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Motivation



A grand opportunity Era.

e By colliding heavy ion nuclei, RHIC and LHC are making little " Big
Bang matter” (the universe microseconds after the Big Bang).

e Using current detectors (PHENIX, STAR, ALICE, ATLAS and CMS)
scientist are answering questions about the microsecond-old universe
that cannot be addressed by any conceivable astronomical
observation. And

e The properties of the matter that filled the early universe turn out to
be INTERESTING (Quark-Gluon Plasma).

e What's next? Hadronic matter under extreme conditions, not only
high temperatures, also high densities. We are waiting for NICA,
FAIR, J-PARCI!!I



QCD phase diagram
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e Phase transition < Symmetry restored/broken.

e Deconfinement and/or Chiral symmetry restoration.



Facilities
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Our current knowledge
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~®—  Dyson-Schwinger [C. Fischer et.ol. 2014]

H4 freeze—out [Becottini et.al, Cleymans et.al, 2005]

b4 freeze—out parametrization [Andronic et.ol. 2008]
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modified statistical fit [Becottini et.al. 2012]

Temperature (MeV)
)
o

=i freeze-out from fluctuctions [Albo et.al. 2014]

1 | L | 1

200 400
Baryonic chemical potential (MeV)

Jana Giinter, Wuppertal-Budapest Collaboration (CPOD-2017)

Fodor, Katz, 2004 '@
Dattaet al., 2016 ©
5 D'Elia et al., 2016, rf A«
= this work: lower bound for ¥ Il A A
5 2, estimator r§
8
<]
23
E
82
e
1 disfavored region for the
location of a critical point
0

135 140 150 155

145
T [MeV]

A. Bazavov et al. (Bielefeld-BNL-CCNU collaboration), Phys. Rev. D
95, no. 5, 054504 (2017)



QCD with massless quarks: Chiral symmetry.

® E%CD = i(x)i%ﬁ“w + ‘Cquark—g/uon + £g/ue

o Y=tr+
1
Yr = 5(1 +75)9,
1
Y = 5(1 - 75)¢
Right handed Left handed



Spontaneous breaking of the chiral symmetry.
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where ¢ — Ve (v, T) is the effective potential.
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Hadronic matter in extreme conditions.

) High Density.
High Temperature.
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The Linear Sigma Model




Linear Sigma Model coupled to quarks.

Effective model for low-energy QCD.

Renormalizable theory.
e Implement ideas of chiral symmetry (SU(2), x SU(2)gr — O(4)).

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

Spontaneous symmetry breaking O(4) — O(3).
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Linear Sigma Model coupled to quarks.

Lagrangian
_121—»2322—»2)‘2-»22
2= 2_(aw) +2(_0w) + (0% + @) = 4 (0" +7)
=+ iQ/JWHa;ﬂZJ - g1/)(0 + i’VSF' ﬁ)%

where 1 is an SU(2) isospin doublet, 7@ = (71, 72, 73) is an isospin triplet
and o is an isospin singlet. A is the boson'’s self-coupling and g is the
fermion-boson coupling. a® > 0 is the mass parameter. To allow for

spontaneous symmetry breaking
o— 0+ v,

v can later identified as the order parameter of the theory.
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Linear Sigma Model coupled to quarks.

After the shift

1l 1
L= 75[(7850] = (3)\\/2 _ 32) o2

1 1 2
- 5[7?857?] ~5 (W2 — 2) 2+ 202

2
A - -
_ZV4 + I1/)ry/taui/} — gvip + /_’,;’ + Z:If,
with masses o —direction.
m2 =3 % — &2, 8 /
IT'I72_r = )\V2 — 327 B
mg = gv.

16



Finite temperature and density effective potential

e Classical potential

2
A
Vtree(v) — _%V2 + ZV47

The curvature of the classical potential is equal to the sigma mass

squared
d2 \/tree
v 3av? — a2 = mi,
tree ‘92 2 A 4 (‘92 + 532) 2 (/\ + 5/\) 4
VHee = Y + nY — — > ve 4+ g v

These counter-terms are needed to make sure that the phase
transition at the critical temperature T, for ug = 0 is second order
and that this transition is first order at the critical baryon density
png =0for T =0.
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Effective potential




Finite temperature and density effective potential

e 1-loop boson contribution

V(v T) TZ/ = In D(wn, k)*/2,
e 1-loop fermion contribution
V(v T, ) TZ/ S TrlIn S(@n — ipg, k)71,

e We work within the imaginary-time formalism of thermal field theory
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Beyond mean field approximation.

Next term in the perturbative series is the ring diagrams (Dolan &
Jackiw, Phys. Rev. D12 3320 (1974)).

2\\
DRIQ

N=2

N

Le Bellac
Screening properties of the plasma. The ring diagrams term is given by
in d3k
VRnE (v T 1ug) == Z/ . )3 n(1+ N(mp, T, pg) D(wn, K)),

with the self-energy

T2 2
M= - N¢ N g? — [Lir(—e"/T) + Lir(—e=#/T)]
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High temperature approximation

e Boson field

in m 47732 1
VAR (v T+ VRS0, Top) = =gtz [In () =7 + 3
_ "

my |( mj ) wTh mT? mT
- 64n? \(4rT)? 90 2% 12w

-
13 (= (i + (T, 11g))*%)

e Fermion Field

4

et Gl () 3] 2 )
- wo(% - 2%) N ¢0<% N 2%” —8mf T {“2(—6“"”)
=+ Liz(*e*uq/T)] + 327 {Lu(,euq/r) + Li4(7ewq/r)]
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High temperature approximation

e Effective potential

24632 A+ 0
Veff(v’ Tvﬂlq):_(a + a)VZ-i-( + )V4
2 2
mi & 1
n(g272) — 7€+ 3]
+b§ﬁ{ 64w2[” amT2) T ETS
B w274 miT? B (m? +N0(T, uq))3/2T}
90 24 127
4 2
ANER
+f§u:d{167r2 "\arT2) TET S

ot o)
—8m2T? {Liz(—e#q”) + le(—e%/T)}

+ 3274 [Li4(—e”q/T) + Li4(—e_”q/T)} }
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Low temperature approximation

e 1-loop boson contribution

1
Vv, Tome) = 55 [ adkk?{ /e + miaTin (1—e (VR TY ),

e Low temperature approximation: The general idea consists on
developing a Taylor series around T =0
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Low temperature approximation

e Boson field

272 42 474 o4
(1)b b T 8 b i T 8 b
Vie (v, T ) = Vo(Valtb)ﬂLTﬁVo(WMb)JrWﬁVo(Vaﬂb)-
4 2
1)b(v my 4a B 1
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647'l'2|: ((Mb+‘/u[2)_m%)2) 2i|
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Low temperature approximation

e Effective potential

eff (a2 +02%) 5 (A+0A) 4 m} Am2a?
VI =— ve+ v’ — { 2{| ( 2)
2 4 i~ 6471' :U‘b+‘/,u‘b7mi
1 Lo/ He —m? 5 T2 1
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Fixing parameters




Free parameters of LSMq

e The square mass parameter a?

2 2
S ms — 3mz
2

e The two coupling constants A and g
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Free parameters of LSMq

e The two coupling constants A and g
At point (A)

m2(0, T§, ptqg = 0) = —a* + N(T§, 1g = 0) =0
At point (B)
m2(v1,0,15) = Avp — @+ T1(0, ug) = 0

aveﬂ' . a\/eff .
ov (v=0,T =0,pq = pg) =0, ov (v=v1,T =0,pq=pg) =0,

V(v =0, T = 0,119 = p) = V(v =v1, T =0, g = 1)
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The QCD phase diagram




Identifying the order phase transition
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QCD phase diagram (g = jup)
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QCD phase diagram (1, = 2u)
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QCD phase diagram (pq = 0.51)
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Results




LQCD results
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CEP. Latest results

Reference Technique Tcep LLCEP
arXiv:1602.00062 DSEs 0.85 T, 1.11 T,
arXiv:1605.08430 nonlocal PNJL 69.9 MeV 319.1 MeV
arXiv:1611.06669 FRG 5.1 MeV 286.7 MeV
arXiv:1612.06673 LQCD 155 MeV 285 MeV

QM2015 and CPOD2016 LQCD - >2 Tcep

QM2017 LQCD 145-155 MeV >2 Tcep
arXiv:1702.06731 ADS/CFT 112 MeV 612 MeV
arXiv:1705.09124 - 119-162 MeV  252-258 MeV

Sci.Rep. 7 (2017) 45937 NJL 38 MeV 245 MeV

This work LSMq 18-45 MeV ~ 315-349 MeV
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Thanks!!!
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