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The QCD phase diagram, universal scaling, and Lee-Yang zeros
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rt on current progress in the understanding of the QCD phase diagram, including universal scalin
nd the vicinity of the QCD critical end point. In the latter case we will discuss the universal scalin
nd their determination from multi-point Padé approximations to the baryon number density at im
ntials. In particular, reported results include the critical phase transition temperature, the curvatu
seudo-critical transition temperature with respect to the chemical potential and the location of t
.

tion

rts are made to improve and consolidate our
the QCD phase diagram. This includes large
ental heavy ion programs at the Relativis-

n Collider (RHIC) in Brookhaven, NY and
dron Collider (LHC) in Genvea, Switzerland,
eoretical studies and numerical lattice QCD
(see, e.g. [1, 2]). A deep understanding of
se diagram, including in particular locations
sition points and strength and size of corre-
ical regions which are dominated by universal
mena is mandatory to answer many pressing
cosmology, astrophysics and heavy ion phe-

phase diagram is largely determined by the
try of the QCD Lagrangian. It is well known
rangian exhibits in the limit of Nf massless
metry under the independent rotations of
t handed Dirac spinors UL(Nf ) × UR(Nf ).
ry can also be expressed in terms of an uni-
ector) and an opposite (axial) rotations of
V (Nf ) × UA(Nf ). It is instructive to de-
U(Nf ) groups into a U(1) subgroup and the
set SU(Nf )/Z(Nf ). While the UV (1) sym-
onsible for the baryon number conservation,
mmetry is broken in the vacuum by the axial
is strongly related to the topological prop-

theory [3, 4]. The remaining symmetry, i.e.
UA(Nf ) is broken spontaneously to SUV (Nf )
at high temperatures for T ≥ Tc. In addi-
s term in the Lagrangian also breaks the axial
A(Nf ) explicitly. For two light quark flavor
nd that the direct product [SUV (2)/Z(2)]×

ess: schmidt@physik.uni-bielefeld.de (Christian

[SUA(2)/Z(2)] is isomorphic to O(4). The symmet
ing pattern of the spontaneous symmetry break
thus be O(4) → O(3) and the relevant universal
of the transition is that of the 3d O(4) symme
model. In the chiral limit we thus expect a seco
phase transition. However, here are two remark
der: (i) it is still under debate whether or not t
anomaly is effectively restored at T = Tc. If so,
metry breaking pattern will be UV (2) × UA(2) →
which might also alter the nature of the transitio
(ii) Calculations we report on here are perform
the staggered discretization schema, which preser
a sub-group of the chiral symmetry. Therefore w
that the symmetry breaking pattern will be O(2)
for calculations with finite lattice spacing (a). In
a → 0 we expect that the O(4) symmetry is resto

In the case of (2+1)-flavor, i.e. two degener
quarks and one heavier strange quark, the pictu
be disturbed. The presence of the heavier quar
induce a first order transition at sufficiently sm
quark masses [6]. However, recent lattice stud
(2+1) [7, 8] and 3 [9] degenerate flavors of hi
proved staggered quarks (HISQ) seem to exclude
nario. Our current understanding of the (2+1)-flav
phase diagram, spanned by temperature (T ), lig
mass (ml) and baryon chemical potential (µB) is
rized in Fig. 1. Solid lines indicate phase transiti
dashed lines indicate pseudo-critical lines, where t
sition is a crossover. The second order O(4) criti
sition extends into the µB > 0 region until it tu
order at a tri-critical point. From here also a Z(2
line branches off, which is connected with the QC
cal point at physical quark masses. In order to in
the universal critical behaviour, it is our aim to m
parameters to the universal scaling fields in the ch
and at the QCD critical end point.
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The QCD phase diagram

O(4)-symm
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l scaling near the chiral critical point

(4) critical line, the symmetry breaking field
iven by the light quark mass. All other QCD
o not break chiral symmetry and will thus
the temperature like scaling field t. We as-

owing ansatz for the mapping to the scaling

1

h0
H =

1

h0

ml

ms
(1)

1

t0

(
∆T + κl

2µ̂
2
l + κs

2µ̂
2
s + 2κls

11µ̂lµ̂s

)
. (2)

e ∆T = T/Tc − 1, and ml,ms are the light
quark masses, the latter is being kept fixed
l value. The light and strange chemical po-
etermined as µl and µs, we further define

for x ∈ {l, s, B}. The critical temperature
alization constants h0, t0 and the couplings
re none-universal constants that need to be

rom fits to the lattice data. In particular we
order parameter (Ml), the magnetic suscep-
defined as

Ml =
ms

f4
K

T

V

∂ lnZ

∂ml
(3)

χl = ms
∂

∂ml
Ml . (4)

h derivative ∂/∂ml is accompanied by a fac-
h is a consequence by the definition of the
eaking field H = ml/ms, which makes H
but also removes multiplicative UV diver-

ough these two observables are sufficient to

investigate universal critical behaviour, we can c
an improved order parameter M that is free of
UV divergences and the leading regular contribut
portional to H, by defining

M = Ml −Hχl .

As M is constructed from H derivatives of logZ
also construct an equation of state for this order pa
[10], given as

M = h1/δ(fG(z)− fχ(z))

where we define z = t/h1/βδ as scaling variable.
(left) we show a fit of the lattice data for M to t
tion of state, where we use the O(2) scaling func
termined in Ref. [11]. The lattice data stems fro
lations on N3

σ × Nτ lattices, with (2+1)-flavor o
improved staggered quarks (HISQ). The spatial ex
was adjusted to the quark mass ratio, in order
finite size effects small. It varies between Nσ =
H = 1/27 and Nσ = 56 for H = 1/160. In
find that at H = 1/160, despite the larger spatia
the finite size effects are more pronounced than
larger masses. For this reason we reject this qua
ratio from the fit. The fit yields a critical tempe
Tc = 143.9(5) MeV for Nτ = 8, which is in agreem
our previous determination of Tc from χl, which le
continuum extrapolated result of Tc = 132+3

−6 MeV
find that we have to restrict the fit range to the
T ∈ [140, 148] MeV to obtain an acceptable χ2-v
variation of the interval might slightly change t
for Tc. Therefor it is important to discuss furth
pendent calculations of Tc as we will do in the foll
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∂
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.
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