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Motivation

o QCD under extreme conditions (temperature and
finite quark density) play an important role in
understanding the transitions that took place in the

early universe.
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o There is only reliable information at low densities.

o There are experimental efforts to dissipate doubts
at higher densities.
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Quantum Chromodynamics

e QCD Lagrangian with massless quarks.

E%CD — E(m)i’}’uauw + Equark—gluon + Eglue

e Gauge theory with the local symmetry group
SU(N,).

e The fundamental fields are the quarks and the
gluons (gauge field).

e In the limit that each on of the Nf quark fields is
massless, QCD shows chiral symmetry.
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Linear Sigma Model

e Effective model for low-energy QCD.

e Effects of quarks and mesons on the chiral phase
transition.

e Implement ideas of chiral symmetry and
spontaneous symmetry breaking




Linear Sigma Model

e Spontaneous breaking of the chiral symmetry.

Q510) # 0 & () #0

/(y,ﬂ)
(y,T)
(x,0)

Q510) =0 () =0

(- Y




~ R
Linear Sigma Model

e Lagrangian

2
L = 2(0u0) 45 @)+ (2 +7) -]

+ithy 0" — gh(o + iysT - T)Y,
e To allow for spontaneous symmetry breaking

o— 0+
(o) =v;  (m) =0.

e where U is identified as the order parameter

N /




~ R
Linear Sigma Model

e After the shift r— _%[g(au +iqA,)%0]—= (3M? — a?) o
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Linear Sigma Model

e \We calculate the effective potential for fermions and
bosons at finite temperature and chemical potential

1/2

d’k | Ak |
Vi, =51 Z/ 111 , Vi=s¢T Z/ (27r)3 In (S
n '

where the thermal boson and fermion propagators are
given by
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Linear Sigma Model

e In order to include medium effects on the mesons we
need to go beyond mean field and include the Ring
diagrams to the boson contribution
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Then the full effective potential is:

Veff . Vtree—l- Vb-l- Vf+ VRing
Vtree(v) - _%2‘/2_'_&‘/4

b d3k \1/2
Vv, T) = TZ = In Dy (wp, k)

3 —
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Criticality

e Now the criterion to find the temperature and the
chemical potential where the chiral symmetry is restored,
Is the following.

o Second Order

G yeff]  — g
Ov? v=0

o First Order

vell ) = vell (vy);




Model Parameters

e The parameter space consists of the A and g coupling
constants and the mass parameter a, which can be fix by
LQCD data (PRL 125, 052001 (2020)).

Fixing a with:

T2 T. 1/2 32 /'12
— — & (Ml T fis=T1)—a [ (s
6/\(12 4 (Mo(Ter s =0) = &%) " + 705 ["<T§>D

+g°T: — a* =0.

Fixing A and g with the collection of curves that obey
this relation:

2 4
Ic(pB) _ 4 _ L A
70 70 70
K ks = 0.0153 and w1 = 0.00032/




Results

A=04, ¢g=0.88 and a = 141.38 MeV
AL
'd N\
ol ; :Epn oraer
768 MV < pGEl < 819 Mev 7] LY
69 MeV < TYEP < 70.3 MeV ° R

\ Ayala, A, et al, Eur. Phys. J. A 58, 87 (2022). /
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Comments so far..

o The linear sigma model is an effective tool that
allows the analytical analysis of properties of
great interest in QCD.

o Up to this point we have learned that the
parameter space with physical relevance is
neither large nor arbitrary.

o There is still room for improvement and plenty of
things to learn from this model and its possible
extensions.
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What is next?

o Speed of sound is closely related with the
thermodynamics properties of any system,
including the EoS.

o For example, in neutron start researches, the c_
behavior as a function of baryon number density
influences the mass-radius relationship.

e In HIC, c_ also conveys relevant information; for
example, it displays a local minimum at a
crossover transition.




What is next?

TOV and EoS can give some insight about the
transition quark-nucleon matter. Directly related with
the speed of sound behavior.
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Speed of sound

e The square of the speed of sound is usually

defined as
2 (o
X Oe \

where y denotes the parameter fixed in the
calculation of the speed of sound.

e According to the properties on the propagation
medium, it may be more useful to keep one
quantity fixed rather than another.
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Speed of sound

e For this work, we will focus on
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Speed of sound

e The pressure, entropy and baryon number
densities can be derived using the thermodynamics
relations in the grand canonical ensemble as

p = —Q, €e=—p+Ts+ ugpg




Results

A=04, ¢g=0.88 and a = 141.38 MeV
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Results

A=04, ¢g=0.88 and a = 141.38 MeV
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Results

A=04, ¢g=0.88 and a = 141.38 MeV
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Comments about the CEP

e The main idea is to establish that the speed of
sound exhibits different behaviors around the
critical point that can be directly related to drastic
changes in the medium.

o For example, a drastic change in the behavior of
the speed of sound at fix entropy, it's a clear sign
that we are approaching the CEP.

o This criterion can be complemented with the other
criteria that have been shown in previous works of
the collaboration.
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e For example, we can

parameterize the
baryon chemical
potential in terms of the
collision energy to
compare the
fluctuations of the
cumulants and their
dependence on it.
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Final Comments

o Ring diagrams inclusion is equivalent to
introducing screening effects at finite T and uB .

» CEP signaled by marked change in the c_

o CEP found at low T and high uB

o the CEP can be located for collision energies

sy ~ 2 GeV, namely, in the lowest NICA or
within the HADES energy domain.
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Classifications

b First order

e The systemisina M4
"mixed-phase regime" in which
some parts of the system have
completed the transition and
others have not.

Y

T:‘.

a Second order

e They are characterized by a MA
divergent susceptibility, an
infinite correlation length, and a
power law decay of correlations

near criticality.
@ ’
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