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Strongly interacting matter phase diagram
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Hadron resonance gas model (HRGM)

Basic assumption � thermal/chemical equilibrium ⇒ parameters:

T, µB, µI3
P. Braun-Munzinger et al., Phys. Lett. B 344, 43, (1995)

J. Cleymans et al., Z. Phys. C 74, 319 (1997)

HRGM accounts for all hadrons from PDG tables with masses up to 3.2

GeV

K.A. Bugaev et al., Eur. Phys. J. A 49, 30 (2013)

Hadronic gas � mixture with multicomponent hard-core repulsion ⇒
equation of state of the Van der Wals type
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Hadron Resonance Gas Model (HRGM)

Traditional HRGM: one hard-core radius R = 0.25− 0.3 fm
A. Andronic, P.Braun-Munzinger, J. Stachel, NPA (2006)777

two hard-core radii: Rπ = 0.62 fm, Rother = 0.8 fm
G. D.Yen. M. Gorenstein, W. Greiner, S.N. Yang, PRC (1997)56

or: Rmesons = 0.25 fm, Rbaryons = 0.3 fm
A. Andronic, P.Braun-Munzinger, J. Stachel, NPA (2006) 777, PLB

(2009) 673

There is still a problem with strange particle
description!
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Problems with description K+/π+ and Λ/π− ratios

Too slow decrease after

maximum!

χ2/dof = 21/12
A. Andronic, P.Braun-Munzinger,

J. Stachel, PLB (2009) 673

Too steep increase before

maximum and too slow decrease

after it!

χ2/dof = 79/12
γS ' 0.85− 1.05

�Anti-lambda problem�

These authors FORGOT about the second virial
coe�cient between di�erent sorts of hadrons
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Hadron Resonance Gas Model

One component gas: p = pid .gas · exp
(
−pV exc

T

)
Multicomponent case:p =

∑∞
i=1 p

id .gas
i (µi )

∑∞
j=1 exp

(
−pi V

exc
ij

T

)
All hadrons are in full chemical equilibrium

The number of particles of i-th sort:

Ni = φi (T ,mi , gi )e
µi
T ≡ giV

(2π)3

∫
exp

−
√
k2 + m2

i + µi

T

 d3k

µi = µBBi +µSSi +µI3 I3i , i = 1..s

gi - degeneracy factor
φi -thermal particle density
V exc

ij = 2π
3 (Ri + Rj )

3 - excluded
volume

hard-core repulsion of the Van der Waals type

Bugaev K. A., Oliinychenko D. R., Sorin A. S. and

Zinovjev G. M.,Eur. Phys. J. A 49 (2013) 30�1-8.
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Hadron Resonance Gas Model

K-th charge density of the i-th hadron sort nk
i (K ∈ [B, S, I3])

B - symmetric matrix of the second virial coe�cients with the
elements Vij ≡ 2π

3 (Ri + Rj )
3

p = T
N∑

i=1

ξi , ξ =


ξ1

ξ2

...
ξs

 , nK
i = QK

i ξi

1 + ξTBξ
N∑

j=1

ξj


−1

, (1)

ξi are the solutions of the following system:

ξi = φi (T ) exp

µi

T
−

N∑
j=1

2ξj Vij +
ξTBξ

N∑
j=1

ξj

 , φi (T ) =
gi

(2π)3

∫
exp

−
√

k2 + m2
i

T

 d3k (2)

φi (T )� thermal particle density
µi = µB Bi + µS Si + µI3 I3i

� chemical potential of the i-th hadron sort

QK � charge, mi � mass, gi � degeneracy
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Strange particles non equilibrium

φi(T )→ φi(T )γsi
s

si � number of strange valence quarks and anti-quarks.
Thus, it is a strangeness fugacity
J. Rafelski, Phys. Lett. B 62, 333 (1991);

γs > 1 =⇒ strangeness enhancement → quark-gluon plasma formation ???

J. Rafelski, B. Muller, PRL 48, p. 1066 - 1069 (1982)

γs < 1 =⇒ strangeness suppression

Fit parameters: T , µB , µI3, γs

µS � is found from the net zero strangeness condition.
K. A. Bugaev et al., EPJ A 49, 30�1-8 (2013);

K. A. Bugaev et al., EPL 104, 22002, p.1 - 6 (2013)
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Hadron Resonance Gas Model corrections

Resonance decay:

nfin(X ) =
∑

Y

BR(Y → X )nth(Y ),

where BR(X → X ) = 1,
BR=BRANCHING RATIO (taken from PDG);

Width correction:

∫
exp

(
−
√
k2 + m2

i

T

)
d3k →

∫∞
M0

dxi

(x−mi )2+Γ2/4

∫
exp

(
−
√

k2+x2

T

)
d3k∫∞

M0

dxi

(x−mi )2+Γ2/4

,

Breit-Wigner distribution having a threshold M0,
m - resonance mass,
Γ - resonance width.

Ratios:
Rij = Ni

Nj
= ρi

ρj
⇒ volume is excluded
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Strangeness Horn description

Description of K+/π+ ratio with
χ2/dof = 3.3/14.

F. Becattini et al., PR C 73 044905 (2006)

We �tted 111 hadron yield ratios measured for 14
√

sNN values

Rpions = 0.1 fm, Rkaons = 0.38 fm, Rmesons = 0.4 fm, Rbaryons = 0.2 fm.
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Model parameter - γs

F. Becattini et al., PR C 73 044905 (2006)

In contrast to F. Becattini et al., PR C 73 044905 (2006), we �nd γs > 1 for
√

sNN =

2.7, 3.3, 3.8, 4.9, 6.3, 9.2 GeV

=⇒ Strangeness enhancement
Strangeness enhancement exists where we do not expect decon�nement!
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Hadron Resonance Gas Model �t

γs �t χ2/dof = 63.4/55 ' 1.15.

σ =
|rtheor−rexp |

σexp � relative deviation

χ2 =
∑

i

(rtheor
i −r

exp
i

)2

σ2
i

,

r
exp
i - experimental value of i-th particle
ratio,
r theor
i - theoretical value of i-th particle
ratio
σi - total error of experimental value.

K.A. Bugaev, D.R.Oliinychenko, J.

Cleymans, A.I. Ivanytskyi, I.N. Mishustin,

E.G. Nikonov, VVS, Europhys. Lett. 104

(2013) 22002.
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Strangeness Horn and  Λ Horn in 2013

Solving problem with Kaons lead to (anti)Λ selective  suppression!

High quality description of hadron multiplicities requires T, µ  , µ  B I3

γ  factors is a strangeness fugacity

Include  γ  factors ⇧i(T )⇤ ⇧i(T )�si
s , into thermal density
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(a) 40 AGeV Pb+Pb central
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(b) 40 AGeV Pb+Pb semicentral
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(c) 158 AGeV Pb+Pb central
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FIG. 3: The ratios of hadron multiplicities after the UrQMD
cascade stage, to the multiplicities directly after hadroniza-
tion (after the hydro-stage). We illustrate central Pb+Pb
collisions at (a) 40 and (c) 158A GeV, as well as the corre-
sponding semi-central cases for ⟨Npart⟩ = 90 (b), (d).

lisions.

III. STATISTICAL MODEL ANALYSIS AND
THE FREEZE-OUT CURVE

Turning to statistical model analysis of the UrQMD
results we consider the total hadron multiplicities in cen-
tral Pb+Pb collisions at the SPS energies 20, 30, 40, 80
and 158A GeV (

√
s

NN
= 6.3, 7.6, 8.7, 12.3 and 17.3 GeV).

They are chosen to obtain a sufficient coverage of the
freeze-out curve illustrated in Fig. 1, and to resemble the
positions of the data points gathered by NA49 [16, 17]. In
order to obtain results under statistical conditions similar
to those prevailing in the analysis of the corresponding
data we attach to the hadron multiplicity results from
UrQMD the corresponding total error resulting from the
addition in quadrature of the statistical and systematic
errors reported by NA49 [16, 17]. We employ the grand

canonical version of the statistical model as described in
refs. [2, 13]. In this version, the statistical model is sup-
plemented with a free parameter γS suppressing the pro-
duction of hadrons containing ns valence strange quarks
according to γns

S . In the SPS energy region, as well as in
the peripheral collisions at RHIC energy [18, 19] this pa-
rameter turns out to be less than one [2, 13]. It has been
observed that this parameter can be explained, at least
in the RHIC energy region, with the superposition of two
sources (the core-corona model): single nucleon-nucleon
(NN) collisions and a fully equilibrated source [20]. For
all hydro+UrQMD calculations, this parameter is set to
1 and no core-corona effect is included.

Figure 4 illustrates the fits to the hybrid UrQMD re-
sults by the statistical model, choosing the 158A GeV
case as an example. The afterburner stage indeed shifts
(T, µB) considerably, from (160 MeV, 246 MeV) to
(151 MeV, 277 MeV). However, note the dramatic de-
crease of fit quality, from 4.7 to 28.2 in chisquare. Sim-
ilarly, the results for the energy 40A GeV are shown in
Fig 5, exhibiting the same shift conditions. The effect
of the afterburner is, thus, not an in-equilibrium cooling
but rather a distortion of the hadron yield distribution
in the antibaryon sector, away from equilibrium - as we
could guess from Figs. 2 and 3, already. The parameter
γS is very close to 1 throughout.

The idea arises to exclude p̄, Λ̄ and Ξ̄ from the SM
fit. Figsures 6 and 7 show examples, again at 158 and
40A GeV. No cooling occurs. The fit to the afterburner
output (which features a reasonable chisquare) now ig-
nores the far off-diagonal p̄, Λ̄ and Ξ̄ entries. A sum-
mary of the results, obtained for all energies, is given in
Fig. 8. The (T, µB) positions of all analyzed cases are
represented in a phase diagram that also exhibits the av-
erage freeze-out curve resulting from previous statistical
model analysis of experimental data [4]. We see that
the series of entries resulting from the full UrQMD cal-
culation, including the final hadron/resonance cascade
stage, follows rather closely the freeze-out curve. The
points obtained without the cascade stage are generally
well above, and also shifted to lower µB. Not surpris-
ingly, they approach the lattice parton-hadron boundary
shown in Fig. 1. Most significantly, however, the points
from full UrQMD but with omission of the p̄, Λ̄ and Ξ̄
multiplicities are also following the latter behavior: they
universally exhibit no significant “cooling”, with the ex-
ception, perhaps, of the high µB region.

We conclude that the hadron/resonance cascade as
modeled in the microscopic dynamics of UrQMD can not
transport an initially established hadrochemical equilib-
rium from the phase coexistence line of Fig. 1, downward
to the freeze-out line. However, it distorts the hadron
yield distribution which leads to a downward shift of
the freeze-out parameters derived from statistical model
analysis, albeit at the cost of a rather unsatisfactory fit
quality. Far better fits are obtained omitting the three
antibaryon species, which shifts the freeze-out curve up-
ward. We note, however, that it will be of key interest

F. Becattini et al.,   Phys.Rev. C85 (2012) 044921

Solutions of  (anti)Λ selective Suppression

Use these deviations from UrQMD  
as new suppression factor!

1. Introduce  Hard core radius for (anti)Λ hyperons  

Our solution:  

2. Refit globally all hard core radii:  

=> 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,  D. R. Oliinychenko, K. A. Bugaev,  J. Cleymans,   A. I. Ivanytskyi,  I. N. Mishustin and   E. G. 
Nikonov,  Ukr. J. Phys. 59, No 11, 1043-1050 (2014)
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Strangeness Horn and  Λ Horn in 2014
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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!   

⇤

⇤̄/⇡� ⇤/⇡�

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

Rpions Rkaons Rmesons Rbaryons Rlambda

⇤

⇤̄/⇡� ⇤/⇡�

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

Rpions Rkaons Rmesons Rbaryons Rlambda

With new radii and    fit  γ s
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Conclusions

We suggested a new way to overcome the Λ hyperon
selective suppression, which is known as the Λ-anomaly;

with our HRGM the high quality �t is achieved for 111
independent hadron ratios measured at 14 values of the
center of mass energy

√
sNN at the AGS, SPS and RHIC

with the accuracy χ2/dof = 52/55 ' 0.95;

with high con�dence we conclude that the apparent
chemical non-equilibration of strange particles has
nothing to do with the formation of quark-gluon plasma
in nuclear-nuclear collisions;

using the multicomponent HRGM we can study
thermodynamics at chemical freeze-out.
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