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Abstract. We present lattice QCD results for ratios of net-baryon number
cumulants along the pseudo-critical line and compare them with STAR mea-
surements from the RHIC BES-II program. The ratio of first and second order
cumulants, sz, agrees well with corresponding net-proton number cumulants
down to 4/syy = 11.5 GeV or baryon chemical potentials uz/T < 2. Like-
wise higher-order cumulant ratios, R%, and R%,, show no sign for the existence
of a critical point in the parameter range explored with these cumulant ratios.
A QCD critical point is unlikely to occur within the BES-II range in collider
mode. Moreover, the results demonstrate that a non-interacting HRG descrip-
tion breaks down for ug/T > 1. We further analyze baryon—strangeness corre-
lations normalized by strangeness fluctuations, finding consistency with STAR
data at large beam energies but deviations at lower energies. Comparisons of
electric-charge and strangeness correlations with STAR and ALICE data also
show agreement at high energies, while the deviations at lower energies em-
phasize the role of unobserved strange resonances and the need for controlled

feed-down corrections in baryon—strangeness correlations.

1 Introduction

In this proceeding contribution we present updated results on net-baryon number cumulants
and on correlations of baryon and strangeness number fluctuations, normalized by second-
order strangeness fluctuations, along the pseudo-critical line of (2+1)-flavor QCD. The cal-
culations are based on high-statistics data generated by the HotQCD collaboration, extending
up to eighth order in the Taylor expansion of the pressure. We compare our results with point-
like, non-interacting hadron resonance gas (HRG) model calculations as well as with Beam
Energy Scan (BES-II) data obtained by the STAR collaboration at RHIC in the United States.

In our comparisons to HRG model calculations, we use two resonance lists: PDG-HRG,
which includes only the 3- and 4-star states listed in the PDG booklet, and QMHRG2020 [1],
which additionally incorporates 1- and 2-star resonances from the PDG booklet, together with
further resonances predicted by quark model calculations. In the latter case, particular care
has been taken to avoid double counting of states.
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Throughout this proceeding, Tp.(up) denotes the pseudo-critical line as a function of
baryon chemical potential yp obtained from determinations of the maximum of the chiral
susceptibility; TS(. refers to the pseudo-critical temperature at vanishing chemical potentials.

2 QCD critical point constraints from the pseudo-critical line of
(2+1)-flavor QCD

The pressure of (2+1)-flavor QCD at finite baryon, electric charge, and strangeness chemical
potentials can be expressed in a Taylor expansion around fi = (ug, g, is) =

BQOS L
P Xijk i Aj oAk BOS 1 3 i+j+k InZ
— = b0 [ s L = — — 1
74 Z i Heots Xige = s o 6uQ P ()

i+ j+k=even

with iy = ux/T, for X = B, Q, S. Here the generalized susceptibilities ngs encode
fluctuations and correlations of conserved charges and are the basic observables that connect
lattice QCD calculations with heavy-ion experiments.

In heavy-ion collisions, constraints on the net charge densities ny/ng = 0.4 and vanishing
strangeness, ng = 0, fix the values of up and ps as functions of up [2]. The expansion of
cumulants and other thermodynamic observables thus effectively reduces to a one-parameter
series in fig. The pseudo-critical line can be parameterized as

Tpe(up) = Tp [1 = kafty + kafty + O@5)]. ©)

with Tg(, = (156.5 = 1.5) MeV, «k, = 0.012(4), and x4 = 0.000(4) for ng = 0 [3]. The
coeflicient x, has been shown to be only weakly quark mass dependent, i.e. k; = 0.015(1) for
vanishing light quark masses [4], while the chiral phase transition temperature drops by about
25 MeV. It has been found to be 79 = 132’:2 MeV [5]. If present at all, the QCD critical point
(cep) is expected to show up at temperature 7¢? < T? [4, 6, 7]. The chiral phase transition
temperature thus puts a bound on 7°? for the location of a possible CEP and as such also
gives a lower bound on ,uf;p . Assuming that the curvature of T,.(up) is well described by
Eq. 2 up to fip ~ 3.6, where T (i) would reach a temperature of about 132 MeV, one finds

TeP(up) < 13273 MeV, P > 47750 MeV. 3)

An even more stringent bound is obtained when assuming that a possibly existing tri-critical
point in the chiral limit does not occur for fip < 2. In that case one concludes that no critical
point can appear at physical values of the quark masses for 7 > 125 MeV and up < 510 MeV.
This suggests that if a critical point exists at all, it must lie at values of up beyond those
currently reached by BES-II in the collider mode. In the following sections we will show that
fluctuation observables, especially skewness and kurtosis, are consistent with this conclusion.

3 Net-baryon number fluctuations on the pseudo-critical line

In Fig. 1, we present the ratio of mean and variance of the net-baryon number distributions,
Rf = X /)(2, in (2+1)-flavor QCD as a function of yB/T along the pseudo-critical line
T,c(up). We find that R and the corresponding R / )(2 of net-proton number fluc-
tuations, taken from BES II STAR data [8], are consistent with each other down to beam
energies /syy =~ 11.5 GeV. At larger baryon chemical potentials, both RB and R? 1, exceed
unity, in clear disagreement with point-like, non-interacting HRG-model predlctlons which
gives sz <1and R’l’2 < 1 for any value of up. This indicates the presence of more compli-
cated baryonic interactions that are absent in a point-like, non-interacting HRG.
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Figure 1. Left The ratio R?Z obtained in QCD and HRG-model calculations as function ug/T
on the T.. Right: Skewness (R%)) and kurtosis (R%,) ratios as function of R%,. Also shown
are the corresponding STAR results for net-proton number fluctuations.

For higher-order cumulants, we find that QCD results for skewness ratio Rfl = )(f / )(lf ,
and kurtosis ratio, RY, = x% /x5, are consistent with STAR data down to /syy = 19.6 GeV
and +/syy = 27 GeV, respectively. In contrast, these ratios are unity in calculations with a
point-like, non-interacting HRG-model. While these ratios approach unity also in QCD at
low temperatures, they decrease by about 20-30% below unity already at T,?C. The point-like,
non-interacting HRG-model thus fails to describe these observables even up/T = 0. The
agreement of R¥, with STAR net-proton results down to /sy = 11.5 GeV, together with the
absence of any non-monotonicity in skewness and kurtosis ratios, provides further evidence
against a the existence of CEP in the (7, up) range probed in heavy ion collisions with beam
energies /syy > 11.5 GeV.

4 Baryon-strangeness nhumber correlations on the pseudo-critical
line

In Fig. 2 (left), we show the cumulant ratio x% /x5 , describing correlations of net-baryon and
net-strangeness numbers, leals , normalized by the second-order strangeness fluctuations )(g.
Results are shown along the pseudo-critical line T',.(1). In our previous publications, we
studied truncation effects on Taylor series for second-order conserved-charge cumulants and
concluded that our results are reliable for ug/T < 1.5 [9, 10]. In this range of ug/T, QCD
results agree well with STAR data only for +/syxy > 39 GeV, while significant deviations
appear for /syy < 27 GeV. We also find consistency between QCD and QMHRG2020 up
to ug/T = 2, while sizeable deviations from PDG-HRG results exist for all ug/T > 0. Since
QMHRG2020 includes many unobserved hadrons, this may point to the role of additional
strange hadrons when constructing this observable from experimental data. In Fig. 2 (right),
we present corresponding results for the ratio of electric charge—strangeness correlations,
¥ and xS,
11 2

@i T |, AR

X5 (T.a)  x5(T i) X5 (T, )
with ABSS = 0 for strangeness neutral, isospin symmetric matter (ns = 0,no/ng = 0.5).
For conditions relevant to heavy-ion collisions (ng = 0, ng/ng = 0.4), the deviation from
unity (AB2S > 0) is less than 0.5%. Accordingly, the comparison of xZ° /3 with STAR and
QCD data shows the same trends observed for x5 /x5 Fig. 2 also includes the ratio x&* /x3
obtained in [12] from strange particle yields measured by the ALICE Collaboration at the
LHC [13, 14]. The second-order cumulants Xg, Xff, and XinS were constructed from the
measured yields, with feed-down corrections from ¢-mesons and neutral kaons [12]. These
cumulants satisfy Eq. 4 up to uncertainties arising from feed-down contributions. As em-
phasized in [12], some decay channels contributing to Xfls are not known experimentally,
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Figure 2. Baryon—strangeness (left) and electric charge—strangeness (right) correlations nor-
malized by X; along T ,.(up) [10]. Lattice QCD results are compared with preliminary heavy
ion collision data from STAR presented at CPOD 2024 [11], and HRG model calculations
using the QMHRG?2020 list of hadrons. Also shown is a data point based on an analysis of
data obtained by the ALICE collaboration [12].

and feed-down from higher kaon resonances as well as additional strange hadrons is difficult
to control. Thus, a precise experimental determination of /\(ff will remain challenging until
these resonance contributions and their decay channels are better constrained.

5 Summary

We presented current constraints on the location of a possibly existing critical endpoint lat-
tice QCD at non-vanishing chemical potential arising from studies of the QCD chiral phase
transition temperature and discussed updated results for net-baryon number cumulants and
baryon—strangeness dorrelations dlong dhe dseudo-critical dine af 42+ 1)-flavor 4CD.
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