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Outline (Few-Body)

Dedicated to Prof. Manuel Malheiro

* Lattice QCD predictions
* Two-body potentials

* Three-body bindings




Outline (Many-Body)

Dedicated to Prof. Manuel Malheiro

* Thermo-magnetic NJL coupling

* Thermodynamics and meson properties

* Magnetization




Introduction / Motivation (Few-Body)

Verify if lattice QCD predictions for two and three nucleons
are supported by effective calculations with separable potentials

for a review of 3N system, see works
from Bochum, Krakow and Ohio groups

Lattice QCD Separable 2N potentials

M

Lischer formula Faddeev equation

S.R.Beane et al. [NPLQCD], Phys. Rev. C 88 (2013) 024003 (two-nucleons)

S.R.Beane et al. INPLQCD], Phys. Rev. D 87 (2013) 034506 (three-nucleons)



Introduction / Motivation (Many-Body)

Verify if lattice QCD predictions for hot and magnetized quark matter
are supported by calculations with effective NJL models

LHC / RHIC Magnetars

paramagnetic
squeezing

=

neutron stars

Phys. Rev. Lett. 112 (2014) 042301
G. S. Bali, F. Bruckmann, G. Endrodi, and A. Schifer



Lattice QCD predictions

m_= 3806 MeV my = 1.634 (0) (0) (18) GeV
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S.R.Beane et al.  NPLQCD], Phys. Rev. C 88 (2013) 024003



2N separable potentials
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Analytical T-matrix:
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2N T-matrix
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Double pole

P2\ 12 1 1
=14+ = — =+
g(p) ( + 062> a- 2
For 4 < —— the separable potential with the above g(p) generates two poles:
a
K = Q (independent of A1)
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2N phase-shifts

a ~ 2r

Square root

Yamaguchi

Gaussian

B 1S0 - Granada PWA
= 3S1 - Granada PWA




Spinless three-body system

Jacobi momenta A. G. Sitenko and V. F. Kharchenko, Nucl. Phys. 49 (1963) 15

i V. S. Timéteo, Ann. Phys. 432 (2021) 168573

Wave function
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Three-nucleon system

Wave functions
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A. G. Sitenko and V. F. Kharchenko, Nucl. Phys. 49 (1963) 15 V. S. Timoteo, Ann. Phys. 432 (2021) 168573



Two-Nucleon Binding Energies

Lattice QCD ER parameters, unphysical pion mass

Square-Root | Yamaguchi | Gaussian LQCD
B>1/MeV 25.3 19.5 18.4 19.5 (3.6) (3.1) (0.2)
Bro/MeV 12.77 11.1 10.7 15.9 (2.7) (2.7) (0.2)

Empirical ER parameters, unphysical pion mass

Square-Root | Yamaguchi | Gaussian | experiment
B>1/MeV 13.4949 9.26145 3.69714 | 2.224575(9)
Bro/MeV 5.66342 3.88675 3.64993 —




Three-Nucleon Binding Energies

Lattice QCD ER parameters, unphysical pion mass

Square-Root

Yamaguchi

Gaussian

LQCD

Bg/M@V

56.5

36.6

56.5 533.9 (7.1) (8.0) (0.6)

Empirical ER parameters, physical pion mass

Square-Root

Yamaguchi | Gaussian

experiment

Bg/MeV

7.496939

3.945608 | 8.397675

3.481798(2)




QCD complications

Force carriers interact directly (increases the number of possible processes)




Effective Models

Models are less powerful than theories

They are used when the fundamental theory 1s too complicated

Built to explain part of the features of a complex theory

QCD NJL
Confinement No confinement
Asymptotic freedom No asymptotic freedom
Symmetry breaking Symmetry breaking

Mass generation Mass generation



Nambu—Jona-Lasinio Models

Buballa, Bernard, Klevansky, Ratti, Weise,...
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NJL gap equation: simple view
see review by Weise
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<M> and <qg>

2D Ising model 2F NJL model
o~ -
Magnetization K L — Chiral condensate
1.0} 1.0}
: ® Ising: Hy =0 I V%‘%U ® NJL:mg=0
_ Ising: Ho = 5 x 107 a.u. gy, NJL: mg = 5 x 1073 GeV
0.8 — Ising: Hp =10 x 1073 a.u. 0.8 " ".... NJL: mg =10 x 1072 GeV
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Rotational symmetry is broken

Collective Goldstone mode: spin waves

External field H, (explicit breaking)

Chiral symmetry is broken

Collective Goldstone mode: pions

Current quark mass m (explicit breaking)



Gap equations at finite temperature and magnetic field

M, = m, — 2G{uu) — 2K (dd)(5s)

Mg =mg — 2G<dd> == 2K<§S> (ﬂu}

(@9) = (qq)vac + (q9) mag + (79) 1ma
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Condensates




Grand canonical potential in MFA
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Thermodynamics
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Some lattice QCD results
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Constant coupling: SU(2) NJL model
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Thermo-magnetic coupling: prototype

T >0

leB| T

G(B.T)=G(B)[1—y
( Adep Aaep

Farias, Gomes, Krein, Pinto
Phys. Rev. C 90, 025203 (2014)
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Matching the NJL model to lattice QCD

Build a thermo-magnetic coupling for the NJL model from lattice QCD results

For given values of T and eB:

- start with an initial attempt for G(T, eB)

- for this G, make an initial quess for M

- solve the gap equation

- with M, compute the condensate averages

- compare to lattice QCD result for that T and eB
- repeat until the best G(T, eB) is found



Thermo-magnetic dependent coupling

G G(eB, T)
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Thermal Susceptibilities and Specific Heat

G G(eB, T)
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Pressure and Entropy
G G(eB, T)
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Sound Velocity and Interaction Measure
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Pseudo-critical temperature

Eur. Phys. J. A 53 (2017) 101
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Bali et al.
JHEP 02 (2012) 044



Magnetization

M:_asz - 02 d¢y 92 9p
dB hY dps 0B dp 0B
I I
— () Ry
0 1 p st




M/e[GeV *] x 10°

g
o

ek
-

=
o

—
o

1o
=

n'»
o

&
=

D
=

netization

G(eB, T)

T T T T T 80 T T T T T
§ i _ . 2 _
i | 60 eB=0.1 GeV
’ O 2 —
e e T L LR RPN 7 — ™ - = eB=0.3 Gev
n == - // - 1C—> . —_— 2 7
‘ \\\\\ - // < - €B:0.5 GeV2 ‘/ .
B 2 . | — eB=0.7 GeV /
I 1 eB=0.2 GeV . . N> 40k ya //ﬁ
2 .
Vi - eB:04 GeV2 ‘\ ] é .////
i "= eB=0.6 GeV N7 %" | ./// |
| 2 _|
eB=0.8 GeV 20 ,4/ _
i 1 /
i il _ A7t _
A
i 1 - / ........
I | I | I | I | I O 0 I J -—-—I' """ L ) | I | |
0 50 100 150 200 0 50 100 150 200
T [MeV] T [MeV]



Meson properties under strong magnetic fields
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Simple G(eB) at T=0

- fit to lattice QCD condensates (few values of eB)
- interpolation to generate a larger set
- fit of the larger set to a shifted gaussian

GeB)=o + Be ’ (eB)*

o = 1.44373 GeV™4, §=3.06 GeV™ and ¥ = 1.31 GeV ™

GCGO)=a+ B

Physics Letters B 767 (2017) 247-252



Condensates at 7=0
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0.5

7, and ¢ masses at 7 =0
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Renormalized Magnetization

— HRG

1.0E — G(eB, T=0)
HK parametrization
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Final Remarks

The results with unphysical masses are close to the lattice QCD calculations
The results with physical masses are close to the experimental values F€W-BOdy

Our calculations with effective potentials support the lattice QCD results
NJL models with fixed coupling fails to describe lattice QCD calculations
Thermo-magnetic coupling seems to be adequate to improve NJL results
Many-BOdy Thermodynamic quantities are all affected by the variation of the coupling

Sign of magnetization changes when G — G(eB, T)

Pion mass at 7=0 matches lattice QCD calculations with G(eB)



