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3 massless pions as Nambu-Goldstone modes 
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Spontaneous chiral symmetry breaking:
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•Expectations based on Pisarski, Wilczek, PRD 29 (1984) 



The QCD phase diagram:
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•Expectations based on Pisarski, Wilczek, PRD 29 (1984) 
•Other possible scenario: Pilipsen, Pinke, PRD 93 (2016) 
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Overview:
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•The lattice setup

•Scaling analysis in (2+1)-flavor QCD 
(sending                                )mud → 0, ms fixed
➡Towards the order of the transition 

in the chiral limit
➡A determination of the transition 

temperature in the chiral limit

•The crossover transition at physical 
quark masses and nonzero density

➡Update on the crossover temperature
➡The curvature of the crossover line 

(introducing a small chemical potential)
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•The crossover transition at physical 
quark masses and nonzero density

➡Update on the crossover temperature
➡The curvature of the crossover line 

(introducing a small chemical potential)
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•Fluctuations of conserved charges at 
zero and nonzero density
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Ratio of baryon number – strangeness correlation and 
net strangeness fluctuations

PDG-HRG: uses experimentally known hadron spectrum listed by the Particle Data Group
QM-HRG: uses additional hadrons predicted to exist in Quark Model calculations
 

lattice sizes:

evidence for experimentally
not yet observed strange
baryons?

A. Bazavov et al., arXiV:1404.6511

➡Discuss liberation of quark degrees 
of freedom

➡Evidence for experimentally not yet 
observed strange baryons?

➡Where is the critical endpoint?

•Summary



Lattice setup:
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Fig. 2. (Left) Root mean squared pion mass (MRMS
⇡ ) as a function of lattice spacing a. RMS

M⇡ is defined as the rooted sum of the mass squared of 16 pseudo scalar states divided by 4. The
lattice cuto↵ e↵ects are smaller with smaller MRMS

⇡ . (Right) Ratio of quark contribution to the
pressure, obtained from lattice QCD calculations in the infinite temperature, ideal gas limit, to the
pressure of an ideal quark gas in the continuum (Pideal) as a function of N⌧ . P/Pideal approaches
unity in the continuum limit.

reducing these residual mass e↵ects is one of the important improvement steps in
calculations with DWF.57 Overlap fermions on the other hand preserve exact chiral
symmetry on a 4-dimensional lattice by obeying the Ginsparg-Wilson relation at
non-zero lattice spacing.58

Numerical calculations with Domain Wall as well as overlap fermions are quite
time consuming. However, with increasing speed of super-computers calculations
with physical light quark masses become feasible and chiral fermions have been used
recently also for QCD thermodynamics studies.59–62 In particular in the analysis of
subtle aspects of the QCD transition related to the temperature dependence of the
axial anomaly, calculations with fermions obeying exact chiral symmetry already at
non-zero values of the cut-o↵ are mandatory.

3. QCD phase diagram at high temperature

Our thinking about the phase structure of strong-interaction matter centers around
two very basic concepts in strong interaction physics – confinement and chiral sym-
metry breaking. The former expresses the fact that only colorless states, baryons
and mesons, can exist in the vacuum and are observed experimentally. This gave
rise to the concept of a linearly rising, confining potential exhibited between quarks
and anti-quarks,

Vqq̄(r) = �↵(r)

r
+ �r , (23)

with � being the string tension and ↵(r) the running coupling of QCD.
Chiral symmetry breaking, on the other hand is a mandatory feature of strong

interactions needed to explain the appearance of a light, almost massless, particle

• We use (2+1)-flavor of HISQ fermions at physical 
quark masses in the range 135 MeV  T  175 MeV

• Our lattice sizes are               , with                   and   N3
� ⇥ N⌧ N� = 4N⌧

N⌧ = 6, 8, 12, 16

T =
1

N⌧a
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3
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improved dispersion relationimproved taste symmetry breaking

HISQ properties:
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Sign pro
blem!

Lattice observables

• Equilibrium thermodynamic behavior is determined by the partition function of the 
system

p(T, V, ~µ) =
T

V
lnZ(T, V, ~µ) (thermal EoS)

• Thermodynamic expectation values are calculated numerically by means of Monte 
Carlo methods (with importance sampling) at ~µ ⌘ 0

positive-definite weight function at           ,~µ ⌘ 0

at                                     becomes complex|~µ| > 0 : det(M)

•Studie derivatives of          at lnZ
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Baryon number density 
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Chiral condensate

Order-parameter of 
spontaneous chiral 
symmetry breaking 

Baryon number fluctuations 

M 0 :=
@M

@µ
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Spontaneous chiral symmetry breaking 
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Scaling variables
Spin-Model QCD

Symmetry-
breaking field: h
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Order-
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Reduced 
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M and M fK with rational functions

H=1/20
H=1/27
H=1/40
H=1/80
H=1/160

130 140 150 160 170 180

5

10

15

20

T [MeV]

M

N =8

�M for di↵erent H are fitted
with rational functions :

1 peak location : T
pc

(H).
2 peak height : �max

M (H).
3 T�

60%

, defined by :

�M

�
T�
60%

�
=

60

100
�max

M

M at Tpc and T�
60%

are
calculated for di↵erent H by
fitting with rational functions.

Anirban Lahiri (Bielefeld University) for HotQCD Chiral phase transition of (2+1)-flavor QCD 16

Fitting �fK
M and M fK with rational functions

H=1/20
H=1/27
H=1/40
H=1/80
H=1/160

130 140 150 160 170 180

100

200

300

400

500

600

700

T [MeV]

M

N =8

�M for di↵erent H are fitted
with rational functions :

1 peak location : T
pc

(H).
2 peak height : �max

M (H).
3 T�

60%

, defined by :

�M

�
T�
60%

�
=

60

100
�max

M

M at Tpc and T�
60%

are
calculated for di↵erent H by
fitting with rational functions.

Anirban Lahiri (Bielefeld University) for HotQCD Chiral phase transition of (2+1)-flavor QCD 16

A. Lahiri, QM 2018

ms fixed

<latexit sha1_base64="n2eiPnb+DuOJ2v7V/EYQjIz9E/M="></latexit><latexit sha1_base64="WoCBNDe0sqiLcXFdKG4qT0tXDfg="></latexit><latexit sha1_base64="WoCBNDe0sqiLcXFdKG4qT0tXDfg="></latexit><latexit sha1_base64="PkaghdrvqaPytm9i2vXLRLOYtwo="></latexit>

H =
ml

ms
<latexit sha1_base64="9FVIPpp1DFWO5u5AyYyxgM0D+lY="></latexit><latexit sha1_base64="Y/im48QEpQ0oUzyjuUAUZyefdWk="></latexit><latexit sha1_base64="Y/im48QEpQ0oUzyjuUAUZyefdWk="></latexit><latexit sha1_base64="C3DnXd1mbhjCeexZTnvwpsqAPNI="></latexit>

•       is determined from the peak 
position of the susceptibility       , 
or alternatively from 60% of the 
peak hight.

T 0
c

<latexit sha1_base64="dp9X/yZi25V3ugnzx3VAk3JJ9bw="></latexit><latexit sha1_base64="hReWRJtpctPZJe2zGTNoc4J/DkY="></latexit><latexit sha1_base64="hReWRJtpctPZJe2zGTNoc4J/DkY="></latexit><latexit sha1_base64="6ZzAAH2ImzFFgVTfToY+mGms6Ag="></latexit>

�M
<latexit sha1_base64="Mf3QEgUpjEY4RtmXm64QbP+gn8A="></latexit><latexit sha1_base64="SFSMyQtYA1BF6IXgxEb8UKvijnk="></latexit><latexit sha1_base64="SFSMyQtYA1BF6IXgxEb8UKvijnk="></latexit><latexit sha1_base64="wSy4adCad741o+KVO6Sb/rftupE="></latexit>



Scaling relations 

• Renormalization group invariant definition of the order parameter

M =
ms

f4
K {(⟨ψ ψ̄⟩u + ⟨ψ ψ̄⟩d) −

mu + md

ms
⟨ψ ψ̄⟩s}

• Renormalization group invariant definition of the susceptibility

χM =
T
V

ms ( ∂
∂mu

+
∂

∂md ) M

• Close to the chiral limit the singular part behaves as 

�10

M = h1/δfG(z)

χM =
1
h0

h1/δ−1fχ(z)

The scaling functions         and        are universal and known from various spin modelsfG(z) fχ(z)

The scaling variable is z =
t

h1/βδ



Scaling functions 
Scaling functions : Some intriguing facts
Conventional approach to determine
T 0

c : determine pseudo-critical
temperature Tpc(H) from the peak
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• Traditional method to determine     : 
determine pseudo-critical line from peak 
location of 

T0
c

Tpc(H ) = T0
c (1 +

zp

z0
H1/δ)

• Our new approach: determine pseudo-
critical line from 60% of peak hight

χM
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➡Reduces influence of the regular part
➡Simplifies scaling analysis
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Scaling variables
Spin-Model QCD

Symmetry-
breaking field: h
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Order-
parameter: M
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Scaling variables
Spin-Model QCD

Symmetry-
breaking field: h
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• We find                                 in 
the continuum.  
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c for N⌧ = 8 is 144(2) MeV.
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Scaling variables
Spin-Model QCD

Symmetry-
breaking field: h
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position of the susceptibility       , 
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• We find                                 in 
the continuum.  

T 0
c = 138(5) MeV
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Z(2) transition, at some finite Hc, will results into a strong V
dependence and sudden drop in the ratio ) 1st order transition is
unlikely for m⇡ > 55 MeV.

Additional low H measurements : slope can be directly
determined as fit parameter.
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• Find universal scaling behavior, 
consistent with an O(4) symmetric 
2nd order phase transition in the 
chiral limit (                                ), 
as predicted by [Pisarksi, Wilczek, 
PRD 29 (1984)]
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Scaling variables
Spin-Model QCD

Symmetry-
breaking field: h
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• We find                                 in 
the continuum.  
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A. Lahiri, QM 2018

• Find universal scaling behavior, 
consistent with an O(4) symmetric 
2nd order phase transition in the 
chiral limit (                                ), 
as predicted by [Pisarksi, Wilczek, 
PRD 29 (1984)]
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No evidence for 1st order transition

Volume dependence of
�M is studied for
H = 1/80 which
corresponds to
m⇡ = 80 MeV
in continuum.

�max

M is not proportional
to volume.
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Possibility for 1st order phase transition can be
ruled out at m⇡ = 80 MeV for N⌧ = 8.
We only focus on O(2), O(4) and Z(2).
Similar results are also obtained for N⌧ = 6 and 12.
N⌧ = 12 : 423 ⇥ 12 and 603 ⇥ 12 lattices have been
used for ml/ms = 1/40.

Anirban Lahiri (Bielefeld University) for HotQCD Chiral phase transition of (2+1)-flavor QCD 14

• Direct check at 1/80: crossover  
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• At physical quark masses (                    ) the transition is a crossover. Different 
definitions of        do not need to agree. We study 5 different definitions:
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The 2nd µB derivative of chiral condensate Σsub

 0

 0.2

 0.4

 0.6

 0.8

 1

 1.2

 1.4

 1.6

 135  145  155  165  175

µQ=µS=0

-c2
Σ/2

T [MeV]

ms/ml=27, Nτ=12
8
6

May 16, 2018 Patrick Steinbrecher Slide 7

HotQCD preliminary
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• At physical quark masses (                    ) the transition is a crossover. Different 
definitions of        do not need to agree. We study 5 different definitions.

H = 1/27
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• We find in the chiral limit                                                   .Tpc(µB = 0) = 156.5 ± 1.5 MeV
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• Compares well with previously obtained results [Borsanyi 2010, Bazavov 2012, 
Bonati 2015]
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The curvature of the crossover line
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• Coefficients are obtained from strangeness neutral Taylor expansion of the 
disconnected chiral condensate M and chiral susceptibility (       )�disc
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Coefficients for a strangeness neutral system
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The curvature of the crossover line
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• Coefficients are obtained from strangeness neutral Taylor expansion of the 
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The curvature κn for strangeness neutral system
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HotQCD preliminary

• Continuum extrapolation is flat  
• Crossover line shows only quadratic dependence on 
• Consistent results from different observables and collaborations  

μB
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The curvature of the crossover line
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• Coefficients are obtained from strangeness neutral Taylor expansion of the 
disconnected chiral condensate M and chiral susceptibility (       )�disc
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The crossover line
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Bonati 2018:
X = B, µS = 0

κ2 = 0.0145(25)

• Continuum extrapolation is flat  
• Crossover line shows only quadratic dependence on 
• Consistent results from different observables and collaborations 
• Dependence on the type of chemical potential  

μB



→ poster by F. Negro C. Bonati et al arXiv:1805.02960

- Nf = 2+1 QCD by stout staggered quarks, µu =

µd = µB/3, µs = 0.

- κ = 0.0142(25) determined from the renormal-

ized chiral condensate

Quantitative agreement of the most recent

determinations confirms the reliability of

analytic continuation and Taylor expan-

sion

Functional methods yield similar results

B. J. Schaefer, J. Wambach, nucl-th/0403039; J. Braun,

B. Klein, B. J. Schaefer, arXiv:1110.0849; J. M. Pawlowski,

F. Rennecke, arXiv:1403.1179; C. S. Fischer, J. Luecker

and C. A. Welzbacher, arXiv:1405.4762 0 0.005 0.01 0.015 0.02 0.025 0.03
κ
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Kaczmarek et al. PRD (2011)

Cea et al. PRD (2014)

Bonati et al. PRD (2014)

Bonati et al. PRD (2015)

Bellwied et al. PLB (2015)

Cea et al. PRD (2015)

Hegde et al. (Lattice 2015)

  Taylor
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 Taylor 

  Im. µ
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  Im. µ

  Im. µ

  Im. µ

 Taylor
 +O(2) 

p4, µs=0

stout2, µs=0

HISQ, µs=µl

stout2, µs=0, µl

stout2, µs=0, µl

stout5, S=0, 
Q/B=0.4
HISQ, µs=µl

HISQ, S=0

  Taylor stout2, µs=0Bonati et al. 1805.02960

Taylor HISQ, S=0, 
Q/B=0.4

hotQCD @ QM2018
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The crossover line

!21

The QCD crossover line
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crossover line: O(µB
4)

constant: ε
s

freeze-out: STAR
ALICE

STAR: arxiv:1701.07065

ALICE: arxiv:1408.6403

• The crossover line is quadratic 
in      , with small curvature     

• Agrees with line of constant 
energy density and entropy 

• Agrees with current estimates 
of the freeze-out line from 
ALICE and STAR data  

µB
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Fluctuations of conserved charges 
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Fluctuations of conserved charges at LHC
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• 2nd order fluctuations: BQ and BS correlations   

  

22                                                  F. Karsch,  CPOD 2018 F. Karsch,  CPOD 2018 

at ALICE freeze-out temperature
== QCD crossover temperature

Ratios of Taylor expansion coefficientsRatios of Taylor expansion coefficients   at at
                              – – observables at the LHC ? –   observables at the LHC ? –                 



Fluctuations of conserved charges at LHC
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• Continuum results for all 2nd order observables  

  

19                                                  F. Karsch,  CPOD 2018 F. Karsch,  CPOD 2018 

22ndnd order cumulants: fluctuations and correlations order cumulants: fluctuations and correlations
two constraints: only 4 out of 6two constraints: only 4 out of 6

22ndnd
 order observables are independent order observables are independent

– continuum extrapolated results for all 2nd order cumulants in (2+1)-flavor QCD➡Only 4 out of 6 observables are independent



Fluctuations of conserved charges at LHC
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• Kurtosis and skewness   
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  Cumulant ratios of conserved net-charge fluctuations Cumulant ratios of conserved net-charge fluctuations 

kurtosis*variance:

X. Luo (STAR Collaboration),
PoS CPOD2014 (2014) 019

0.71.223

kurtosis*variance:

skewness*variance    :1/2

* not shown

slope of

at

* 
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  Cumulant ratios of conserved net-charge fluctuations Cumulant ratios of conserved net-charge fluctuations 

kurtosis*variance:

X. Luo (STAR Collaboration),
PoS CPOD2014 (2014) 019

0.71.223

kurtosis*variance:

skewness*variance    :1/2

* not shown

slope of

at

* 

[Bazavov et al. (hotQCD), PRD 96 (2017), 074510] 

(not yet continuum extrapolated!)                             
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Fluctuations along the crossover line
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Baryon-number fluctuations! along Tc(µB)
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Susceptibility fluctuations! along Tc(µB)
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σ2
B

and χdisc show no indication that crossover gets stronger

• Consider baryon number fluctuations and fluctuations of the chiral condensate along 
the crossover line   

➡ No sign of critical fluctuations / critical point  
➡ No sign that crossover gets stronger

Will a critical point ever be seen by a Taylor expansion? 

Theoretical Method: estimate the radius of convergence from successive expansion 
coefficient. So far, not conclusive.



Where is the critical point?
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• All expansion coefficients need to be positive  

  

14                                                  F. Karsch,  CPOD 2018 F. Karsch,  CPOD 2018 

Critical behavior and higher order cumulants Critical behavior and higher order cumulants 

– expected from structure
   of O(N) scaling fields 

many 8th order cumulants turn negative for

FK et al., arXiv:1009.5211

lines are drawn to guide the eye lines are drawn to guide the eye 
(sorry – it still looks messy)(sorry – it still looks messy)

• Structure is consistent with critical 
scaling 

  

15                                                  F. Karsch,  CPOD 2018 F. Karsch,  CPOD 2018 

critical behavior in chiral observables:  the disconnected chiral condensate

Critical behavior and higher order cumulants Critical behavior and higher order cumulants 
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Critical behavior and higher order cumulants Critical behavior and higher order cumulants 

– expected from structure
   of O(N) scaling fields 

many 8th order cumulants turn negative for

FK et al., arXiv:1009.5211

lines are drawn to guide the eye lines are drawn to guide the eye 
(sorry – it still looks messy)(sorry – it still looks messy)



Where is the critical point?
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14                                                  F. Karsch,  CPOD 2018 F. Karsch,  CPOD 2018 

Critical behavior and higher order cumulants Critical behavior and higher order cumulants 

– expected from structure
   of O(N) scaling fields 

many 8th order cumulants turn negative for

FK et al., arXiv:1009.5211

lines are drawn to guide the eye lines are drawn to guide the eye 
(sorry – it still looks messy)(sorry – it still looks messy)

  

16                                                  F. Karsch,  CPOD 2018 F. Karsch,  CPOD 2018 

Critical behavior and higher order cumulants Critical behavior and higher order cumulants 

many 8th order cumulants turn negative for

plausible scenario:

➡ Temperature of CEP is 
likely below 140 MeV

➡            likely above 400 
MeV
µCEP

B
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• All expansion coefficients need to be positive  



Liberation of quark degrees of freedom
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• Liberation of quark degrees of freedom starts quickly above the crossover 
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rapid approach to
free quark gas limit

Net quark-number fluctuationsNet quark-number fluctuations

(Debye mass)

strongly interacting
          QGP

Perturbative correction of 
order 
 

O(g3)
<latexit sha1_base64="DEPsRfX/qhQ1lPpOMVTBVQILLms=">AAACIHicdZC7SgNBFIbPxltcb6uWIoSkiRhCVgUrIWhjZwRzKVbD7OQkGTJ7YWY2JCxb+SJiZ6svYSeW+gw+hJNNmhj8m/n5zj9wzu+GnElVqXwZmaXlldW17Lq5sbm1vWPt7jVkEAmKdRrwQLRcIpEzH+uKKY6tUCDxXI5Nd3A1mTeHKCQL/Ds1DvHeIz2fdRklSqO2dei4Ae/Isaef2PGI6lPC45uk2Hs4PUraVqFSrqTKLRp7ZgrVvHP8BAC1tvXjdAIaeegryomUscChwtFZYjqRxJDQAelhTDzZDXwlF+hkjwU4WWoe9gQJ+4yO5mlfnycEdufpKO3o32RqJaoojM2cVprWZQ5k7iKnRISlKWYK05GmscsjTEpmYup67L9lLJrGSdnW/lb3dAlTZeEA8lAEG86hCtdQgzpQeIQXeIU349l4Nz6Mz2k0Y8z+7MOcjO9fKhCk5A==</latexit><latexit sha1_base64="f34ZLJH61ZCwoQS5r3tLTvTk4F0=">AAACIHicdZDLSsNAFIYnXmu8RV2KENpNxVIaFVwJRTfurGAvi2iZTE/ToZMLM5PSErLyFXwCd271JdyJy/oMPoTTtJsY/Dfz851/4JzfCRkVslabakvLK6tr64UNfXNre2fX2NtviSDiBJokYAHvOFgAoz40JZUMOiEH7DkM2s7wejZvj4ALGvj3chLCg4ddn/YpwVKhrnFkOwHriYmnntj2sBwQzOLbpOw+nh0nXaNUq9ZSmXljLUypXrRPnqf1SaNr/Ni9gEQe+JIwLETMYSRhfJ7odiQgxGSIXYixJ/qBL0WOzvbIwdlSWehyHA4oGWfpQJ3HOfSzdJx29G8ytQJkFMa6qZSmVZlDYV6akkdQmWMqIR0pGjssgqSiJ7qqx/pbRt60TquW8neqpys0VwEdoiIqIwtdoDq6QQ3URAQ9oVf0ht61F+1D+9S+5tElbfHnAGWkff8CWxamag==</latexit><latexit sha1_base64="f34ZLJH61ZCwoQS5r3tLTvTk4F0=">AAACIHicdZDLSsNAFIYnXmu8RV2KENpNxVIaFVwJRTfurGAvi2iZTE/ToZMLM5PSErLyFXwCd271JdyJy/oMPoTTtJsY/Dfz851/4JzfCRkVslabakvLK6tr64UNfXNre2fX2NtviSDiBJokYAHvOFgAoz40JZUMOiEH7DkM2s7wejZvj4ALGvj3chLCg4ddn/YpwVKhrnFkOwHriYmnntj2sBwQzOLbpOw+nh0nXaNUq9ZSmXljLUypXrRPnqf1SaNr/Ni9gEQe+JIwLETMYSRhfJ7odiQgxGSIXYixJ/qBL0WOzvbIwdlSWehyHA4oGWfpQJ3HOfSzdJx29G8ytQJkFMa6qZSmVZlDYV6akkdQmWMqIR0pGjssgqSiJ7qqx/pbRt60TquW8neqpys0VwEdoiIqIwtdoDq6QQ3URAQ9oVf0ht61F+1D+9S+5tElbfHnAGWkff8CWxamag==</latexit><latexit sha1_base64="kx/DJ/+tQYVAVEE2vdIMZ8yjp4I=">AAACIHicdZDNSsNAFIUn9a/Gv6hLEYLdVCglUcGVUHTjzgq2dREtk+ltOnTyw8yktISsfBN3bvUl3IlLfQYfwmmaTQyezRy+ewbuPW7EqJCW9aVVlpZXVteq6/rG5tb2jrG71xVhzAl0SMhCfu9iAYwG0JFUMriPOGDfZdBzx1fzeW8CXNAwuJOzCB587AV0SAmWCvWNQ8cN2UDMfPUkjo/liGCW3KR17/H0OO0bNatpZTLLxs5NDeVq940fZxCS2IdAEoaFSDhMJEzPUt2JBUSYjLEHCfbFMAykKNH5HiU4X6oIPY6jESXTIh2p8ziHYZFOs47+TWZWgIyjRDeVsrQqcyzMC1PyGBoLTCVkI0UTl8WQNvRUV/XYf8som+5J01b+1qq1LvOiqugAHaE6stE5aqFr1EYdRNATekGv6E171t61D+1zEa1o+Z99VJD2/QvvmKNb</latexit>

• Very difficult to describe any fluctuation result by HRG above 160 MeV



Summary 
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➡ Scanning behavior that consistent with O(4)-critical point in the chiral 
limit (cannot exclude 1st-order transition at very small masses) 

➡ New precise transition temperature:                             .  
➡ Equation of state (phase diagram) accessible to 
➡ Curvature of the crossover line is small ….

Tpc = 156.5 ± 1.5 MeV
<latexit sha1_base64="pM8CsdtSWUdZs34/8xReTFKYUZ0="></latexit><latexit sha1_base64="CByixt98CwMN+l99XB7gzlwW6kI="></latexit><latexit sha1_base64="CByixt98CwMN+l99XB7gzlwW6kI="></latexit><latexit sha1_base64="qoK4R74zkaAlo/H9CDvJX94T6S4="></latexit>

µB/T < 2
<latexit sha1_base64="hoqmKv2adBgayegqn4P0fXJnEAc="></latexit><latexit sha1_base64="nkjbqAv3Dvr14Lo2ef7R3RBkMmE="></latexit><latexit sha1_base64="nkjbqAv3Dvr14Lo2ef7R3RBkMmE="></latexit><latexit sha1_base64="8huPuHm/9ZIF3n5s6QhMfMQCRmY="></latexit>

Summary

crossover starts at T0 = 156.5 ± 1.5 MeV

crossover curvature for strangeness neutral system

Tc(µB)
T0

= 1 − κ2

(

µB

T0

)2

− κ4

(

µB

T0

)4

+O(µ6
B
)

κ2 = 0.0123 ± 0.003

κ4 = 0.000131 ± 0.0041

for µB < 250 MeV and ns = 0, nQ/nB = 0.4

crossover along const. entropy density and energy density

chemical freeze-out might be close to crossover

no indication for critical point
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➡ No indication for critical point, limit: µCEP
B > 400MeV

<latexit sha1_base64="giUF1KZ/Bh3SB1MQiGyhPzmdGlc=">AAACLXicdZDLSsNAFIZPvNZ4i7p0E9pNkVISKbhSSovgRqhgL4tomKSnbWhuzExKS8g7+Cbu3OpLuBCKuHPjQzhNu4nBfzP/fOc/MPNboeswrmkf0tr6xubWdmFH3t3bPzhUjo47LIiojW07cAPaswhD1/GxzR3uYi+kSDzLxa41bi7m3QlS5gT+PZ+F+OCRoe8MHJtwgUzlzLACt89mnjhiw4vMxmNsUE9tXreSq5qmqentFjtJYiolraqlUvNGX5lSvViefwFAy1R+jH5gRx763HYJYzHFCcdpLZGNiGFI7DEZYkw8Ngh8znJ08agc9AgfZeGQknDk2NMsHYm/UoqDLJ2mhf2bTC1DHoWxrAqladHsmKmXKqcRVpbY4ZiOBI0tN8KkIieyqEf/W0bedM6ruvB3oqcGLFWAUyhCGXS4gDrcQAvaYMMTvMArvEnP0rs0lz6X0TVptXMCGUnfvyBBqhI=</latexit><latexit sha1_base64="/d386VAoIKPKAyHGPzBxKEV8K6s=">AAACLXicdZDLSsNAGIUn9VbjLerSTWg3RUpJpNCVUloEN0IFe1lEwyT92w7NjZlJaQl5B/c+hDu3uvUBXIjFrRsfwmnaTQyezZz5/vPDzLEChzCuaR9Sbm19Y3Mrvy3v7O7tHyiHRx3mh9SGtu07Pu1ZmIFDPGhzwh3oBRSwaznQtcbNxbw7AcqI793yWQB3Lh56ZEBszAUylVPD8p0+m7niiAw3NBv3kUFdtXnZii+qmqYmt2voxLGpFLWKlkjNGn1livVCaf5Ze3tsmcqP0fft0AWP2w5mLKIw4TCtxrIRMgiwPcZDiLDLBr7HWYYuHpWBLuajNBxSHIyIPU3TkfgrpTBI02lS2L/JxDLgYRDJqlCSFs2OmXquchpCeYkJh2QkaGQ5IcRlOZZFPfrfMrKmc1bRhb8RPTXQUnl0ggqohHRUQ3V0hVqojWz0gJ7RC3qVnqR3aS59LaM5abVzjFKSvn8BZ5GrqA==</latexit><latexit sha1_base64="/d386VAoIKPKAyHGPzBxKEV8K6s=">AAACLXicdZDLSsNAGIUn9VbjLerSTWg3RUpJpNCVUloEN0IFe1lEwyT92w7NjZlJaQl5B/c+hDu3uvUBXIjFrRsfwmnaTQyezZz5/vPDzLEChzCuaR9Sbm19Y3Mrvy3v7O7tHyiHRx3mh9SGtu07Pu1ZmIFDPGhzwh3oBRSwaznQtcbNxbw7AcqI793yWQB3Lh56ZEBszAUylVPD8p0+m7niiAw3NBv3kUFdtXnZii+qmqYmt2voxLGpFLWKlkjNGn1livVCaf5Ze3tsmcqP0fft0AWP2w5mLKIw4TCtxrIRMgiwPcZDiLDLBr7HWYYuHpWBLuajNBxSHIyIPU3TkfgrpTBI02lS2L/JxDLgYRDJqlCSFs2OmXquchpCeYkJh2QkaGQ5IcRlOZZFPfrfMrKmc1bRhb8RPTXQUnl0ggqohHRUQ3V0hVqojWz0gJ7RC3qVnqR3aS59LaM5abVzjFKSvn8BZ5GrqA==</latexit><latexit sha1_base64="cAyCyVCyoo/FJncEQvj2PVXUFFg=">AAACLXicdZDLSsNAGIUnXmu8RV26CXYjUkoqBVdKaRHcCBXsZRENk/RvO3QmCTOT0hLyDr6JO7f6Ei4EcevGh3CaZhODZzNnvv/8MHPckBIhLetDW1ldW9/YLG3p2zu7e/vGwWFXBBH3oOMFNOB9FwugxIeOJJJCP+SAmUuh505ai3lvClyQwL+X8xAeGB75ZEg8LBVyjDPbDehAzJk6YptFTvMxtjkzW9ft5KpuWWZ6u4VukjhG2apaqcyiqWWmjDK1HePHHgRexMCXHsVCxBymEmb1RLcjASH2JngEMWZiGPhSFOjiUQXIsBzn4YjjcEy8WZ6O1V85h2GeztLC/k2mVoCMwlg3ldK0anYizEtT8ggqS0wkpCNFY5dGkFT0RFf11P6WUTTd82pN+Tur3GhmRZXQMTpBp6iGLlAD3aA26iAPPaEX9IretGftXfvUvpbRFS3bOUI5ad+/1EenzA==</latexit>

➡ Structure of cumulants show a universal pattern


