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Abstract. Relativistic heavy-ion collisions and the lattice QCD Monte-Carlo
simulations are important “experimental” tools for investigating the properties
of the medium described by QCD under extreme conditions. After briefly ex-
amining their characteristics, I pick up the study of the critical points in QCD
as an example of the research subjects that these two tools play complementary
roles and discuss recent topics that have been achieved with the use of each tool.

1 Introduction

Exploring strongly-interacting medium under extreme conditions is one of the main topics of
Quantum Chromodynamics (QCD) and hadron physics. The hadronic medium undergoes a
phase transition to a new form of matter called the quark-gluon plasma (QGP) or the quark
matter in which the quarks and gluons are liberated from the confinement into hadrons and
act as basic degrees of freedom of the system. This phase transition is expected to occur when
the temperature T or the baryon-number density ρ exceeds T � 150 MeV � 1.5 × 1012 K
or ρ � 1015 g/cm3 [1]. Understanding their properties is indispensable for various purposes,
such as investigations of the form of the matter in the early Universe and inside neutron stars.

Although these conditions are far from the environments around us, we have experimen-
tal tools to investigate these extreme conditions. Roughly speaking, they are classified into
two types. One is the relativistic heavy-ion collisions (HIC) that collide two heavy nuclei
accelerated up to almost the speed of light. These experiments have been performed and are
ongoing all over the world at the Large Hadron Collider (LHC), Relativistic Heavy Ion Col-
lider (RHIC), and etc. Other experiments are the first-principle numerical simulations based
on the lattice QCD, which are virtual experiments on supercomputers. Nowadays, numerical
simulations with physical quark masses and their extrapolations to the continuum limit are
possible for various observables. They thus are regarded as the “experimental” results. In the
following, we denote experiments in this category as the LAT.

For exploring the hot and dense medium, the complementary use of these two experiments
is highly effective, because the HIC and LAT have different characteristics, advantages and
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Table 1. Short summary of the charcteristics of the HIC and LAT.

HIC LAT
real virtual

dynamical thermal
µB � 0

possible difficult

disadvantages. Now, let us discuss their properties and pros/cons in some more detail using
Table 1 that shows a short summary.

First, needless to say, the HIC are real experiments, which is a clear advantage compared
with the LAT. On the other hand, the fact that the LAT are simulations can become their
unique advantage because the LAT can deal with experiments of the unphysical world, such
as QCD with unphysical quark masses; such a study sometimes gives us novel insights into
our world.

Second, the HIC produce highly-dynamical systems that expand rapidly after the creation.
To extract physical information on the hot medium that exists only in the early stage of this
expansion, therefore, a description of the whole dynamics of the space-time evolution is
inevitable. In contrast, the LAT perform simulations of completely equilibrium systems.
This allows the LAT to investigate thermal properties of the medium, such as the equation of
states [2], in an ideal environment. These results are used as useful inputs for the dynamical
modeling of the HIC. However, this fact can also be a disadvantage of the LAT, because it
is difficult for the LAT to deal with non-equilibrium systems. For example, the quantitative
analysis of the transport coefficients is still a challenging subject in the LAT, although they
are important observables in describing the dynamics of the HIC.

Finally, the HIC are capable of investigating various T and ρ, since these parameters can
be varied by changing the collision energy; for √sNN � 3 GeV, the baryon-number density
of the medium produced by the collisions monotonically increases by reducing √sNN . Series
of the HIC with various collision energies is called the beam-energy scan, and active exper-
imental activities are ongoing for exploring various regions on the T–ρ plane. For example,
these experiments are ongoing at RHIC, NA61/SHINE and HADES, and they will be carried
over to future experiments at FAIR and J-PARC-HI [3]. On the contrary, the conventional
algorithm of the LAT is applicable only for the system at zero baryon chemical potential
µB because of the so-called sign (complex-phase) problem. Therefore, investigation of the
system with large ρ is difficult in the LAT.

2 QCD Critical points

In the following part of this manuscript, as an example of the research subjects where the HIC
and LAT play useful roles in a complementary way, I would like to report on recent progress
in the analysis of the critical points in QCD. Since the same mathematical concept for the
probability distribution is used in these studies, their simultaneous explanation will also be
useful for the mutual understanding.

An end-point of the first-order transition line to crossover is called the critical point (CP).
The CP is a second-order transition point and singularities of various observables manifest
themselves there. In the QCD phase diagram on the T–µB plane, the existence of the first-
order transition line is expected at the large µB region as shown in Fig. 1. If this is the case,
the CP does exist and it is called the QCD CP. The experimental search for the CP is one of
the central subjects of the beam-energy scan in the HIC [5, 6].
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Figure 1. Conceptual phase diagram of QCD on the T–µB plane [4].

The appearance of CPs in QCD is not limited to the one shown in Fig. 1. Besides the
possible existence of other CP on the T–µB plane [7], CPs can appear with variations of the
quark masses and other external parameters. For example, whereas the phase transition of
QCD at µB = 0 is crossover at the physical quark masses, the phase transition becomes first
order in the massless three-flavor QCD and the heavy-mass limit. This means that CPs do
exist in the phase diagram of quark masses [8]. Their attractive feature is that they exist at
µB = 0, and hence their investigation in the LAT is feasible with the conventional method.
For this reason, these critical points have been actively investigated by the LAT over the past
several decades [8–11].

3 Cumulants

Since a CP is a second-order transition point, fluctuations of observables having a coupling
with the order parameter show a divergence. Fluctuations are described by the probability
distribution function, and the cumulants are useful quantities to denote its property [5]. In
this section, we give a brief review of the cumulants as an introduction to the later sections.

Let us consider a real variable x and its probability distribution function P(x). A set of
quantities to characterize P(x) is the moments

〈xn〉 =
∫

dxxnP(x) = ∂n
θ〈exθ〉|θ=0. (1)

Cumulants are another useful set of quantities to describe P(x) that are defined by

〈xn〉c = ∂n
θ ln〈exθ〉|θ=0. (2)

For lower orders, they are related to each other as

〈x〉c = 〈x〉, 〈x2〉c = 〈(δx)2〉, 〈x3〉c = 〈(δx)3〉, 〈x4〉c = 〈(δx)4〉 − 3〈(δx)2〉2, (3)

Compared with the moments, the cumulants have various useful properties [5]. For ex-
ample, cumulants in thermal systems are extensive variables, whereas the moments are not.
For the Gauss distribution, the cumulants at the third and higher orders vanish; therefore,
nonzero cumulants higher than the second order represent non-Gaussianity of P(x). The
third- and fourth-order cumulants are related to skewness S and kurtosis κ as

S =
〈x3〉c
〈x2〉3/2c

, κ =
〈x4〉c
〈x2〉2c

. (4)
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Figure 2. Ratio of the second-order cumulants of the baryon number and electric charge 〈N2
B〉c/〈N2

Q〉c
constructed from the experimental data by the STAR Collaboration at √sNN = 200 GeV and its com-
parison with the lattice results [21].

Also, for the Poisson distribution, all the cumulants are equivalent; 〈xn〉c = 〈x〉c.
In Sec. 5, we use the quantity called the (fourth-order) Binder cumulant B4, which is

defined by

B4 = κ + 3. (5)

For the Gauss distribution, one has B4 = 3.

4 Search for the QCD CP in the HIC

One of the most important subjects of the beam-energy scan in the HIC is the search for the
QCD CP on the T–µB plane. Fluctuations of particle numbers are observable by the event-by-
event analysis in the HIC, and it is believed that an enhancement of the fluctuations associated
with the QCD CP is observable in these experiments. Besides the enhancement of the second-
order cumulant, it is pointed out that yet higher order ones have more characteristic behavior
around the CP, and thus are clearer signals of the CP [12, 13]. Active experimental analyses
on the cumulants have been performed recently [14, 15].

Among the fluctuation observables, those of conserved charges have particularly useful
properties. First, the cumulants of conserved charges, such as the baryon number NB and
electric charge NQ, are well-defined and calculable unambiguously in QCD, whereas those of
non-conserved quantities are not [5]. This also means that the conserved-charge cumulants
are observable on the LAT [16, 17]. This allows one to make a direct comparison between
the LAT and HIC in terms of the conserved-charge cumulants. Another advantage of the
conserved-charge fluctuations is that their time evolution is typically slow, and hence the
fluctuations developed near the CP can survive until the final state [5, 18].

In the HIC, however, a direct measurement of the conserved-charge cumulants is difficult.
In particular, the measurement of the baryon number NB is problematic since typical detec-
tors in the HIC cannot observe neutrons that are charge neutral. For this reason, the proton
number cumulants are measured and compared with theoretical results on the baryon number
cumulants. As pointed out in Ref. [19], however, they are different quantities that should not
be compared directly. Similarly, imperfect efficiencies and acceptance of experimental de-
tectors affect the measurement. Although the effects of the former are usually corrected [20],
the latter’s effect has not been considered seriously in the literature.

To make a solid comparison between the LAT and HIC, in Ref. [21] we constructed the
ratio of the second-order cumulants of the baryon number and electric charge 〈N2

B〉c/〈N2
Q〉c
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Figure 3. Finite-size scaling analysis of the Binder cumulant B4 [11].

from the experimental data of STAR Collaboration for √sNN = 200 GeV [14] by correct-
ing the effect of the acceptance cut on the transverse momentum. The corrected result for
〈N2

B〉c/〈N2
Q〉c is shown in the left panel of Fig. 2 by the red circles [21]. By assuming that

the cumulant ratio reflects a single temperature, the result can be compared with the result
obtained on the LAT [17]. This comparison is made in Fig. 2, and it shows that the value of
T extracted from the comparison is T � 134 − 138 MeV. Although it is sometimes assumed
that the fluctuations observed in the HIC are generated at the chemical freezeout temperature
Tchem � 155 MeV, Fig. 2 shows that this assumption is not justified.

5 Study of QCD critical point in LAT

The direct analysis of the CP on the T–µB plane in the LAT is difficult due to the sign problem.
On the other hand, the CPs that appear with the variations of the quark masses at µB = 0 can
be investigated in detail with the conventional algorithms. For this reason, these CPs and
the phase structure on the quark-mass plane have been investigated in the LAT over the past
decades [8–11].

One of the conventional methods to study the critical point in numerical simulations is the
Binder cumulant analysis. In this method, one focuses on the fourth-order Binder cumulant
B4 defined in Eq. (5). On the transition line, this quantity behaves as

B4 = 1 (first order side), B4 = 3 (crossover side), (6)

in the thermodynamic limit. Therefore, the discontinuous change of the value of B4 can
be used for locating the critical point. However, on the finite volume the relation (6) is
violated and the discontinuity is smoothen. Even in this case, from the finite-size scaling
(FSS) argument it is known that B4 of the magnetic observable behaves as

B4(t) = b4 + c(t − tc)L1/ν + O((t − tc)2), (7)

where t is a parameter along the critical line and tc represents the location of the CP, L is
the spatial extent of the system, and b4 and ν are quantities having common values on a
universality class. In the Z2 universality class to which the QCD CPs belong, their values are

b4 � 1.604, ν � 0.63. (8)

In Ref. [11], the behavior of the Binder cumulant around the CP in the heavy-quark region
has been investigated in the LAT with large spatial volumes up to the aspect ratio LT = 12.
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To realize the simulations with these LT , the lattice spacing is fixed to a relatively coarse
value a = 1/(4T ) and the quark determinant is evaluated by the hopping parameter expansion
up to the next-to-leading order.

In Fig. 3, we show the result of the Binder cumulant of the Polyakov loop BΩ4 for various
values of LT as a function of λ ∼ κ4 with κ the hopping parameter [11]. These numerical
results are then fitted by an ansatz inspired by Eq. (7). When the results with large spatial
volume LT ≥ 9 are used for the fit, it gives b4 = 1.630(24) and ν = 0.614(48), which are
almost consistent with Eq. (8) within 1σ. The scaling of the Z2 universality class thus is
confirmed with high precision. We also found that the values of b4 and ν become inconsistent
with Eq. (8) when the results for smaller spatial volumes are included. This result shows that
the large spatial volumes are needed to apply the FSS analysis of the Binder cumulant.
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