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I Abstract
Based on the new �t of hadron yield ratios within the multicomponent
hadron resonance gas model (HRGM) [1, 2] we have found several remarkable
irregularities at chemical freeze-out (CFO). In particular, 121 hadron
multiplicity ratios measured in the nucleus-nucleus collisions at AGS, SPS
and RHIC energies were successfully described within the new formulation
of HRGM with χ2/dof ' 63.978/65 ' 0.98 [2]. A dramatic jump in the
center of mass collision energy dependence of pressure, energy density and
baryonic charge density in the narrow range between 4.3 and 4.9 GeV is
found [3]. These irregularities are also accompanied by a sudden increase
of the particle decays at chemical freeze-out which is seen at this collision
energy range.
We argue that a strong correlation which we observe between the previously
found irregularities [1, 2, 3] and an enhancement of strangeness production
[4] can serve as the quark-gluon plasma formation signature. Thus, we
conclude that a dramatic change in the system properties seen in the narrow
collision energy range

√
sNN = 4.3−4.9 GeV opens entirely new possibilities

for experimental studies of quark-gluon plasma properties at NICA JINR
and FAIR GSI accelerators.

II Hadron Resonance Gas Model
We consider the multicomponent HRGM [1, 2, 3], i.e. the hadron interaction
is taken into account via hard-core radii, with the di�erent values for pions,
kaons, Λ-hyperons other mesons and baryons. The best �t values for such
radii Rb = 0.355 fm, Rm = 0.4 fm, Rπ = 0.1 fm, RK = 0.38 fm and
RΛ = 0.11 fm were obtained in [2].
Consider the Boltzmann gas of N hadron species in a volume V that has
the temperature T , the baryonic chemical potential µB , the strange chemical
potential µS and the chemical potential of the isospin third component µI3.
The system pressure p and the K-th charge density nKi (K ∈ {B,S, I3}) of
the i-th hadron sort are given by the expressions [2]:
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Here the full chemical potential of the i-th hadron sort µi ≡ QBi µB +
QSi µS +QI3i µI3 is expressed in terms of the corresponding charges QKi and
their chemical potentials, ϕi(T ) denotes the thermal particle density of the
i-th hadron sort of mass mi and degeneracy gi, and ξ

T denotes the row of
variables ξi.
γs �t. We follow the conventional way of introducing the parameter γs,

suggested by J. Rafelski [4], and replace ϕi in Eq. (2) as

ϕi(T)→ ϕi(T)γsi
s , (3)

where si is number of strange valence quarks plus number of strange valence
anti-quarks.
Therefore, the main �tting parameters are temperature T , baryonic chemical
potential µB , the chemical potential of the third projection of isospin µI3
and γs whereas the strange chemical potential µS is found from the vanishing
strangeness condition.
Width correction is taken into account by averaging the momentum
distribution by the Breit-Wigner distribution having a threshold M0
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The e�ect of resonance decay Y → X on the �nal hadronic multiplicity is
taken into account as nfin(X) =

∑
Y BR(Y → X)nth(Y ), where BR(X →

X) = 1 for the sake of convenience. The masses, the widths and the strong
decay branchings of all hadrons were taken from the particle tables used by
the thermodynamic code THERMUS [5].

III Data �t

Fig.1. Collision energy dependence of K
+

π+ and Λ
π− hadron yield ratios.

Fig.2. The collision energy dependence of the ∆Λ
∆p (upper panel), Λ

p (middle

panel) and ∆Ω
∆p (lower panel) ratios obtained within the present HRGM.

The lines are given to guide the eye.

The sudden increase of Λ
p slope at

√
sNN = 4.3 GeV (see Fig.2) can be

naturally explained by the idea of work [4] that the mixed phase formation
can be identi�ed by a rapid increase in the number of strange quarks per
light quarks.

Fig.3. Center of mass collision energy
√
sNN dependence of the asymmetry

between total and thermal multiplicities for kaons (squares), Λ (circles) and
and Ξ− (triangles) hyperons.

IV Irregularities at CFO

Fig.4. The correlated quasi-plateas (upper panel), trace anomaly (middle
panel) and the baryonic density (lower panel) as functions of collision energy
at CFO.

In Fig. 4 a clear plateau is demonstrated by the thermal pion number per
baryon while other quantities show quasi-plateaus. An appearance of these
quasi-plateaus is a signal of the quark-gluon-hadron mixed phase formation
[6, 7, 8]. In contrast to the normal thermodynamic properties, in the medium
with the anomalous ones the adiabatic compressibility of matter increases for
increasing pressure. Such a conclusion is strongly supported by an existence
of the sharp peak of the trace anomaly at

√
sNN = 4.9 GeV (see middle

panel of Fig. 4). Such a sharp peak of δ at CFO is exclusively generated by
the peak of baryonic density which in our HRGM also exists at

√
sNN = 4.9

GeV (see lower panel of Fig. 4). Here the trace anomaly is given by
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where ε is energy density. Strong increase of δ on the collision energy is
provided by a strong jump of the e�ective number of degrees of freedom s

T 3

on this interval.

Pressure and energy density at CFO demonstrate a huge jump in the same
narrow range of collision energy

√
sNN = 4.3− 4.9 GeV [9].

Fig.5. Center of mass energy
√
sNN dependence of the CFO pressure (upper

panel) and energy density (lower panel) for three versions of the HRGM:
with the Breit-Wigner width, with a vanishing width and with the Gaussian
width.

VI Conclusions

• With our HRGM the high quality �t is achieved for 121 hadron ratios
measured at 14 values of the center of mass energy

√
sNN at the AGS,

SPS and RHIC with the accuracy χ2/dof = 63.978/65 ' 0.98;

• high quality description of the chemical FO data allowed us to �nd few
novel irregularities in the collision energy range

√
sNN = 4.3-4.9 GeV

(pressure, energy density jumps and correlated plateaus);

• in addition, we found a sharp peak of the trace anomaly δ = ε−3p
T 4 and

baryonic charge density at
√
sNN = 4.9 GeV;

• these irregularities are also accompanied by the total to thermal

particle yields asymmetry, i.e.
K+

tot−K
+
th

K+
tot+K

+
th

, Λtot−Λth

Λtot+Λth
,

Ξ−
tot−Ξ−

th

Ξ−
tot+Ξ−

th

, indicating

a signi�cant role of the particle decays at chemical freeze-out;

• we conclude that a dramatic change in the system properties seen in
the narrow collision energy range

√
sNN = 4.3−4.9 GeV opens entirely

new possibilities for experimental studies on FAIR and NICA.
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