
Yu Maezawa （前澤 祐） 
             Nuclear Physics group, YITP 

Lunch	
  seminar	
  @	
  YITP,	
  June	
  24,	
  2015	


Phys. Rev. Lett. 111 (2013) 082301 
Phys. Lett. B 737 (2014) 210	


Strangeness at High Temperatures: From Hadrons to Quarks

A. Bazavov,1 H.-T. Ding,1,2 P. Hegde,3 O. Kaczmarek,4 F. Karsch,1,4 E. Laermann,4 Y. Maezawa,1 Swagato Mukherjee,1

H. Ohno,4 P. Petreczky,1 C. Schmidt,4 S. Sharma,4 W. Soeldner,5 and M. Wagner4

1Physics Department, Brookhaven National Laboratory, Upton, New York 11973, USA
2Physics Department, Columbia University, New York, New York 10027, USA

3Department of Physics R518, High Energy Physics Lab, National Taiwan University, Taipei 10617, Taiwan
4Fakultät für Physik, Universität Bielefeld, D-33615 Bielefeld, Germany

5Institut für Theoretische Physik, Universität Regensburg, D-93040 Regensburg, Germany
(Received 3 May 2013; revised manuscript received 2 August 2013; published 23 August 2013)

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.
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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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Figure 2: Expansion coe�cients of the pressure at non-zero baryon chemical potential. The left hand figure shows the leading
order correction and the right hand figure shows the relative contribution of the leading and next to leading order corrections.
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Figure 3: The ratio of sixth and second order cumulants of net-baryon number fluctuations versus temperature. This ratio
gives the NNLO correction to the Taylor expansion of the pressure. The insertion shows the temperature range in which this
contribution is less than 1% for µB/T = 2.

B. The net baryon number density in (2+1)-flavor QCD for µB > 0, µS = µQ = 0

The Taylor series for the net baryon number density is easily obtained from the pressure series. All expansion
coe�cients are known, once the pressure series has been analyzed. From Eq. 8 we find
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Boltzmann approximation is well suited. It reflects that the
relevant degrees of freedom carry integer strangeness
jSj ¼ 0, 1, 2, 3 and integer baryon number jBj ¼ 0, 1.

In Fig. 2, we study the partial pressures of the strange
hadrons using the LQCD results for the four combin-
ations Mðc1; c2Þ, B1ðc1; c2Þ, B2ðc1; c2Þ, and B3ðc1; c2Þ [see
Eqs. (3)–(6)], each for three sets of (c1, c2). One of the
combinations corresponds to c1 ¼ c2 ¼ 0 and thus repre-
sents the basic projection onto a given strangeness sector in

an uncorrelated hadron gas. The other two parameter sets
for (c1, c2) are chosen to produce widely different values
for these observables in a noninteracting massless quark
gas at asymptotically high temperatures. From Fig. 1, it is
obvious that they are identical at low temperatures. Up to
Tc, independent of (c1, c2), these four quantities individu-
ally agree with the partial pressures of the jSj ¼ 1 mesons
and the jSj ¼ 1, 2, 3 baryons when one uses the actual
vacuum mass spectrum of the strange hadrons in an uncor-
related hadron gas. Specifically, Mðc1; c2Þ, B1ðc1; c2Þ,
B2ðc1; c2Þ, and B3ðc1; c2Þ reproduce the HRGmodel results
for PHRG

jSj¼1;M, P
HRG
jSj¼1;B, P

HRG
jSj¼2;B, and PHRG

jSj¼3;B, respectively

[16]. As can be seen from the insets of Fig. 2, such a
description of the LQCD results breaks down within the
Tc region for each of the meson and baryon sectors. Above
Tc, all these quantities show a smooth approach towards
their respective noninteracting, massless quark gas values,
depending on the values of c1 and c2.
Strangeness in the quark gluon plasma.—To investigate

whether the sDoF in the QGP can be described by weakly
interacting quasiquarks, we study correlations of net
strangeness fluctuations with fluctuations of net baryon
number and electric charge. Such observables were studied
in Refs. [10,18] for the second order correlations. We
extend these correlations up to the fourth order. If the
sDoF are weakly or noninteracting quasiquarks, then
strangeness S ¼ $1 is associated with the fractional
baryon number B ¼ 1=3 and electric charge Q ¼ $1=3,
giving

!BS
mn

!S
mþn

¼ ð$1Þn
3m

and
!QS
mn

!S
mþn

¼ ð$1Þmþn

3m
; (9)

where m, n > 0 and mþ n ¼ 2, 4.
In Fig. 3, we show the LQCD results for these ratios
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FIG. 2 (color online). Four combinations [see Eqs. (3)–(6)] of net strangeness fluctuations and baryon-strangeness correlations
Mðc1; c2Þ, B1ðc1; c2Þ, B2ðc1; c2Þ, and B3ðc1; c2Þ (from left to right), each for three different sets of (c1, c2). Up to the chiral crossover
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pressures of jSj ¼ 1 mesons (PHRG

jSj¼1;M) and jSj ¼ 1, 2, 3 baryons (PHRG
jSj¼1;B, P

HRG
jSj¼2;B, P

HRG
jSj¼3;B) in an uncorrelated gas of hadrons having

masses equal to their vacuum masses, i.e., in the HRG model (indicated by the solid lines at low temperatures). Above the Tc region,
such a hadronic description breaks down (shown in the insets) and all the combinations smoothly approach towards their respective,
(c1, c2)-dependent, high temperature limits (indicated by the solid horizontal lines at high temperatures) described by the non-
interacting massless strange quarks. The dotted horizontal lines at high temperatures depict the perturbative estimates (see the text) for
all these observables obtained using one-loop resummed HTL calculations [19]. The LQCD results for the N" ¼ 6 and 8 lattices are
shown by the open and filled symbols, respectively.
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FIG. 1 (color online). Two combinationsv1 and v2 [see Eqs. (7)
and (8)] of strangeness fluctuations and baryon-strangeness cor-
relations that vanish identically if the sDoF are described by an
uncorrelated gas of hadrons. Also shown is the difference of
quadratic and quartic baryon number fluctuations !B

2 $ !B
4 . This

observable also vanishes identically when the baryon number
carrying degrees of freedom are described by an uncorrelated
gas of strange as well as nonstrange baryons. The shaded region
indicates the chiral crossover temperature Tc ¼ 154ð9Þ MeV [14].
The lines at low and high temperatures indicate the two limiting
scenarios when the DoF are described by an uncorrelated hadron
gas and a noninteracting massless quark gas, respectively. The
LQCD results for theN" ¼ 6 and 8 lattices are shown by the open
and filled symbols, respectively.
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Fig. 2. The left hand figure shows two ratios of fourth order baryon-charm (BC ) correlations. In an uncorrelated hadron gas both ratios receive contributions only from 
charmed baryons. Similarly, for the right hand figure the ratio χC

4 /χ C
2 is dominated by and (χC

2 − χ BC
22 )/(χ C

4 − χ BC
13 ) only receives contributions from open charm mesons. 

The horizontal lines on the right hand side of both figures show the infinite temperature non-interacting charm quark gas limits of the respective quantities. The shaded 
region indicates the chiral crossover temperature at the physical pion mass in the continuum limit, Tc = (154 ± 9) MeV, determined from the maximum of the chiral 
susceptibility [3]. Calculations have been performed on lattices of size 323 · 8 (filled symbols) and 243 · 6 (open symbols).

Fig. 3. Ratios of baryon-electric charge (B Q ), baryon-strangeness (B S) and baryon-
charm (BC ) correlations calculated on lattices of size 323 · 8. In the case of B Q and 
B S correlations we show results from the (2 +1)-flavor calculations where B and Q
do not contain any charm contribution. These data are taken from Refs. [10,33]. The 
shaded region shows the chiral crossover region as in Fig. 2. Horizontal lines on the 
right side show corresponding results for an uncorrelated quark gas. It should be 
noted that this limiting value is not defined for χ B Q

31 /χ B Q
11 since the denominator 

as well as the numerator vanishes in perturbation theory up to O(g4).

that for n being odd, χ BC
n1 /χ BC

11 = 1 in a hadron gas and 31−n in an 
uncorrelated charm quark gas.

Subtracting any of the BC-correlations from the quadratic or 
quartic charm fluctuations provides an approximation for the open 
charm meson pressure in a gas of uncorrelated hadrons. We thus 
expect for instance, the relation

MC = χ C
4 − χ BC

13 = χ C
2 − χ BC

22 (9)

to hold at low temperatures. Their ratio thus should be unity 
at low temperatures as long as the HRG description is valid. 
Fig. 2 (right) shows the ratio of the two observables introduced 
in Eq. (9). It is obvious from the figure that also in the meson sec-
tor, an HRG model description breaks down in the crossover region 
at or close to Tc .

The behavior seen in Fig. 2 for correlations between net 
charm fluctuations and net baryon number fluctuations, in fact, 
is quite similar to the behavior seen in the strangeness sector 
(B S-correlations) [10] as well as in the light quark sector which 
dominates the correlations between net electric charge and net 
baryon number (B Q -correlations) [22]. In Fig. 3 we show a com-
parison of ratios of cumulants of such correlations. For the B S and 
B Q correlations with the lighter quarks we have two additional 

data points below 156 MeV. In the charm sector we choose a ra-
tio of cumulants involving higher order derivatives in the charm 
sector as correlations involving only first order derivatives have 
large statistical errors. These ratios all should be unity in a gas 
of uncorrelated hadrons. It is apparent from Fig. 3 that such a 
description breaks down for charge correlations involving light, 
strange, or charm quarks in or just above the chiral crossover re-
gion.

6. Abundance of open charm hadrons

We now turn to the analysis of ratios of charge correlations 
and fluctuations that are, in contrast to the ratios shown in Fig. 2, 
sensitive to some details of the open charm hadron spectrum. We 
construct partial pressure components for the electrically charged 
charmed mesons and the strange-charm mesons, M Q C " χ Q C

13 −
χ B Q C

112 and M SC " χ SC
13 − χ B SC

112 , respectively. We also consider the 
partial pressure of all open charm mesons MC = χ C

4 − χ BC
13 as mo-

tivated in Eq. (9). Using these observables we construct ratios with 
cumulants, which in an HRG receive contributions only from dif-
ferent charmed baryon sectors in the numerator,

R BC
13 = χ BC

13

MC
, R Q C

13 = χ B Q C
112

M Q C
, R SC

13 = −χ B SC
112

M SC
. (10)

In an HRG, the first ratio just gives the ratio of charmed baryon 
and meson pressure, (R BC

13 )H RG = BC /MC . In the two other cases, 
the numerator is a weighted sum of partial charmed baryon pres-
sures in charge sectors |X | = 1 and |X | = 2 with X = Q and S , 
respectively. These ratios are shown in Fig. 4.

HRG model predictions for these ratios strongly depend on 
the relative abundance of the charmed baryons over open charm 
mesons. Shown in Fig. 4 are results obtained from the PDG-HRG 
calculation (dashed lines) and the QM-HRG (solid lines). Clearly 
in the temperature range of the QCD crossover transition, the 
lattice QCD data for these ratios are much above the PDG-HRG 
model results. In all the cases, the deviation from the PDG-HRG 
at T = 160 MeV is 40% or larger. As discussed in Section 2, this 
may not be too surprising as only a few charmed baryons have so 
far been listed in the particle data tables. The lattice QCD results 
instead show good agreement with an HRG constructed from open 
charm meson and baryon spectra calculated in a relativistic quark 
model [17,18]. The difference in PDG-HRG and QM-HRG model cal-
culations mainly arises from the baryon sector (see Fig. 1). The 
observables shown in Fig. 4 thus provide first-principles evidence 
for a substantial contribution of experimentally so far unobserved 

Deconfinement	
  of	
  charm	
  quarks	

PLB 737 (2014) 210	


•  Charm	
  quarks	
  also	
  deconfined	
  at	
  T ~ TC	
  
•  Similar	
  to	
  strange	
  suscepRbility	


Similar	
  procedure	
  for	
  charm:	
µS � µC



Hadronic	
  descrip>on	
  in	
  strangeness	

PRL 111 (2013) 082301 

Boltzmann approximation is well suited. It reflects that the
relevant degrees of freedom carry integer strangeness
jSj ¼ 0, 1, 2, 3 and integer baryon number jBj ¼ 0, 1.

In Fig. 2, we study the partial pressures of the strange
hadrons using the LQCD results for the four combin-
ations Mðc1; c2Þ, B1ðc1; c2Þ, B2ðc1; c2Þ, and B3ðc1; c2Þ [see
Eqs. (3)–(6)], each for three sets of (c1, c2). One of the
combinations corresponds to c1 ¼ c2 ¼ 0 and thus repre-
sents the basic projection onto a given strangeness sector in

an uncorrelated hadron gas. The other two parameter sets
for (c1, c2) are chosen to produce widely different values
for these observables in a noninteracting massless quark
gas at asymptotically high temperatures. From Fig. 1, it is
obvious that they are identical at low temperatures. Up to
Tc, independent of (c1, c2), these four quantities individu-
ally agree with the partial pressures of the jSj ¼ 1 mesons
and the jSj ¼ 1, 2, 3 baryons when one uses the actual
vacuum mass spectrum of the strange hadrons in an uncor-
related hadron gas. Specifically, Mðc1; c2Þ, B1ðc1; c2Þ,
B2ðc1; c2Þ, and B3ðc1; c2Þ reproduce the HRGmodel results
for PHRG

jSj¼1;M, P
HRG
jSj¼1;B, P

HRG
jSj¼2;B, and PHRG

jSj¼3;B, respectively

[16]. As can be seen from the insets of Fig. 2, such a
description of the LQCD results breaks down within the
Tc region for each of the meson and baryon sectors. Above
Tc, all these quantities show a smooth approach towards
their respective noninteracting, massless quark gas values,
depending on the values of c1 and c2.
Strangeness in the quark gluon plasma.—To investigate

whether the sDoF in the QGP can be described by weakly
interacting quasiquarks, we study correlations of net
strangeness fluctuations with fluctuations of net baryon
number and electric charge. Such observables were studied
in Refs. [10,18] for the second order correlations. We
extend these correlations up to the fourth order. If the
sDoF are weakly or noninteracting quasiquarks, then
strangeness S ¼ $1 is associated with the fractional
baryon number B ¼ 1=3 and electric charge Q ¼ $1=3,
giving

!BS
mn

!S
mþn

¼ ð$1Þn
3m

and
!QS
mn

!S
mþn

¼ ð$1Þmþn

3m
; (9)

where m, n > 0 and mþ n ¼ 2, 4.
In Fig. 3, we show the LQCD results for these ratios

scaled by the proper powers of fractional baryonic and
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FIG. 2 (color online). Four combinations [see Eqs. (3)–(6)] of net strangeness fluctuations and baryon-strangeness correlations
Mðc1; c2Þ, B1ðc1; c2Þ, B2ðc1; c2Þ, and B3ðc1; c2Þ (from left to right), each for three different sets of (c1, c2). Up to the chiral crossover
temperature Tc ¼ 154ð9Þ MeV [14] (shown by the shaded regions), independent of (c1, c2), these combinations give the partial
pressures of jSj ¼ 1 mesons (PHRG

jSj¼1;M) and jSj ¼ 1, 2, 3 baryons (PHRG
jSj¼1;B, P

HRG
jSj¼2;B, P

HRG
jSj¼3;B) in an uncorrelated gas of hadrons having

masses equal to their vacuum masses, i.e., in the HRG model (indicated by the solid lines at low temperatures). Above the Tc region,
such a hadronic description breaks down (shown in the insets) and all the combinations smoothly approach towards their respective,
(c1, c2)-dependent, high temperature limits (indicated by the solid horizontal lines at high temperatures) described by the non-
interacting massless strange quarks. The dotted horizontal lines at high temperatures depict the perturbative estimates (see the text) for
all these observables obtained using one-loop resummed HTL calculations [19]. The LQCD results for the N" ¼ 6 and 8 lattices are
shown by the open and filled symbols, respectively.
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FIG. 1 (color online). Two combinationsv1 and v2 [see Eqs. (7)
and (8)] of strangeness fluctuations and baryon-strangeness cor-
relations that vanish identically if the sDoF are described by an
uncorrelated gas of hadrons. Also shown is the difference of
quadratic and quartic baryon number fluctuations !B

2 $ !B
4 . This

observable also vanishes identically when the baryon number
carrying degrees of freedom are described by an uncorrelated
gas of strange as well as nonstrange baryons. The shaded region
indicates the chiral crossover temperature Tc ¼ 154ð9Þ MeV [14].
The lines at low and high temperatures indicate the two limiting
scenarios when the DoF are described by an uncorrelated hadron
gas and a noninteracting massless quark gas, respectively. The
LQCD results for theN" ¼ 6 and 8 lattices are shown by the open
and filled symbols, respectively.
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Boltzmann approximation is well suited. It reflects that the
relevant degrees of freedom carry integer strangeness
jSj ¼ 0, 1, 2, 3 and integer baryon number jBj ¼ 0, 1.

In Fig. 2, we study the partial pressures of the strange
hadrons using the LQCD results for the four combin-
ations Mðc1; c2Þ, B1ðc1; c2Þ, B2ðc1; c2Þ, and B3ðc1; c2Þ [see
Eqs. (3)–(6)], each for three sets of (c1, c2). One of the
combinations corresponds to c1 ¼ c2 ¼ 0 and thus repre-
sents the basic projection onto a given strangeness sector in

an uncorrelated hadron gas. The other two parameter sets
for (c1, c2) are chosen to produce widely different values
for these observables in a noninteracting massless quark
gas at asymptotically high temperatures. From Fig. 1, it is
obvious that they are identical at low temperatures. Up to
Tc, independent of (c1, c2), these four quantities individu-
ally agree with the partial pressures of the jSj ¼ 1 mesons
and the jSj ¼ 1, 2, 3 baryons when one uses the actual
vacuum mass spectrum of the strange hadrons in an uncor-
related hadron gas. Specifically, Mðc1; c2Þ, B1ðc1; c2Þ,
B2ðc1; c2Þ, and B3ðc1; c2Þ reproduce the HRGmodel results
for PHRG

jSj¼1;M, P
HRG
jSj¼1;B, P

HRG
jSj¼2;B, and PHRG

jSj¼3;B, respectively

[16]. As can be seen from the insets of Fig. 2, such a
description of the LQCD results breaks down within the
Tc region for each of the meson and baryon sectors. Above
Tc, all these quantities show a smooth approach towards
their respective noninteracting, massless quark gas values,
depending on the values of c1 and c2.
Strangeness in the quark gluon plasma.—To investigate

whether the sDoF in the QGP can be described by weakly
interacting quasiquarks, we study correlations of net
strangeness fluctuations with fluctuations of net baryon
number and electric charge. Such observables were studied
in Refs. [10,18] for the second order correlations. We
extend these correlations up to the fourth order. If the
sDoF are weakly or noninteracting quasiquarks, then
strangeness S ¼ $1 is associated with the fractional
baryon number B ¼ 1=3 and electric charge Q ¼ $1=3,
giving

!BS
mn

!S
mþn

¼ ð$1Þn
3m

and
!QS
mn

!S
mþn

¼ ð$1Þmþn

3m
; (9)

where m, n > 0 and mþ n ¼ 2, 4.
In Fig. 3, we show the LQCD results for these ratios

scaled by the proper powers of fractional baryonic and
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FIG. 2 (color online). Four combinations [see Eqs. (3)–(6)] of net strangeness fluctuations and baryon-strangeness correlations
Mðc1; c2Þ, B1ðc1; c2Þ, B2ðc1; c2Þ, and B3ðc1; c2Þ (from left to right), each for three different sets of (c1, c2). Up to the chiral crossover
temperature Tc ¼ 154ð9Þ MeV [14] (shown by the shaded regions), independent of (c1, c2), these combinations give the partial
pressures of jSj ¼ 1 mesons (PHRG

jSj¼1;M) and jSj ¼ 1, 2, 3 baryons (PHRG
jSj¼1;B, P

HRG
jSj¼2;B, P

HRG
jSj¼3;B) in an uncorrelated gas of hadrons having

masses equal to their vacuum masses, i.e., in the HRG model (indicated by the solid lines at low temperatures). Above the Tc region,
such a hadronic description breaks down (shown in the insets) and all the combinations smoothly approach towards their respective,
(c1, c2)-dependent, high temperature limits (indicated by the solid horizontal lines at high temperatures) described by the non-
interacting massless strange quarks. The dotted horizontal lines at high temperatures depict the perturbative estimates (see the text) for
all these observables obtained using one-loop resummed HTL calculations [19]. The LQCD results for the N" ¼ 6 and 8 lattices are
shown by the open and filled symbols, respectively.
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FIG. 1 (color online). Two combinationsv1 and v2 [see Eqs. (7)
and (8)] of strangeness fluctuations and baryon-strangeness cor-
relations that vanish identically if the sDoF are described by an
uncorrelated gas of hadrons. Also shown is the difference of
quadratic and quartic baryon number fluctuations !B

2 $ !B
4 . This

observable also vanishes identically when the baryon number
carrying degrees of freedom are described by an uncorrelated
gas of strange as well as nonstrange baryons. The shaded region
indicates the chiral crossover temperature Tc ¼ 154ð9Þ MeV [14].
The lines at low and high temperatures indicate the two limiting
scenarios when the DoF are described by an uncorrelated hadron
gas and a noninteracting massless quark gas, respectively. The
LQCD results for theN" ¼ 6 and 8 lattices are shown by the open
and filled symbols, respectively.
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Boltzmann approximation is well suited. It reflects that the
relevant degrees of freedom carry integer strangeness
jSj ¼ 0, 1, 2, 3 and integer baryon number jBj ¼ 0, 1.

In Fig. 2, we study the partial pressures of the strange
hadrons using the LQCD results for the four combin-
ations Mðc1; c2Þ, B1ðc1; c2Þ, B2ðc1; c2Þ, and B3ðc1; c2Þ [see
Eqs. (3)–(6)], each for three sets of (c1, c2). One of the
combinations corresponds to c1 ¼ c2 ¼ 0 and thus repre-
sents the basic projection onto a given strangeness sector in

an uncorrelated hadron gas. The other two parameter sets
for (c1, c2) are chosen to produce widely different values
for these observables in a noninteracting massless quark
gas at asymptotically high temperatures. From Fig. 1, it is
obvious that they are identical at low temperatures. Up to
Tc, independent of (c1, c2), these four quantities individu-
ally agree with the partial pressures of the jSj ¼ 1 mesons
and the jSj ¼ 1, 2, 3 baryons when one uses the actual
vacuum mass spectrum of the strange hadrons in an uncor-
related hadron gas. Specifically, Mðc1; c2Þ, B1ðc1; c2Þ,
B2ðc1; c2Þ, and B3ðc1; c2Þ reproduce the HRGmodel results
for PHRG

jSj¼1;M, P
HRG
jSj¼1;B, P

HRG
jSj¼2;B, and PHRG

jSj¼3;B, respectively

[16]. As can be seen from the insets of Fig. 2, such a
description of the LQCD results breaks down within the
Tc region for each of the meson and baryon sectors. Above
Tc, all these quantities show a smooth approach towards
their respective noninteracting, massless quark gas values,
depending on the values of c1 and c2.
Strangeness in the quark gluon plasma.—To investigate

whether the sDoF in the QGP can be described by weakly
interacting quasiquarks, we study correlations of net
strangeness fluctuations with fluctuations of net baryon
number and electric charge. Such observables were studied
in Refs. [10,18] for the second order correlations. We
extend these correlations up to the fourth order. If the
sDoF are weakly or noninteracting quasiquarks, then
strangeness S ¼ $1 is associated with the fractional
baryon number B ¼ 1=3 and electric charge Q ¼ $1=3,
giving

!BS
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!S
mþn

¼ ð$1Þn
3m

and
!QS
mn

!S
mþn

¼ ð$1Þmþn

3m
; (9)

where m, n > 0 and mþ n ¼ 2, 4.
In Fig. 3, we show the LQCD results for these ratios

scaled by the proper powers of fractional baryonic and

M(0,0)

M(0,-3)

M(-6,-3)

P|S|=1,M
HRG

-2.0

-1.5

-1.0

-0.5

 0.0

 0.5

 1.0

140 180 220 260 300 340

T [MeV]

B1(0,0)

B1(0,3/2)

B1(3,3/2)

P|S|=1,B
HRG

-0.50

 0.00

 0.50

 1.00

140 180 220 260 300 340

T [MeV]

B2(0,0)

B2(0,-3/4)

B2(-3/2,-3/4)

P|S|=2,B
HRG

-0.50

-0.25

 0.00

 0.25

140 180 220 260 300 340

T [MeV]

B3(0,0)

B3(0,1/6)

B3(1/3,1/6)

P|S|=3,B
HRG

-0.05

 0.00

 0.05

 0.10

140 180 220 260 300 340

T [MeV]

FIG. 2 (color online). Four combinations [see Eqs. (3)–(6)] of net strangeness fluctuations and baryon-strangeness correlations
Mðc1; c2Þ, B1ðc1; c2Þ, B2ðc1; c2Þ, and B3ðc1; c2Þ (from left to right), each for three different sets of (c1, c2). Up to the chiral crossover
temperature Tc ¼ 154ð9Þ MeV [14] (shown by the shaded regions), independent of (c1, c2), these combinations give the partial
pressures of jSj ¼ 1 mesons (PHRG

jSj¼1;M) and jSj ¼ 1, 2, 3 baryons (PHRG
jSj¼1;B, P

HRG
jSj¼2;B, P

HRG
jSj¼3;B) in an uncorrelated gas of hadrons having

masses equal to their vacuum masses, i.e., in the HRG model (indicated by the solid lines at low temperatures). Above the Tc region,
such a hadronic description breaks down (shown in the insets) and all the combinations smoothly approach towards their respective,
(c1, c2)-dependent, high temperature limits (indicated by the solid horizontal lines at high temperatures) described by the non-
interacting massless strange quarks. The dotted horizontal lines at high temperatures depict the perturbative estimates (see the text) for
all these observables obtained using one-loop resummed HTL calculations [19]. The LQCD results for the N" ¼ 6 and 8 lattices are
shown by the open and filled symbols, respectively.
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FIG. 1 (color online). Two combinationsv1 and v2 [see Eqs. (7)
and (8)] of strangeness fluctuations and baryon-strangeness cor-
relations that vanish identically if the sDoF are described by an
uncorrelated gas of hadrons. Also shown is the difference of
quadratic and quartic baryon number fluctuations !B

2 $ !B
4 . This

observable also vanishes identically when the baryon number
carrying degrees of freedom are described by an uncorrelated
gas of strange as well as nonstrange baryons. The shaded region
indicates the chiral crossover temperature Tc ¼ 154ð9Þ MeV [14].
The lines at low and high temperatures indicate the two limiting
scenarios when the DoF are described by an uncorrelated hadron
gas and a noninteracting massless quark gas, respectively. The
LQCD results for theN" ¼ 6 and 8 lattices are shown by the open
and filled symbols, respectively.
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Boltzmann approximation is well suited. It reflects that the
relevant degrees of freedom carry integer strangeness
jSj ¼ 0, 1, 2, 3 and integer baryon number jBj ¼ 0, 1.

In Fig. 2, we study the partial pressures of the strange
hadrons using the LQCD results for the four combin-
ations Mðc1; c2Þ, B1ðc1; c2Þ, B2ðc1; c2Þ, and B3ðc1; c2Þ [see
Eqs. (3)–(6)], each for three sets of (c1, c2). One of the
combinations corresponds to c1 ¼ c2 ¼ 0 and thus repre-
sents the basic projection onto a given strangeness sector in

an uncorrelated hadron gas. The other two parameter sets
for (c1, c2) are chosen to produce widely different values
for these observables in a noninteracting massless quark
gas at asymptotically high temperatures. From Fig. 1, it is
obvious that they are identical at low temperatures. Up to
Tc, independent of (c1, c2), these four quantities individu-
ally agree with the partial pressures of the jSj ¼ 1 mesons
and the jSj ¼ 1, 2, 3 baryons when one uses the actual
vacuum mass spectrum of the strange hadrons in an uncor-
related hadron gas. Specifically, Mðc1; c2Þ, B1ðc1; c2Þ,
B2ðc1; c2Þ, and B3ðc1; c2Þ reproduce the HRGmodel results
for PHRG

jSj¼1;M, P
HRG
jSj¼1;B, P

HRG
jSj¼2;B, and PHRG

jSj¼3;B, respectively

[16]. As can be seen from the insets of Fig. 2, such a
description of the LQCD results breaks down within the
Tc region for each of the meson and baryon sectors. Above
Tc, all these quantities show a smooth approach towards
their respective noninteracting, massless quark gas values,
depending on the values of c1 and c2.
Strangeness in the quark gluon plasma.—To investigate

whether the sDoF in the QGP can be described by weakly
interacting quasiquarks, we study correlations of net
strangeness fluctuations with fluctuations of net baryon
number and electric charge. Such observables were studied
in Refs. [10,18] for the second order correlations. We
extend these correlations up to the fourth order. If the
sDoF are weakly or noninteracting quasiquarks, then
strangeness S ¼ $1 is associated with the fractional
baryon number B ¼ 1=3 and electric charge Q ¼ $1=3,
giving

!BS
mn

!S
mþn

¼ ð$1Þn
3m

and
!QS
mn

!S
mþn

¼ ð$1Þmþn

3m
; (9)

where m, n > 0 and mþ n ¼ 2, 4.
In Fig. 3, we show the LQCD results for these ratios

scaled by the proper powers of fractional baryonic and
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FIG. 2 (color online). Four combinations [see Eqs. (3)–(6)] of net strangeness fluctuations and baryon-strangeness correlations
Mðc1; c2Þ, B1ðc1; c2Þ, B2ðc1; c2Þ, and B3ðc1; c2Þ (from left to right), each for three different sets of (c1, c2). Up to the chiral crossover
temperature Tc ¼ 154ð9Þ MeV [14] (shown by the shaded regions), independent of (c1, c2), these combinations give the partial
pressures of jSj ¼ 1 mesons (PHRG

jSj¼1;M) and jSj ¼ 1, 2, 3 baryons (PHRG
jSj¼1;B, P

HRG
jSj¼2;B, P

HRG
jSj¼3;B) in an uncorrelated gas of hadrons having

masses equal to their vacuum masses, i.e., in the HRG model (indicated by the solid lines at low temperatures). Above the Tc region,
such a hadronic description breaks down (shown in the insets) and all the combinations smoothly approach towards their respective,
(c1, c2)-dependent, high temperature limits (indicated by the solid horizontal lines at high temperatures) described by the non-
interacting massless strange quarks. The dotted horizontal lines at high temperatures depict the perturbative estimates (see the text) for
all these observables obtained using one-loop resummed HTL calculations [19]. The LQCD results for the N" ¼ 6 and 8 lattices are
shown by the open and filled symbols, respectively.
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FIG. 1 (color online). Two combinationsv1 and v2 [see Eqs. (7)
and (8)] of strangeness fluctuations and baryon-strangeness cor-
relations that vanish identically if the sDoF are described by an
uncorrelated gas of hadrons. Also shown is the difference of
quadratic and quartic baryon number fluctuations !B

2 $ !B
4 . This

observable also vanishes identically when the baryon number
carrying degrees of freedom are described by an uncorrelated
gas of strange as well as nonstrange baryons. The shaded region
indicates the chiral crossover temperature Tc ¼ 154ð9Þ MeV [14].
The lines at low and high temperatures indicate the two limiting
scenarios when the DoF are described by an uncorrelated hadron
gas and a noninteracting massless quark gas, respectively. The
LQCD results for theN" ¼ 6 and 8 lattices are shown by the open
and filled symbols, respectively.
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