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SCREENING MASSES TOWARDS CHIRAL LIMIT∗

Simon Dentinger, Olaf Kaczmarek, Anirban Lahiri

Fakultät für Physik, Universität Bielefeld, 33615 Bielefeld, Germany

(Received December 28, 2020)

A possible effective restoration of the anomalous UA(1) symmetry
would have a non-trivial effect on the global phase diagram of QCD. In
this work, we investigate the effective restoration of the UA(1) through the
calculation of scalar and pseudo-scalar screening masses and corresponding
susceptibilities, for physical and lower than physical pion masses. Calcu-
lations have been performed in (2 + 1)-flavor HISQ discretization scheme
with a physical value of the strange-quark mass. Preliminary calculations
of the continuum extrapolated scalar and pseudo-scalar masses are pre-
sented, based on lattices with three different temporal extent. Non-trivial
structure of the difference between scalar and pseudo-scalar susceptibilites
are discussed for Nτ = 8 lattices.
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1. UA(1) symmetry and screening masses

One important aspect for understanding the global QCD phase diagram
is the fate of the anomalous UA(1) symmetry at the chiral phase transition,
in the chiral limitml → 0, for vanishing chemical potential µB = 0. If UA(1)
remains broken in the chiral limit, then the chiral transition is expected to
be of second-order belonging to the O(4) universality class [1]. On the other
hand, if the UA(1) gets effectively restored at the chiral phase transition,
then the later can be of first-order [1] or second-order belonging to other
universality classes [2]. Therefore, the study of effective restoration of the
anomalous UA(1) towards the chiral limit is very important to decide the
nature of the chiral phase transition. Existing calculations using staggered
fermions [3–5], overlap and Möbius domain wall fermions [6–8] as well as
Wilson fermions [9] are still inconclusive on the effective restoration of the
anomalous UA(1) symmetry. In this contribution, we report on an attempt
to study the breaking or restoration of the anomalous UA(1) through the
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degeneracy between pseudo-scalar (iso-vector) and scalar (iso-vector) meson
channels which are related by UA(1) symmetry towards the chiral limit.
The explicit breaking of UA(1) through the quark mass term provides a
background which is supposed to vanish in the chiral limit, i.e. ml → 0.

2. Screening masses for lower than physical quark masses

We have calculated screening correlators in (2 + 1)-flavor QCD using
the highly improved staggered quark (HISQ) action and tree level improved
Symanzik gauge action. Screening mass calculations have been done follow-
ing Ref. [3], where details about the staggered correlation functions and fit
ansatz for different channels can be found. To approach the chiral limit, we
have decreased the light-quark masses keeping the strange-quark mass fixed
at its physical value. For details of the lattice setup, see [10]. Since a direct
calculation at the chiral limit ml = 0 is not possible on the lattice, to obtain
screening masses and the susceptibilities in the chiral limit, an extrapola-
tion in mass apart from thermodynamic and continuum limit extrapolations
would be required. It is known that the staggered formulation at any finite
lattice spacing preserves only a subgroup of the continuum chiral symmetry,
thus it is necessary to take the continuum limit prior to the chiral extrap-
olation. To control the potential finite volume effects, we need to take the
thermodynamic limit first. In the following subsections, we discuss these
limits in detail.

2.1. Thermodynamic extrapolation

The thermodynamic limit of screening masses can be taken using the
following form [11]:

mNs/Nτ = mNs→∞/Nτ

(
1 + bNτ

(
Nτ

Ns

)c)
, (1)

where mNs/Nτ is the screening mass calculated on a N3
s × Nτ lattice.

mNs→∞/Nτ , being the mass in the thermodynamic limit, is a fit parame-
ter along with c and bNτ . It has been argued that [11] c = 3 for T = 0 and
c = 1 for T → ∞. Therefore, it is assumed here that c ∈ [1, 3] for any T .
Assuming that c only depends on temperature T and the number of tem-
poral lattice points Nτ , while mNs→∞/Nτ and bNτ depend on Nτ , channels
(e.g. PS, S) and temperature T , a combined fit with a shared parameter c
between pseudo-scalar and scalar particles at fixed Nτ and T is possible.

In Fig. 1, we show the screening masses in the scalar (S) and pseudo-
scalar (PS) channels for three volumes at different Nτ together with the
combined thermodynamic limit extrapolations at two temperatures. For the
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lower temperature, volume effects are visible, but the screening masses for
the largest volumes in the plot agree with the infinite volume extrapolated
values within errors in most cases. For this temperature, we have shown the
volume extrapolation for 3 different Nτ . For each Nτ , we have performed the
volume extrapolation jointly to S and PS masses. For the higher temperature
case, the two largest volumes agree very well with the extrapolation results
which, in turn, shows that volume effects are smaller for higher T as also
seen for other chiral observables [10]. From the fits, the parameter c comes
out to be 1.33(66), 1.89(97) and 1.83(92) for T ≈ 148 MeV at Nτ = 6, 8, 12,
respectively, and 2.59(76) for T ≈ 166 MeV. Figure 1 suggests that the use
of the screening masses from the largest available volumes is well-justified
for temperatures close to the pseudo-critical temperature and above. This is
further confirmed in the following section, where we perform the continuum
extrapolation at lower temperature of Fig. 1 based on the screening mass
results on the largest volume in comparison to the screening masses obtained
in the thermodynamic limit.

0.00 0.05 0.10 0.15 0.20 0.25
100

125

150

175

200

225

250

275

300

HotQCD preliminary

T = 148 MeV ms/ml = 80

Nτ/Ns

m [MeV]
S Nτ = 6
S Nτ = 8
S Nτ = 12

PS Nτ = 12
PS Nτ = 8
PS Nτ = 6

0.00 0.05 0.10 0.15 0.20 0.25
100

125

150

175

200

225

250

275

300

HotQCD preliminary

T = 166 MeV ms/ml = 80

Nτ/Ns

m [MeV]

S Nτ = 8
PS Nτ = 8

Fig. 1. (Color online) Infinite volume extrapolations of scalar (S, red, upper) and
pseudo-scalar (PS, blue, lower) channels at T ≈ 148 MeV (left) and T ≈ 166 MeV
(right) for mass ratio ms/ml = 80.

2.2. Continuum extrapolation

In Fig. 2, we show the continuum limit extrapolation for T ≈ 148 MeV
with a linear ansatz in 1/N2

τ . In the left panel, we show the continuum limit
extrapolation of the infinite volume extrapolated screening masses, obtained
from Fig. 1, and in the right panel, we show the continuum extrapolation
of the screening masses from the largest available volumes. Our preliminary
calculations give mS = 191(19) MeV and mPS = 120(5) MeV, in the contin-
uum limit when we use the infinite volume extrapolated masses (left panel).
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Using the masses from the highest volumes (right panel), the continuum
results are mS = 173(5) MeV and mPS = 129(1) MeV. Since the two contin-
uum extrapolations give results which agree within 95% confidence interval,
for further analyses, we use the screening masses from the largest available
volumes.

0.000 0.005 0.010 0.015 0.020 0.025

100

120

140

160

180

200

220

240

260

280

300
T = 148 MeV ms/ml = 80

HotQCD preliminary

1/N2
τ

m [MeV]

S Ns =∞
PS Ns =∞

0.000 0.005 0.010 0.015 0.020 0.025

100

120

140

160

180

200

220

240

260

280

300
T = 148 MeV ms/ml = 80

HotQCD preliminary
Ns = 48

Ns = 56
Ns = 72

1/N2
τ

m [MeV]

S
PS

Fig. 2. (Color online) Continuum extrapolation of scalar (S, red, upper) and
pseudo-scalar (PS, blue, lower) channels for T ≈ 148 MeV for mass ratio ms/ml =

80. Left: Thermodynamic limit of the screening masses has been taken beforehand
for each Nτ , see left plot of Fig. 1. Right: Screening masses from largest volume
only.

Since the temperature values for different Nτ do not always exactly
match, temperature interpolations are needed to have the continuum ex-
trapolation for the entire temperature range available. Here, we have used
cubic splines with node positions determined by the density of the data
points [3]. These temperature interpolations for Nτ = 6, 8 and 12 were used
in the joint continuum extrapolation with spline coefficients being linear in
1/N2

τ . Details about the continuum extrapolations can be found in Ref. [3].
In Fig. 3, we show preliminary results of this continuum limit extrapola-

tion in the full available temperature range for the mass ratio ms/ml = 80.
At low temperatures, T = 25 MeV and T = 50 MeV, the fit is constrained
on the first derivative to be equal to zero. For high temperature, well above
the available temperature region of our study, a constraint at T = 1.5 GeV
on the first derivative to be equal to 2π has been used. The gray band shows
a continuum estimate of the pseudo-critical temperature for ms/ml = 80 of
146.5± 1.0 MeV based on [12].

It is well-known that for low temperatures (T < Tpc), the scalar channel
suffers from unphysical decay modes in the staggered discretization. For a
detailed discussion, we refer the reader to Ref. [3] and references therein.
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Fig. 3. Continuum extrapolation for screening masses over the entire available
temperature range for ms/ml = 80. Left: Scalar (S). Right: Pseudo-scalar (PS).

Above Tpc, this problem is expected to be mild or absent and one may use
the degeneracy between the S- and PS-channel masses to explore the effec-
tive restoration of the anomalous UA(1) symmetry. We show the continuum
extrapolated results for the scalar (S) and pseudo-scalar (PS) channels for
two quark mass ratios, ms/ml = 27 (taken from [3]) and ms/ml = 80, in
Fig. 4. One can see that the scalar and pseudo-scalar meson masses become
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HotQ
CD preli

minary

ms/ml

T/Tpc,cont.(ms/ml)

mscr.[MeV]

27 S
27 PS
80 S
80 PS

Fig. 4. Comparison of the continuum extrapolated screening masses for ms/ml =

27 and ms/ml = 80 as a function of temperature scaled by the respective pseudo-
critical temperatures in the continuum limit.
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degenerate which indicates that UA(1) is effectively restored around the tem-
perature region of T ≈ 160–175 MeV corresponding to T/Tpc ∼ 1.1–1.2 for
ms/ml = 80. Although a better controlled continuum extrapolation and re-
sults at higher temperatures would be helpful in this respect, at this point, it
is interesting to compare the situation to physical pion mass, ms/ml = 27, in
Fig. 4. One can see that the scalar and pseudo-scalar masses start becoming
degenerate at about 200 MeV corresponding to T/Tpc ∼ 1.3 forms/ml = 27.
Primarily, it might be tempting to conclude that with decreasing pion mass
the degeneracy between S and PS channel shifts to lower T/Tpc, and results
for lighter quark masses and a chiral extrapolation will be important to fully
study this question in the future.

3. Susceptibilities

Keeping in mind the issue in the scalar-channel mass related to the stag-
gered discretization, it might be a better way to investigate UA(1) by us-
ing the integrated correlation functions (or susceptibilities) for scalar and
pseudo-scalar mesons directly. Susceptibilities for pseudo-scalar (π) and
scalar (a0) channel for staggered discretization are defined as

χπ =

Ns−1∑
n=0

GM2(n) and χa0 = −
Ns−1∑
n=0

(−)nGM1(n) , (2)

respectively. Here, n denotes the distance between source and sink in lattice
units and for the definition of the staggered correlators GM2 and GM1, we
refer the reader to Ref. [3]. An advantage of susceptibilities is that they
are independent of multiple state fits which are used for extracting screen-
ing masses. It has been shown earlier [3] that with the HISQ action for
physical pion mass, the degeneracy between the pseudo-scalar (χπ) and the
scalar (χa0) susceptibilities happens around the degeneracy temperature for
masses, which may not be too surprising because the restoration of a symme-
try should be imprinted in the degeneracy of the corresponding correlators
and, therefore, also in their large distance decay that determines the screen-
ing masses. In Fig. 5, we show the difference between the pseudo-scalar (χπ)
and scalar (χa0) as a function of temperature for various values of ml/ms

for lattices with Nτ = 8. The susceptibilities are renormalized by m2
s and

normalized by the kaon decay constant f4K to make it dimensionless. At
low temperatures, in the chirally broken phase, the rapid increase of the
difference between χπ and χa0 can be expected owing to the ward identity
χπ = 〈ψ̄ψ〉l/ml and to the fact that in the chiral limit below the transi-
tion temperature, the chiral order parameter 〈ψ̄ψ〉l is a constant due to the
spontaneous breaking of the chiral symmetry. Thus, the leading mass de-
pendence is expected to be proportional to 1/ml in χπ. On the contrary



Screening Masses Towards Chiral Limit 327

for χa0 , the leading contribution is expected to come due to the well-known
Goldstone effect which vanishes in the continuum limit for 2 light flavors of
the staggered quarks [13]. Although at finite lattice spacing there will be a
finite contribution proportional to 1/

√
ml in χa0 [13].
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Fig. 5. Temperature variation of χπ and χa0 for various values ofml/ms for Nτ = 8

lattices.

For temperatures around and above the chiral phase transition temper-
ature, the mass dependence of the difference seems to be quite non-trivial.
To show this more clearly, in Fig. 6, we show the variation of the difference
between χπ and χa0 for various temperatures. For the two highest temper-
atures, the differences tend to approach zero towards the chiral limit, quite
smoothly. As can be seen from Fig. 6, for T = 156 MeV, the difference
slightly increases and then seems to decrease towards chiral limit. This in-
crease becomes more evident when the temperature further decreases and
approaches Tc and then this turning around happens for even lower masses.
Thus, the most non-trivial task is to find that after turning whether the
difference vanishes or stays finite in the chiral limit. In this respect, it is
worth to mention that in a chirally symmetric background, the difference
between χπ and χa0 is exactly equal to the disconnected part of the chiral
susceptibility [14] and the behaviour of the later is found to be almost the
same around the temperature regime shown in Fig. 6. Of course, it will be
an interesting task to repeat the analyses of Fig. 5 and Fig. 6 for other Nτ

and then to take a continuum limit. Work is ongoing in that direction and
will be reported elsewhere.
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Fig. 6. Variation of the difference between χπ and χa0 with respect to quark mass
for various values of temperatures for Nτ = 8 lattices. Dotted lines are cubic splines
just for guiding the eye.

4. Summary and outlook

In this contribution, we have presented the calculations of screening
masses in the pseudo-scalar (iso-vector) and scalar (iso-vector) channels
within (2 + 1)-flavor HISQ discretization scheme with strange-quark mass
being fixed at its physical value and for the physical and lower than physi-
cal values of the (degenerate) light-quark masses. Since for the lighter than
physical pions, the finite volume effect is one of the main concern, we first
discussed the finite volume effects for screening masses and also discussed
the extrapolation to the thermodynamic limit. It is shown that for most of
the temperatures under consideration, the screening masses for the largest
available volumes agree with the same in the thermodynamic limit within
uncertainties. Finite volume effects for higher (compared to Tpc) tempera-
tures are found to be even smaller. Furthermore, we show that the PS and S
masses in the continuum limit with infinite volume extrapolated masses or
using masses from the highest available volumes for different Nτ , match
within 95% confidence interval. Due to this small systematic uncertainty
originating from the thermodynamic extrapolations, we can safely proceed
with continuum extrapolation of masses available on largest volumes. Then
we compare the continuum extrapolated screening masses in PS and S chan-
nels for ms/ml = 27 and preliminary results for ms/ml = 80 to understand
whether there exists any trend in degeneracy temperature with decreasing
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pion mass. Results for even lighter quark mass will help to better under-
stand the situation in the future. As the staggered scalar channel suffers
from unphysical decay modes, we also presented calculations of suscepti-
bilites (for Nτ = 8) for PS and S channels and their difference as a measure
of the UA(1) breaking. Preliminary calculations show that the degeneracy
of the PS and S susceptibilites occur around the degeneracy temperature of
the corresponding screening masses although a non-trivial behaviour of the
difference between scalar and pseudo-scalar susceptibilities makes it harder
to make definite comments about chiral limit. More exploration in this
direction is needed and planned for the future.
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