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Introduction

QCD: the Theory of Strong Interactions

Very successfull pQCD at high energy

Non-perturbative low energy regime requires the use of other tools for
instance:

lQCD
AdS/QCD
Dyson-Schwinger
FRG
Chiral pertubation theory
Effective models

Dynamical/Explicit Chiral Symmetry Breaking plays a big role in
low energy phenomenology
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Phase diagram for strongly interacting matter

A clear and present challenge 1:
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The effect of strong magnetic fields on this phase diagram is relevant for
instance in:

Heavy Ion collisions

Compact stars

Early phases of the Universe

1N. Cabbibo, G. Parisi Phys.Lett. 59B (1975) 67-69; Kenji Fukushima, Tetsuo
Hatsuda Rept.Prog.Phys.74:014001,2011; http://nica.jinr.ru/physics.php
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Nambu–Jona-Lasinio Model

NJL: effective model for the non-perturbative low energy regime of
QCD with Dynamical Chiral Symmetry Breaking (DχSB)

NJL shares the global symmetries with QCD
Dynamical generation of the constituent mass
Light pseudoscalar as (quasi) Nambu-Goldstone boson
Quark condensates as order parameter
No gluons (no confinement/deconfinement)
Local and non renormalizable
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Multi-quark interations (u, d and s) 2

Leff = qı/∂q + Lm

+ LNJL + LH + L8q + Lχ

Lm = qm̂q

Extended Explicit Chiral symmetry breaking Lχ
LNJL = G tr

(
Σ†Σ

)
LH = κ

(
det Σ + det Σ†

)
L8q = L(1)

8q + L(2)
8q , L(1)

8q = g1
(
tr Σ†Σ

)2
, L(2)

8q = g2tr
(
Σ†ΣΣ†Σ

)

2Σ = (sa − ıpa) 1
2λa, sa = q̄λaq, pa = q̄λaıγ5q, and a = 0, 1, . . . , 8
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(
tr Σ†Σ
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8q = g2tr
(
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Non canonical explicit chiral symmetry breaking terms
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Inclusion of explicit chiral symmetry breaking terms

Lχ =
10∑

i=1

Li ,

L1 = −κ1eijk emnl Σimχjnχkl + h.c., L2 = κ2eijk emnlχimΣjnΣkl + h.c.,

L3 = g3tr
(
Σ†ΣΣ†χ

)
+ h.c., L4 = g4tr

(
Σ†Σ

)
tr
(
Σ†χ

)
+ h.c.,

L5 = g5tr
(
Σ†χΣ†χ

)
+ h.c. L6 = g6tr

(
ΣΣ†χχ† + Σ†Σχ†χ

)
,

L7 = g7
(
trΣ†χ+ h.c.

)2
L8 = g8

(
trΣ†χ− h.c.

)2
,

L9 = −g9tr
(
Σ†χχ†χ

)
+ h.c. L10 = −g10tr

(
χ†χ

)
tr
(
χ†Σ

)
+ h.c.

Note: κ1, g9, g10 can be set to 0 without loss of generality;
χ = diag(mu,md ,ms); κ1, κ2,g4,g7,g8,g10 OZI violating;

For more on this subject drop by Jorge Morais talk on thursday!
(CFC, JINR) QCD PD with magnetic field Hadron XI Salamanca 7 / 17



Outline Introduction and formalism Results Conclusions

Thermodynamical potential

Ω =Vst +
∑

i

Nc

8π2
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J−1 [Mi , T , µi ] + C [T , µi ]

)
Vst =
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2
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−
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−
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2
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tfij hi hj − κ2tfij hi mj
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∫ d4pE

(2π)4
ρ̂Λ

1

(p2
E + M2)i+1

=16π2
∫ d4pE
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∫ ∞
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.
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2M

∂

∂M
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(1)
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Magnetic field, temperature/chemical potential and
regularization

Landau level: ∫
d2p⊥
(2π)2 →

2π |q|H
(2π)2

1
2

∑
s=−1,+1

+∞∑
m=0

,

p2
⊥ → (2m + 1− s) |q|H

Matsubara formalism:

p4 → πT (2n + 1)− iµ∫
dp4 → 2πT

+∞∑
n=−∞

Regularization

ρ̂PV [τ,Λ] = 1− (1− τΛ2)e−τΛ2
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Solutions at {T ,H |q|} = {0GeV,0GeV2}
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Solutions at {T ,H |q|} = {0GeV,0.4GeV2}
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Phase diagram at different field strengths
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Conclusions

Second CEP associated with the strange chiral restoration:

Exists even at vanishing magnetic field
Location in the PD much less affected by the magnetic field when
compared with the other CEP

Cleaner transitions (regularization?)
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