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We present an update of our study of the phase diagram of two-flavour QCD at zero baryon
density with dynamical O(a) improved Wilson quarks. All simulations are done on lattices with
a temporal extent of Nt = 16 and spatial extent L = 32, 48 and 64, ensuring that discretisation
effects are small and finite size effects can be controlled. In the approach to the chiral limit we
currently have three scans with pion masses between 540 and 200 MeV. In this proceedings article
the focus is on the new scan at mπ = 200 MeV and the measurement of screening masses. We also
present first results concerning a test of scaling in the approach to the chiral limit and the chiral
extrapolation of the difference of screening masses in scalar and pseudoscalar channels, which
provides a measure for the strength of the anomalous breaking of the UA (1) symmetry.
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1. Introduction

Here we present an update of our study [6, 7, 8] concerning the order of the transition in the
chiral limit of the two-flavour theory with non-perturbatively O(a) improved Wilson fermions. To
investigate the approach to the chiral limit with control over the main systematic effects we use
Nt = 16 throughout, thereby reducing the cutoff effects to a minimum, and aim at simulations at
several pion masses below 300 MeV at three different volumes each. In this proceedings article the
focus will be on the measurements of screening masses and first attempts to extrapolate our results
to the chiral limit. For details concerning strategy and setup we refer to our earlier publications.
Another aspect of our project is the measurement of plasma properties in the transition region and
above [9, 10, 11], which will not be covered here.

2. Temperature scans and transition temperatures
2.1 Scan setup
Our simulations use non-perturbatively O(a) improved Wilson fermions [12] with two degenerate dynamical quarks and the Wilson plaquette action. The configurations are generated with
deflation accelerated DD-HMC [13, 14] and MP-HMC [15] algorithms. The lattice sizes are chosen to be 16 × 323 , 483 and 643 to suppress cutoff effects and to enable the extrapolation to the
thermodynamic limit. To scan in temperature we vary the bare coupling β either at fixed hopping parameter κ (for mπ > 300 MeV) or fixed renormalised quark mass (for mπ < 300 MeV).
Scale setting, renormalisation and tuning for lines of constant physics is done using input from
CLS [16, 17, 18]. To determine the mass scale we use the renormalised PCAC mass in the MS
scheme at µ = 2 GeV measured directly on our finite-T ensembles (see [11]).
Our main observables concerning the transition are the real part of the APE-smeared Polyakov
loop (LSM ), the subtracted chiral condensate [19, 20] (hψ̄ψisub ) as defined in [10] and the associated
susceptibilities. At the moment those observables are unrenormalised. The error analysis has been
done using the bootstrap method with 1000 bins.
2
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Due to the continued progress in the field of lattice QCD at finite temperature in the last few
years, most of the features of the phase diagram in the {mud , ms , T } parameter space at vanishing
chemical potential are by now rather well understood (for a review see [1]). One of the most
prominent remaining issues at vanishing chemical potential concerns the behaviour of the chiral
critical line with increasing strange quark mass. There are two possible scenarios [2, 3]: Either
the chiral critical line reaches the mud = 0 axis at some tri-critical point, so that from this point
on the transition is of second-order in the chiral limit, or the chiral critical line continues at nonvanishing mud up to infinitely heavy strange quarks, leaving a first-order transition at mud = 0. The
universality class of the chiral transition in the second-order scenario depends on the strength of
the anomalous breaking of the UA (1) symmetry [2, 3, 4]. In case of a strong breaking the transition
is in the 3d O(4) universality class [4, 5], for a weak breaking in the 3d U(2) × U(2) → U(2)
universality class [3, 4]. The first-order scenario is expected to be realised for a nearly restored
UA (1) symmetry.
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Figure 1: Simulation points in the {mud , T } parameter space. The grey areas mark the crossover regions.

2.2 Transition temperatures
So far our set of temperature scans at Nt = 16 consists of three scans with the simulation
parameters given in table 1 and the associated simulation points in the {mud , T } parameter space
are displayed in figure 1. Scans B1κ , B3κ and C1 have already been presented in our earlier
publications [6, 7, 8] and the resulting transition temperatures are given in table 1, too 1 . The scan
D1 is new and we show the results for the Polyakov loop and the susceptibility of the subtracted
chiral condensate in figure 2 in comparison to the results from scan C1.
The qualitative behaviour of the Polyakov loop is similar in both scans with a slight shift
towards smaller temperature values for scan D1, indicating a smaller transition temperature, in
agreement with the expectations for smaller quark masses. The susceptibilities of the subtracted
condensate in the two scans show a decrease when going to higher temperatures with a peak on
top, due to the superposition of the general T = 0 behaviour (which is not subtracted here) and
the thermal effects. The transition temperature is extracted from the peak using a fit to a Gaussian
(see [8]). For scan D1 the susceptibility still shows rather large fluctuations in the estimated transition region and we currently increase statistics in this region to obtain a better signal for χhψ̄ψisub .
Nevertheless, all observables unambiguously indicate critical behaviour in the region between 186
1 The

results for scan C1 in table 1 and figure 2 have been obtained with enlarged temperature range and statistics
in comparison to our earlier results presented in [8] and differ slightly.
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Table 1: Scans at Nt = 16 at constant κ (subscript κ) and constant renormalised quark mass. Listed is the
temperature range in MeV, the integrated autocorrelation time of the plaquette τUP , the number of molecular
dynamics units (MDUs) used for the analysis (the measurement frequency being 4 MDUs) and the parameters, temperature TC and quark mass (mud )C , at the critical point. For the latter, the first uncertainty is
obtained from the spread of results in the transition region. The second error contains the uncertainties of
the individual measurements, scale setting and renormalisation.
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Figure 2: Results for the smeared Polyakov Loop (left) and the susceptibility of the subtracted chiral condensate (right) from scans C1 and D1. The filled areas mark the estimates for the transition regions.
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Figure 3: Results for the scaling of the transition temperature using the critical exponents of the O(4) (left)
and the Z(2) universality class (middle and right) at different values of mCud .

and 200 MeV, which we identify as the transition region in table 1.
2.3 Scaling of the critical temperature
With three transition temperatures at our disposal we can perform a first scaling analysis in the
approach to the chiral limit. In the continuum scaling (which is the one realised for Wilson fermions
due to explicit chiral symmetry breaking at finite lattice spacing) the transition temperature changes
with the renormalised quark mass according to [21, 22]
h
i
1/(δ β )
TC (mud ) = TC (0) 1 +C mud
,
(2.1)
Here δ and β are the critical exponents associated with the universality class of the critical point.
This scaling will be realised up to scaling violations in the approach to a critical point at mud = 0,
i.e. in either of the second-order scenarios depicted in the introduction. The situation is more
complicated in the case of a first-order transition in the chiral limit, due to the absence of an
order parameter at the Z(2) critical point at finite mud = mCud (for a recent discussion see [23]).
Assuming that eq. (2.1) also holds in the approach to this critical point, one can simply replace
mud → mud − mCud in the associated scaling analysis.
The precision of our data does not allow to constrain either the critical exponents and/or mCud ,
so that we are left with comparing the agreement with the data using either of the critical exponents
and different cases for mCud (here mCud =0 and 1.5 MeV) in the first-order scenario. The results of
4
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Figure 4: Left: Temperature dependence of screening masses in P, S, V and A channels for scans C1 (top)
and D1 (bottom). The dashed line indicates the asymptotic value of M = 2π T for T → ∞. Right: Screening
mass differences in S and P and A and V channels in units of 2πT . The two sets of points have been extracted
from fits to the x3 -dependence of the mass difference and the mass ratio, respectively.

the fits with fit parameters TC (0) and C are shown in figure 3. Since the critical exponents of the
O(4) and the U(2) × U(2) → U(2) scenario [4] are too similar to be distinguished, we have only
shown the analysis for the O(4) case. The plots demonstrate that all scenarios are compatible with
the data. This is not surprising given the still relatively large quark masses used for the analysis.
Similar problems to distinguish the scenarios from scaling alone have been reported by the tmfT
collaboration with pion masses between 300 and 500 MeV [23].

3. Screening masses and UA (1) symmetry breaking
To investigate the chiral symmetry restoration pattern we look at the degeneracy of iso-vector
screening masses in pseudoscalar (P), scalar (S), vector (V ) and axial vector (A) channels, the
former two being directly related to the breaking of the UA (1) symmetry [24]. The associated
correlation functions have been measured each 40 and 20 MDUs, for scans C1 and D1, respectively,
using 15 point sources at different positions for each configuration.
The temperature dependence of the screening masses is shown in figure 4 (left) in comparison with the respective mass splittings (right) 2 . The screening masses start from the expected
splittings from the meson spectrum at zero-temperature (at least for scan C1 where results at lower
temperatures are available). In the approach to TC the screening masses in S and A channels become
smaller while the ones in P and V channels initially remain constant before MP grows rapidly. This
is in agreement with the results obtained with staggered fermions [25, 26]. Around TC the masses
in V and A channels become degenerate, in agreement with the restoration of the chiral SUA (2)
2 The

splittings are obtained from a fit to either the effective mass for the difference ∆M or a fit to the ratio of
effective masses directly. This provides a more solid estimate for the mass splittings since the plateau for these quantities
are reached earlier and parts of the fluctuations cancel.
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symmetry, and are about 10 % smaller than the asymptotic value. In contrast, the masses of P and
S channels remain disparate, signaling the persistent breaking of the UA (1) symmetry, and are in
the region of 40 to 60 % of the 2πT limit. Above TC all screening masses approach the asymptotic limit from below, which might be a remnant of the relatively small volume with Ns /Nt = 2
(see [27]). Finite size effects will be studied once the larger volumes become available. The masses
in P and S channels become degenerate at about 1.25 TC for scan D1 (for scan C1 they are still nondegenerate at T /TC ≈ 1.17) which coincides with the result at mπ = 200 MeV from N f = 2 + 1
domain wall [28, 29] and staggered fermion simulations [25, 26].
Relevant for the order of the transition is the strength of the breaking of UA (1) in the chiral
limit which can be assessed by performing a chiral extrapolation for some suitable measure. Here
we use the average of the mass difference in S and P channels in the transition region as a measure
for the strength of the breaking, which we then extrapolate to the chiral limit. The results for scans
B1κ , C1 and D1 are shown in figure 5 together with a linear extrapolation in mud . As can be seen
from the plot, our current results strongly suggest a non-vanishing difference at mud = 0. However,
to address the question of the order of the transition one still has to clarify the criterion which
determines a ‘strong’ breaking. It appears that a proper criterion should make contact with the
strength of the breaking at T = 0, so that the breaking at TC can be expressed in relation to this.
A possible measure is provided by the mass of the iso-vector scalar particle at T = 0 in the chiral
limit. A comparison with this quantity will be done in future publications.

4. Conclusions and perspectives
In this proceedings article we have presented the current status of our project to investigate
the order of the transition in the chiral limit at N f = 2. The available results for the transition
temperatures at three different pion masses between 200 and 500 MeV at Nt = 16 allow for a first
test of critical scaling in the approach to the chiral limit. As expected, using the scaling alone, with
the current set of still relatively large pion masses, is not sufficient to distinguish between the two
scenarios. Scans at smaller pion masses are in preparation and will hopefully improve the situation.
As another source of information we have extracted the difference of screening masses in S and P
channels which is a measure for the strength of the breaking of the UA (1) symmetry. The first naive
chiral extrapolation of this quantity shows that the effect has the tendency to become stronger in
6
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Figure 5: Chiral extrapolation of MS − MP in MeV on the 323 volume in the thermal transition region using
a linear function in mud . Also shown is the result of scan B3κ at a volume of 643 .
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the approach to the chiral limit. However, simulations at smaller pion masses and at larger volumes
are needed to confirm this statement.
Acknowledgements: The simulations were done on the WILSON and LC2 clusters at the University of Mainz, the FUCHS cluster at the University of Frankfurt and on JUROPA and JUGENE at
FZ Jülich under project number HMZ21.
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