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Present Status of A+A Collisions

To answer these questions we need a very accurate tool to analyze data

In 2000 CERN claimed indirect evidence for a creation of new matter  

In 2010 RHIC collaborations claimed to have created a quark-gluon  
plasma/liquid  

However, up to now we do not know:

1. whether deconfinement and chiral symmetry restoration are                     
the  same phenomenon or not?

1.

1.                               are they phase transitions (PT)  or cross-overs ?2.

1.                               what are the collision energy thresholds of their onset? 3.







Formally, in such a treatment two gases are separated by the wall!

Two component models do not solve the problems! 
Hence we need more sophisticated approach.



move in opposite directions toward the vacuum, leaving high-density matter
at rest behind the shock fronts. The thermodynamic parameters X, p, ⇢B of
this compressed matter

Rankine-Hugoniot-Taub (RHT) adiabat = shock adiabat
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This equation follows from the usual hydrodynamic conservation laws of

5

move in opposite directions toward the vacuum, leaving high-density matter
at rest behind the shock fronts. The thermodynamic parameters X, p, ⇢B of
this compressed matter

Rankine-Hugoniot-Taub (RHT) adiabat = shock adiabat

connects (X0, p0, ⇢B0)| {z }
initial

and (X, p, ⇢B)
| {z }

final

states

⇢

2
BX

2 � ⇢

2
B0X

2
0 = (p � p0) (X + X0)

by conservation laws of energy, momentum and baryonic charge.

X = "+p
⇢2

B
– generalized specific volume

" is energy density, p is pressure, ⇢B is baryonic charge density

j

2
B = � p�p0

X�X0
baryonic current is a straight line in (X � p) plane

Normal properties, if ⌃ ⌘
⇣

@2p
@X2

⌘�1

s/⇢B

> 0 = convex down:

pure phases have normal properties.

Anomalous properties otherwise.
Usually mixed phase is anomalous!

s
⇢B

= const

�

2
/dof = 79/12 �

2
/dof = 21.8/14

This equation follows from the usual hydrodynamic conservation laws of

5

move in opposite directions toward the vacuum, leaving high-density matter
at rest behind the shock fronts. The thermodynamic parameters X, p, ⇢B of
this compressed matter

Rankine-Hugoniot-Taub (RHT) adiabat = shock adiabat

connects (X0, p0, ⇢B0)| {z }
initial

and (X, p, ⇢B)
| {z }

final

states

⇢

2
BX

2 � ⇢

2
B0X

2
0 = (p � p0) (X + X0)

by conservation laws of energy, momentum and baryonic charge.

X = "+p
⇢2

B
– generalized specific volume

" is energy density, p is pressure, ⇢B is baryonic charge density

j

2
B = � p�p0

X�X0
baryonic current is a straight line in (X � p) plane

Normal properties, if ⌃ ⌘
⇣

@2p
@X2

⌘�1

s/⇢B

> 0 = convex down:

pure phases have normal properties.

Anomalous properties otherwise.
Usually mixed phase is anomalous!

s
⇢B

= const

�

2
/dof = 79/12 �

2
/dof = 21.8/14

This equation follows from the usual hydrodynamic conservation laws of

5





Strangeness Horn and  Λ Horn in 2014

⇤

¯

⇤/⇡�
⇤/⇡�

�2/8 = 6.49/8 �2/12 = 10.22/12
�2/dof '

Rpions Rkaons Rmesons Rbaryons Rlambda

Total fit of 111 independent hadron ratios is the best of existing!   

R_pi =0.1 fm,  R_Λ =0.1 fm,  R_b =0.36 fm, R_K=0.38 fm, R_m =0.4 fm  

V. V. Sagun,  Ukr. J. Phys. 59, No 8, 755-763  (2014)

V. V. Sagun et al., Ukr. J. Phys. 59, No 11, 1043-1050 (2014)

To avoid selective suppression of Λ-hyperons we added their hard-core radius
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2
/dof ' 8.89/8

�

2
/dof ' 3.29/14 here, while

p
sNN dependences of ⇤/⇡

� and ⇤̄/⇡

� ratios are reproduced here with
�

2
/dof ' 11.62/12 and �

2
/dof ' 8.89/8 respectively. Compared to the fit qualities �

2
/dof ' 10.22/12

for ⇤/⇡

� and �

2
/dof ' 6.49/8 for ⇤̄/⇡

� obtained in [7] the present results are slightly worse, but still
they are rather good. The collision energy dependence of these ratios is shown in Fig. 7.

The other important finding is that the collision energy dependence of the factor �s for the IST EoS
is practically the same as for the HRGM of Ref. [7]. Thus, the factor �s demonstrates a low sensitivity to
the IST EoS, which means that the present model confirms an existence of a strangeness enhancement at
low collision energies, namely the peak of the factor �s is found at

p
sNN = 3.8 GeV as one can see from

Fig. 7.

�����������		��
��


� �

���

���

���

���

�������
��� ���� �����

Figure 7: The fit results obtained by the IST EoS. Upper left panel:
p

sNN dependence of K
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Upper right panel:

p
sNN dependence of ⇤/⇡

�. Lower left panel:
p

sNN dependence of ⇤̄/⇡

�.
Lower right panel:

p
sNN dependence of the factor �s.
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� obtained in [7] the present results are slightly worse, but still
they are rather good. The collision energy dependence of these ratios is shown in Fig. 7.

The other important finding is that the collision energy dependence of the factor �s for the IST EoS
is practically the same as for the HRGM of Ref. [7]. Thus, the factor �s demonstrates a low sensitivity to
the IST EoS, which means that the present model confirms an existence of a strangeness enhancement at
low collision energies, namely the peak of the factor �s is found at

p
sNN = 3.8 GeV as one can see from

Fig. 7.
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The other important finding is that the collision energy dependence of the factor �s for the IST EoS
is practically the same as for the HRGM of Ref. [7]. Thus, the factor �s demonstrates a low sensitivity to
the IST EoS, which means that the present model confirms an existence of a strangeness enhancement at
low collision energies, namely the peak of the factor �s is found at
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The other important finding is that the collision energy dependence of the factor �s for the IST EoS
is practically the same as for the HRGM of Ref. [7]. Thus, the factor �s demonstrates a low sensitivity to
the IST EoS, which means that the present model confirms an existence of a strangeness enhancement at
low collision energies, namely the peak of the factor �s is found at

p
sNN = 3.8 GeV as one can see from

Fig. 7.

�����������		��
��


� �

���

���

���

���

�������
��� ���� �����

Figure 7: The fit results obtained by the IST EoS. Upper left panel:
p

sNN dependence of K

+
/⇡

+.
Upper right panel:

p
sNN dependence of ⇤/⇡

�. Lower left panel:
p

sNN dependence of ⇤̄/⇡

�.
Lower right panel:

p
sNN dependence of the factor �s.

12

�

2
/dof ' 3.92/14 �

2
/dof ' 10.22/12 �

2
/dof ' 6.49/8

�

2
/dof ' 3.29/14 �

2
/dof ' 11.62/12 �

2
/dof ' 8.89/8

�

2
/dof ' 3.29/14 here, while

p
sNN dependences of ⇤/⇡

� and ⇤̄/⇡

� ratios are reproduced here with
�

2
/dof ' 11.62/12 and �

2
/dof ' 8.89/8 respectively. Compared to the fit qualities �

2
/dof ' 10.22/12

for ⇤/⇡

� and �

2
/dof ' 6.49/8 for ⇤̄/⇡

� obtained in [7] the present results are slightly worse, but still
they are rather good. The collision energy dependence of these ratios is shown in Fig. 7.

The other important finding is that the collision energy dependence of the factor �s for the IST EoS
is practically the same as for the HRGM of Ref. [7]. Thus, the factor �s demonstrates a low sensitivity to
the IST EoS, which means that the present model confirms an existence of a strangeness enhancement at
low collision energies, namely the peak of the factor �s is found at

p
sNN = 3.8 GeV as one can see from

Fig. 7.

�����������		��
��


� �

���

���

���

���

�������
��� ���� �����

Figure 7: The fit results obtained by the IST EoS. Upper left panel:
p

sNN dependence of K

+
/⇡

+.
Upper right panel:

p
sNN dependence of ⇤/⇡

�. Lower left panel:
p

sNN dependence of ⇤̄/⇡

�.
Lower right panel:

p
sNN dependence of the factor �s.

12

�

2
/dof ' 3.92/14 �

2
/dof ' 10.22/12 �

2
/dof ' 6.49/8

�

2
/dof ' 3.29/14 �

2
/dof ' 11.62/12 �

2
/dof ' 8.89/8

�

2
/dof ' 3.29/14 here, while

p
sNN dependences of ⇤/⇡

� and ⇤̄/⇡

� ratios are reproduced here with
�

2
/dof ' 11.62/12 and �

2
/dof ' 8.89/8 respectively. Compared to the fit qualities �

2
/dof ' 10.22/12

for ⇤/⇡

� and �

2
/dof ' 6.49/8 for ⇤̄/⇡

� obtained in [7] the present results are slightly worse, but still
they are rather good. The collision energy dependence of these ratios is shown in Fig. 7.

The other important finding is that the collision energy dependence of the factor �s for the IST EoS
is practically the same as for the HRGM of Ref. [7]. Thus, the factor �s demonstrates a low sensitivity to
the IST EoS, which means that the present model confirms an existence of a strangeness enhancement at
low collision energies, namely the peak of the factor �s is found at

p
sNN = 3.8 GeV as one can see from

Fig. 7.

�����������		��
��


� �

���

���

���

���

�������
��� ���� �����

Figure 7: The fit results obtained by the IST EoS. Upper left panel:
p

sNN dependence of K

+
/⇡

+.
Upper right panel:

p
sNN dependence of ⇤/⇡

�. Lower left panel:
p

sNN dependence of ⇤̄/⇡

�.
Lower right panel:

p
sNN dependence of the factor �s.

12

Only few points for Λ (anti)hyperon are improved

Strangeness Horn and  Λ Horn in 2014
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�2/8 = 6.49/8 �2/12 = 10.22/12
�2/dof '

Rpions Rkaons Rmesons Rbaryons Rlambda

Total fit of 111 independent hadron ratios is the best of existing!   

R_pi =0.1 fm,  R_Λ =0.1 fm,  R_b =0.36 fm, R_K=0.38 fm, R_m =0.4 fm  

V. V. Sagun,  Ukr. J. Phys. 59, No 8, 755-763  (2014)

V. V. Sagun et al., Ukr. J. Phys. 59, No 11, 1043-1050 (2014)
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IST EOS results are very similar to previous ones:�
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sNN dependences of ⇤/⇡

� and ⇤̄/⇡

� ratios are reproduced here with
�

2
/dof ' 11.62/12 and �

2
/dof ' 8.89/8 respectively. Compared to the fit qualities �

2
/dof ' 10.22/12

for ⇤/⇡

� and �

2
/dof ' 6.49/8 for ⇤̄/⇡

� obtained in [7] the present results are slightly worse, but still
they are rather good. The collision energy dependence of these ratios is shown in Fig. 7.

The other important finding is that the collision energy dependence of the factor �s for the IST EoS
is practically the same as for the HRGM of Ref. [7]. Thus, the factor �s demonstrates a low sensitivity to
the IST EoS, which means that the present model confirms an existence of a strangeness enhancement at
low collision energies, namely the peak of the factor �s is found at

p
sNN = 3.8 GeV as one can see from

Fig. 7.
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� and �

2
/dof ' 6.49/8 for ⇤̄/⇡

� obtained in [7] the present results are slightly worse, but still
they are rather good. The collision energy dependence of these ratios is shown in Fig. 7.

The other important finding is that the collision energy dependence of the factor �s for the IST EoS
is practically the same as for the HRGM of Ref. [7]. Thus, the factor �s demonstrates a low sensitivity to
the IST EoS, which means that the present model confirms an existence of a strangeness enhancement at
low collision energies, namely the peak of the factor �s is found at

p
sNN = 3.8 GeV as one can see from

Fig. 7.
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� and �
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� obtained in [7] the present results are slightly worse, but still
they are rather good. The collision energy dependence of these ratios is shown in Fig. 7.

The other important finding is that the collision energy dependence of the factor �s for the IST EoS
is practically the same as for the HRGM of Ref. [7]. Thus, the factor �s demonstrates a low sensitivity to
the IST EoS, which means that the present model confirms an existence of a strangeness enhancement at
low collision energies, namely the peak of the factor �s is found at

p
sNN = 3.8 GeV as one can see from
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the IST EoS, which means that the present model confirms an existence of a strangeness enhancement at
low collision energies, namely the peak of the factor �s is found at
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NEW hard-core radii



Other Ratios  in 2014



 Intermediate Conclusions 

2.   Using  multicomponent HRG model we can study  
  thermodynamics at chemical freeze out

1.  The multicomponent HRG model is a precise tool 
of HIC phenomenology 



Jump of ChFO Pressure at  AGS Energies
TCFO

p
s

' 6 ' 5

K.A. Bugaev et al., Phys. Part. Nucl. Lett. 12(2015) [arXiv:1405.3575];	


Ukr. J. Phys. 60 (2015)



 Trace Anomaly Peaks

Are these trace anomaly peaks related to each other?   
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Figure 17: Upper figure: Contribution of the charm quark to the pressure on the Nt = 8 lattices.
Lower figure: The pressure normalized by T 4 for nf = 2 + 1 + 1 and nf = 2 + 1 flavors on Nt = 8
lattices. The corresponding Stefan-Boltzmann limits are indicated by arrows. The charm to strange
quark mass ratio is Q = 11.85 on this plot.
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Figure 18: The normalized trace anomaly obtained in our study is compared to recent results
from the “hotQCD” collaboration [13, 14].
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Hadrons
QGP

WupBud EOS  arxive: lat 1007.2580K.A. Bugaev et al., arXiv:1412.0718 [nucl-th]

At chemical FO (large µ) Lattice QCD (vanishing µ)



Shock Adiabat Model for A+A Collisions

From hydrodynamic point of view  
   this is a problem of  

arbitrary discontinuity decay: 
in normal media there appeared 
two shocks moving outwards

Yu.B. Ivanov, V.N. Russkikh, and V.D. Toneev, 	



Phys. Rev. C 73 (2006) 

H. Stoecker and W. Greiner, Phys. Rep. 137 (1986)
Works reasonably well at these energies. 

A+A central collision at 1< Elab<30  Its hydrodynamic model  



Medium with Normal and Anomalous Properties

Usually pure phases (Hadron Gas, QGP)   
have normal properties

Shock Adiabat in Normal Medium

move in opposite directions toward the vacuum, leaving high-density matter
at rest behind the shock fronts. The thermodynamic parameters X, p, ⇢B of
this compressed matter

Rankine-Hugoniot-Taub (RHT) adiabat = shock adiabat

connects (X0, p0, ⇢B0)| {z }
initial

and (X, p, ⇢B)
| {z }

final

states

⇢2
BX2 � ⇢2

B0X2
0 = (p � p0) (X + X0)

by conservation laws of energy, momentum and baryonic charge.

X = "+p
⇢2

B
– generalized specific volume

" is energy density, p is pressure, ⇢B is baryonic charge density

j2
B = � p�p0

X�X0
baryonic current is a straight line in (X � p) plane

Normal properties, if ⌃ ⌘
⇣

@2p
@X2

⌘�1

s/⇢B

> 0 = convex down:

pure phases have normal properties.

Anomalous properties otherwise.
Usually mixed phase is anomalous!

This equation follows from the usual hydrodynamic conservation laws of
energy, momentum, and baryonic charge across the shock front. The variable
X is convenient, since with its help the conserved baryonic current can be
expressed as j

2
B = � p�p0

X�X0
, i.e., in the X � p plane the state existing behind

the shock front is given by the intersection point of the RHT adiabat (??)
and the straight line with the slope j

2
B known as the Raleigh line. To solve

Eq. (??) one needs to know the EOS. Within the compression shock model

5

Shock transitions to region 1-4 are unstable and forbidden!   

Shock adiabat example

Region 1-2 is mixed 
phase with anomalous 

properties.

To solve RHT adiabat we need EOS!
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Shock adiabat example

Region 1-2 is mixed 
phase with anomalous 

properties.

To solve RHT adiabat we need EOS!
Almost in all substances  

with liquid-gas phase transition 
the mixed phase has anomalous properties! 
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5

Shock transitions to region 1-4 are unstable and forbidden!   

Shock adiabat example

Region 1-2 is mixed 
phase with anomalous 

properties.

To solve RHT adiabat we need EOS!

Then shock transitions to mixed phase 
are unstable and more complicated flows 

are possible.



Z model has stable RHT adiabat, 
which leads to quasi plateau!

Generalized Shock Adiabat Model
In case of unstable shock transitions more complicated flows appear:  

1 GeV  Elab  30 GeV

)

)shock 01 + compression simple wave

In each point of simple wave

move in opposite directions toward the vacuum, leaving high-density matter
at rest behind the shock fronts. The thermodynamic parameters X, p, ⇢B of
this compressed matter

Rankine-Hugoniot-Taub (RHT) adiabat = shock adiabat

connects (X0, p0, ⇢B0)| {z }
initial
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final
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– generalized specific volume

" is energy density, p is pressure, ⇢B is baryonic charge density
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baryonic current is a straight line in (X � p) plane

Normal properties, if ⌃ ⌘
⇣

@2p
@X2

⌘�1

s/⇢B

> 0 = convex down:

pure phases have normal properties.

Anomalous properties otherwise.
Usually mixed phase is anomalous!

s
⇢B

= const

This equation follows from the usual hydrodynamic conservation laws of
energy, momentum, and baryonic charge across the shock front. The variable

5

If during expansion entropy conserves,  
then unstable parts lead to entropy plateau!

Remarkably 



Since the main part of the system entropy is defined by thermal pions =>  
thermal pions/baryon should have a plateau!

Also the total number of pions per baryons should have a (quasi)plateau!

Highly Correlated Quasi-Plateaus

Thermal pions demonstrate 2 plateaus

Entropy per baryon has wide plateaus 
due to large errors

Quasi-plateau in total pions  
per baryon ?

) {s/⇢B, ⇢th⇡ /⇢B, ⇢tot⇡ /⇢B} Elab

) M i0

�2/dof ) A 2 {s/⇢B, ⇢th⇡ /⇢B, ⇢tot⇡ /⇢B}
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K.A. Bugaev et al., Phys. Part. Nucl. Lett. 12(2015) 



X = "+p
⇢2
B

Unstable Transitions to Mixed Phase

QGP   EOS is  MIT  bag  model with coefficients been fitted  
with condition T_c = 150 MeV at vanishing baryonic density!

HadronGas EOS is simplified HRGM discussed above.

other PT?



Trace Anomaly Along Shock Adiabat 2016

We found one-to-one correspondence between these two peaks.

Thus, sharp peak of trace anomaly at c.m. energy 4.9 GeV 
evidences for mixed phase formation. But what is it? QGP?

K.A. Bugaev et al., EPJ A (2016)

Is a second peak of trace anomaly (at c.m. energy 9.2 GeV) due to another PT?

 QGP ?

Mixed  
Phase 

Hadron 
Gas ?

At chemical FO 



Additional Hints for 2 Phase Transitions

Thermostatic properties of Hagedorn  mass spectrum of QGP bags 
explain strangeness equilibration at √s > 9.2 GeV 

!
!

Thermostatic properties  of  the 1-st order PT mixed phase explain 
strangeness equilibration at 4.3 GeV < √s < 4.9 GeV   

K.A. Bugaev et al., arXiv:1709.05419 [hep-ph]

Each peak in trace anomaly δ corresponds to a huge peak  
in  baryonic charge density 

Our:

Other models predict deconfinement at √s = 8.7- 9.2 GeV:



Onset of Deconfinement in Other Models 
4

FIG. 1: Collision energy dependence of the neutron relative
density fluctuation ∆n in central Pb+Pb collisions at SPS
energies based on data from Ref. [41].

and the density fluctuation in the produced matter is
thus insignificant. With decreasing incident energy (e.g.,
around

√
sNN = 8.8 GeV), the reaction system may pass

through the CEP and develop the largest density fluctu-
ation. With further decrease in the incident energy (e.g.,
at

√
sNN = 6.3 GeV and 7.6 GeV), the reaction sys-

tem may barely move near the first-order transition line,
so only a relatively small density fluctuation is induced.
When the incident energy is further lowered, the reac-
tion system may miss the first-order transition line and
no quark-hadron phase transition occurs in the collisions,
thus resulting in negligible density fluctuation at the ki-
netic freeze-out. The slightly larger ∆n at

√
sNN = 17.3

GeV than at 12.3 GeV could be due to the larger cen-
trality at

√
sNN = 17.3 GeV which leads to a larger g in

Eq. (9). Therefore, the non-monotonic behavior shown in
Fig. 1 is consistent with the scenario that the CEP may
be reached by the produced QGP during its time evo-
lution in central Pb+Pb collisions around

√
sNN = 8.8

GeV. From the parametrization in Ref. [51] for the chem-
ical freeze-out conditions based on the statistical model
fit to available experimental data, the temperature and
baryon chemical potential at

√
sNN = 8.8 GeV are es-

timated to be T ∼ 144 MeV and µB ∼ 385 MeV. It is
interesting to note that the estimated µB ∼ 385 MeV
for CEP is close to those predicted from the LQCD [6]
and Dyson-Schwinger equation (DSE) [52] as well as that
based on the hadronic bootstrap approach [53]. Also, the
collision energy

√
sNN = 8.8 GeV corresponds to that at

which a peak is seen in the measured K+/π+ ratio by
the NA49 Collaboration [54], which has been interpreted
as a signature for the onset of QGP formation [55] or the
restoration of chiral symmetry [56] in these collisions.

Although the present study is based on the simple for-
mulas in Eq. (4) and Eq. (5), the non-monotonic behav-
ior in the relative neutron density fluctuation extracted

from the measured yield ratio Op-d-t will still be present
if the more accurate formula in Eq.(1) is used. This is
because the latter will increase the value of g in Eq.(9)
by less than 50%, for which the peak of ∆n remains at√
sNN = 8.8 GeV. Even assuming that the value of g

increases linearly with decreasing
√
sNN , such a non-

monotonic behavior is still seen.
In summary, with a newly derived analytical coales-

cence formula for cluster production in heavy-ion colli-
sions, we have demonstrated that information on the rela-
tive density fluctuation of neutrons (∆n = ⟨(δn)2⟩/⟨n⟩2)
at the kinetic freeze-out can be determined from the yield
ratio Op-d-t = N3HNp/N2

d . From measured yields of light
nuclei at SPS energies by the NA49 Collaboration, we
have extracted the collision energy dependence of ∆n
and found that the ∆n exhibits a non-monotonic behav-
ior with a peak at

√
sNN = 8.8 GeV, suggesting that the

CEP in the QCD phase diagram may have been reached
in these collisions with its temperature and baryon chem-
ical potential estimated to be TCEP ∼ 144 MeV and
µCEP
B ∼ 385 MeV, respectively. Although this circum-

stantial evidence is quite interesting and striking, our
study is based on a simplified theoretical model and one
set of experimental data. To establish our approach as
a viable tool in the search of the QCD critical endpoint
requires further investigations from experiments, such as
the BES program at RHIC in this energy range with high
luminosity beams as well as detectors of excellent particle
identification and large acceptance, and theoretical mod-
eling of nucleus production and its connection to baryon
density fluctuations.
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Light nuclei fluctuations are  
enhanced at c.m. energy 8.8 GeV 
=> CEP is located nearby!

JAJATI K. NAYAK, SARMISTHA BANIK, AND JAN-E ALAM PHYSICAL REVIEW C 82, 024914 (2010)
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FIG. 7. Total K+ and K− production rates with temperature at
center-of-mass energy equal to 7.6 GeV and 200 GeV.

R+ beyond √
sNN = 7.6 GeV showing “hornlike” structure

happens only when an initial partonic phase is considered.
Such a nonmonotonic behavior of R+ can be understood as due
to larger entropy productions from the release of large color
degrees of freedom (resulting in more pions yield) compared
to strangeness beyond energy 7.6 GeV.

In Fig. 9, the variations of R− with √
sNN is displayed. R−

has a lower value compared to R+ at lower energies since
K− get absorbed in the baryonic medium. At higher energies
K− is closer to K+ because the production of K+ and K−

is similar in a baryon-free medium, which may be realized at
higher collision energies.

In Fig. 10 the R+ is depicted as a function of √
sNN for other

scenarios (III, IV, and V). On the one hand, when the strange
quarks and kaons are formed in complete equilibrium but
their secondary productions are neglected during the evolution
(scenario III) then the data is well reproduced. On the other
hand, in scenario IV when the system is formed in equilibrium
(as in scenario III) but the productions of strange quarks and
kaons are switched on through secondary processes then the

1 10 100
sNN

1/2
 (GeV)

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45
K

+
/π+

  Data
Scenario−I
Scenrio−II

FIG. 8. K+/π+ ratio for different center-of-mass energies. Sce-
nario I represents the pure initial hadronic scenario for all center-of-
mass energies. Scenario II represents the calculation with hadronic
initial conditions for low

√
sNN and partonic initial conditions for

higher
√

sNN . See the text for details.
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FIG. 9. K−/π− ratio for different center-of-mass energies. Sce-
nario I represents the pure initial hadronic scenario for all center-of-
mass energies. Scenario II represents the calculation with hadronic
initial conditions for low

√
sNN and partonic initial conditions for

higher
√

sNN . See the text for details.

data is slightly overestimated at high √
sNN . However, we have

seen that the data are also reproduced well in scenario II as
discussed. This indicates that the deficiency of strangeness
below its equilibrium value as considered in scenario II is
compensated by the secondary productions. In scenario V
we assumed that vanishing initial strangeness and observed
that the production of strangeness throughout the evolution is
not sufficient to reproduce the data. The productions from
secondary processes are small but not entirely negligible
(scenario V). In Fig. 11 the R− has been displayed as a function
of √

sNN . A trend similar to the results shown in Fig. 10 is
observed. The data are overestimated for the intermediate
√
sNN in scenario IV, reproduced well in scenario III, and

underestimated for scenario V.
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FIG. 10. (Color online) K+/π+ ratio for different center-of-mass
energies. Scenario III assumes complete equilibrium of strange quarks
and hadrons. The production through secondary processes have been
ignored. Scenario IV is the same as scenario III with secondary
productions processes on and scenario V represents zero strangeness
initially but secondary productions are switched on.
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pure hadronic

deconfinement 
starts at 8.7 GeV

Strangeness Horn and other 
strange particles ratios can 
be explained, if the onset of 
deconfinement begins at  
c.m. energy 8.7 GeV!Counting for thermodynamic, 

hydrodynamic and fluctuation 
signals we conclude that  
3CEP may exists at 8.8-9.2 GeV  

Recall the talk of 
E. Bratkovskaya  
on PHSD !



 If 1-st order PT exists at 4.3 GeV < √s < 4.9 GeV   
!

and deconfinement exists at √s > 8.7-9.2 GeV  
!
!

Then what phase does exist at 4.9 GeV < √s < 8.7 GeV? 
!

Can we learn its properties? 
!
 

Possible Interpretation 
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where mN is the mean nucleon mass. A typical example for the shock adiabat
is shown in Fig. 3. As one can see from this figure the shock adiabat in the
pure hadronic and QGP phases exhibits the typical (concave) behavior for
a normal medium, while the mixed-phase (the region A1B) in Fig. 3 has a
convex shape which is typical for matter with anomalous properties. Until
now there is no complete understanding why in a phase-transition or cross-
over region matter exhibits anomalous thermodynamic properties. In pure
gaseous or liquid phases the interaction between the constituents at short
distances is repulsive and, hence, at high densities the adiabatic compress-
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= ⌃ > 0. In the mixed-phase there appears another possibility
to compress matter: by converting the less dense phase into the more dense
one. As it was found for several EOS with a first-order phase transition be-
tween hadronic gas and QGP, the phase transformation leads to an increase of
the compressibility in the mixed-phase at higher pressures, i.e., to anomalous
thermodynamic properties. The hadronic phase of the aforementioned EOS
was described by the Walecka model [29] and by a few of its more realistic
phenomenological generalizations [18, 30, 25]. The appearance of anomalous
thermodynamic properties for a fast cross-over can be understood similarly,
if one formally considers the cross-over states as a kind of mixed-phase (but
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New 
phase 

It corresponds to massless particles with strong interaction 

Then one can find  an  effective #dof  from   A  ! 0

 For massless particles 

21

such a model not only represents the mass-integrated spectrum of all hadrons, but also

it rather accurately reproduces the chemical FO densities of mesons ⇢M and baryons ⇢B

and the ratios s/⇢B and s/⇢M for chemical FO temperatures below 155 MeV [59]. The

parameters of the center of the shock adiabat were fixed as: p0 = 0, ⇢0 = 0.159 fm�3 and

"0 = 126.5 MeV fm�3.

The QGP EOS is motivated by the MIT-Bag model [58]

pQ = A0T
4 + A2T

2
µ

2 + A4µ
4 �B , (8)

where the constants

A0 ' 2.53 · 10�5 MeV�3fm�3

A2 ' 1.51 · 10�6 MeV�3fm�3

A4 ' 1.001 · 10�9 MeV�3fm�3

B ' 9488 MeV fm�3
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8
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Fermions
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were found by fitting the s/⇢B chemical FO data for Elab < 50 GeV with s/⇢B values

along the RHT adiabat and by keeping the pseudocritical temperature value at zero baryonic

density close to 150 MeV, in agreement with lattice QCD data [60].

Note that the above values of the coe�cients A0, A2 and A4 di↵er from the values

A

L
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2 and A

L
4 obtained within lattice QCD [60] at vanishing baryonic chemical potential,

but this di↵erence can be attributed to the T and µB dependence of the bag pressure
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but with coe�cients A
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0 , A

L
2 and A

L
4 . The obtained result for Beff(T, µB) is in line with

the requirements of the finite-width model [61, 62] of quark gluon bags.

Using the above EOS we calculated the phase diagram and constructed the RHT adia-

bat inside all phases. As usual, the phase transition was found from the Gibbs criterion,

pH(T, µB) = pQ(T, µB). The resulting RHT adiabat describes the s/⇢B chemical FO

data well (see Fig. 11). The most remarkable finding is the appearance of a peak in the
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 It`s a huge number for QGP! 
K.A. Bugaev et al., arXiv:1709.05419 [hep-ph]



Possible Interpretations 

1. The phase emerging at √s = 4.9-9.2 GeV has no Hagedorn mass 
spectrum, since strange hadrons are not in chemical equilibrium. 

2.   1800 of massless dof  may evidence either about new phenomena (i.e.     
 unitary/chiral symmetry restoration) in hadronic sector.

3.   Or 1800 of massless dof  may evidence about tetra-quarks with massive   
      strange quark!?                       see Refs. in R.D. Pisarski, 1606.04111 [hep-ph] 

4.   Or 1800 of massless dof  may evidence about quarkyonic phase!?   
                          A. Andronic et. al, Nucl. Phys. A 837, 65 (2010)

5.   1800 of massless dof  may evidence about something else…  
                          



Conclusions
1. High quality description of the chemical FO data allowed  

us to find few novel irregularities  at c.m. energies   
4.3-4.9 GeV (pressure, entropy density jumps e.t.c.)

2. HRG model with multicomponent repulsion allowed us to  
find the correlated (quasi)plateaus at c.m. energies 3.8-4.9 GeV 

which were predicted about 27 years ago.   
!

3.The second set of plateaus and irregularities may be a signal of 
another phase transition! Then the QCD diagram 3CEP may exist  at 

the vicinity of c.m. energies 8.8-9.2 GeV.

4. Generalized shock adiabat model allowed us to  describe entropy 
per baryon at chemical FO and determine the parameters of the 

EOS of new phase from the data.

5. Hopefully, FAIR, NICA and J-PARC experiments    
 will allow us to make more definite conclusions



Thank You for Your Attention!



What To Measure at FAIR & NICA ?

We predicted  JUMPS of these ratios at 4.3 GeV due to 1-st order PT and 
!

CHANGE OF their SLOPES at ~ 8-10 GeV due to 2-nd order PT 
(or weak 1-st order PT?)

To locate the energy of SLOPE CHANGE  we need MORE data at 4-13 GeV



Other Minima  at  AGS Energies

D.R. Oliinychenko, K.A. Bugaev and A.S. Sorin,  
Ukr. J. Phys. 58, (2013) 

 X is generalized specific volume
Is second X peak due to other PT?

min V at ChFO min X at ChFOSAME energy!

K.A. Bugaev et al., EPJ A (2016)

X = "+p
⇢2
B

Unstable Transitions to Mixed Phase

QGP   EOS is  MIT  bag  model with coefficients been fitted  
with condition T_c = 150 MeV at vanishing baryonic density!

HadronGas EOS is simplified HRGM discussed above.

other PT?

X = "+p
⇢2
B

Unstable Transitions to Mixed Phase

QGP   EOS is  MIT  bag  model with coefficients been fitted  
with condition T_c = 150 MeV at vanishing baryonic density!

HadronGas EOS is simplified HRGM discussed above.

other PT?

In this work we gave  
a proof that min X 

at boundary between  
QGP? and mixed phase 

generates min X at ChFO 
which leads to min V 

of ChFO!

min X at shock adiabat!

X

P



Details on Highly Correlated Quasi-Plateaus
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Related Peaks (2017)  

Trace anomaly peaks and baryonic density 

peaks are related to each other. 

Can we relate them to γ   irregularities? s
Model from V.V. Sagun et al., arXiv:1703.00009 [hep-ph]



Strangeness Irregularities  

At c.m. energies above 8.8 GeV the strange hadrons 
 are in chemical equilibrium due to formation of  
QG bags  with Hagedorn mass spectrum!

Hagedorn mass spectrum is a perfect thermostat and 
a perfect particle reservoir! => Hadrons born from 
such bags will be in a full equilibrium!

L. G. Moretto, K. A. B., J. B. Elliott and L. Phair, Europhys. Lett. 76, 402 (2006)	



M. Beitel, K. Gallmeister and C. Greiner, Phys. Rev. C 90, 045203 (2014)

At c.m. energy  GeV strange particles are in  
chemical equilibrium due to formation of mixed 
phase, since under CONSTANT PRESSURE  
condition  the mixed phase of 1-st order PT is 
explicit thermostat and explicit particle reservoir!

X = "+p
⇢2
B

Unstable Transitions to Mixed Phase

QGP   EOS is  MIT  bag  model with coefficients been fitted  
with condition T_c = 150 MeV at vanishing baryonic density!

HadronGas EOS is simplified HRGM discussed above.

other PT?

X = "+p
⇢2
B

Unstable Transitions to Mixed Phase

QGP   EOS is  MIT  bag  model with coefficients been fitted  
with condition T_c = 150 MeV at vanishing baryonic density!

HadronGas EOS is simplified HRGM discussed above.

other PT?

X = "+p
⇢2
B

Unstable Transitions to Mixed Phase

QGP   EOS is  MIT  bag  model with coefficients been fitted  
with condition T_c = 150 MeV at vanishing baryonic density!

HadronGas EOS is simplified HRGM discussed above.

other PT?

in mixed phase 
p = const

X



Explicit Thermostats

Example with Explicit Thermostat:

T = T
c
 = 273K

or

0 ≤ T ≤ 273K ?

• Export/import of heat does not change T!

€ 

Z T( ) = dEρ E( )e−E T∫ =
T
0
T

T
0
−T

e
S
0

First take heat dQ=E from 
system with temperature T: 

Then give it to thermostat

Is T   just a parameter? o

According to this logic, thermostat can have ANY T <T  !o
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1. At limiting temperature the Hagedorn mass spectrum is a perfect thermostat and 
a perfect particle reservoir since it is a kind of mixed phase! 

L. G. Moretto, K. A. B., J. B. Elliott, L. Phair, Europhys. Lett. 76, 402 (2006)

2. Under a constant external pressure ANY MIXED PHASE is a perfect thermostat  
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As long as two phases coexist

Explicit Thermostats

Example with Explicit Thermostat:

T = T
c
 = 273K

or

0 ≤ T ≤ 273K ?

• Export/import of heat does not change T!
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First take heat dQ=E from 
system with temperature T: 

Then give it to thermostat

Is T   just a parameter? o

According to this logic, thermostat can have ANY T <T  !o
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As long as two phases coexist
finite amount

of phases => T = const, µ = const
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V  and S  are  eigenvolume and eigensurface of hadron of sort kk k

This EoS allows one to go beyond  the Van der Waals approximation!

see V.V. Sagun et al., arXiv:1703.00009 [hep-ph]



Consequent Problem and Its Possible Solution 

      If 1800 of massless dof  exist then at  high T and same µ_B   the QGP 
      cannot exist, since its pressure is too low to dominate!    
 ⇒ Contradiction with Lattice QCD!

      The only possibility to avoid the contradiction with LQCD is to assume 
       hard-core repulsion for 1800 of massless dof ! 
!
      Since they are almost massless (m << T), then the hard-core repulsion  
      should be formulated for ultra-relativistic particles and include the effect 
      of Lorentz contraction.                     see K. A. Bugaev, Nucl. Phys. A 807, 251 (2008). 

In the limit  µ_B /T << 1 and mass/T <<1  the pressure of such  system is 

21

such a model not only represents the mass-integrated spectrum of all hadrons, but also

it rather accurately reproduces the chemical FO densities of mesons ⇢M and baryons ⇢B

and the ratios s/⇢B and s/⇢M for chemical FO temperatures below 155 MeV [59]. The

parameters of the center of the shock adiabat were fixed as: p0 = 0, ⇢0 = 0.159 fm�3 and

"0 = 126.5 MeV fm�3.

The QGP EOS is motivated by the MIT-Bag model [58]

pQ = A0T
4 + A2T

2
µ

2 + A4µ
4 �B , (8)

where the constants

A0 ' 2.53 · 10�5 MeV�3fm�3

A2 ' 1.51 · 10�6 MeV�3fm�3

A4 ' 1.001 · 10�9 MeV�3fm�3

B ' 9488 MeV fm�3
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were found by fitting the s/⇢B chemical FO data for Elab < 50 GeV with s/⇢B values

along the RHT adiabat and by keeping the pseudocritical temperature value at zero baryonic

density close to 150 MeV, in agreement with lattice QCD data [60].

Note that the above values of the coe�cients A0, A2 and A4 di↵er from the values

A

L
0 , A

L
2 and A

L
4 obtained within lattice QCD [60] at vanishing baryonic chemical potential,

but this di↵erence can be attributed to the T and µB dependence of the bag pressure
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which identically generates the QGP pressure (8) pQ = A
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2 +A
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4 µ

4 �Beff ,

but with coe�cients A

L
0 , A

L
2 and A

L
4 . The obtained result for Beff(T, µB) is in line with

the requirements of the finite-width model [61, 62] of quark gluon bags.

No mass dependence  and very weak dependences on T and on #dof:   
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