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e NJL Model and its Polyakov-Loop Extension:
—Mesonic correlations - Mott Effect
— Polyakov-Loop NJL Model
e Nonlocal, separable NJL Model
—3D Formfactors, 4D Formfactors and Phase Diagram

—Rank-2 Extension - Schwinger-Dyson type Approach

e Summary / Outlook to a Unified Quark-Hadron Approach
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HADRONIC CORRELATIONS IN THE PHASEDIAGRAM OF QCD
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CHIRAL MODEL FIELD THEORY FOR QUARK MATTER

e Partition function as a Path Integral (imaginary time 7 =i t)

Z|T,V, ] = /D@DDweXp{ / dT/d3 Plin 0, —m — (1 + Aspis + 1Ay — Emt‘|'U(q))]}

Polyakov loop: ® = N 'Tr.[exp(iBA303)]

e Current-current mteractlon (4 Fermion coupllng)

e Bosonization (Hubbard-Stratonowch Transformation)

; My, |Apl?
ZIT,V.p] = | DMyDALDApexp{ — Y

MD4GM 1Go + TrlnS [{MM}a{AD},(D]—l—U(cD)}

e Collective quark fields: Mesons (M),) and Diquarks (Ap); Gluon mean field: ¢
e Systematic evaluation: Mean fields + Fluctuations

—Mean-field approximation: order parameters for phase transitions (gap equations)
—Lowest order fluctuations: hadronic correlations (bound & scattering states)
—Higher order fluctuations: hadron-hadron interactions
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POLYAKOV-LOOP NAMBU—-JONA-LASINIO MODEL (I)

SU(N.) pure gauge sector: Polyakov line

g
L (Z) = Pexp [z/ dTA4(:E,T)] o Ay =iA"
0

Polyakov loop
1 .
[(T) = FTrL(sE) (@) = e PR,

c

Zy, symmetric phase: (I(7)) =0 = AFyp — oo: Confinement !

Polyakov loop field:
S S 1 S
&) = (I(2))) = « Tre {L(2)))
Potential for the PL-meanfield ®(x) =const., which fits quenched QCD lattice thermodynamics
U@ DT)  ba(T) g b3 os, a3y 4 01 go2
=1 :—chcb—g(cb +<I>)+Z(<I><I>) ,

by (T) = 1p 1p ’ 1o ’ ao ai @2 43 bs_| ba
2(T)=ao+ar | | +ax | | +as{ ) - [§75(1.95(2.625|-7.44|0.75 | 7.5

HISS DuBNA, DM 2008




POLYAKOV-LOOP NAMBU—-JONA-LASINIO MODEL (I1)

Temperature dependence of the Polyakov-loop potential U (®, ®; 7))

u(o)/ T

o = N w B a1

NFROoORNWAOG

T =0.26 GeV< Ty
“Color confinement”

T =10GeV> 1T
“Color deconfinement”

Critical temperature for pure gauge SU,(3) lattice simulations: Ty = 270 MeV.
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POLYAKOV-LOOP NAMBU—-JONA-LASINIO MODEL (I11)

Lagrangian for N; = 2, N, = 3 quark matter, coupled to the gauge sector
Lensr = qiy" Dy — m+yop)q + G [(ciq)2 + (fﬁ%ﬁzﬂ —U (D[A], [A]; T,

DI =9t — AP, AF = o) AV (Polyakov gauge), with A" = —i A,

Diagrammatic Hartree equation: = +

Solp) =——=—(—mo+7"(u—iA)) " Slp)=—=—(p—m+7"(u—id)"

Dynamical chiral symmetry breaking ¢ = m — m # 0? Solve Gap Equation!

+00
—1
m—mgy = 2G1TTTZ / 27‘_ ﬁ m+7( —iA4)

d3p Qm[
A (277')3 Ep

= 2G1N¢N, — fo (Ep) — fo (Ep)]

With the modified quark distribution functions
(CID + Q@G_ﬂ(Ep]F@) e A(EvFn) 4 o=38(EpTn)

143 (<I> - @e_ﬁ(Ep]F“)) e~ B(ErFn) - ¢ ~38(EpFi)

f;(Ep) =
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4 )
POLYAKOV-LOOP NAMBU—-JONA-LASINIO MODEL (1V)
1 L D@T-o o Grand canonical thermodynamical potential
0.8 o2 d*p 5 9
QUL p; P = — — 06Ny | —=E,0 (AN —
06 ( y 5 7m) 2G f/ (277')3 p ( p )
3
0.4 — 2NfT/ ((21 ];3{Trc In [1 + Lo (Bon)
T
0.2 _
+ Trn |14 LTe (90T 41 (0,0,

Appearance of quarks below T, largely suppressed:
In det [1 + L e_(Ep_”)/T} + In det [1 + LT e_(Ep+“)/T
= In [1 +3 (CD + CIDe_(Ep_“)/T> e_(Ep_“)/T + e_3(Ep_“)
+ In [1 13 (i) T q)e—(EpW)/T) o (Botn) /T 4 =3(Eptn)

Accordance with QCD lattice susceptibilities! Example:
ng(Tp) 1 0Q(T,p)

T3 T oy
Ratti, Thaler, Weise, PRD 73 (2006) 014019.

i

i
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POLYAKOV-LOOP NAMBU—-JONA-LASINIO MODEL (V)

Mesonic currents

Tp(a) = q(x)insTq(z) - (pion) 5 Js(z) = q(z)q(z) — (q(z)q(x)) (sigma)

.. and correlation functions

Cira) =i [ e T (Tp@)TH0)) 0) = O™ ()5

CE5(¢?) = / 2= (O[T (Js(x)74(0)) [0)
Schwinger-Dyson Equations, T'= =0
CMM(g?) =TIV (g +ZHMM )(2G1)CMM ()

One-loop polarization functions

[ (2) = /A (gﬁﬂf (TarS(p+ 9)T4rS(0))

Hartree quark propagator S(p)
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POLYAKOV-LOOP NAMBU—-JONA-LASINIO MODEL (V1)

Example of the pion channel:
d*p m? — p? + ¢*/4

2 T a2 = lllp — qfBF =) el — ANNG ()

7" (¢*) = —4iN.N; /A

Loop Integrals:

B d*p 1 . o d*p 1
= /A im0 = /A 2m) [(p + q)* — m?] [p* — m?]

With pseudoscalar decay constant (fp) and gap equation for I;

. m — my
B 8iG1mNCNf’

fp(q°) = —4N.m’LI(¢°) ; L

One obtains 11"7(¢*) = 570 + f]%(qg)% - I95(¢?) = 5 4 f]%(qz)qt;émQ. In the chiral limit

(mo = 0), the correlation functions
B HMM<Q2)
1= 2GIIMM (g2)

OMM(QQ) _ HMM(QQ) + HMM(QQ)(QGl)OMM(QQ) M = P7 kS :

have poles at ¢* = M3 = 0 (Pion) and ¢* = M2 = (2m)? (Sigma meson) =—> Check !
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POLYAKOV-LOOP NAMBU—-JONA-LASINIO MODEL (VII)

. . . . . 4 3
Finite T, 12 p = (po, p) — (iwn + p — iA4, D) ; zfAéT&ﬁ—TﬁcTcmanéT%

L dp L= (B — ) — f(Ey+p)
W= g E
(& 1 f(E, )+ f(E,—p) = f(Epg+p) = f(Eprg — 1)
blw,9) = Z/A(QW)SQEPQEPH p p uJ_Eerq‘il%p -
[ d’p 1= (B, — ) = f(Bpeg + 1) 1 1
—H/A(QW)?’ p 2E,2Ep 14 - (W+Ep+q+Ep - W_Eerq_Ep) @

For a meson at rest in the medium (¢'= 0)

~ . d? — f(E, — f(E, - )
" (w’ O) B _Z/A (277];31 (gp Erw/;)— 4]5%];J ;

which develops an imaginary part

w? — 4m?
2

1 W W

S (il 0) = - (1= 1 (5 - 1) =7 (5 1))

with the Pauli-blocking factor: N(w,u) = (1 — f (¢ —pu) — f (£ +n))

x O(w?—4m?)O(4(A*+m?)—w?)

w
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POLYAKOV-LOOP NAMBU—-JONA-LASINIO MODEL (VIII)

Spectral function

MM (w +in, §)

FMM = & OMM . _ ) .

(w,q) = Sm (w+1n,q) \Sml—QGlHMM(w—i—in,cf)
T 1 2G1Sm MM (w + in)

FMM(W>

(2)

N 2G1;(1 — 2G4 Re TMM (W) + (2GS ITMM (w + in))*

For w < 2m(T, ), Sm Il = 0: decay channel closed — bound state!

MM/ N _ T _ MM _ n _
F7 % w) = 2G15 (1 —2G1Re 1" (w)) 4G%|6§R6HMM d(w —myy) .
Ow

w=m )y

The meson mass m,, is the solution of
1 — 2G1§R€ HMM(mM) =0
The decay width (inverse lifetime) is

FM = 2G1%m HMM(mM)
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PION CORRELATIONS IN THE PHASE DIAGRAM
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Zablocki, D.B., Anglani, arXiv:0805.2687 [hep-ph]
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COLOR NEUTRALITY IN THE PNJL PHASE DIAGRAM

Color neutrality constraint: g = p1 + pghs + i3s3 ; Oy p/Ous = ng =n, +ny —2n, =0

Gap equations: 0Qyr/ (0o, 0A, 0p3) = 0

T T T T T T T T T T T T T
250—“\\\\\ Without color 7
RN neutrality
N
N
__ 200 NN / .
> NN ]
O AN
= 1504 With color / AN .
— neutrality \\\ 1
\
= 100 \ 4
\
504 4
0 — T T - T T T 1T T T T T
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NONLOCAL POLYAKOV LOOP CHIRAL QUARK MODEL

T I T T T T T T T I T T T T I T T T
- w Polyakov loop T wilo Polyakov loop

——— do(T)/dT

L | —— - dm,(TydT

0 01 02 03 04 | N R
T, GeV 018 019 020 01 015 02
temperature T[GeV] temperature T[GeV]
D.B., Buballa, Radzhabov, Volkov,
arXiv:0705.0384

D.B., Horvatic, Klabucar, in prep.
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COMPLEX MASS POLE FIT TO LATTICE PROPAGATOR

S(p) sum of N pairs of complex conj. mass poles

1'0 T T T T

! ! L pa@a® — - N
| “m,,w_gwpgd&d@ 1 1 5. Z*
o8 ?’EEW‘ S — ‘ —|_ ! = —7 2 —|_ 2
0.8 T | (p) ; 7, {z]zﬁ gy ing— mj‘} z]zﬁav(p ) o‘S(p )
- —‘{’/ | e
"o 1 Representation of the scalar amplitude

04 7 5 Al 1 2i M z2rm;
| ] o = Zy GRS R
0.2\*\‘ | o 22:1: 2 {p2+mz2 p? +m;?

‘Derivation” of the equivalent separable model (in

0oL v 1w L _
0.0 1.0 > o) 3.0 40 Feynman-like gauge) D,.(p — q) = 6,,, D(p, q) and
BHAGWAT, PICHOWSKY, ROBERTS, D(p,q) = f()(PQ) f0(92)+f1(p2)p'Qf1(€72)
TANDY, PHYS. Rev. C68 (2003) Alp?) —1 B(p?) — m.
015203 A = (T) L folp?) = ( )b
S(p)~" = ipA(p*)+ B(p?) 6 A

S p =2 [ B - moe)
M(p®) = B(p“)/A(p7) q

s 8 A 2 q° 2
20 = 1/Ap" @ = [ ) - 1%
q
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NUCLEONS IN THE NONLOCAL CHIRAL QUARK MODEL

A 2
Zuct = /DATDA exp{—ll?| — Tr InS™HA, AT]}
D

Cabhill, Roberts, Prashifka: Aust. J. Phys. 42 (1989) 129, 161
Cabhill, ibid, 171; Reinhardt: PLB 244 (1990) 316; Buck, Alkofer, Reinhardt: PLB 286 (1992) 29
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