylor expansion of chiral condensate about py=0
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= ' O T
o Um ) Lt (54)" +O((ua/T)"
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Conclusion & Summary

e The EoS is well controlled at us/T=2 or y/snn 220 GeV

e \We provided a framework that allows to determine the
curvature of the freeze-out line through the direct comparison
between experimental data and lattice QCD calculations of
cumulant ratios

e At least for collision energy larger than 27 GeV it suggests
that freeze-out happens close to the cross over & chiral
phase transition line
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