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Strong magnetic fields may be produced
in off-central heavy ion collisions
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Neutron Stars

o Strong magnetic fields are

also present in magnetars:

C. Kouveliotou et al., Nature 393, 235
(1998).
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B effects in QCD Phase Diagram
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Lattice Results: Sign Problem

o fermion determinant is complex

det M (p)]* =det M(—u*) € C

o no positive weight in path integral

7 = / DU e Y™ det M (1)

o standard lattice methods base on
importance sampling cannot be used!



To make progress

We use Quantum Field Theory (in medium)
DSE (beyond RL truncation...)
Holographic models

EOS + susceptibilities calculated on the
lattice + Taylor series (limitations...)

Effective models (just a few degrees of
freedom): NJL/PNJL, Linear @ model, MIT,...



QCD at finite T and B :

NO
Sign Problem!

There is hope that lattice simulations of QCD
with B can be used as a benchmark platform
for comparing different effective models used
in the literature.




B Effects on QCD phase
transitions?
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B Effects on QCD phase
transitions?
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Failure of ALL effective models in providing inverse
magnetic catalysis!

G. S. Bali et al., JHEP 1202, 044 (2012)
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SU(2) NJL + Thermo-
Magnetic effects G(B,T)
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Thermo-Magnetic effects G(B,T)

1
G(B.T) = e(B) |1~ T | +5(B)
eB [GeV?] c[GeV 7] T, [MeV] s [GeV 7] B [MeV ]
0.0 0.9000 168.000 3.73110 0.40000
0.2 1.2256 167.922 3.2021 0.34117
0.4 1.7693 169.176 2.2942 0.22988
0.0 0.7412 155.609 2.8038 0.14401
0.8 1.2887 157.816 1.8040 0.11506

SU(2) RLSF, V.S. Timoteo, S.S.Avancini,M.B.Pinto and G.Krein Eur. Phys. ]. A
(2017) 53: 101

SU(3) RLSF, W. Tavares, S.S.Avancini, V.S. Timoteo, G.Krein and M.B. Pinto,

e-Print: 2104.11117 [hep-ph]



https://arxiv.org/abs/2104.11117

B Effects on QCD phase
transitions?

Inverse magnetic catalysis: how much do we know about?
A. Bandyopadhyay, R.L.S. Farias, Eur. Phys. J. ST 230 (2021) 3, 719-728,

B. e-Print: 2003.11054 [hep-ph]
Possible explanations for IMC:

o Competition of B effects on sea and valence quarks, F. Bruckmann, G. Endrodi,
T. G. Kovacs, JHEP 04 (2013) 112

O Inclusion of plasma screening effects that capture the physics of collective,
long-wave modes, and thus describe a prime property of plasmas near transition
lines, namely, long distance correlations. e-Print: 2104.05854 [hep-ph]



https://arxiv.org/abs/2003.11054
https://arxiv.org/abs/2104.05854

SU(2) Nambu—]Jona-Lasinio model (NJL)

_ _ - 1
ﬁNJL — w ( o m) ¢ - G [(Wb)Q T (wi%ﬂb)ﬂ o ZFW/FAW
D# = (10" — QA") good chiral physics, pions,...

BUT no confinement

Fhv — grAY — 9 AP

Y . . v strong magnetic field background
Q=diag(qu= 2¢/3, ga=-¢/3) that is constant and homogeneous!

G, A and Me - . . and (1))

natural units: 1GeV? ~ 5.34 x 1012 G and e = %

Y. Nambu and G. Jona-Lasinio, Phys. Rev. 122, 345 (1961)



NJL at finite B

At B=0 _ (M _mc)2 N / d4p ] 2 M2
T=TG 2 oyt P+ M

By using the replacement ﬁ2 — p3 + 2kl|qs|B

f (277)4 ’ ffooo C;L;f ffooo d2_1;4 Z;O:O Xk

Cvk—Q—(Sk()

(M —m.)?

B <« d d
San [ pS/ 2t [p3 + 3 + 2Klqg| B + M?]

———

And the gap equation: 0F/0M =0 . OXO




We need a regularization
procedure!

Which procedure/method
IS more appropriate’?

Is there any criteria?



MFIR - Magnetic Field
Independent Regularization

v D. Ebert and K.G. Klimenko, Nucl. Phys. A728, 203 (2003).
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v P. G. Allen, A. G. Grunfeld, and N. N. Scoccola, Phys. Rev. D 92, 074041
(2015).

v D.C.Duarte, P.G.Allen, R.L.S.Farias, P.H.A.Manso,R.O.Ramos,and N. N.
Scoccola, Phys. Rev. D 93, 025017 (2016).

v S. S. Avancini, W. R. Tavares, and M. B. Pinto, Phys. Rev. D 93, 014010 (2016).

V...



Fermi-Dirac Form Factor

[ L1\
U'P(x) =3 l—tanh(A )
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Meson masses



| attice Results (2013)
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| attice Results (2018)
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| attice Results (2020)
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NJL - Meson properties at finite B

T matrix for the scattering of pairs of quarks, g1 q2 = qi' @2’

can be calculated -> solving the Bethe-Salpeter equation in the

ladder or random phase approximation (RPA) Mg (Ba 1" = O)

only pionic degrees of freedom:

el S

><+><:><>< (igﬁoqq)%Dwo (]{;2) — 1—2G21%C§3(k2)
1—0 DT(-O (k2) — kz 1
O
Lrqq = igrqq¥57 T 1 — 2GT, (k%) |p2—mz. =0

O

v Magnetic Field Independent Regularization (MFIR)



Field dependent coupling
G(B, T=0)
2m

Yf(B) = () — (Wrhp)oo] + 1

mz f7

250 1 G(@B) — _|_ 6 6_7 (GB)Q
2250 _
Q2001
C —2
Vj: 1751 o = 1.443732Ge\/'
o p = 3.06 GeV ™
1.50 o éc;ttice data | v =1.31 GeV™*
1.25 — G(B) -
1.00 | | | g | T_
0 0.25 05 0.75 1

eB [GeVZ]

lattice results: Phys. Rev. D 86, 071502(R) (2012)
G(B) in Farias at all, Phys. Lett. B 767 (2017) 247-252



Meson masses at finite B
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Linear Sigma model with quarks - LSMq

1 1 2 A
a Z(02+7—T»2)2

_ L 2 | Lig =2 2 | =2y
L = Z(aug) +2(au7T) | 2(‘7 +7)

+ WO —igy YT - T — ginpo

e Pions are described by an isospin triplet, @ = (71, w2, T3);

e Two species of quarks are represented by an SU(2) isospin doublet, ¥;
e The o scalar is included by means of an isospin singlet;

e )\ is the boson self-coupling;

e ¢ is the fermion-boson coupling;

e o’ > (0 is the mass parameter.



Magnetic corrections to the boson self-coupling and boson-fermion
coupling in the LSMq

A.Ayala, ).L.Hernandez, L. A. Hernandez, R.L. S. Farias, R. Zamora, Phys.Rev.D 102
(2020) 11, 114038, arXiv:2009.13740 [hep-ph],



Magnetic corrections to the boson self-coupling and boson-fermion
coupling in the LSMq
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Magnetic corrections to the boson self-coupling and boson-fermion
coupling in the LSMq
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Neutral pion mass X eB

1.0 ¢ A9

leB| [GeV?]

A. Ayala, J.L. Hernandez, L. A. Hernandez, R.L. S. Farias, R. Zamora, Phys.Rev.D 103
(2021) 5, 054038, e-Print: 2011.03673 [hep-ph].


https://arxiv.org/abs/2011.03673
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A. Ayala, J.L. Hernandez, L. A. Hernandez, R.L. S. Farias, R. Zamora, Phys.Rev.D 103

L SMq strong field

o m=415MeV -
v m=220 MeV -
[ m0=140 MeV |
‘Q"
v ®oo
.0. vy YVvvy “oeeesesess
00.‘... VVVvvvvvvvvvvvvvy
000'00...‘.‘ \A A /
ooo....‘..
0.5 1.0 1.5 2.0 2.5 3.0 3.5
leB| [GeV?]

(2021) 5, 054038, e-Print: 2011.03673 [hep-ph].
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L SMq strong field
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L SMq strong field
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Meson masses + I + B
using NJL



Neutral pionmass + B + T
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Neutral pion mass X eB + MFIR
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Neutral pion mass X eB

No Tachyonic Instabilities!!!
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Conclusions

v We use results from lattice simulations of QCD in t
presence of intense magnetic fields as a benchmark

e

nlatform

for comparing different regularization procedures used in the

literature for the NJL type models MFIR X nMFIR

v MFIR scheme avoid some unphysical results, and this choice

of regularization provide to us some different results

from most

of the regularizations prescriptions of the current literature.

v At T=0 meson masses evaluate using NJL and LSMq are in
agreement with lattice when their coupling constants depend

on B;



Conclusions

v Mott dissociation temperature is catalyzed with the
increase of B

v The dramatic result is the more energetic resonances
that we obtain as we increase the magnetic field. The

rmomeson at the Mott dissociation temperature jumps to
a resonance in a degenerate state with the 0 meson.

v This is a direct result from the dimensional reduction
of the system at strong magnetic fields that enforces the
system to go to another state, since we have less states
to the creation of the thermal g — g~ excitation.




Perspectives

v Inclusion of thermo-magnetic effects in LSMq

v Charged mesons: NJL and LSMq



Thank you for your attention!



