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1. Introduction: How can lattice QCD contribute Experimenta at Finite density
QCD ?

Lattice QCD simulations are a non-perturbative study based on the first principle. There have
been remarkable progresses in numerical simulations in these twenty years. On the other hand,
heavy ion collision experiments have been exploring QCD matter at finite temperature and density.

In rellativistic heavy ion collision experiments, an equilibriated state is expected to appear
with the chemical potential µ and the tempearture, T , and we may find a rich QCD phase structure
[1]. The state is described by the grand canonical partition function,

Z(µ,T,V ) = Tre−(H−µN̂)/T . (1.1)

Higher moments are calculated as

χn ≡
(

T
∂

∂ µ

)n

logZ (1.2)

The parameters, µ and T are changing as the incident energy varies. N is a conserved charge, such
as the baryon number, the electro-magnetic charge or the strengeness.

The lattice QCD simulation can evaluate Eq.(1.2), i.e., 〈N〉 (for n = 1) and its derivatives.
Therefore, the number is a point of the contact of the experiment and the lattice QCD.

2. Canonical approach

For many years, the sign problem was an obstaclt for the lattice QCD to study finite densty
states. In the path-integral,

Z =
∫

DU detD(µ)|e−SG . (2.1)

the fermion determinant, detD(µ) becomes complex for the finite density, i.e., µ ̸= 0.
In order to avoid the sign problem, the canonical approach was proposed[2]. The grand parti-

tion function, Z has the following form:

Z(µ,T ) = ∑
n

Zn(T )ξ n, (2.2)

where ξ is fugacity ξ ≡ e−µ/T . The canonical partition function, Zn, can be obtained from Z(µ,T )
in the pure imaginary chemical potential:

Zn =
1

2π

∫ π

−π
d

µI

T
Z(µI)einµI . (2.3)

There is no sign problem in the pure imaginary chemical potential regions, in which odetD is real.
This method, however, does not work: it suffers from unstable behevior.

In Ref.[5], a new canonical approach was established:

1. To keep the necessary information, we use the multi-precision calculations, especially in
Eq.(2.3).
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2. In order to beat the hidden sign problem appearing in evaluationg Zn, we fit the number
density, 〈n〉 by Fourier series.

3.

Now we can study the QCD matter at finite density and temperature, i.e., heavy-ion collision ex-
periments can be studies by the lattice QCD.

3. Analyses of experimental data with lattice QCD

Experimental multiplicity, Pn is given by

Pn = Znξ n (3.1)

where n is the net baryon number n. Using the CP invariance Zn = Z−n,

Pn/P−n = ξ 2n (3.2)

Therefore, from experimental data Pn, one can determine ξ . Then we can evaluate also Zn [6].
The method can be used only when data of Pn and P−n are available. Alternative approach

is that we give Zn(T ) by the lattice calculation, and compare experimental data Pn with T as a
parameter,

Pn

P0
=

Zn(T/Tc)
Z0(T/Tc)

ξ n (3.3)

In Fig.1, we show an example. The red stars are experimental data of Pn/P0 at
√

sNN = 200GeV.
We change T/Tc and µ/T in Eq.(3.3) for determining thee parameters.
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Figure 1: Red star symbols are experimental
data. The right hand side of Eq.(3.3) is plotted
with T/Tc and µ/T as parameters.

Figure 2: µ − T regions covered by this anal-
ysis.

√
sNN =200, 62.4, 39, 27, 19.6, 11.5, 7.7

GeV from left to right.

4. Summary

In this report, we present our trial to study the QCD matter at finite density and temperature.
This is a demonstration to show this new method. Experimental data used here are those of the
net-proton, while the lattice data correspond to the net-baryon.
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If experimental data of the electro-magnetic charge, or the strangeness, both experiments and
lattice simulations stand for the same quantities.

The work was completed due to support of the Russian Foundation for Basic Research via
grant 18-02-40130 mega.
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