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⋆ Nf = 2 QCD: 3 mass-less pions, O(4)

⋆ a 6= 0 staggered QCD: 1 mass-less pion, O(2)
O(N)



Universal O(N) scaling

•
T
V

lnZ = fs(t , h) + freg(T ,H,ms)

• fs(t , h) = h1+1/δfM(z)

t =
1
t0

T − T c

Tc

h =
H
h0

=
1
h0

ml

ms

⋆ z = t h−1/βδ ⋆ z0 = t−1
0 h1/βδ

0

Chiral condensate

M = h1/δfG(z)

Chiral susceptibility

χh = h1/δ−1fχ(z)



Universal O(N) scaling

•
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⋆ z = t h−1/βδ ⋆ z0 = t−1
0 h1/βδ

0

Chiral condensate

M = h1/δfG(z)

Chiral susceptibility

χh = h1/δ−1fχ(z)

• M(t = 0, h = 0) = 0

• M(t , h = 0) = |t |β

• M(t = 0, h) = h1/δ



Scaling of the order parameter
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• p4fat3

• Nτ = 4 × 323, 163, 83

• physical mK

mπ = 75 − 440 MeV

M = ms
〈

ψ̄ψ
〉

/T 4

fitted: Tc , t0, h0

⋆ scaling for: mπ ≤ 150 MeV

Ejiri et. al., PRD 80, 094505 (2009)



Scaling of the chiral susceptibility
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Scaling violation'
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⋆ mπ & 150 Mev, scaling violation: M = h1/δfG(z) + freg(T ,H)

freg(T ,H) = atH
(

T−Tc
Tc

)

+ b1H



Tpc and crossover
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Tpc and crossover

only 2 relevant parameters (h, t)

only 3 susceptibilities

⋆ χh = h
1−δ
δ fχ(z)

chiral susceptibility

⋆ χh,t = h
β−1
βδ f ′G(z)

mixed susceptibility (≡ infection pt. of M)

⋆ χt = h−
α
βδ ft(z) + freg(T ,H,ms)

cv , χB
4 , χL (≡ inflection pt. of ǫ, χB

2 L)
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Tpc and crossover
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Universality for small µq

⋆ small µq

no explicit χSM breaking by µq
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quark matter
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Z(2)

1 st order

T

µB

t =
1
t0

[

T − Tc

Tc
+ κq

(µq

T

)2
]

µq = (µu + µd)/2 = µB/3

⋆ t = 0 critical line in the T − µq plane

×
(µq

T

)2
= −

T − Tc

Tc
κqcurvature :



Scaling and curvature of the chiral critical line

⋆ mixed susceptibility of the order parameter

χh,t =
∂2f (h, t)
∂t∂h

χm,q =
∂2M
∂2µq

χm,q =
2κq

t0
h

β−1
βδ f ′G(z)
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κq = 0.059(5)

⋆ κB = 0.0066(6)

Kaczmarek et. al., arXiv:1011.3130



Comparison with the freeze-out curve
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Summary

⋆ QCD chiral transition belongs to O(N) universality class: evidence
from first principal Lattice QCD studies

⋆ Physical QCD may lie within the scaling region

⋆ Quantifying the width of the crossover region from universal scaling
properties

⋆ Curvature of the chiral transition line in T − µB plane

small curvature, differs from the freeze-out curve


