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Appropriate combinations of up to fourth order cumulants of net strangeness fluctuations and their

correlations with net baryon number and electric charge fluctuations, obtained from lattice QCD

calculations, have been used to probe the strangeness carrying degrees of freedom at high temperatures.

For temperatures up to the chiral crossover, separate contributions of strange mesons and baryons can be

well described by an uncorrelated gas of hadrons. Such a description breaks down in the chiral crossover

region, suggesting that the deconfinement of strangeness takes place at the chiral crossover. On the other

hand, the strangeness carrying degrees of freedom inside the quark gluon plasma can be described by a

weakly interacting gas of quarks only for temperatures larger than twice the chiral crossover temperature.

In the intermediate temperature window, these observables show considerably richer structures, indicative

of the strongly interacting nature of the quark gluon plasma.

DOI: 10.1103/PhysRevLett.111.082301 PACS numbers: 11.10.Wx, 11.15.Ha, 12.38.Aw, 25.75.Nq

Introduction.—Strangeness has played a crucial role [1]
in the experimental and theoretical investigations of
the deconfined phase, namely, the quark gluon plasma
(QGP) phase, of quantum chromodynamics (QCD) at high
temperatures. Experimental results from the Relativistic
Heavy Ion Collider and the Large Hadron Collider suggest
that the QGP has been created during the highly energetic
collisions of heavy nuclei [2]. Experimental results
showing enhanced production and large collective flow
of strange hadrons [3] strongly indicate that deconfined
strange quarks existed inside the QGP, despite the absence
of real strange quarks within the initially colliding nuclei.
However, theoretical understanding of the deconfinement
of strangeness remains unclear. A priori, it is not unrea-
sonable to expect that the heavier strange quark may not be
largely influenced by the chiral symmetry of QCD and the
deconfinement of the strange quarks may not take place at
the chiral crossover temperature (Tc). Based on the obser-
vations that, compared to the light up and down quarks, the
net strange quark number fluctuations [4,5] show a much
smoother behavior across the chiral crossover region, it has
been suggested [6] that the deconfinement crossover for
the strange quarks may take place at a temperature larger
than Tc. Consequently, strange hadronic bound states may
exist inside the QGP for temperatures T * Tc [7].

Moreover, the nature of the deconfined QGP for moder-
ately high temperatures also remains elusive. An intriguing
open question is whether in this temperature regime the
QGP is a strongly coupled medium lacking a quasiparticle
description [2] or consists of other degrees of freedom
such as colored bound states [8] or massive colored
quasiparticles [9]. Knowledge regarding the behavior of

strangeness carrying degrees of freedom (sDoF) in the
QGP is essential to answering this question.
It is well known [10,11] that the quantum numbers, such

as the baryon number (B), electric charge (Q), and strange-
ness (S), can be probed using the fluctuations and correla-
tions of these quantities. We construct observables from
combinations of up to fourth order cumulants of net strange-
ness fluctuations and their correlations with net baryon
number and electric charge fluctuations that probe the
sDoF in different temperature regimes. We calculate these
observables using state-of-the-art lattice QCD (LQCD)
simulations and compare our results with the hadron gas
description at lower temperatures and with the weakly
interacting quark gas description at higher temperatures.
Strangeness in a gas of uncorrelated hadrons.—For an

uncorrelated gas of hadrons, e.g., the hadron resonance
gas (HRG) model [12], the dimensionless partial pressure
PS ! ðp# pS¼0Þ=T4 of all the strange hadrons is given by

PHRG
S ð!̂B; !̂SÞ ¼ PHRG

jSj¼1;M coshð!̂SÞ
þ PHRG

jSj¼1;B coshð!̂B # !̂SÞ
þ PHRG

jSj¼2;B coshð!̂B # 2!̂SÞ
þ PHRG

jSj¼3;B coshð!̂B # 3!̂SÞ; (1)

within the classical Boltzmann approximation. In the tem-
perature range 130 MeV & T & 200 MeV relevant for our
discussion, the Boltzmann approximation gives at most 3%
corrections to the full HRG model results for all the
susceptibilities involving strangeness considered here and
hence is well justified. Here, !̂B=S ¼ !B=S=T are the
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Lattice simulations�
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