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Introduction and formalism
o

The Nambu—Jona-Lasinio Model

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

NJL shares the global symmetries with QCD

Dynamical generation of the constituent mass
Light pseudoscalar as (quasi) Nambu-Goldstone boson

[ ]
[ ]

m Quark condensates as order parameter

m No gluons (no confinement/deconfinement)
[ ]

Local and non renormalizable
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Introduction and formalism
[ eJele]

The model Lagrangian: multi-quark interations

Light quark sector, my = myq # mg
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Introduction and formalism
[ eJele]

The model Lagrangian: multi-quark interations
Light quark sector, my = myq # mg
Let =q (17", — M) + Lo
m Nambu—-Jona-Lasinio (4 q)

Gr,_ _
Ly = > [(Q/\aCI)Z + (@150aq)?
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[ eJele]

The model Lagrangian: multi-quark interations

Light quark sector, my = myq # mg
Let =q (1710, — M) g + Lo + L
_ G [(m 2 | (& 2
m Lol = 5 |(@ad)” + (GrysAad) ]
m 't Hooft determinant (6 q)

,CH =K (detﬁPLq + detﬁPRq)
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Introduction and formalism
[ eJele]

The model Lagrangian: multi-quark interations

Light quark sector, my = myq # mg

Let =q (17"0, — M)A + Lo + Ly + Leg

m Ly =% (@Xa0)? + (ng,)\aq)z]
m Ly =K (detaPLq + detﬁPRq)
m Eight quark interaction term
Loq = L) + L)
£8Y) = 8; [(GPrAm) (@nPLa))
Eéﬁ) = 1602 (4;PrAm) (AmPw0j) (T;PrAK ) (Gk PLGi)
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Introduction and formalism
[ eJele]

The model Lagrangian: multi-quark interations

Light quark sector, my = myq # mg

Let =q (17"0, — M)A + Lo + Ly + Leg

m Ly =% [(maq)z - (5275)\aq)2]

m Ly = K (defgP_q + defqPr0)

W Lgg = ng) + Lé?

55(3%4) = 891 [(GiPrUm) (@ PLGi)]?

Ez(afq) = 169> (T;PrAm) (AmPLY;) (T;PrAKk) (@ PLOi)

OZl violation in Ly and ng).
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Introduction and formalism
[e] Jele]

Thermodymical potential and stationary phase
conditions NJLH8q case

For details on how to get here from the previous slide see: Phys. Rev.
D 81, 116005 (2010); 0812.1532 [hep-ph]
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Q(MhTJN?QS)a) =
1 39 2 M
16 <4th + khyhghs + =2 (n?) +3gzh;‘> 0
o 3 (34T 0 +C(T p)

f=u,d,s

Mg — Mg = Ghyg + {fshyhs + $hgh? + £h3

My — My = Ghy + #5hghs + %hyh? + %h3
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Introduction and formalism
[e]e] o]

Inclusion of the Polyakov loop.

Introduce homogeneous background A, gluonic field

a
o' — D" =0" +1AH, AF = csggAgA

B
=, L— 73910[ d><4zA47

1 -1
o= L P=g T
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Inclusion of the Polyakov loop.

Introduce homogeneous background A, gluonic field

a B
O" — DM =0" +1A¥, A = 5ggA2%7 L = Pelo o,
1 - 1
= == TrLt
¢ N TrL, ¢ N r
Polyakov loop:

m approximate order parameter (exact in the quenched limit) for (de)/confinement
(¢ = 0 «+» confined)
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[e]e] o]

Inclusion of the Polyakov loop.

Introduce homogeneous background A, gluonic field
a .
" — D" =9" +A", AM = 56L9A°/\ , L= 7>e10[g ks

_1 -_ L1
10) =N TrL, ¢ = N. TrL
Polyakov loop:

m approximate order parameter (exact in the quenched limit) for (de)/confinement
(¢ = 0 «+» confined)

m enters the action as an imaginary x
Ne

1 1
Ng(Ep, pt, T) =—————— — fiq(Ep, 1, T, Ng(Ep, it + 2 (As); , T
a(Ep, 11, T) 1+e(Ep*M)/T a(Ep, ¢¢ ; alEp, (As);, T)
1
na(Ep7U7T): _>nq(Ep7/1T ¢¢ Zn EP7M+ZA4)”7T)

1+ e(Eotu)/T
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Introduce homogeneous background A, gluonic field
a .
" — D" =9" +A", AM = 56L9A°/\ , L= 7>e10[g ks

_1 -_ L1
10) =N TrL, ¢ = N. TrL
Polyakov loop:

m approximate order parameter (exact in the quenched limit) for (de)/confinement
(¢ = 0 «+» confined)

m enters the action as an imaginary x
Ne

1 1
Ng(Ep, 1, T) =——————— — Nq(Ep, ut, T Ng(Ep,  +1(Aq), , T
a(Ep, 11, T) NCEG a(Ep, 11, T, 0, 0) = ; q(Ep, it + 1 (As); , T)
1
nE(EpvﬁhT) = — nq(Epvll T ¢ ¢ Zn EP7M+Z A4)|| 7T)

1+ e(Eo+u)/T
m Extra term, the Polyakov potential: ¢/ (¢, ¢, T)
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Introduction and formalism
[e]e]e] ]

Thermodymical potential with Polyakov loop

For details see: 1008.0569[hep-ph]

Q(MfaT>M7¢7$) =
1 3gl 2 2 4 Mf
== <4th + khyhghs + =2 (h?)" + 3gahi 0

o 3 (34(MPT 0 6.9) + C(T, ) +U (6.5,T)

f=u,d,s

CENTRODEFISICA
%0, COMPUTACIONAL

J. Moreira, B. Hiller, A. Osipov, A. Blin (CFC) ICPAQGP-2010 7120




Introduction and formalism
e0

Polyakov

potentials

| Polyakov potentlal | Parameters
! b by
% == 2( 556 - (d’ +6°) + (¢¢) 695 195 265 744
b b
ba(T) —“ao + alT? +ay ( ) ( )3 o,%5 7,45
1:7 = (T)$¢ ( ) [ ( )} 32.131 722‘.147 122.2 ao3
b
B(¢,$)2176$¢+4(¢ +$)—3($¢)2 175
2 a b
-1 (54e Top+n| ) 664 Mev  0.03A3
i  bp(T)— i ag a, a, az
T4 7 ¢~ (d’ +é ) (M) 6.75 —1.95 2.625 —7.44
27 — b3 by
—Kin[——8 (¢, ¢)] 0.75 7.5

1" from C. Ratti, M.A. Thaler, and W. Weise, Phys. Rev. D 73, 014019 (2006)

1" from S. Roessner, C. Ratti, W. Weise, Phys. Rev. D 75, 034007 (2007)

" from K. Fukushima, J. Phys. G 35, 104020 (2008); arXiv:0806.0292 [hep-ph]

u" fromA. Bhattacharyya, P. Deb, S. K. Ghosh, R. Ray, arXiv:1003.3337v1 [hep-ph]

Moreira, B. Hiller, A. Osipov, A. Blin (CFC)
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Introduction and formalism
o] ]

Temperature dependence of the minima of the
considered Polyakov potentials

[ N
—05- A
o\
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Introduction and formalism
[ ]

3D: 7 = © (A~ |pe])

m [ dipe|pf(1pE]) = J; dipe s (1pE])

CENTRODEFISICA
%0, COMPUTACIONAL

J. Moreira, B. Hiller, A. Osipov, A. Blin (CFC) ICPAQGP-2010 10/20




Introduction and formalism
[ ]

3D: 7 = © (A~ |pe])

U dipe [p*°f (IPe) = dlpe |7°°f (|pe|)

m Inclusionof T, u through Matsubara formalism:
J_1(M2,T, ) = 3% (M?) + 37 (M2, T, 1)

CENTRODEFISICA
%0, COMPUTACIONAL

J. Moreira, B. Hiller, A. Osipov, A. Blin (CFC) ICPAQGP-2010 10/20




Introduction and formalism
[ ]
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m 57 dipe | (IPe]) = fo dipe o™ (Ipel)
m Inclusion of T, Mthrough Matsubara formalism:
J_(MET u)—J"aC(M )+Jmed(|\/|2 T, )
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m Vacuum part: p; +Pe2+o
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[ ]
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J_(MET u)—J"aC(M )+Jmed(|\/|2 T, )

vac( — 167 / da / d pE4 A3D _];2 -
m Vacuum part: p; +Pe2+o

=A (2/\3 —VMz A2 (M + /\2)) + M4ArcSinh%

4|pE|
0%+ IDEI2

MZ
m Medium part: I7%° (M2, T, 1) = — / do? / dipg| (—”q—na)
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[ ]

3D: 7 = © (A~ |pe])

%

U dipe [p*°f (IPe) = dlpe |7°°f (|pe|)

m Inclusion of T, Mthrough Matsubara formalism:

J (M2 T u)—J"aC(M )+Jmed(|\/|2 T,u)
vac( — 167 / da / d pE4 A3D _];2 -
m Vacuum part; p; +Pe’+o
=A (2/\3 — VM2 § A2 (M + /\2)) + M4ArcSinh%

v _ 4P|

m Medium part: I7%° (M2, T, 1) = — / do? / dipg| - (—”q—na)

0%+ ||DE|2
M independent

5 IPE |+ _Ipgl—p
C(T,u) = /d|pE|8| EfTIn{(1+e T l+e 7
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Introduction and formalism
[ ]

3D: 7 = © (A~ |pe])

%
U dipe [p*°f (IPe) = dlpe |7°°f (|pe|)
m Inclusion of T, Mthrough Matsubara formalism:
J_(MAT u)—J"aC(M )+Jmed(|\/|2 T, u)
vac( :—1671’/ da / dpE4 A3D _];2 -
m Vacuum part: p; +Pe2+o
=A (2/\3 — VM2 § A2 (M +/\2)) + M4ArcSinh%
e _Apél
m Medium part: I7%° (M2, T, 1) = — / do? / dipg| - (—”q—na)
02+|p5|2
M independent
El+ IPE | —p
C(T, ) / dlpe|8|p |2Tln<<1+e T )(1+e— = '))
m Polyakov loop inclusion: ng(M, P, T, 1) — Ag(M,P, T, 1, ¢, ), ...
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Introduction and formalism
[ ]

3D: 7 = © (A~ |pe])

S dipElp*P(IPEN) = J3 dIpE |t (pEl)
m Inclusion of T, Mthrough Matsubara formalism:
J_(MET u)—J"aC(M )+Jmed(|\/|2 T, )

vac( — 167 / da / d pE4 A3D _];2 -
m Vacuum part: p; +Pe2+o

=A (2/\3 —VMz A2 (M + /\2)) + M4ArcSinh%

MZ
4
m Medium part: I7%° (M2, T, 1) = — / do? / dipg| lpE| (—”q—na)
0%+ |pE|2

M independent

2 IPE |-+ _ 1Bl —n
C(T,u) = /d|pE|8| EfTIn{(14+e T l+e 7

m Polyakov loop inclusion: ng(M,P, T, 1) — fig(M,P, T, 1, &, 9), . ..

~3D,00.

m /°%>°: remove cutoff just in medium part

J. Moreira, B. Hiller, A. Osipov, A. Blin (CFC) ICPAQGP-2010 10/20



Introduction and formalism
L 1)

Pauli-Villars: pag, =1 — (1 = /\285Ez> exp (/\2855>

m PV regulator: przf(IPel?) = f(IPE) — F(IPE P + A%) + A° 52 (|Pel® + A°)
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M2

1 M?
m Vacuum part: J¥% (M?) = > ((M“ - /\4) In(1+-5) - M? (/\2 +M?In F))
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1 M2 M2
m Vacuum part: J¥% (M?) = > ((M“ - /\4) In(1+-5) - M? (/\2 +M?In F))
H . d/ng2y . 8 [0 T (I _ 14 a Ng mM+Ng Ng 0+Ng
m Medium part:J™%(M?) = =2 [CdIpellPel*frs ( :/M2+1§M _ quTo)
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m PV regulator: przf(IPel?) = f(IPE) — F(IPE P + A%) + A° 52 (|Pel® + A°)
m Inclusion of T, i through Matsubara formalism:
J-1(M2 T, ) = 9% (M?) + 97 (M, T, )
1 M? M?
m Vacuum part: J¥% (M?) = > ((M“ - /\4) In(1+-5) - M? (/\2 +M?In F))
. . 0 = (I= ~ Ng M+Ng Ng 0o+Ng
m Medium part:3™¢(M?) = —2 [~ d|Be || Pel* s ( S/TAH(:)&M a q\O?ET 0)
m M independent: C(T,p) = - [~ dPelPel ("q—“’_p?)
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Pauli-Villars: pag, =1 — (1 = /\285Ez> exp (/\2855>

m PV regulator: przf(IPel?) = f(IPE) — F(IPE P + A%) + A° 52 (|Pel® + A°)

m Inclusion of T, i through Matsubara formalism:
J_1(M2,T, ) = 31%(M?) + 37 (M2, T, 1)

2 2
m Vacuum part: J¥% (M?) = = ((M“ - /\4) In(1 + M—) —M? (/\2 +M?In M—))

2 A2 A2
i . d 2\ . 8 oo IR I _|4a Ng m+ng ng o+ng
m Medium part:J"%(M?) = -3 Sod el Pel* A, ( :/M2+1§M _ quTo)
m M independent: C(T,p) = —& [ d|Pe||Pel* (T"Q‘OJSTD)

m Polyakov loop inclusion: ng(M, p, T, 1) = fig(M,p, T, i, ¢, @), ..., Ng(0,p, T, 1)
remains unchanged
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2 A2 A2
i . d 2\ . 8 oo IR I _|4a Ng m+ng ng o+ng
m Medium part:J"%(M?) = -3 Sod el Pel* A, ( :/M2+1§M _ quTo)
m M independent: C(T,p) = —& [ d|Pe||Pel* (T"Q‘OJSTD)

m Polyakov loop inclusion: ng(M, p, T, 1) = fig(M,p, T, i, ¢, @), ..., Ng(0,p, T, 1)
remains unchanged

m 57V°°: remove cutoff (5 = 1) just in medium part
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Introduction and formalism
oe

Parameters for the quark interaction part

Sets my ms A G K g1 J2
‘ (MeV) (MeV) ‘ (MeV) ‘ (Gev—2) ‘ (Gev—3) | (Gev8) ‘ (Gev—8)
I 5.3 170 920 8.89 —687 0 0
I 55 135.7 631.4 9.21 —740.6 0 0
11 5.9 186 851 7.03 —1001 1000 —a7
Y 55 | 183.468 | 637.720 7.165 | —720.245 2193 —589

m Setl: A.A. Osipov, A.H. Blin, B. Hiller; 0410148 [hep-ph]
m Set ll: T. Hatsuda, T. Kunihiro, Phys. Rep. 247, 221 (1994)

m Set lll: B. Hiller, J. Moreira, A.A. Osipov, A.H. Blin, Phys. Rev. D 81, 116005
(2010); 0812.1532 [hep-ph]

m Set IV: A. Bhattacharyya, P. Deb, S. K. Ghosh, R. Ray; 1003.3337v1 [hep-ph]
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Results using /' in the PNJLH model

04 05

= 77780
Incorrect behaviour for v only with 3D cutoff everywhere.
Whitout cutoff limy _,.oM = 0.
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Results using /' in the PNJLH model

=¢ [ 9.9

1.0 1.0 1.0 st
P FAR N )
] e
0.8] 0.8 0.8] ’.'
0.6 0.6 [
0.4 0.4 0.4
02| 0.2 02} |
1i=0.5 GeV

0'8.0 Oi 0.2 0.3 0.4 0.5 0.(;r 0'8.0 0] 0.2 0.3 0.4 0.5 0.(;r 0'8.0 0.1 02 03 0.4 0.5 0.(;T
With cutoff everywhere we obtain limy_,., ¢, ¢ = 1
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Results using &/" in the PNJLH model
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Whitout cutoff limt _,., M = 0.
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Results using ¢/"" in the PNJLH model

0.8

0.6)

0.4

0.2]

0'8.0

Without cutoff limt_,.. M = 0 and overshooting of the pure gluonic
asymptotic solution without cutoff.
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Results using ¢/"V in the PNJLH8qg model
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0.4

0.2]

0'8.

Without cutoff limt_,.. M = 0 and overshooting of the pure gluonic
asymptotic solution without cutoff.

CENTRODEFISICA
%0, COMPUTACIONAL

J. Moreira, B. Hiller, A. Osipov, A. Blin (CFC) ICPAQGP-2010 17/20



Results
L]

Some considerations on divergences with temperature

%J—l('\/l2 = 07#’ = 07T7¢7 (z))
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Some considerations on divergences with temperature

s 1M2=0,1=0,T,¢,9)
B limr_ o %B%J?Pl o fy (¢)
m limr_o, %%aiﬁm o 5 (4)
B limr_ o B%J‘Pl o f3 ()

, 4D,
m limy %%J_lw o f2(¢)
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Some considerations on divergences with temperature

%J—l('\/l2 = 07#’ = 07T7¢7 (z))

. dJ_

B limr_ o %%Jiﬂ o fy (¢) STt —
m My 50T xR () =
B im0 2539 o fa ()

, 4D,
m limy %%J_lw o f2(¢)

® ¢ goes to the solution of g—g =0
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Some considerations on divergences with temperature

%J—l('\/l2 = 07#’ = 07T7¢7 (z))

. 0J_
B limr_ o %@331) o fy (¢) ¥ 55 +Ag—zg =0
m limr o 75 T4 ? k(o) =

® ¢ goes to the solution of g—g =0

m limr o0 8d> o f3 (¢) m ¢ goes to another solution

1 O 14D,c0 ,
mlimr o 77 ()O‘L o fa (@)
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Some considerations on divergences with temperature

%J—l('\/l2 = 07#’ = 07T7¢7 (z))

. 0J_
B limr_ o %@331) o fy (¢) ¥ 55 +Ag—zg =0
m limr o 75 T4 ? k(o) =

® ¢ goes to the solution of g—g =0

m limr o0 8d> o f3 (¢) m ¢ goes to another solution

1 O 14D,c0 ,
mlimr o 77 ()O‘L o fa (@)

5250_1(M?, 1 =0,T,6,9)
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Some considerations on divergences with temperature

%J—I(Mz = 07#’ = 07T7¢7 (z))

n |imHoo%8%J3Do<fl(¢) ¥ 53 +Ag_g:o

2320 oy (9) =

H 1
m iMT 00 =7 52
m My, o 2390 ocf3 (9)

—

® ¢ goes to the solution of g—g =0

¢ -1 B ¢ goes to another solution
mlimr . TAMAJ“Dl ® x f, (¢)
oz 1(M2,u= T,9,9)
B iMoo mh =0.3% =0
B limr_ o aﬁz.]a‘Dl"” =
m limy_, o 55737 =0
m im0 a;zz.]i\i"’o =00
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Some considerations on divergences with temperature

359-1(M? =0,1=0,T,,9)

. 83_
mlimr e 3 83¢J3D o fy (¢) ¥ 55 +Ag—zg =0
molimy o 5 23%0%° o« f, (¢
T—o0 T4 967 -1 2(¢) = u ¢ goes to the solution of g—g =0
; & 14D
B limre0 55977 < f3(¢) m ¢ goes to another solution
1 D,co

. F) )
m limy_ —4%\]71 o fa (@)

QMZJ 1(M27M = 07T7¢7¢)

—

; 8 33D _
m limr_ W‘]—l = =0

. o 3D,00
| limr_, I =

o0 om2 T —1 m M goes to the current mass
m lim o PV =
T—o0 gmM2Y—1 —

; 9 qPV,o0o _

| |Im1—_>oo WJ*J- =0
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Some considerations on divergences with temperature

%J—I(Mz = 07#’ = 07T7¢7 (z))

. dJ_
m im0 %S%Jiq o fy (¢) > 2 +Ag_z$ =0
My oo 7 25370 o fp (¢) =

® ¢ goes to the solution of g—g =0

; 9 74D
B limr o0 55977 o f3(9) m ¢ goes to another solution

m limr_ o T14 2340 oy (9)
5933_1(M2, 1 =0,T, ¢, ¢)
m limy_, o 525330 =0 =0
. o 3D,00 __
mlimr oo gu2d=1 = m M; goes to the current mass
m limy_, o 55737 =0 m M goes to zero
u |imT~>:>o ,r,az i\i% =
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Conclusions

The use of a Pauli-Villars regulator reveals several interesting features that
appear to be qualitatively independent of the choices of parametrization (both
of the quark and the Polyakov parts):
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Conclusions

The use of a Pauli-Villars regulator reveals several interesting features that
appear to be qualitatively independent of the choices of parametrization (both
of the quark and the Polyakov parts):

m Stefan-Boltzmann limit fails only in 5P
Dynamical mass drops below current mass in p3°-> and pPV->
Overshooting of the Polyakov loop asymptotic solutions with A — oo

p"V passes all these tests

No conclusion as for the choice of Polyakov potential
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