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Lattice QCD

Hands S. Contemp. Phys. 42, 209
[2001], T. = 0.17 GeV (SU(2))
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The NJL model PNJL with vector interaction

The Nambu-Jona-Lasinio model

The Lagrangian

Lxn = (i@ — oo — 204) a + Gy [ (@a)” + (ains7a)?] |

G; the effective coupling strength,

q u q - quark fields

1y = diag (m?, mY), m% = mY - the current quark masses, 7 - Pauli
matrices SU(2).

M. K. Volkov, Ann. Phys. 157,282 (1989); Sov. J. Part and Nuclei 17, 433
(1986) S. P. Klevansky, Rev. Mod. Phys. 64, 649 (1992).

We can:
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The Nambu-Jona-Lasinio model

The Lagrangian

Lxn = (i@ — oo — 204) a + Gy [ (@a)” + (ains7a)?] |

G; the effective coupling strength,

q u q - quark fields

1y = diag (m?, mY), m% = mY - the current quark masses, 7 - Pauli
matrices SU(2).

M. K. Volkov, Ann. Phys. 157,282 (1989); Sov. J. Part and Nuclei 17, 433
(1986) S. P. Klevansky, Rev. Mod. Phys. 64, 649 (1992).

We can:
@ explain and describe spontaneous chiral symmetry broken as
my = my+ < qq >;
o describe light quarks and mesons properties,

@ no deconfinement(local model)
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The NJL model

The Polyakov-loop extended Nambu-Jona-Lasinio model

Lpngr = q (i, D" —1hg — yop) q + Gs [(q(l)2 + ((li%ﬁl)?] -U(®,9;7T)

C. Ratti, M. Thaler, W. Weise, PRD 73, 014019 (2006)

q = (qu,qa) quark fields,

1 = diag (m?, m§)-current quark masses, m% = m$ = mq
D# = 9# — iA# - covariant derivative,

Ar(x) = g Al 22, AP the gauge field SU(3),

Al = HA® = —i6) Ay,

Aa - Gell-Mann matrices,

G, - scalar coupling strength.

1
The Polyakov field @ is determined as: ®[A] = —

Tl (3),

B
L(X) = Pexp i/0 dTA4(>?,T):| ,
(U(R)) = e PaFa®).
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The effective potential
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The effective potential

Polynomial fit:
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Logarithmic fit:

= —a(T) 3D+ b(T)In[1 - 653 + A& + &%) — 3(88)?]

(T _ (To\? _ (T \?
o (3)om(3) o - (3)

®

—~
=

=
Il




The NJL model PIRID Al ©

The effective potential parametrization

10
08 i e ®—1,p/T* — 1.75, where T — oo
o — e = 39 = 3.51 for logarithmic fit

2 M. Panero 1.75:a0/2+b3/3—b4/4 for

S 04 4 & Bond 1 polinomial fit

etA ouU(®.3.1) =
0.2 _S-Et—Bp.olynomial form 1 ° |M (q) - (I) at = 0)
—— logarithmic form = the mean square method = a;,
o 1.0 15 2.0 25 3.0 35 bi
s A. V. Friesen et al., IIMP A27, 1250013
(2012)

M. Panero, PRI 103, 232001 (2009)
G. Boyd et. al, NPB 469, 419 (1996)

4

Parameters

5,0 5,1 5,2 b3 ag ap a asz b3 b4
Set A 3.51 -247 152 -1.75 || 6.75 -1.95 2.625 -7.44 0.75 7.5
Set B 3.51 -5.121 20.99 -2.09 || 6.47 -4.62 795 -9.09 1.03 7.32




Symmetries restoration and breaking

The NJL model

PNJL with vector interactio:

Effective potential as function ® for different temperatures.

Polyakov loop field <I>”Jfornh(a) 'pélynomial and (szloézxri

form

FT T S3T

wd, T[T

—15

T=21, “-<-*

0.6 08

thmic éffective poten-

tials. The solid (dashed) curve corresponds to the sets B (A) parameters.
(Lattice data from [Karsch F, Laermann E, Peikert A Phys. Lett. B 478 447

(2000)].)
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The NJL model

ies restoration and breaking
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The NJL model PNJL with vector interaction

The mean-field approximation

We can introduce the partition function

B
Zla,q] = /DQDQQXP {/0 dT/dSX [LxoneNaL)] } (1)

Then, using the mean-field approximation procedure, we get PNJL grand potential
(Nf :2)2

Q®,&,m, T, 1) =U (€, 3; T) + G(ga)® —

(@
—2NCNf/%Ep—2NfT/( 1)’ [InNF(Ep) + InNg (Ep)]

where Ni(Ep) = [1 +3 (.1) + @e—BE[?) o PES + e—sﬁE‘f]
and E, = \/p? + m? - quark energy; E = E,, F p. The equations of motion
Qur 0QmF OOMF

80’MF - 0’ 0P - 07 85 =0




The NJL model

> diagram of PNJL model
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PNJL with vector interaction

Introduction of vector interaction into model

Leng = q(iv,D"* —mo —yop) q + Gs [(QQ)Z + (q175?Q)2] - Gy(@ma)® -U ((I)v ‘i’l,T)
leads to re-normalization of chemical potential:

~ d*p m .
u:;4—4GVNCNf/AWE—p[f¢ +15].

Ty =0.19 GeV

20

05 p=03fln=02 G, =G,
: 1'A
T, GeV 2 f l" 15

0.20

dmjdT J /

0.15

N
N
0.10 \G/G =1

Order parameters

0.05

A. V. Friesen et al. IJMP A 30, 1550089 (2015); Phys. Usp. 59 (4) 367 (2016)

Content




PNJL with vector interaction

The NJL model

Extended PNJL
It is possible to introduce a phenomenological dependence of G4(®) and
G, (®):

Gs(®) = G4[1 — a1 BB — 0 (9° + %)),
GV(Q) = Gv[]. — Oélq)‘i) - Ckg((I)B + 63)]7
with a; = as = 0.2.

Y. Sakai et al PRD 82, 076003 (2010)
P. de Forcrand, O. Philipsen NPB 642, 290(2002)
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A. V. Friesen et al. IJMP A30 1550089 (2015)
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Crossover curvature

Tt was suggested that critical curves for all physical quantities (chiral condensate,
quark susceptibility, strange quark susceptibility, Polyakov loop) must meet at one
point, which is the CEP (Kaczmarek O. et al. PRD 83, 014504 (2011)).

o ()
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Enrédi G. JHEP (4) 1, 2011; Cea P. PRD89, 074512 (2014)
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The NJL model

Equation of state

Using the grand canonical potential 2 we can build all thermodynamic
quantities in theory:

-8 s = — Gl e=-p+Ts+ _ (%
p = V, - 8T 'ua - p Hp, p= aﬂ T-

0.020 -
— PNIL
£ — 0.015F Tegp = 0.105 GeV
> £ )
o
) % 0.010}
e S
= 2 0.005}
=t o
0.000 %
] : ] . . .
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The mesons correlations

The partition function:

8
Zla,q] = /DQDQGXP {/ dr /dgx [LNJL(PNJL)}}'
o JO Jv

During the mean field approximation procedure we neglect the part of integral which is responsible
for correlations:

B8 5, 2
1 Dy 2 2
Zp|T,V,u] = /DUDﬁexp{ - {/ dT/ d3x W]
. 0 v s
+Trln {1 — Syr[m] (0 + i%?ﬁ)} } .

which eventually can be rewritten as

ol

Z@T,V, ] = [det (D;1)] 7 [det (D;1)]

with meson propagator
1

Dy = G, (o, )
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The mesons correlations

The meson pressure:

@) Ny [ dq [T dw d Blw—p) Bty ] 4Pm(w, @)
T, ) = — 4T - 0] 4 Tin[1 — eflertmy] LML)
M (T, p) 3 / A i [ w+ TIn[l —e ]+ TIn[l —e ) ™

The phase shift
1-— 2GSHM(UJ — iT], ﬁ)

1 1
By = ~InSu(w, @) = —1 4
M= g nSu(w,d) = o " 2G Iy (w + 17, )

The phase shift is determined by polarization operator. In case pole approximation
1= 2GIIn(w, @) = (@ = EX) X 8i1qq0-

we have noninteracting mesons gas
N d3 5
Qu = / =2 [Ent + Tin[1 — e #E 4 Tin[1 — e~ AEret]]
q

By introducing the width of mesons, we can take into account meson correlations

— Ap(s,T) —a My T'm _ ™ My 'y
SR B (5 = Mu)2 + (MuTn)? T 4+ arctg (%) (s —Mwm)? + (MmDPn)?

MuT'm

dPg (s, T)
ds




A. Wergieluk et al. Phys.Part.Nucl.Lett. 10 (2013) 660-668;

#pressure with BW function
o pressure with BW function

# pressure without BW function

SB limit for x-mesons

SB limit for o-mesons
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D. Blaschke et al.: arXiv: 1612.09556; 1511.00338;
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Conclusions and outlook

o NJL-like models let to describe the structure of phase diagram,
light mesons and quarks properties, scattering and decay
processes;

@ describe the confinement properties & describe the chiral
symmetry; check how additional interactions (vector interaction
and extended couplings) effect on phase diagram;

e meson correlations can be taken into account
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The NJL model

Thank you for attention
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