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Improved observable

The chiral phase transition in QCD with N degenerate quarks

m Determining the nature of the chiral phase transition in QCD with Ny
massless quarks has long posed a significant theoretical challenge.

m Though early predictions suggested that the transition 1s first-order for
Ny > 3 [1], this has so far found no conclusive confirmation from lattice
results; on the contrary recent results seem to indicate that the chiral
transition in the chiral limit 1s second-order up to Ny =7 [2,3].

m The nature of the transition in Ny = 8 QCD 1s especially puzzling: for this
theory it 1s not even firmly established that there 1s a thermal transition in
the chiral limit, and the theory might exhibit conformal behaviour.

m In this work we study the phase diagram of N = 8 QCD using a twice
stout-improved staggered fermion action and the tree-level Symanzik
improved gauge action, focusing on the effects of adding an imaginary
chemical potential.

N =38 QCD at zero chemical potential

m At small quark masses we find that the chiral condensate reveals the presence
of two phase transitions, consistent with earlier findings that indicate an
intermediate exotic phase separating the strong and weak coupling phases.

m The exotic phase ($4) arises due to the spontaneous breaking of the
single-site shift symmetry of the staggered action [4,5] and can be 1dentified
by monitoring the order parameter P, = (ReTrU, , — ReTr
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m Key points:

The §° phase (signaled by a non-zero P*) 1s bounded by two bulk (zero-temperature)
transition curves.

A thermal deconfinement transition (signaled by a jump i1n Re P) 1s found 1n the weak
coupling region, where the continuum limit, unhindered by the unphysical phase, 1s
well-defined.

The chiral condensate yy is sensible to both the strong coupling to exotic p.t. and to the
deconfinement transition (which may coincide with the exotic to weak coupling p.t.).

As the quark mass m 1s reduced, the deconfinement phase transition eventually merges
into the bulk transition. So far there 1s no indication that the thermal transition persists in
the chiral limit. This raises the question: 1s NV, = 8 QCD conformal?

N =38 QCD at imaginary chemical potential

m We aim at extending previous studies by adding an imaginary chemical
potential f; = m. We work on the plane.

This set-up has two nice properties:

The Roberge-Weiss symmetry is an exact symmetry, unlike the chiral/center symmetry it
1s not explicitly broken by a finite quark mass.

In the presence of an imaginary chemical potential, the critical temperature shifts to

higher temperatures / weaker couplings, it 1s pushed further away from the unphysical

phase.
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m Initial observations (from N; = 8):

The exotic phase 1s still present.

The location of the strong coupling to exotic p.t. 1s unchanged and the transition 1s still
associated with a drop of the chiral condensate. The location of the exotic to weak
coupling p.t. shifts to slightly weaker couplings.

As expected, the critical beta for the Roberge-Weiss transition is larger than the critical
beta for the deconfinement transition.

m A commonly used order parameter for identifying the
transition is the modulus of the imaginary part of the Polyakov loop |ImP|.
Unfortunately the signal-to-noise ratio deteriorates significantly at large /V;.

m To enhance the signal-to-noise ratio, we employ the Wilson-flowed Polyakov
loop, tollowing the approach used in Refs. [6,7] for investigating the
deconfinement transition.
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m Two crosschecks and a first application:

Left:  Brw(|ImPpL|) = Brw(|[ImP]) [Ny = 2]

Center: Brw(|ImPFr|) is consistent with the behaviour of np [N = 8]
a thermal scaling for the RW transition can be observed up to N; = 16 [N, = 8]
(compare with the bulk nature of the exotic to weak coupling p.t.!)

Right:

Main results

m Sketch of the (m, B, fif = m) phase diagram:
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m Key points:

At small quark masses we find the exotic 3 phase, bounded by two bulk transitions.
Starting from N; = 12 the exotic to weak coupling p.t. clearly exhibits bulk behavior. At
these large temporal extensions the transition line aligns with that observed at zero
chemical potential.

We observe a thermal scaling for the RW transition. But as we reduce the bare quark
mass, the thermal transition merges with the bulk transition. This behaviour persists
even at N; = 16, where the transition merges at m ~ 0.005.

The right picture 1llustrates the extrapolation of the transition line to the chiral limit for
each N;, using data solely from the physical region. As N; increases, Srw seemingly
exhibits a reduced sensitivity to the temporal lattice extent, suggesting a potential
conformal behavior of the theory.

Conclusions

In conclusion:

m We have explored the phase diagram of Ny = 8 QCD using a twice
stout-improved staggered fermion action and the tree-level Symanzik
improved gauge action, working on the Roberge-Weiss plane, where one
expects a genuine phase transition even at finite quark masses.

m We observe the presence of the $ * exotic phase, bounded by two bulk
transitions whose location seems largely unatfected by the presence of a
chemical potential.

m The Roberge-Weiss transition shows a thermal scaling and, akin to the
deconfinement transition at zero chemical potential, merges with the bulk
transition at sufficiently small masses. At the largest N, that we have
explored, this occurs at m ~ 0.005.

m After extrapolating Sgrw to the chiral limit using data in the physical region,
we observe that Sgw becomes less sensitive to N, at large temporal
extensions, suggesting a possible contormal nature of the theory.

m Simulations at N; = 24, which could shed more light on this possibility, are
currently underway.
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