Journal of Physics: Conference Series

OPEN ACCESS You may also like

. - Methods and progress in studying inelastic
QCD bulk thermodynamics and conserved charge b e oo anfaons
fluctuations with HISQ fermions

- Dielectric Barrier, Etch Stop, and Metal
Capping Materials for State of the Art and

. . ) - . . . beyond Metal Interconnects
To cite this article: Christian Schmidt and HotQCD and BNL-Bielefeld Collaborations 2013 J. Phys.: Sean W. King

Conf. Ser. 432 012013
- Diffraction of a model set with complex
windows
Michael Baake and Uwe Grimm

View the article online for updates and enhancements.

w The Electrochemical Society -
Advancing solid state & electrochemical science & technology

Vancouver, BC, Canada. May 29 - June 2, 2022

ECS Plenary Lecture featuring

» Prof. Jeff Dahn,
~ Dalhousie University

This content was downloaded from IP address 129.70.43.15 on 03/05/2022 at 14:32


https://doi.org/10.1088/1742-6596/432/1/012013
/article/10.1088/0953-4075/49/11/112002
/article/10.1088/0953-4075/49/11/112002
/article/10.1149/2.0051501jss
/article/10.1149/2.0051501jss
/article/10.1149/2.0051501jss
/article/10.1088/1742-6596/1458/1/012006
/article/10.1088/1742-6596/1458/1/012006
https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjstrbpzzMVzv82NESEr2rwhCmmGNGL8_fWo-Td9g5SPskhQL5LscaJCJxOmeQxt4cJpLxLIVjCn-9LjaRZA4SIwc3WBrijkVD0J8nmeNHlZBX8qNWMll-lnbJ_nQLnNlxSNFO57ijgMsxXl5S9fIJ1tPtA3vaV4FFuANNv5CFXq1_yM8VGDRPL3nRvT0AXdzU0mRLvRviAOGXu4Pd-Kf3HMKtCWhNAyEGZU9IcaI9gxBOB6728jQ2j_5oF-9n9VFEL7zrlvcMBPrtgBNhGURrMUt42aWe0yvo9A&sig=Cg0ArKJSzCwlFIXLFIqE&fbs_aeid=[gw_fbsaeid]&adurl=https://community.electrochem.org/eWeb/DynamicPage.aspx%3Fwebcode%3DEventInfo%26Reg_evt_key%3D798362dc-7e0c-42ba-aaf6-31c3418f151e%26RegPath%3DEventRegFees%26FreeEvent%3D0%26Event%3D241st%2520ECS%2520Meeting:%2520Vancouver,%2520BC,%2520Canada%26FundraisingEvent%3D0%26evt_guest_limit%3D9999

Extreme QCD 2012 (xQCD) IOP Publishing
Journal of Physics: Conference Series 432 (2013) 012013 doi:10.1088/1742-6596/432/1/012013

QCD bulk thermodynamics and conserved charge
fluctuations with HISQ fermions

Christian Schmidt (for HotQCD! and BNL-Bielefeld?> Collaborations)
Fakultat fir Physik, Universitat Bielefeld, Postfach 100131, D-33501 Bielefeld, Germany

E-mail: schmidt@physik.uni-bielefeld.de

Abstract. After briefly reviewing recent progress by the HotQCD collaboration in studying
the 241 flavor QCD equation of state, we will focus on results on fluctuations of conserved
charges by the BNL-Bielefeld and HotQCD collaborations. Higher order cumulants of the net-
charge distributions are increasingly dominated by a universal scaling behavior, which arises
due to a critical point of QCD in the chiral limit. Considering cumulants up to the 6"
order, we observe that they generically behave as expected from universal scaling laws, which
is quite different from cumulants calculated within the hadron resonance gas model. Taking
ratios of these cumulants, we obtain volume independent results that can be compared to the
experimental measurements. We will argue that the freeze-out chemical potentials and the
freeze-out temperature, usually obtained by a HRG model fit to the measured hadronic yields,
can also be obtained in a model independent way from ab-initio lattice QCD calculations
by utilizing observables related to conserved charge fluctuations. Further, we will show that
the freeze-out strangeness and electric charge chemical potentials can be fixed by imposing
strangeness neutrality and isospin asymmetry constraints in the lattice QCD calculations, in
order to accommodate conditions met in heavy ion collisions. All results have been obtained
with the highly improved staggered quark action (HISQ) and almost physical quark masses on
lattices with temporal extent of N, = 6,8, 10, 12.

1. Introduction

Calculating the phase diagram of strongly interacting matter is one of the most important and
outstanding problems of non-perturbative QCD. A generic plot of the QCD phase diagram based
on model calculations and model independent symmetry arguments is shown in Fig.1. To clarify
whether or not there is a critical point in the phase diagram is relevant for cosmology, astro
physics and heavy ion collisions. Currently various experimental programs aim at probing the
phase diagram at nonzero baryon number density, such as the beam energy scan at RHIC, NA61
at the SPS as well as future experiments at FAIR and NICA. In Fig.1 we have indicated the
approximate initial conditions of the fireballs as they are created in some of those experiments.
Also shown is a sketch of the trajectories on which the fireball evolves in the temperature (7") and
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Figure 1. Generic phase diagram of QCD, based on model calculations and model independent
symmetry arguments. Also indicated are the approximate initial conditions of the fireballs that
are created in heavy ion experiments as well as their hydrodynamic trajectories on which they
evolve, until they reach chemical freeze-out.

baryon chemical potential (1) plane, during its expansion and cooling. It has been shown that
this evolution can be very well described by hydrodynamics, with a surprisingly low viscosity
[1]. While the initial conditions have to be modeled [2], the hydrodynamic evolution relies,
at least up to first order, on the QCD equation of state (EoS) and two additional transport
coefficients. The EoS can be obtained by first principle lattice calculations and we report on
recent strategies of the HotQCD collaboration to calculate the EoS with the highly improved
staggered quark (HISQ) action. Note that due to the notorious sign problem lattice QCD
calculations are currently restricted to zero baryon chemical potential. However, the effect of a
nonzero chemical potential can be taken into account by a controlled Taylor expansion in ug/T
3, 4].

We continue with a discussion of fluctuations of conserved charges such as net baryon number,
electric charge and strangeness. As one expects a critical point in the phase diagram at nonzero
density, fluctuation observables are the most natural choice to detect critical behavior in QCD.
Their divergent behavior can give insight in the structure of the phase diagram and has been
proposed as a signal for the critical point [5]. Moreover, as we argue here, they can be used
to extract the chemical freeze-out conditions as observed in heavy ion collisions [6, 7]. After
hadronization of the fireball, we expect a strongly interacting gas of hadrons with a fluctuating
chemical decomposition. However, from a given point on the trajectory, the particle abundances
stay fixed. This point is called chemical freeze-out. The coordinates of this point in the (7', up)-
diagram are usually obtained by fitting the experimentally measured particle abundances to the
hadron resonance gas (HRG) model. Those fits have been quite successful in the past [8]. It has
been shown that the freeze-out parameters that are obtained by HRG model fits from various
experiments at different collision energies fall on a unique curve that can be parametrized as a
function of the center of mass energy (\/snn) [9].

2. The highly improved staggered quark (HISQ) action

Lattice QCD simulations utilize a discretized version of the QCD action, which at non-zero
values of the lattice spacing is not uniquely defined. In fact, many lattice actions exist, which
differ in the way they handle fermion doublers, to what extent the chiral symmetry is preserved
and also in the amount of discretization effects they possess. A widely used class of lattice actions
is given by various improved versions of so called staggered actions. They are numerically cheap
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and preserve a U(1) subgroup of the SU(Ny)r x SU(Nyf)g chiral symmetry that is manifest
in the QCD Lagrangian at zero quark masses. Results that are presented here have been
obtained with the HISQ action [10], that strongly reduces lattice discretization effects over the
naive staggered action in two perspectives. Firstly, the discretization effects stemming from
the covariant derivative term are improved by incorporating in addition to the usual nearest
neighbor discretization of the derivative a higher order three-link term (Naik-term). This term
dramatically reduces discretization effects at high temperature. Secondly, the flavor (taste)
symmetry breaking, which is inherent to staggered quark actions, is reduced by a two step
smearing procedure, where the smeared links are projected back to the gauge group SU(3)
after the first step. The taste breaking results in an unphysical splitting of the pion spectrum at
given lattice spacing, which then leads to an averaged pion mass (root-mean-square mass m?MS).
Although the lightest pion mass (Goldstone pion) is kept fixed through out our simulations at
different lattice spacings the m®MS varies. It can be seen as a measure of the taste breaking
effects and is shown in Fig. 2 (left). As one can see, among the three compared staggered actions
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Figure 2. Root-mean-square mass of the pion spectrum as function of the lattice spacing (a) for
the HISQ/tree, stout and asqtad action (left). Arrows indicate the lattice spacings corresponding
to our N; = 12,8 and 6 lattices (from left to right) at 7' = 200 MeV. The right panel shows the
temperature ambiguity as obtained from two different scales for N; = 12,8 and 6 lattices.

the HISQ action performs best. The improvement of the taste breaking is most important at
low and intermediate temperatures and, as discused in Sec. 4.3, drastically modifies the electric
charge fluctuations in the hadron gas phase.

The results that are presented here have been obtained with (2+1)-flavor of HISQ fermions,
with a strange quark mass (ms) that was tuned to its physical value and light quark masses that
are fixed by the quark mass ratio m;/ms = 1/20. This is slightly heavier than the physical value
my/ms =~ 1/27. We calculate on lattices with temporal extent of N, = 6,8,10,12 and spacial
extent N, = 4N,. For the T = 0 calculations needed to renormalize the EoS calculations, we
use N, > N,. The temperature scale was set by two independent experimentally accessible
quantities, the Sommer scale [11] (1) and the Kaon decay constant (fx). The ambiguity in the
temperature obtained by those two quantities at finite N, is shown in Fig. 2 (right).

3. Status of the EoS calculation

The quantity most convenient to calculate on the lattice is the trace anomaly in units of the
fourth power of the temperature ©””/T*. This is given by the derivative of p/T* with respect
to the temperature, i.e.

o (T) e—3p_T8

T4 T4 ﬁ(p/T4)' (1)
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Since the pressure is given by the logarithm of the partition function, p/T = V~'InZ, the
calculation of the trace anomaly requires only the evaluation of straightforward expectation
values. Note, however, that we have to subtract the corresponding 7' = 0 result in order to
remove the UV divergencies, i.e., for each parameter set of couplings and masses we have to
perform an additional 7" = 0 calculation, which makes the EoS determination numerically very
demanding. All further thermodynamic quantities can be deduced from the trace anomaly, e.g.
the pressure is obtained as

p(T) p(Ty) _ /T a 270 (2)

™ T T T7°

In Fig. 3 we show our current status of the ©¥(T)/T* calculations from N, = 6,8,10 and 12
lattices [12]. Also shown is a continuum estimate, obtained with a different staggered type action,
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Figure 3. Comparison of the HISQ interaction measure on N, = 6,8,10 and 12 lattices with
the stout continuum estimate [13] (left). The HISQ interaction measure at low (middle) and
high (right) temperatures. Solid lines in the middle panel indicate HRG results, dashed and
solid lines in the right panel show 1-loop and 2-loop perturbative results, respectively.

the stout action, taken from Ref. [13]. As one can see, results obtained with the two actions
currently are not in agreement in the temperature region 180 < 7" < 300 MeV. The discrepancies
are most pronounced at T' ~ 200 MeV, where the trace anomaly has its maximum. Note, that
the HISQ data is not yet extrapolated to the continuum, which may reduce or eliminate the
discrepancy. It is, however, obvious that for the pressure that is obtained by the integral in
Eq. (2), we encounter differences of (10-15)% for T' 2 300 MeV between the present HISQ data
at N; = 12 and the stout continuum estimate [13].

The middle panel in Fig. 3 shows the low temperature region of the interaction measure.
The solid lines indicate corresponding HRG results, where from top to bottom the pion mass
was set to its physical value and to the root-mean-square mass mEMS corresponding to our
N, =12,10,8 and 6 lattices. As one can see, the trace anomaly calculated in the HRG model is
not very sensitive to the pion mass already at temperatures above 130 MeV. Furthermore, one
sees that the lattice data approach the HRG model at T' ~ 150 — 160 MeV.

Fig. 3 (right) shows the trace anomaly obtained with the HISQ and stout actions in the high
temperature regime. Also shown here are the perturbative results at 1-loop and 2-loop order,
indicated by the dashed and solid lines, respectively. We find good agreement with the lattice
data already above T' = 300 MeV.

4. Conserved charge fluctuations

We will now continue with the discussion of fluctuations of conserved charges, which can be
measured in experiments and calculated on the lattice. They are well suited to studying critical
behavior but can also be used to determine freeze-out conditions.
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4.1. Cumulants of conserved charge fluctuations

On the lattice we calculate derivatives of the partition function with respect to baryon (B),
electric charge (@) and strangeness (S) chemical potentials, which are also known as generalized
susceptibilities and are defined as

with ix = px /T and X = B, @, S. The lattice studies are performed at ux = 0 and sufficiently
close to the thermodynamic limit. The generalized susceptibilities are intensive quantities. They
can also be interpreted as Taylor expansion coefficients of In Z and, furthermore, be related to
the cumulants of the fluctuations of the net charges (Nx), which are measured in heavy ion
collisions. F.g., for the diagonal fluctuations one obtains

(VT®) x5 = <(5Nx)2>, (4)
(7)o = {(6Nn)") —3(6Nx)?) o)
(1) 3 = ((6Nx)®) 15 ((6Nx)") ((6Nx)?) +30 ((6Nx)?) . (6)

with 0Nx = Nx —(Nx). In Fig. 4 (left and middle) we show our current results for the diagonal
fluctuations of net baryon number and electric charge, obtained with the HISQ action on lattices
with temporal extent of N, = 6 and 8.
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Figure 4. Cumulants of net baryon number fluctuations (left) and net electric charge
fluctuations (middle) up to the sixth order; quadratic cumulant of strangeness, baryon number
and electric charge normalized by the HRG results (right). Different symbols denote different
lattice spacings: N, = 6 (triangles), 8 (circles) and 12 (squares). Solid lines on the right panel
indicate spline fits to the data. For the electric charge fluctuations additional solid lines indicate
HRG results with a modified pion mass (see text for explanation). The vertical bar indicates
the QCD transition temperature as obtained in [17].

4.2. O(4) critical behavior
In the chiral limit of QCD with two massless quarks the transition from the hadronic world
to the quark gluon plasma is presumably of second order (see Fig. 1). At vanishing chemical
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potential the critical point is expected to be in the universality class of the three dimensional
O(4) symmetric spin model and is expected to persist even in the presence of a physical strange
quark mass. It is illuminating to perform a universal scaling analysis that is connected with the
critical point in the chiral limit. As a finite chemical potential does not alter chiral symmetry
breaking, it enters to leading order only in the temperature like scaling field ¢, defined as

t=1ty" (T —To)/To + kpfil + Ksiis + kpsiipfis) - (7)

Here tg, Ty, kB, ks, ks are non-universal normalization constants. It is easy to see that at
uwx = 0 the contribution from the singular part of the partition functions to the generalized
susceptibilities follows the pattern [14],

X;% ~ |t|2—n—o¢’ (8)

where « is the critical exponent of the specific heat, which is small and negative. The fourth
order cumulants will thus develop a cusp in the chiral limit, whereas the sixth order cumulants
are divergent with amplitudes that have different signs below and above T,.. The lattice data
is qualitatively consistent with that picture as can be seen in Fig. 4 (left and middle). A
more detailed scaling analysis using a recent parametrization of the O(4)-scaling function of the
specific heat [15] is work in progress. It will allow to obtain various non-universal normalization
constants that map QCD to the universal O(4)-symmetric theory such as Ty, to, ho, kx, Kxy -
Some of them are of immediate interest, such as the transition temperature in the chiral limit Ty
or the curvature kx that characterizes the change of the transition temperature in the direction
of the chemical potential pux. Recently the HotQCD Collaboration and the BNL-Bielefeld
Collaboration performed a scaling analysis of the chiral condensate, the chiral susceptibility
[16, 17] as well as a mixed susceptibility [18]. That also determined the normalization constant

z0 = h(l)/ po /to, where 3 and § are critical exponents, which fixes the quark mass dependence of
the QCD transition (at pux = 0). This was used by HotQCD in order to determine the crossover
temperature T, = 154(9) MeV [17] at physical quark masses.

4.8. Comparison with the Hadron Resonance Gas

Below the QCD transition temperature we can compare our lattice results with the statistical
Hadron Resonance Gas (HRG) model, which describes the hadronization process in heavy ion
collisions quite successfully [8]. For the second order cumulants of baryon number, electric charge
and strangeness fluctuations this comparison is performed in Fig. 4 (right) [19]. Here we plot
the lattice data normalized by the corresponding HRG results. Light blue bands indicate the
continuum extrapolations based on lattices with temporal extent N = 6,8, 12. We find that the
continuum extrapolations of X? and X2Q approach the HRG from below and are in agreement with
the HRG at temperatures up to 7' ~ (150 — 160) MeV. The strangeness fluctuations, however,
seem to overshoot the HRG and eventually approach the HRG at lower temperatures from above.
Note that for the electric charge fluctuations additional solid lines at low temperature indicate
HRG results with a modified pion mass. We have chosen the pion masses such that they agree
with the averaged pion mass (root-mean-square mass mf}MS) of the pion spectrum on the lattice
at given N,. In general, we find that the modified HRG provides a good approximation to the
electric charge fluctuations below 7.

A comparison of the HRG with higher order cumulants is at present not very meaningful as
we do not have a continuum result yet. Moreover, for the electric charge fluctuations, which can
in principle be immediately compared to the experimental results, the distorted pion spectrum
on the lattice becomes increasingly problematic, as the higher order cumulants are increasingly

sensitive to an increased mPMS, One thus has to use even finer lattice spacings such as N, = 16

in order to control this systematic effect. In fact, we find that the HRG results for X? with a
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Figure 5. The leading and next-to-leading order expansion coefficients of the strangeness (left)
and the negative of the electric charge chemical potentials (middle) versus temperature for
r = 0.4. For s; and ¢; the LO-bands show results for the continuum extrapolation. For s3
and g3 we give an estimate for continuum results (NLO bands) based on spline interpolations
of the N, = 8 data. Dashed lines at low temperature are from the HRG model and at high
temperature from a massless, 3-flavor quark gas. The right hand panel shows NLO results for
ps/mp and pg/pp as function of pp for three values of the temperature.

pion mass corresponding to the mPMS of our N, = 6 and 8 lattices are indistinguishable from

that of a HRG with an infinitely heavy pion mass.

4.4. Determination of freeze-out conditions

In oder to compare the lattice QCD results with experimentally measured fluctuations one has
to eliminate the unknown fireball volume by taking ratios of cumulants. We have recently
proposed a detailed method to extract the remaining freeze-out parameters, i.e. the freeze-out
temperature (7) and the freeze-out chemical potential (,u,g), from a comparison of lattice and
experimental results of ratios of cumulants of the electric charge fluctuations [6, 7]. In order to
resemble the conditions met in heavy ion conditions we fix the strangeness and electric charge
chemical potentials by demanding net strangeness neutrality and the correct iso-spin asymmetry:

(Ns) =0, (Ng) =1 (Ns)- (9)

Here r is a constant. We choose r = 0.4, which approximates well the situation met in Au-Au
and Pb-Pb collisions. We fulfill the conditions given in Eq. 9 by expanding the net densities as
well as the chemical potentials fis and fig in terms of fig. We then solve order by order for the
expansion coefficients of the chemical potentials. In next-to-leading order (NLO) we obtain

fis = s1(T)fup + s3(T) i + O(fip), o = qi(T)ip + g3(T)ii + O(iiy), (10)

where the results for s1(T"), s3(T), ¢1(T"), q3(T) can easily be expressed in terms of the generalized
susceptibilities Xf;gs. In Fig. 5 (left and middle) we show those expansion coefficients. The
upper panel shows the leading order (LO), whereas the lower panels show the ratio NLO to LO
coefficients. The band in the upper panels indicates the continuum extrapolation based on the
N; = 6,8 and 12 data, the band in the lower panels is a continuum estimate based on N, = 6
and 8 data. We find that the NLO contributions are negligible in the high temperature region
and below 10% in the temperature interval relevant for the analysis of freeze-out conditions, i.e.,
T =~ (160 + 10) MeV. In fact, in this temperature range the leading order lattice QCD results
deviate from HRG model calculations expanded to the same order by less than 15%. Note that
one can also investigate the convergence properties of the HRG model itself. In the HRG model
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Figure 6. The left panel shows LO (top) and NLO (bottom) expansion coefficients of RIQ2
for for r = 0.4. The bands and lines are as in Fig. 5(left).On the middle panel we plot RIQ2
versus pp/T, including the NLO contribution, for three values of the temperature. R??l versus
temperature is shown on the right panel for up = 0. The wider band on the data set for N, = 8
shows an estimate of the magnitude of NLO corrections.

the NLO expansion reproduces the full HRG result for fig and fig to better than 1.0% for all
values of ip < 1.3. Altogether, we thus expect that the NLO truncated QCD expansion is a
good approximation to the complete QCD results for fig and jig for up S 200 MeV.

Our results for the strangeness and electric charge chemical potentials at NLO as function of
pup and T are shown in Fig. 5 (right). While ug/up varies between 0.2 and 0.3 in the interval
150 MeV < T < 170 MeV, the absolute value of pug/pup is an order of magnitude smaller. Both
ratios are almost constant for ug < 200 MeV, which is consistent with HRG model calculations.

We do now consider ratios of cumulants R;Y, = x:X /x.X, which to a large extent eliminate the
dependence of cumulants on the freeze-out volume. After fixing pug and pg by the constraints
given in Eq. 9, they only depend on pup and T'. Ratios with n+m even are non-zero for up = 0,
while the odd-even ratios are in leading order proportional pup and thus vanish for up = 0.
Ratios with n + m even or odd thus provide complementary information on T/ and ué. The
simplest of those ratios are given by

Mx  x¥ . X1 X3 - .
Ry = 7 = 7; =B (Ru’ + Ry, i+ O(M%)) ) (11)
Ox X2
RX — SXO'%( —_ ﬁ — RX70 + RX,2 /362 + O(ﬂ4) (12)
3L — My X{( 31 31 MB B) -

Here we expressed the cumulant ratios also in terms of the mean value (Mx ), the variance (ox)
and the skewness (Sx), which characterize the shape of the distribution of X. These ratios can
be calculated in QCD as well as in the HRG model [14], and eventually can be compared to
experimental data in order to determine T and ,ué . Here we have evaluated them up to the
NLO contribution O(ji%) in the Taylor expansion of R;5 and to LO for R3j. For the discussion of

results presented below, we concentrate on net electric charge fluctuations, i.e. on R% and R?C?l.
While net baryon number fluctuations are experimentally accessible only through measurements
of net proton number fluctuations, which may cause some difficulties [21, 22|, electric charge
fluctuations may be easier to analyze. They are thus better suited for a comparison with the
experimental data.

In Fig. 6 (left) we show our results on the LO and NLO expansion coefficients of R%. The
bands on the lower and upper panel have the same meaning as in Fig. 5 (left). We find that

the NLO corrections to R% are below 10%, which makes the LO result a good approximation
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for a large range of jip. Systematic errors arising from the truncation of the Taylor series for
R12 at NLO may again be estimated by comparing the full result in the HRG model calculation
with the corresponding truncated results. Here we find for 7' = (160 &+ 10) MeV and jip < 1.3
that the difference is less than 1.0%. Moreover, we estimated that taste violation effects in the
NLO calculation lead to systematic errors that are at most 5% and thus will be negligible in
R12 . Taylor series truncated at NLO are thus expected to give a good approximation to the
full result for a wide range of baryon chemical potentials.

In Fig. 6 (middle) we show the full up and T dependence of R12’ including the NLO

contribution. Obviously the ratio R12 shows a strong sensitivity on pup but varies little with
T in the temperature range T = (160 £ 10) MeV. For the determination of (77, ug) a second,

complimentary information is needed. To this end we use the ratio R?l, which is strongly
dependent on T" but receives corrections only at C’)(/EQB). The leading order result for this ratio is
shown in Fig. 6 (right). Apparently this ratio shows a characteristic temperature dependence for
T 2 155 MeV that is quite different from that of HRG model calculations. The NLO correction
to thls ratio vanishes in the high temperature limit and at low 7" the HRG model also suggests
small corrections. In fact, in the HRG model the LO contributions to R31 differ by less than 2%
from the exact results on the freeze-out curve for ug < 200 MeV. The broader band in Fig. 6
(right) indicates an estimate of the NLO contribution at jip = 1 from our N, = 8 calculations.

We now are in the position to extract ,ué and T from R% and RBQ1 which eventually will

be measured in the beam energy scan at RHIC [23]. A large value for R31, i.e. Rgl ~ 2 would
suggest a low freeze-out temperature T < 155 MeV, while a value R31 ~ 1 would suggest a
large freeze-out temperature, T~ 170 MeV. A value of R3Q1 ~ 1.5 would correspond to T" ~ 160

MeV. A measurement of R??l thus suffices to determine the freeze-out temperature. In the HRG
model parametrization of the freeze-out curve [9] the favorite value for 77 in the beam energy
range 200 GeV > /syny > 39 GeV indeed varies by less than 2 MeV and is about 165 MeV.
At this temperature the values for R??l calculated in the HRG model and in QCD differ quite a
bit, as is obvious from Fig. 6 (right). While R?l ~ 2 in the HRG model, one finds RSQ1 ~ 1.2 1in
QCD at T' = 165 MeV. Values close to the HRG value are compatible with QCD calculations
only for T' < 157 MeV. We thus expect to either find freeze-out temperatures that are about 5%
below HRG model results or values for R?l that are significantly smaller than the HRG value.
A measurement of this cumulant ratio at RHIC thus will allow to determine 77 and probe the
consistency with HRG model predictions.

For any of these temperature values a comparison of an experimental value for R12 with

Fig.6 (middle) will allow to determine M{a" To be specific, at T = 160 MeV we expect to

find g, = (20 — 30) MeV, if RS, lies in the range 0.012 — 0.020, uf = (50 — 70) MeV for
0.032 < R% < 0.045 and ué = (80 — 120) MeV for 0.05 < R% < 0.08. These parameter ranges
are expected [9] to cover the regions relevant for RHIC beam energies \/syny = 200 GeV, 62.4

GeV and 39 GeV, respectively. As is evident from Fig. 6 (middle) the values for ué will shift to
smaller (larger) values when T/ turns out to be larger (smaller) than 160 MeV. A more refined
analysis of (77, ,uB) will become possible, once the ratios R% and R3Q1 have been measured
experimentally.

5. Summary

We have reviewed the current status of our equation of state calculations with the HISQ action,
based on lattices of temporal extension N, = 6,8, 10,12. Recent results for the trace anomaly
indicate a discrepancy of roughly 20% in the peak region (7" ~ 200 MeV) between HotQCD [12]
and the Budapest-Wuppertal results [13]. However, final conclusions can only be drawn after
the continuum extrapolation of our data, which we will attempt as soon as the N, = 10 and
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12 data have reached higher statistical significance. We have further discussed fluctuations of
conserved charges. We have shown that higher order cumulants of conserved charge fluctuations
become more and more sensitive to critical behavior. For the second order fluctuations we
have explicitly discussed their approach to the HRG in the low temperature region. Finally, we
proposed a method to extract freeze-out parameters, i.e. the freeze-out temperature (77) and

the freeze-out chemical potential (ug), from a comparison of lattice and experimental results
of ratios of cumulants of the electric charge fluctuations [6, 7]. At nonzero baryon density the
method is based on a next to leading order (NLO) Taylor expansion of two different ratios. In
general we find that the NLO contributions are below 10% in the up/T range relevant for BES
at RHIC down to collision energies of \/syn 2 20 GeV.
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