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Using the moments of the net-kaon distribution calculated within a state of-the-art hadron reso-

nance gas model compared to experimental data from STAR’s Beam Energy Scan, we find that

the extracted strange freeze-out temperature is incompatible with the light one extracted from

net-proton and net-charge fluctuations. Additionally predictions for net-Lambda fluctuations are

made that also appear to be consistent with a higher freeze-out temperature for strange particles.

This strangeness freeze-out temperature is roughly 10− 15 MeV higher than the corresponding

light freeze-out temperature. We also discuss cross-susceptibilities using different identified par-

ticles, which may be a further test of this two freeze-out temperature picture. Finally, we lay out

the necessary updates needed in relativistic hydrodynamic models to take into account for this two

freeze-out temperature scenario and present preliminary results of Λ spectra at RHIC for AuAu
√

sNN = 200 GeV collisions that indicate a higher freeze-out temperature is preferred.
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1. Introduction

Relativistic heavy ion collisions have been used to probe the phase transition from a Quark

Gluon Plasma into a hadron resonance gas for over 15 years now [1, 2, 3, 4]. While early estimates

for this phase transition initially assumed it was either first or second order [5, 6, 7, 8], state-of-the-

art Lattice Quantum Chromodynamic (QCD) calculations eventually proved that it was a cross-over

[9, 10, 11]. In a cross-over phase transition there is not a single critical temperature wherein the

phase transition occurs and all degrees of freedom switch between phases. Rather, in a cross-over it

is not possible to uniquely define (although in the case of QCD possibly many exist) characteristic

temperatures, Tc, and it depends on what potential order parameter you observe. Early Lattice QCD

calculations focused on the chiral condensate, Polyakov loop, and strangeness susceptibility [12]

and found a wide range in characteristic temperatures. More recent Lattice QCD calculations have

shown that there is approximately a 20 MeV different in the hadronization temperatures between

light and strange particles [13].

On the experimental side of things, there has long been a tension between light and strange

hadrons. After the Quark Gluon Plasma is created in the laboratory, it expands and cools eventually

reaching its hadronization temperature. At this point the hadrons are still strongly interacting for a

short period of time but quickly they reach thermal equilibrium [14, 15, 16, 17] and "freeze-out" at a

certain temperature and baryon chemical potential
{

T ch,µch
B

}

. At the point of freeze-out the ratios

of hadrons should be fixed such that one can make direct comparisons to a grancanonical ensemble

(a hadron resonance gas model is used) in order to extract
{

T ch,µch
B

}

[18, 19, 20, 21, 22]. While

these thermal fits have been quite successful there is still a large tension between the preferred

lower freeze-out temperature of protons and pions and the higher preferred temperature of strange

particles, which was dubbed the p/π puzzle [23]. A number of solutions were proposed such

as the inclusion of missing resonances [24, 25, 26] and finite state reactions [27, 28, 29, 30, 31,

32] wherein thermal equilibrium is never reached within the fireball. While missing resonances

have now been confirmed using Lattice QCD studies of partial pressures [33] the question of the

unresolved tension between light and strange freeze-out temperatures still remains.

Thermal fits only utilize the mean values of particle yields, however, it is well-established

in the community that event-by-event fluctuations occur that leads to fluctuations in conserved

charges. Experimentally, one can measure these fluctuations by reconstructing the distribution of

hadronic particles that serve as a proxy for a conserved charge. A good example of this is that net-

charge includes protons, pions, and kaons in order to reconstruct the moments of this distribution.

While heavier particles such as strange baryons certainly have a charge, they are produced signif-

icantly less due to their heavier mass so their contributions would be small. Baryon conservation

is determined using net-protons since we do not have the detector capabilities to determine neu-

tron yields (and theoretical calculations then take isospin randomization into account) and recent

results from STAR use net-kaons as a proxy for strangeness [34]. In [35] it was found that direct

comparisons between a hadron resonance gas model and net-Q and net-p can be used to determine

the freeze-out temperature of light hadrons. The temperature in [35] was a lower temperature than

that indicated from thermal fits. Lattice QCD has also made direct comparisons between suscepti-

bilities of the pressure to net-Q and net-p [36] and these results are consistent with those found in

[35]. In [37] a new technique was used to isolate the moments of the net-kaon distribution directly

1
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from Lattice QCD but these calculations have not yet been performed for all the beam energies at

RHIC.

In this talk based on [38] net-Kaon fluctuations were used to extract the strange freeze-out

temperature
{

T ch,µch
B

}

s
wherein we find that it is incompatible with the light freeze-out temper-

ature (roughly ∆T ∼ 10− 15 MeV at top RHIC energies. However, at lower beam energies signs

of a convergence in the freeze-out temperatures is displayed. We also show preliminary results for

exploring effects of the freeze-out temperature in hydrodynamics.

2. net-Kaon fluctuations

Within the hadron resonance gas model the pressure can be determined by summing over

quantum numbers of all known hadrons such that:

p(T,µB,µQ,µS)= ∑
i∈HRG

(−1)Bi+1 diT

(2π)3

∫

d3~p ln

[

1+(−1)Bi+1 exp(−(
√

~p2 +m2
i −BiµB −SiµS −QiµQ)/T )

]

.

(2.1)

Then one can take derivatives of the pressure in respect to a certain conserved charge, which are

known as susceptibilities. In this case we are only concerned about net-strangeness and specifically

that of net-Kaons so only charged kaons and resonances that decay into them are considered:

χnet−K
n = ∑

i∈HRG

(Pri→net−K)
n

T 3−(n−1)

S1−n
i di

4π2

∂ n−1

∂ µn−1
S

{

∫ 0.5

−0.5
dy

∫ 1.6

0.2
dpT ×

×
pT

√

p2
T +m2

i Cosh[y]

(−1)Bi+1 + exp((Cosh[y]
√

p2
T +m2

i − (BiµB +SiµS +QiµQ))/T )







. (2.2)

One can then make direct comparisons between the susceptibilities of pressure and experimental

moments of the net-Kaon distribution via: χK
1 /χK

2 = (M/σ2)K .

However, in order to extract both
{

T ch,µch
B

}

s
we require two observables since there are two

unknowns. Thus the results for (M/σ2)K are insufficient to do this. For the light sector previous

results were able to constrain
{

T ch,µch
B

}

l
using both net-p and net-Q. Here we exploit isentrope

trajectories.

In [35] the light freeze-out
{

T ch,µch
B

}

l
was used to determine isentrope trajectories [39] from

the taylor reconstructed Lattice QCD results at finite µB where the entropy to baryon number was

held constant i.e S/NB = const. While S/NB is not exactly conserved due to entropy production

from viscosity, since η/s and ζ/s are quite small and we are only considering here a small section

of the phase diagram we have estimated the effect to be extremely small (∼ 1%). Thus using both

the isentrope trajectories and the net-Kaon data we are able to extract
{

T ch,µch
B

}

s
.

In Fig. 1 the isentrope trajectories are used to calculate χK
1 /χK

2 and compare directly to STAR

data at each center of mass energy
√

sNN . The overlapping region between the two curves is the

allowable range in strange freeze-out temperatures. While at
√

sNN = 200 GeV the allowable

temperature range from these measurements reaches quite high, those highest temperatures are

unlikely due to their incompatibility with Lattice QCD strange particle hadronization temperature

estimates [13].
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Figure 5: Predictions made from PDG16+ for cross-cumulants using the light freeze-out temperature com-

pared to STAR data [43]. Taken with permission of the authors from Fig 6 in [43].

• Initial conditions with a strange and baryon number distribution

• Hadronization that considers charge conservation

A number of groups are currently working towards these goal. For instance, within the last few

months two papers have recently come out about the development of an equation of state with 3

conserved charges [44, 45]. In both cases only a small region in the cross-over transition is covered

due to the limitation in the number of calculated susceptibilities on the lattice. Unlike in the case

where an equation of state is constructed in just the {T,µB} plane where only a single critical point

may exist [46, 47], if one considers all 3 conserved charges it may be a critical line or even a plane.

Thus, reconstructing an equation of state with multiple conserved charges combined with criticality

is a significant challenge that still remains.

Additionally, it is unlikely that an equation of state that switches the strange particles to the

hadron gas phase at a higher temperature than light particles will be produced in the near future.

This would require new Lattice QCD results with just 2 flavors and we are not aware of a Lattice

QCD collaboration who is running these results at this time. But because of how well the hadron

resonance gas matches Lattice QCD results precisely in this regime, it is unlikely that significant

differences would be seen from the equation of state alone.

Conserved charges (both in terms of the number conservation and transport coefficients i.e.

baryon and strangeness diffusion) are currently be implemented into a number of relativistic hy-

drodynamics codes [48, 49, 50] and it is only a matter of time before this is widespread amongst
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Additionally, we detailed the necessary steps needed to accurately model the flavor hierarchy

dynamically within relativistic hydrodynamic models. As an exploratory study we tested two dif-

ferent strange switching temperatures in hydrodynamics for AuAu
√

sNN = 200 GeV at RHIC and

found that only T = 165 MeV was compatible with the spectra data whereas T = 150 MeV, which

has been previously shown to reproduce the light hadron spectra well [61]. While more systematic

studies are required in the future this proves to be a promising path to explore.
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