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Is There a Flavor Hierarchy in the Deconfinement Transition of QCD?
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We present possible indications for flavor separation during the QCD crossover transition based on
continuum extrapolated lattice QCD calculations of higher order susceptibilities. We base our findings on
flavor-specific quantities in the light and strange quark sector. We propose a possible experimental
verification of our prediction, based on the measurement of higher order moments of identified particle
multiplicities. Since all our calculations are performed at zero baryochemical potential, these results are of
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particular relevance for the heavy-ion program at the LHC.
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It is expected that the Universe, only a few microseconds
after the big bang, underwent a transition in which matter
converted from a state of free quarks and gluons to a state of
color-neutral particles of finite mass, namely, the hadrons,
which populate the Universe today. This transition can be
reproduced in the laboratory, in relativistic heavy-ion colli-
sions currently taking place at the Large Hadron Collider
(LHC) at CERN and the Relativistic Heavy Ion Collider
(RHIC) facility at Brookhaven National Laboratory.

From the theoretical point of view, this transition can be
studied from first principles, by simulating QCD on a
discretized lattice. Results of such studies show that the
finite-temperature QCD transition is merely an analytic
crossover [1]. This means that during the cooling of the
Universe, the system transitioned from the phase domi-
nated by colored particles to the hadronic phase over an
extended period of time without the emission of latent heat.
Since no unambiguous temperature can be assigned to this
transition, the question arises whether hadrons of different
quark composition freeze out simultaneously or exhibit a
flavor hierarchy [2]. This question is relevant since the
reported strangeness enhancement at SPS (Super Proton
Synchrotron), RHIC, and LHC energies (in particular, in
the multistrange particle sector [3-5]) and the discovery of
hypernuclei formation at RHIC [6] suggest the possibility
of increased strange bound state production at the highest
available collision energies. Furthermore, recent measure-
ments in relativistic heavy-ion collisions at the LHC indi-
cate a separation of chemical freeze-out temperatures
between light and strange quark hadrons [7,8].

In the present Letter, we show a set of observables,
obtained by means of continuum-extrapolated lattice
QCD simulations with physical masses, which indicate a
flavor separation in the transition region of QCD. Such
quantities are based on flavor-specific fluctuations, as well
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as on correlations between different flavors or conserved
charges.

In a series of papers, the Wuppertal-Budapest
Collaboration used the tree-level improved Symanzik
gauge action and a staggered fermionic action with two-
level stout improvement (for a precise definition of the
action, see Ref. [9]). One of the advantageous features of
stout smearing is the improvement for the pion mass split-
ting, typical for staggered QCD simulations. In this Letter,
we focus on observables that are not sensitive to valence
pions and remove the pion mass splitting effect in the sea
by making a continuum extrapolation.

To carry out the continuum extrapolation at a given
temperature 7', we simulate for several N, values, or lattice
spacings, N, = 6, 8, 10, 12. At T, these temporal exten-
sions correspond to a = 0.22, 0.16, 0.13, and 0.11 fm
lattice spacings, respectively. In order to keep the same
physical content when we decrease a, the kaon decay
constant and the kaon mass were tuned to their physical
values, and we also used for the strange to light quark mass
ratio its physical value (m,/m,,; = 28) determined in
Ref. [10]. Lattice simulations are always carried out in a
finite volume. In our case, the relevant observables
(baryon, strange, and light quark number fluctuations) are
mostly carried by the kaons and protons in the hadronic
phase. Pions which are mostly sensitive to finite volume
effects do not carry a net light quark number. Therefore, we
expect that finite volume effects of the present analysis are
small and are hidden by the statistical errors.

Fluctuations of conserved charges can be expressed in a
grand canonical ensemble as the derivatives of the partition
function with respect to the conserved charge chemical
potential. In QCD, the net u, d, and s quark numbers are
conserved: we introduce u,, tt4, and i as the correspond-
ing chemical potentials. Fluctuations are then expressed in
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terms of derivatives of the pressure p of the equilibrated
system:

al+m+n(p/T4)
a(Mu/T)la(lU’d/T)ma(/-Ls/T)n .

Odd [/ + m + n combinations are sensitive to nonvanishing
chemical potentials, but since our main interest in this
Letter is the physics at LHC, we work with vanishing
chemical potentials. More precisely, we concentrate on
some quadratic and quartic fluctuations (thus, [/ + m +
n =2 or 4) and their ratios. Since these fluctuations are
directly related to conserved currents, no renormalization
ambiguity should appear.

Our focus is on w; and pg, which couple to the net light
flavor density and the strangeness density, respectively. To
study correlations with the flavor-mixed baryon number,
we also introduce the respective chemical potential wp:

Ximn = (1)
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The method for extracting the diagonal and off-diagonal
quark number susceptibilities as well as the second and
fourth order derivatives has been worked out in detail in
Refs. [11-14]. Besides the exact numerical approach used
in this Letter, other analytical approximations are emerging
such as improvement perturbation theory [15,16] or holo-
graphic methods [17].

Already, in 2006, the Wuppertal-Budapest Collaboration
showed that the characteristic temperature of the transition
in the strange sector (based on x?3) is about 20 MeV higher
than that for the light quark sector (based on the chiral
susceptibility [18] or x4 in Ref. [19]). In order to under-
stand these differences, we determined x3 and x5 with
unprecedented accuracy [11]. Figure 1 shows the contin-
uum extrapolated 7 dependence of the light quark x%(7)
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FIG. 1 (color online). Light and strange quark susceptibilities
in the continuum limit (plotted as blue circles and red squares,
respectively). The transition temperatures defined by the inflec-
tion points for x4 (150 MeV) and for x5 (165 MeV) differ by
=~ 15 MeV. A rescaling transformation is shown with bars.

and strange quark x3(7) susceptibilities normalized to the
Stefan Boltzmann limit (SB). One striking observation is
an approximate scaling relation between the T dependen-
cies of the light and strange quark susceptibilities, respec-
tively. A rescaling in T for one of these observables closely
reproduces the other one: x4 (Tx) = x5(T). The figure also
shows this rescaling relation, for which the rescaling factor
x = 1.11 is preferred. The most important message of this
relationship can be summarized as follows: independently
of a chosen characteristic point in the crossover region
(e.g., inflection point, halving point, or any other) and its
relation to some physically motivated definition of the
transition temperature, the similarity transformation
between the two curves leads to a quite precise prediction
for the difference between these transition temperatures of
light and strange quarks. We find that the characteristic
temperature defined, e.g., by the inflection point is
(x = 1)T. =15 MeV higher for the strange quark than
for the light quarks. (Here, T. is the characteristic tem-
perature for the transition in the light quark sector.)

A model-dependent but enlightening approach to locate
T, is to compare lattice data to the hadron resonance gas
(HRG) model prediction. For the data in Fig. 1, the highest
temperature of agreement with the HRG result is ambig-
uous and may depend on the number of resonances
included in the HRG partition sum. Therefore, we continue
our discussion with higher order fluctuations where the
HRG prediction is more robust, and the point where lattice
and HRG results start to deviate is also a characteristic
point of the data set.

A recent work [20] suggested two interesting suscepti-
bility combinations v; and v,, which vanish in the had-
ronic phase and become nonzero as soon as s quark degrees
of freedom start to be liberated in the system. We general-
ize these expressions to any flavor f:

f_ _Bf _ _Bf.
U = X1~ Xzt

1 B B B
v§=§(X§—XD+2X1§—4X2{+2X3{-

Based on these combinations, it was shown that strange
quarks start to be deconfined at 7 = 157 MeV. Here, we
compare, for the first time, such parameters for strange and
light quarks. We supplement this information with a third
combination:

B B
Wf=X13f_X11f~ 3)

This is more sensitive to the flavor content based on the
higher order of quark derivatives with respect to the baryon
derivatives: in particular, in the hadronic phase, it only
receives contributions from hadrons containing more than
one quark of flavor f. In the following, we consider f = u,
s, or L.

Figure 2 shows our continuum extrapolated results in
comparison to HRG calculations. Out of the three shown
observables, w shows the strongest flavor separation. In all
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FIG. 2 (color online).
and strange quarks in comparison to HRG calculations.

cases, a deviation from the HRG at a certain minimum
temperature can be considered as the onset of the liberation
of quarks of a given flavor. The advantage of the HRG
being strictly zero for the first two derivatives is balanced
by rather large error bars in the lattice results, whereas in
the case of w, the lattice calculation shows a clearly
identifiable characteristic peak at the temperature where
it starts to deviate from the HRG result. Notice that the

temperatures at which v{ and v{ deviate from the HRG
model are lower than the inflection points extracted from

/\/2‘ : this reflects the fact that the inflection point of Xé

defines the “steepest” point of the transition, while v"f

and v‘zf deviate from the HRG model as soon as the first
deconfined quark of flavor f appears. For observables that
are most sensitive to multistrange content, we see a pro-
nouncedly higher temperature of deviation from HRG than
for the analogous quantity in the light sector. The contri-
bution of multistrange hadrons is enhanced in a combina-
tion with higher (9/0 u,) derivatives, like x3 or w, whereas
v; and v, signal the liberated strangeness from all strange
hadrons equally.

‘We move now to more basic susceptibility combinations
which can, in principle, be measured in experiments. The

most attractive quantity to the purpose is /\Q{ / Xf , since the
ratio does not depend on the volume. Similar ratios have
been proposed to determine the chemical freeze-out tem-
perature independent of any statistical model assumptions
[21-23]. Its nonmonotonic behavior as a function of the
temperature has also been suggested as an indicator for the
deconfinement transition [24]. Figure 3 shows the T de-
pendence of y,4/ x, for light and strange quarks. By choos-
ing a susceptibility ratio measurement, the leading finite
volume effects will cancel out. Furthermore, the crossover
region requires an extended time for the system to reach
the purely hadronic phase, which is larger than the typical
characteristic time scale for strong interactions. Therefore,
we expect finite time effects to have little influence on the
proposed fluctuation measures. For the light quark suscep-
tibilities (and thus for observables related to net up + down
quark numbers), the pion contribution, which is notori-
ously difficult to calculate on the lattice, is absent by
definition. The figure shows two characteristic features:

180
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The continuum extrapolated temperature dependence of the vy, v,, and w susceptibility combinations for light

(a) each lattice calculation exhibits a kink (or peak) at a
particular temperature, and (b) this kink coincides with the
temperature at which the lattice curve starts to deviate from
the HRG result. Interestingly, the separation between the
kinks of the two flavors corresponds to the previously
mentioned = 15 MeV. In a scenario in which the highest
temperature where the HRG and lattice QCD agree is
indicating a ““deconfinement” or “liberation” temperature
for a particular flavor, Fig. 3 further supports the flavor
separation of the characteristic temperatures.

The presented lattice results show that these quantities,
if measured with high accuracy, are good thermometers.
The challenge is to unambiguously demonstrate such a
flavor hierarchy experimentally. The effect could manifest
itself to first order in the multiplicity distribution of iden-
tified particles. In case strange hadrons form at a higher
temperature than their light quark counterparts, their abun-
dance will be enhanced relative to a common low tempera-
ture freeze-out scenario. Therefore, the comparison of
measured yields to a statistical hadronization model ena-
bles one to determine chemical freeze-out temperatures
(Ty,) in a flavor-separated way. The first results from
ALICE indicate that the T, of strange hadrons is about
16 MeV higher than that of light hadrons (164 vs 148 MeV)
[7,8]. As in the case of the lattice parameters, this sensi-
tivity to the freeze-out temperature, extracted from a sta-
tistical hadronization fit, is most pronounced for the
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FIG. 3 (color online). The T dependence of the y,4/ x, ratio for
light and strange quarks in the continuum limit. The lattice data
are compared to HRG calculations.

202302-3



PRL 111, 202302 (2013)

PHYSICAL REVIEW LETTERS

week ending
15 NOVEMBER 2013

multistrange baryons. These temperature fits are model
dependent, though, and a direct comparison to tempera-
tures extracted from susceptibilities in lattice QCD
requires correction; e.g., it was suggested that final state
interactions between hadrons might modify the baryon
yields [25,26].

A more precise verification, less prone to alternate
explanations, can be obtained by using a higher order
moment analysis of particle identified yields, since those
moments can be directly related to the higher order sus-
ceptibilities on the lattice [21]. In particular, the product of
kurtosis and variance of the net multiplicity distributions
corresponds to the susceptibility ratio in Fig. 3. Even for
this analysis, though, the caveat is the exact relation
between the quark-based observable and the hadron-based
measurement. Specifically, one needs to determine how
many hadron species have to be measured in order to fully
capture the transition behavior of the respective quark
flavor. Preliminary studies show that taking into account
only the dominant mesonic states is not sufficient [27].
Baryonic states require significant acceptance and effi-
ciency corrections, though, even under the assumption of
statistical behavior of the higher moments of reconstructed
particles in the detector acceptance [28], but recent RHIC
results have shown that these corrections do not have a
large impact on the final results [29]. Therefore, we expect
that the suggested flavor separation on the lattice can be
experimentally verified for the freeze-out temperatures,
too. Once the experimental results are approaching a cer-
tain value with small errors, one can extend the studies in
Fig. 3 in this particular temperature region with more high
precision lattice data.

In conclusion, we have presented, for the first time, high
precision continuum extrapolated lattice calculations of
flavor-specific higher order susceptibility combinations at
zero baryochemical potential and high temperatures. We
have shown that flavor-dependent patterns emerge in the
crossover region of the QCD transition. The 7" dependence
of the examined observables hints at a flavor separation,
especially for quantities which are most sensitive to multi-
strange states. This flavor separation is an obvious conse-
quence of the mass difference between the light and
strange quarks. These subtle differences of about
15 MeV in the characteristic temperatures are only visible
thanks to the large accuracy of the latest lattice calcula-
tions. We have proposed an experimental program that
might allow an observation of a possible similar separation
in the freeze-out temperatures. One can look for these
effects at LHC, and potentially RHIC energies if the net
multiplicity distributions of identified particles in the rele-
vant quark sectors can be measured and efficiency cor-
rected to the same high accuracy as the lattice QCD
calculations.

This project was funded by DFG Grant No. SFB/TR55.
The work of R.B. is supported through DOE Grant

No. DE-FG02-07ER41521. C.R. received funds from the
Italian Ministry of Education (Firb Research Grant
No. RBFRO814TT). S.D.K. is funded by ERC Grants
No. (FP7/2007-2013)/ERC and No. 208740 and the
Lendiilet Program of the Hungarian Academy of
Sciences (LP2012-44/2012). These results we achieved
using the PRACE Research Infrastructure Resource
JUQUEEN at FZ-Jiilich, Germany. Computations were
also run on QPACE and the GPU Cluster at the
Wuppertal University.

[1]1 Y. Aoki, G. Endrddi, Z. Fodor, S.D. Katz, and K.K.
Szabd, Nature (London) 443, 675 (2006).

[2] C. Ratti, R. Bellwied, M. Cristoforetti, and M. Barbaro,
Phys. Rev. D 85, 014004 (2012).

[3] B. Hippolyte (ALICE Collaboration), Acta Phys. Pol. B
43, 645 (2012).

[4] C. Blume and C. Markert, Prog. Part. Nucl. Phys. 66, 8§34
(2011).

[5] G. Agakishiev et al. (STAR Collaboration), Phys. Rev.
Lett. 108, 072301 (2012).

[6] B.I. Abelev (STAR Collaboration), Science 328, 58
(2010).

[7] R. Preghenella (ALICE Collaboration), Acta Phys. Pol. B
43, 555 (2012).

[8] B. Abelev et al. (ALICE Collaboration), Phys. Rev. Lett.
109, 252301 (2012).

[9] Y. Aoki, Z. Fodor, S.D. Katz, and K. K. Szabo, J. High
Energy Phys. 01 (2006) 089.

[10] Y. Aoki, S. Borsanyi, S. Durr, Z. Fodor, S.D. Katz,
S. Krieg, and K.K. Szabo, J. High Energy Phys. 06
(2009) 088.

[11] S. Borsanyi, Z. Fodor, S.D. Katz, S. Krieg, C. Ratti, and
K. Szabo, J. High Energy Phys. 01 (2012) 138.

[12] S. Gottlieb, W. Liu, D. Toussaint, R. L. Renken, and R. L.
Sugar, Phys. Rev. Lett. 59, 2247 (1987).

[13] C. Allton, S. Ejiri, S. Hands, O. Kaczmarek, F. Karsch, E.
Laermann, Ch. Schmidt, and L. Scorzato, Phys. Rev. D 66,
074507 (2002); C. Allton, S. Ejiri, S. Hands, O.
Kaczmarek, F. Karsch, E. Laermann, and C. Schmidt,
Phys. Rev. D 68, 014507 (2003).

[14] A. Bazavov et al. (HotQCD Collaboration), Phys. Rev. D
86, 034509 (2012).

[15] J.O. Andersen, S. Mogliacci, N. Su, and A. Vuorinen,
Phys. Rev. D 87, 074003 (2013).

[16] N. Haque, M.G. Mustafa, and M. Strickland, J. High
Energy Phys. 07 (2013) 184.

[17] S. Shi and J. Liao, J. High Energy Phys. 06 (2013) 104.

[18] Y. Aoki, Z. Fodor, S.D. Katz, and K. K. Szabd, Phys. Lett.
B 643, 46 (2006).

[19] S. Borsanyi, Z. Fodor, C. Hoelbling, S.D. Katz, S. Krieg,

C. Ratti, and K.K. Szab6 (Wuppertal-Budapest
Collaboration), J. High Energy Phys. 09 (2010)
073.

[20] A. Bazavov et al, Phys. Rev. Lett. 111, 082301
(2013).

[21] F. Karsch, Central Eur. J. Phys. 10, 1234 (2012).

202302-4



PRL 111, 202302 (2013)

PHYSICAL REVIEW LETTERS

week ending
15 NOVEMBER 2013

[22] A. Bazavov et al, Phys. Rev. Lett. 109, 192302
(2012).

[23] S. Borsanyi, Z. Fodor, S.D.Katz, S. Krieg, C. Ratti, and
K. K. Szabd, Phys. Rev. Lett. 111, 062005 (2013).

[24] S. Ejiri, F. Karsch, and K. Redlich, Phys. Lett. B 633, 275
(2000).

[25] J. Steinheimer, J. Aichelin, and M. Bleicher, Phys. Rev.
Lett. 110, 042501 (2013).

[26] F. Becattini, M. Bleicher, T. Kollegger, T. Schuster, J.
Steinheimer, and R. Stock, Phys. Rev. Lett. 111, 082302
(2013).

[27] D. McDonald (STAR Collaboration), Nucl. Phys.
A904-905, 907¢ (2013).

[28] A. Bzdak and V. Koch, Phys. Rev. C 86, 044904
(2012).

[29] L. Adamczyk et al. (STAR Collaboration), arXiv:1309.5681.

202302-5



