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Introduction

Why is finite T/, physics (~ QCD) interesting?

High energy physics applications
@ Heavy ion experiments = Need
quantitive understanding of
non-Abelian plasmas at
e High T and small/moderate p
o Moderately large couplings
e In and (especially) out of
equilibrium
@ Early universe thermodynamics
e Signatures of phase transitions
o EW baryogenesis
@ Neutron star interiors
o EoSathighpand T=0
e Transport in nucl. matter
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Introduction

Challenges in thermal QCD

To understand heavy ion experiments / early universe thermodynamics
want to know (among other things):

@ Structure of QCD phase diagram: Phase structure, location of
transition lines, critical points,...

@ Properties of phase transitions, in particular the deconfinement
transition

@ Equation of state and other equilibrium quantities

Modeling of Physical Proc in Dense and Hot Nuclear



Introduction

heavy ion
collider

/

gas lig

-

nuclear neutron star
superfluid

1d Hot Nuclear



Seiela, 4l =f dx, dx, EA(%)[GEI(-’CU xz)]AB‘IB(xz)

_%f dx, dx, dy, dy, [EA(xl)qB(yl)]

X [xﬂ(-‘fl, Y15 X3, yz)]AB;CD[-q-C(xZ)QD( Yz)]-

. \NallllOVSKY Modeling of Physical Pr



Mesons at finite temperature in the Nambu — Jona-Lasinio 1

We employ here the NJL model with two flavours of quarks defined by
the Lagrangian

Lnyn = q(ine0" —1g)q+ Gy [(QQ)Z + (qivﬁq)ﬂ
—Gy [(@y*7°q)? + (ar"7°7%q)?] ,

with chirally symmetric four-quark interactions in the scalar, pseudo-
scalar, vector and axial-vector channels. G and G, are the scalar and
vector coupling constants, q and g - the quark spinor fields, mg is the
diagonal matrix of the current quark mass, 1y = diag(m9, mj) with

0 0

m) = mj = mg, and 7 are the SU(2) Pauli matrices in flavor space

with the components 7®(a = 1, 2, 3).
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Mesons at finite temperature in the Nambu — Jona-Lasinio 1

In the mean-field approximation the constituent quark mass is obtained
by solving the gap equation

d®p m

e, [1—f(ET)—fE)] ,

m=mg + SGSNCNf/
A
where the dependence on temperature and chemical potential is mod-

eled in the Fermi-functions f(E*) = (1 + eﬁEg)’1 and the quark (anti-
quark) energy dispersion relation Eg =E, £ p.
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Mesons at finite temperature in the Nambu — Jona-Lasinio 1

Mesons are considered as quark-antiquark bound states and their prop-
erties are described by the Bethe-Salpeter equation in the pole approx-
imation

1—2G, My () ez, =0, M =,0,

with the polarization operator ITy;(k?) determining the meson proper-
ties being defined as

4

(k) =i [ 58 T [0S+ DTus(E))
(2m)*

where the vertex factor I'y; depends on the meson species M = 7, o, p

and a;. For the pseudo-scalar m meson I'; = iy57® and for the scalar

o meson ', = 172; S(q) is the quark propagator and the trace is being

taken over color, flavor and spinor indices.
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Mes

ons at finite temperature in the Nambu — Jona-Lasinio 1

For mesons at rest (P = 0) in the medium, these conditions correspond
to the equations:

d¢p 1 E} + -
1 4+ 8GN N¢ @n) EPM% —iE (1 —f(EY)—f(E)) = 0,
dBp 1 EZ2—m? _
o P

Both pion-quark grqq (T, ) and sigma-quark g,qq (T, pt) coupling strengths
can be defined from IIy; by the residuum of the mass pole approxima-
tion

B Ol (k?)

k2 |k2:M§I ) M= 0.
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Mesons at finite temperature in the Nambu — J

Generally, the pole mass equation can be extended to the vector and
axial-vector case and the set of equation together for the vector meson
is solved self-consistently.

The mass of the p-meson and its width can be calculated as

2
g
M2 — Spaa
L 4G,’
Epaq = ﬁgoqu

2
g 3
Donr = 2554/ (M2 —4M2)".
P 48 M?2 (M3 7)
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Mesons at finite temperature in the Nambu — Jona-Lasinio 1

The decay width I';, within the NJL model is defined by the triangle
Feynman diagram treating the sigma meson as quark-antiquark system

b3 (28raasiaqAona (T n)? [ 4M2
o 9 167 Mo‘ Mg 5

where the factor 3/2 takes into account the isospin conservation and
8oqq and grqq are coupling constants . The amplitude of the triangle
vertex Ay rn IS

Aoer = [ ks TH{S(@) T Sla-+P) T S(a)}

The kinematic factor /1 — 4M2 /M2 in leads to the constraint M, >
2M,, if this condition is broken, the decay ¢ — m7 is forbidden and the
o meson becomes a good bound state of the 77 interaction with only
a negligible electromagnetic decay width from the ¢ — 7y process
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Mesons at finite temperature in the Nambu — Jona-Lasinio 1

In order to describe the mass spectra in the NJL model, a set of pa-
rameters is required. Since we are interested in a phenomenology for
the case that the constituent quark mass in the vacuum is m = 400
MeV, we choose the corresponding parameterization with

the cutoff parameter A = 0.5879 GeV,

the current quark mass mg = 5.582 MeV and

the scalar-pseudoscalar coupling constant GgA? = 2.442.

The vector meson coupling constant G,A? = 2.4 is found from fitting
the p meson mass in vacuum M, = 780 MeV.
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Mesons at finite temperature in the Nambu — Jona-Lasinio 1
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Figure 1: Left panel: the temperature dependence M;(T) of mass spectra
for mesons (i = m, 0, p) and doubled quark mass m(T)). Right panel: scaled
temperature dependence of total decay widths I';(T)/T';(0) for mesons
(i=o,p) calculated within NJL model.
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Mesons at finite temperature in the Nambu — Jona-Lasinio 1

The temperature dependencies for I'yrr and I',rr, calculated also in
the framework of the NJL model. It can be seen that the o — 77 decay
is forbidden after TG, = 0.228 GeV, where 'y, drops to zero.

The phase shift &) calculated for the temperatures T = 0, 0.15, 0.185
GeV is shown in left panel of Fig. 2. The blue line corresponds to tht
case without T-dependence and the results almost coincide due to the
choice of the NJL parameters giving the mass M, ~ 0.8 GeV. The
phase shift §3 calculated for the temperatures T = 0, 0.15, 0.185 GeV
is shown in the right panel of Fig. 2. The solid blue line reproduces the

scattering length approximation §2 = —0.12q/m,.
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Mesons at finite temperature in the Nambu — Jona-Lasinio 1
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Figure 2: The phase shifts 63 (left panel) and 63 (right panel) for different

temperatures T = 0, 0.15, 0.185 GeV. The solid blue line in the right panel
corresponds to the scattering length approximation d3 = —0.12q/M,. The

experimental data are taken from

V. Srinivasan, Phys. Rev. D, 12 (681) 1975 .




Mesons at finite temperature in the Nambu — Jona-Lasinio 1

The partial contributions to the total pressure are presented in the left
panel of the Fig. 3 as functions of the temperature. The contributions
from &) and 502 compensate each other and the main virial correction
to the pressure is given by the p meson. The pressure of the ideal pion
gas (red dashed line) and the interacting pion gas (black solid line) are
presented in the right panel of Fig. 3.
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Mesons at finite temperature in the Nambu — Jona-Lasinio 1
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Figure 3: Left panel: Contributions to the pressure of the pion gas at second order

of the virial

expansion (7w scattering) using the Beth-Uhlenbeck equation with medium dependent phase shifts.

The quark Pauli blocking term P92 (blue solid line) is modified to take into account t

hat it vanishes

when the pion bound state is dissociated. Right panel: Pressure of the ideal pion gas (red dashed
line), compared to the total pressure with all three interaction channels (black solid line) and with
just the p-meson channel (blue dotted line). The p-meson contribution is also shown separately by the
blue dotted line.




Results and conclusion

The contribution to the pressure from the S-wave channel is small due
to an approximate cancellation of the attractive (I = 0) sigma resonance
contribution against the repulsive (I = 2) contribution that is explained
by quark Pauli blocking. Using the simple Breit-Wigner approximation
for the meson phase shifts and the nonrelativistic potential model result
for the phase shift in the repulsive channel (I=2) together with the
temperature dependence of the mass spectra from the NJL model, we
show that this cancellation appears not only in low-energy and low-
temperature region, but also takes place at finite temperature as long
as T <0.75T..

In Table 1 the relation af/(5a3) obtained in the frame of NJL model
for different temperatures is shown.
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Results and conclusion

Table 1: The relation a)/(5a3) in the frame of NJL model.

T=0 T=014 T=016 T=019 T =0.2

al 0.148  0.155 0.164 0.202 0.237
al 0.036 -0.037  -0.037  -0.041  -0.043
ad/(5ad) -0.826  -0.85 -0.88 0.996  -1.11
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Results and conclusion

Results obtained in the Table and results are shown in the Fig. show
that the cancellation works also at finite temperature. At high tem-
peratures near the phase transition the difference P% + 5P2% becomes
finite and o-meson channel should be taken into account.

That singularity in scattering lengths appears near the T. due to the
cancellation of the input from the o-exchange diagram to the total
amplitude. Near the critical temperature there appears the interplay
between the pion Pauli blocking process and the creation of o meson
as a bounding state just before turning back into resonance state.
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and conclusion

In the hadronization region for T ~ T., however, it is important to
take into account the o meson as the degree of freedom, since there it
is a good resonance and the quark Pauli blocking ceases because of the
Mott dissociation of the pion.
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Results and conclusion

The NJL values I', = 0.146 GeV and M, = 0.644 GeV are comparable
to theoretical researches in quark meson model, the functional approach
and the non-local model which can be combined as ', = 0.15-0.173 GeV
and M, = 0.42-0.587 GeV, but differ from the nonlocal model with a
separable interaction kernel, where I';, = 0.456 GeV at M, = 0.762
GeV and experimental results I'y . r = 282fgg MeV at M, = 390f§8
MeV (BES Collaboration) and Ty, = 324735 + 21 MeV with M, =
478733 4+ 17 MeV (The E791 Collaboration at Fermilab). The best
fit of the experimental data is obtained for M, = 0.8 GeV, which is
unavailable within the NJL model, where M, lies at the threshold 2m.

Modeling of Physical P in Dense and Hot Nuclear



Strange matter and kaon to pion ratio in SU(3) PNJL mode

The ’horn’: experiments

Firstly, the "horn" was described by the NA49 Collaboration (NA49
Collaboration, PRC 66, 054902,2002) and then it was shown that data
can be placed on the same curve (STAR, AGS)
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Figure 4: The K+/7T+ and K™ /71'7 ratio as the \/snn
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Strange matter and kaon to pion ratio in SU(3) PNJL mode

The "horn’: theoretical overview

o the statistical model: hadron resonances + o - meson (implies the existence of
the critical temperature for hadrons, the hadron phase transition) = the
qualitative reproduction of the peak (Andronic PLB 673, 142 (2009)).

o the SMES (the Statistical Model of Early Stages): a jump in the ratio is a
result of the deconfinement transition: when deconfinement transition occurs
the strangeness yield becomes independent of energy in the QGP (ms — my)
(M. Gazdzicki, M.I. Gorenstein, Acta Phys. Pol. B 30, 2705 (1999)).

o the microscopic transport model: with the hadron phase only can not
reproduce experimental data (W. Ehehalt and W. Cassing, NPA602, 449
(1996); W. Cassing, E. L. Bratkovskaya, PR 308, 65 (1999); H. Petersen et al
arXiv:0805.0567 [hep-ph]....)

o the microscopic transport model + the partial restoration of chiral symmetry
(A. Palmese, et al. PRC 94, 044912 (2016): the quick increase in the K /7
appears as a result of the partial chiral symmetry restoration; the decrease is
a result of QGP formation.
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PNJL Model

Propose of the work: use the SU(3) PNJL model

The Lagrangian (P. Costa et al. PRD79, 116003 (2009); E. Blanquier J. Phys. G: NPP 38,
105003 (2011)):

8
. . 1 _a . a
£ = q(iy"D, 71117'y0/L)q+§Gs E[(q)\ a)® + (qirsA*q)’]
a=0
+ K {det[q(1 + vs)q]+det[a(l — v5)q]} —U(P,o;T)

D, = 0% —iA*, where A* is the gauge field with A® = —iA, and A¥(x) = G,Al e
The effective potential has to reproduce the Lattice calculation in the pure gauge

sector:
U (@, 0;T) by(T)- by, 2 -a by - .o
’ =— — 2 (P — (9D)",
T 500~ = (204 %) + - (D0)
T To\? To\?
bo (T) =ap+ a; <?0> + ag <%> + asz <TO> .
We can:
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PNJL Model

Propose of the work: use the SU(3) PNJL model

The Lagrangian (P. Costa et al. PRD79, 116003 (2009); E. Blanquier J. Phys. G: NPP 38,
105003 (2011)):

8
A S 1 ~a = a
£ = q(iy"D, 71117'y0/L)q+§Gs E[(q)\ a)® + (qirsA*q)’]
a=0
+ K {det[q(1 + vs)q]+det[a(l — v5)q]} —U(P,o;T)

D, = 0% —iA*, where A* is the gauge field with A® = —iA, and A¥(x) = G,Al e
The effective potential has to reproduce the Lattice calculation in the pure gauge

sector:
u (@,CI);T) by (T) = by o5 z3 bs iz o2
T =y 2 (202 (2R,
T To)* To\?
be (T) =ag + a1 <?0> + ag <%> +ag <TO> .
We can:

@ explain and describe spontaneous chiral symmetry broken as
mg = mp+ < qq >;
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PNJL Model

Propose of the work: use the SU(3) PNJL model

The Lagrangian (P. Costa et al. PRD79, 116003 (2009); E. Blanquier J. Phys. G: NPP 38,
105003 (2011)):

8
. . 1 _a . a
£ = q(iy"D, 71117'y0/L)q+§Gs E[(q)\ a)® + (qirsA*q)’]
a=0
+ K {det[q(1 + vs)q]+det[a(l — v5)q]} —U(P,o;T)

D, = 0% —iA*, where A* is the gauge field with A® = —iA, and A¥(x) = G,Al e
The effective potential has to reproduce the Lattice calculation in the pure gauge

sector:
U (@, 0;T) by(T)- by, 2 -a by - .o
’ =— — 2 (P — (9D)",
T 500~ = (204 %) + - (D0)
T To\? To\?
bo (T) =ap+ a; <?0> + ag <%> + asz <TO> .
We can:

@ explain and describe spontaneous chiral symmetry broken as
mg = mp+ < qq >;
o simulate the confinement/deconfinement transition
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PNJL Model

Propose of the work: use the SU(3) PNJL model

The Lagrangian (P. Costa et al. PRD79, 116003 (2009); E. Blanquier J. Phys. G: NPP 38,
105003 (2011)):

L

8
s . 1 _ .
= (i7" Dy —m—ou)a+ 5 Gs ST@ra)* + (aivsA*q)?]
a=0

+ K {det[a(1l+vs)q]+det[a(l — vs)q]} —U(®, & T)

D, = 0% —iA*, where A* is the gauge field with A® = —iA, and A¥(x) = G,Al e
The effective potential has to reproduce the Lattice calculation in the pure gauge

sector:
U (@, 0;T) by(T)- by, 2 -a by - .o
’ =— — 2 (P — (9D)",
T 500~ = (204 %) + - (D0)
T To\? To\?
bo (T) =ap+ a; <?0> + ag <%> + asz <TO> .
We can:

@ explain and describe spontaneous chiral symmetry broken as

mg = mp+ < qq >;

simulate the confinement/deconfinement transition

build the phase diagram with crossover at low chemical potential and 1st
order transition at high chemical potential (mg # 0),

n Dense and Hot Nuclear



PNJL Model

The mean-field approximation

The grand potential density:

- _ B _ _ : d3p

Q = U(q)7 q) T) +8s Z (qui>2 + 4gD (QuQu><QdQ<i><quS> - QNL Z / WEI -
i=u,d,s i=u,d,s
- 2T Y /< Ei) + N3 (E))
i=u,d,s

with the functions
NF(E) = Tre [In(1+ Lle /)] = 143 (@ 4 GomFET ) o BT 4 =3
Np(E) = Tre [111(1 i Le’ﬁ(Ep+“'))} = [1 +3 <<i> + %,ﬁE;) o 4 e—sma;} 7

where Ei Ei Fpi, B=1/T, E; = /pi2 + m? is the energy of quarks and (gq;) is
the qudIk condensate.
The equations of motion
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PNJL Model

The model properties

The effective potential U(®, ®; T)

properties
1.0
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The chiral phase transition properties:
a) Ha = Hd = Ms,
b) Hu = pd; ps = 0.55/1y
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PNJL Model

Masses

The gap equation for quarks depends on the quark condensates:
m; = mo; — 2gs(Gidi) — 28p{da;) {dikax),
The meson masses are defined by the Bethe-Salpeter equation at P =0
1— Pyl (Po=M,P=0)=0,

with
Pr= Gs +K <(_JSCIS> ; Px = Gs +K <(_1uqu>

and the polarization operator:
I (Po) = 4 (8 + 1) — [P — (mi —my)?) Li(Po))

When T > Thots (Po > mj+mj) — the meson — the resonance state — the solution
1
has to be defined in the form Py = My — §iFM.
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PNJL Model

spectra

Pa = fid = s, fiB = 3fbu, pB = (pu + pd + ps)/3
To describe the mesons in dense matter, Fermi momentum Ai, should be related

with the chemical potential of quarks p; = \/AZ + m?

[Gev]

o.
0006305 010 0s 020 025 0a0 085 00 05 10 15 20 25 30 35
T, GeV plpo

Figure 5: The mass spectra at zero and finite chemical potential (see for discussion P.Costa et al

PRD71 (2005) 116002)




T-p variables J. Cleymans et al.
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Results and disc

T-p variables J. Cleymans et al.
PRC73, 034905 (2006)

d

T(us) = a—bu%—cu%, ps(Vs) = Tex/é

The experimental results
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Results and discu

T-p variables J. Cleymans et al.
PRC73, 034905 (2006)
d

T(u) = a—bu%—cu%, pB(Vs) = Tex/é
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Results and disc

Kaon to pion ratio

oo
9 1
g+ = / p-dp )
0 (VPP Hmys Frugx) _

oo 1
N+ = / p2dp .
0 e( p24m + Fp, ) 1

with parameter p, = 0.135 (M. Kataja, P.V. Ruuskanen PLB 243, 181 (1990)) and pux =
Ju — s (see for example A. Lavagno and D. Pigato, EPJ Web of Conferences 37, 09022 (2012)).
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How we can improve the PNJL model? I

o introduce a phenomenological dependence of Gg(®) (Y. Sakai et al PRD 82,
076003 (2010), P. de Forcrand, O. Philipsen NPB 642, 290(2002), A. Friesen et al.
LJMPA30, 1550089 (2015).)

Go(P) = Gs[1 — 1 PP — ap(D? + B3)]

with a; = as = 0.2.

2
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-------- - ——  PNIL4G(T) @ e
2
0.20 e ol o
oasf T e T
= Tl " 06k pNIL
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o the effect of axial symmetry and the coupling K = Ko exp(—(p/po)?) on the
dense states see for discussion P. Costa et al ATP Conf.Proc. 775 (2005) 173;

arXiv::0503258

o and introduce G¢(®) with oy = ap = 0.2.
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Results and discussion

Results and outlooks

o splitting of kaons masses at high densities = the difference in the behavior of
the K/ at low energies.

o the hight of the peak in the model depends on the properties of the matter
(strange chemical potential, T and up) - it looks like we need more realistic
description of the media.

@ the position of the peak pretends to be depend on curvature of phase
diagram/CEP position. This statement can be checked more carefully, for
example in he PNJL model with vector interaction, where at critical value of
Gy first order transition can disappear.
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