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Introduction and formalism
[ ]

QCD: the Theory of Strong Interactions
m Very successfull pQCD at high energy

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

m IQCD
m AdS/QCD
m Dyson-Schwinger
m FRG
m Chiral pertubation theory
m Effective models
® Dynamical/Explicit Chiral Symmetry Breaking plays a big role in
low energy phenomenology

D CFisUC

J. Moreira (CFisUC,BLTP) q m effects in thermo properties ext. (P)NJL QNP 2018, 16/11/2018 3/22



Introduction and formalism
o

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
Quark condensates as order parameter

No gluons (no confinement/deconfinement)

Local and non renormalizable
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Introduction and formalism
[ ]

Lett = qudq + Lm
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Introduction and formalism
[ ]

Lett = qudq + Lm

m Explicit Chiral symmetry breaking

Lm= afnq
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Introduction and formalism
[ ]

Lett = Qdq + Lm + Lo

m Nambu-Jona-Lasinio (4 q)

Ly = Gtr [ZTZ}
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Introduction and formalism
[ ]

Lett = qudq + Lm + Lnu + Ly

m Ln=qgmq

m Ly =Gtr [ZTZ]

m 't Hooft determinant (6 q)

Ly = r (det [X] + det [£T])
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Introduction and formalism
[ ]

Lett = qudq + Lm + Lo + L1 + Lag

m Ln=qgmq

m Ly =Gtr [ZTZ]
B Ly =k (det[Z] + det [£T])

m Eight quark interaction term

Log=L) + 22, £l =g (r[Z'E))?, £ = gtr[TirEE]
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Introduction and formalism
[ ]

Lett = udq + Lm + Lo + L1 + Lag

m Ln=qgmq

m Ly =Gtr [ZTZ]
B Ly =k (det[X] + det [£T])
W Loq=L3) + LY, L) =g (r[£75])®, £8) = gtr [TiETiy]

0ZI violation in £} and L5
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Introduction and formalism
[ ]

Lett = qudq + Lm + L + LH + Lag + Ly

Em = 5/‘77(7

Extended Explicit Chiral symmetry breaking £,
Ly =Gtr [ZTZ]
Ly = £ (det [Z] + det [XT])

Log= L5 + 28, £8) =gi (r[£15])?, LY = gotr [TTEETE]

Non canonical explicit chiral symmetry breaking terms
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Introduction and formalism
L]

10
Ly=)Y LI,
=1

E;(: —K1 €jkemniXimXjnXk + h.C., .Ci: K2 EjjkCmniXimEjnk + h.C.,
L5 =gatr [TTEx] + hec, L= g tr [TTE] tr [£x] + hec.,
L8 = gstr[Efxzfx] + hc. L =ge tr [Zxxx" + TT2x Ty ],
£7= g7 (tr[Ex] + he.)’ £8= gs (tr [£7y] — hc.),
£2=—go tr [Ztxxtx] + hec. L= —gio tr [x"x] tr [x'Z] + h.c.
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Introduction and formalism
L]

10
Ly, = Z/:;,
i=1

2
: L= K2 €jkemniXimXjnZk + h.C.,

L8 = gstr [XTEXiX] + hc, Ly=gatr [T tr [ZTx] + h.c,
£5 = gs tr [ZTxTiy] + he. L8 =gstr [ZXxx + TTxxy]
£ =g (r[E1x] + o)’ £3— s (ir[£1] — he.)”

B k1, g9, 1o — 0 without loss of generality
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Introduction and formalism
L]

10
Ly, = Z/:;,
i=1

2
: L= K2 €jkemnXimXjnZk + h.C.,

L3 =gstr [Z'xx\] + hee, L= gutr [STE]tr [£Ty] + hec,
£5 = gs tr [ZTxTiy] + he. L8 =gstr [EXxx + TTxxTy],
L= g7 (tr [T + hc)” £9=go (tr [T'y] — hc)”,

B k1, g9, 1o — 0 without loss of generality
oy — 3
B K1, K2, 04, 97, Js, G10 OZI violating
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Introduction and formalism
[ ele}

Q Vst[h]JFZ (=1 IM; [, T, il + C T, pil)

VeIl = (46 (1) + 301 (12)° + 302 (1) + 4n (19m)

+4gs (1) (mym)) + 295 (HR?) + 2gs (HEm? ) + 4g7 (him;)?

M;

+8rhyhghs + 8ko (muhdhs + hymghs + huhdms)>
0

f =My —
_ oy 92,3y 303, 94 2
Ghy — 3 9t p, (e () - 4 2B p2m, (m, (h ) +2h,(m,h))
+
_% 5 g hymZ — gzmy(himy;) — fﬂ ihj — Katghim;
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Introduction and formalism
[ ele}

Q Vst[h]JFZ (=1 IM; [, T, il + C T, pil)

Vst [hi] :%6 <4G (h,2> + 3g4 (hi2>2 +302 (h?) +49s (h?mi>

+404 ( ) (hjm;) + 295 <h2 2) + 206 (h2 2) +4g7 (himy)?

M/

+8f$huhdhs + 8ko (muhdhs + humdhs + huhdms)>
0

f =My —
_ oy 92,3y 303, 94 2
Ghy — 3 9t p, (e () - 4 2B p2m, (m, (h ) +2h,(m,h))
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D CFisuc

J. Moreira (CFisUC,BLTP) q m effects in thermo properties ext. (P)NJL QNP 2018, 16/11/2018 7122



Introduction and formalism
[ ele}

Q Vst[h]JFZ (1 IM; [hil, T, il + CIT, pil)

VeIl = (46 (1) + 301 (1) + 302 (1) + 4n (HEm)

+4gs (1) (mym)) + 295 (HR?) + 2gs (HEm? ) + 4g7 (him;)?
M
+8rhyhghs + 8ko (muhdhs + hymghs + huhdms)>

0
Ay :Mf —

3
=—Ghy — % r(h) — gz(hs) =9 hZmy — g (mf (h,2> +2hf(mih/)>

2 4

95 + 06 K
*Thrm‘? — grmy(him;) — Ztﬁjhihj — ratghim;
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Introduction and formalism
(o] le}

Q Vsr[h]+z (1 IM;Thi], T, pil + CIT, i)

J¥%E (M, A] = —167r/

/E E2+p2

‘dﬁ E 1
J_1[M,A, pu, T] = —1672 dE? T b
1 IM A, i, T] 4 (em)® Je2 n;oopE2+(7r(2n+1)T—lp)2
d3?/
= dE? 1—ng[E,p, nslE,u, T
@) pE( q[E, 11, T] — ng[E, p, T])
2_0
=1 (1R 2 S o

OE?

3 — L
(g ’)’3167r2nog ((1 e B ) (1 +e*“"%>>
T

C(T, )=
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Introduction and formalism
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Q Vsr[h]+z (1 IM;Thi], T, pil + CIT, i)
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Introduction and formalism
(o] le}

Q Vst[h]+z (1 IM;Thi], T, pil + CIT, i)

J¥2E (M, A] = —167r/

/E E2+p2

‘dﬁ Eiy 1
J_1 [M, A, p, T] = —167° dE2T§:”
1 M A, i, T] 4 (27r3 2 2= PE (@ + 1)T — in)?
a3

= dE? 1—ng[E,u, T] —ns[E,pu, T
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Introduction and formalism
[e]e] ]

Introduce homogeneous background A4 gluonic field

Aa 1 o
O D! = O A, A= gAY, L= pelo Yarhs g _ Tl 6= STl
c C
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Introduction and formalism
[e]e] ]

Introduce homogeneous background A4 gluonic field

2@ 1 A
D D = 01 1A, AR =G gM L=Pel YA oo Ty = Lt
2 Nc Nc
Polyakov loop:

m ~order parameter (exact in the quenched limit) for (de)confinement (¢ = 0 «» confined)
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Introduction and formalism
[e]e] ]

Introduce homogeneous background A4 gluonic field
@ 1 - 1
D D = 01 1A, AR =G gM L=Pel YA oo Ty = Lt
2 Ne Nc
Polyakov loop:
m ~order parameter (exact in the quenched limit) for (de)confinement (¢ = 0 «» confined)

m enters the action as an imaginary p

—1
ng(M, p, 1, T) = (1 + e(VMZH’LH)/T)

—1
ng(M,p, u, T) = (1 + (v MZ*"““)”)
1 e
Pg(M, p, 11, T, 6, 6) = an(M P+ (A);, T)

]
(M, p,p, T, $,8) = an(M pypt1(Aa);, T)
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Introduction and formalism
[e]e] ]

Introduce homogeneous background A4 gluonic field

a
OF SDF = ot oA, AP =g [ =pel e o Dy o Doy
2 Ne Nc
Polyakov loop:
m ~order parameter (exact in the quenched limit) for (de)confinement (¢ = 0 «» confined)

m enters the action as an imaginary p

—1
ng(M, p, 1, T) = (1 + e(vM“PZw)/T)

-1
ng(M,p,p, T) = (1 + e(v M2+p2+“)/T>

N,
1 (]
Pg(M, p, 11, T, 6, 6) = an(M P+ (A);, T)

]
(M, p,p, T, $,8) = an(M pypt1(Aa);, T)

n QM T 06,8 = Vstih] + ;’Tczz,:u,dys(ku [Mi, To1,6,8) + C(T, ) +U [qs,a,chLsuc

<
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Introduction and formalism
[ ]

m Logarithmic form 2
(ag = 3.51, ay = —2.47, ap = 15.2, by = —1.75, Ty = 200 MeV) :

U (¢, ¢, T)
e ELAKARAN

22Tl o almde+ oM [1 - 656 +4 (5 + %) ~3(30)%]

a[T] =ao+a1L7(_) + ap (LTO>2: b[T] = bg (L;.))a

m Exponential K-Log form 3
(ap = 6.75, ay = —9.8, ap = 0.26, by = 0.805, by = 7.555, K = 0.1, Ty = 175 MeV):

Uple, 6 T] _ 1 - bgiog 3\ b o o 27 - -3, .3 -2
T = Jalnde - (8°+¢°) + (36) +Kmn [ﬂ (1-650+4(3°+0) —3(30) )]
T T
a[T] = ay + a4 (%) 673270
Uy [¢, 8, T) = Uy [¢, 6, T] — Uy [0,0,T] (1)
28. R6SSner, C. Ratti, and W. Weise, Phys. Rev. D 75, 034007 (2007) D CFisUC

3A< Bhattacharyya, S. K. Ghosh, S. Maity, S. Raha, R. Ray, K. Saha, and S. Upadhaya, Phys. Rev. D 95, 054005 (2017)
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Results
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.
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Conclusions
[ ]

m Multiquark interaction and full pattern of explicit chiral symmetry
breaking play a key role in the reproduction of several key IQCD results

m Perfect fit across the board is not achieved with this Polykov potential but
very promising results

m PNJL can however shift several results in temperature towards IQCD
data

m Correlations in the uds base dissapear without Polyakov loop
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Conclusions
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m “Thermodynamical properties of strongly interacting matter in a
model with explicit chiral symmetry breaking interactions” J.
Moreira, J. Morais, B. Hiller, A.A. Osipov, A.H. Blin, e-Print:
arXiv:1806.00327, Phys. Rev. D 98, 074010 (2018)
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