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How one obtains the NJL Lagrangian

How to construct mesons Mesons and Baryons
Cross section for elastic scattering and hadronisation
Expanding plasma: How quarks hadronize

Realistic simulations



circumstantial evidence:

For beam energies > = 100 AGeV
a plasma of quark and gluons (QGP)
is formed

Temperature T [MeV]
3

The challenge:

How to come from quarks to
hadrons 0

Nuclei Net Baryon Density

. Antibaryons (229)

& @ Mesons (3661)
® Quarks (1499)
@ Gluons (175)

Courtesy:

As PHSD calculations see a heavy ion reaction
P. Moreau 2015

is there local equilibrium?



QCD: The theory which contains the solution

Lo ) =7(x) (i7#[o, —ige AL ]-M1°) W) = S65,0068" (%)

i, (x)t

Gluonic field strength tensor: y(x)—e “Y(X)

G2,(X)=8,A% =8, A%+ gf AL (X)AC

w(X) - quark field
flavor space Dirac space color space

g=u,d,s #=0123 c=r,b,g

Mass term:
In flavor space (3 flavors): 0
m, O 0
u M°=| 0 md O
w(x)=|d 0 0 m
S

3x3 diagonal matrix in flavor space with
the bare quark masses on the diagonal



We want to conserve the symmetries

1) local SUc(3) color gauge transformation (by construction)
2) global SU; (3) flavor symmetry

3) for massless quarks ONLY:
chiral invariance of QCD Lagrangian: SU; (3)yx SU; (3)4

However, chiral symmetry is a spontaneously broken since quarks have non-
Zero masses.

= To explore more simple effective Lagrangians with the same
symmetries for the quark degrees of freedom, however,
discarding the gluon dynamics completely.




From QCD to the NJL Langrangian |

Leeo®) =709 (i77[0, ~igt AL]-11°) yo = 262,606 * (9

oL oL
(] Euler-Lagrange equations: — 0 [ ] —( (4)
Do " 0(0mp)

=

for any field ¢ (the same equation for @): e.g. ¢ = W(z) or Af(z).

1) Consider quark field W(z) oc (5)

iy 7 = [ey] ="
) U~

o7 \

since the second term in Eq.(4) is equal to zero while no terms with o*W.

6
From egs.(1,5) follows that

(17", — ﬂ:trﬂ)'l'q( r) = =gyt AL () Wy(x) . O



From QCD to the NJL Langrangian Il

Loeo @) = 7(0) (i7*[6, —igt*A2]- M) wiew) - %GZ‘V(@G’” ") (1)

2) Consider field A%(x):

Euler-Lagrange equation _£ J £ = 0. (7)
. DA% (x) “lo(orAa(z)) '
for gluon field:
E Tr~, 10
® Using (1) = first term in eq. (7): DA () = gVt + ng (8)
% 1 a N pray .
where IT, is the ,self-energy’ of gluons: 11, = s [_1 () G () (9)
a _ a _ a abc A b C
G, (x)=0,A -0 A +af A (X)A
. . L
® Using (1) = second term in eq. (7): — GHAY
g (1 ) ey = 0 4i) (10)

® Substitute (8), (10)into (7): g 9" A%(x) = —g'Py,1*W — 1_[g V (11)



From QCD to the NJL Langrangian Il

® Approximation: scalar terms dominates and is positive: Hg,v = |\/|g2

constinuent gluon mass # 0 due to self-interactions of gluons.

Then frOrT_l eq. (11) > 4 (a}uaﬂ- 4 J[g) Ag (;C) ~ —Q\If"}”ytalp, (12)
0,0 AY(x) = —g P, 1Y — [ ]
gV
® Solution of eq. (12): Ay (x) = — fd4$ Gz —a') gU(a)y,t"(2') (13)
d4q o—1a(x—x")
Green function: Gx—x")=-
(2.‘»‘3‘)4 q2 — Mé (14)

 Approximation: consider low energy physics :
i.e. small momentum or large distance

2 172
qg- < M ;

In this limit:

, d4q p—ia(x—x")
G(x—X)——/(zx)Af g2 — M2

(15)

4
~ 1 d q e—fq(x—x’)
M;J) (Qn)

q*—0 ,,

5(xtx "



From QCD to the NJL Langrangian IV

From eg. (15) = Gz —2)= &(z—2) - ;"l-'f;z.
N— — N’
local interaction  const

® Substitute (16) into (13): Al(x) = g @(;z:)ﬂf-pta\j[!(;zj)_

Mz
® Substitute (17) into (6):

(1"0, — M D)‘P(:z:) — Gfﬁ;’“t‘l(@(:z:)ﬂf-ﬁ_talli(:zr))Jlll(:z:) — ()

Yy

rvA}:(;v)
where the low energy coupling constant: GE = L(,.vz/i-'“lr'j'g2
_ . 8 ,
Leops = V() ("0, — M)W (x) — G (\D(m)f}f"“t‘llll(x))
R a=1
NJL Lagrangian local color current interod

interaction between gluons -> approximated by a gluon mass M,
Q> < M,

(16)

(17)

(18)

(19)

(20)



NJL Langrangian

G 2 g L a‘/ I a \
L = =G Wiy 170551 Wiy, 170 ¥ | ><

i,j=1.Ny =23 flavor index : \/

T¢ : color generatorss a = 1..N? =1 =8(N, = 3).

Symmetries of the massless NJL Lagrangian:

SUy(3) @ SUL,(3) ® Uy (1) ® U, (1)

U, (1) symmetry not realized in nature
( n and n’ would have the same mass)

o Giovanni Jona-Lasinio
Yoichiro Nambu 1932

1921

For reviews see Vogl and Weise (1991), Klevansky (1992), Ebert, Reinhardt and Volkov (1994),
Hatsuda and Kunihiro (1994), Buballa (2004)...



U, (1) symmetry breaking

U, (1) symmetry is broken (quantum fluctuations violate axial current conservation)

The breaking of the U, (1) symmetry can be obtained by adding the ‘t Hooft Lagrangian

21t Hooft = Hdgt [Wi(1 - 15)'¥j] - Hdgt [(wi(1 + vs)y;l

For N¢ = 3:
u d s Six point interaction
taking into account on the mean field level

H is determined by the experimental n-n’
mass gap



NJL Lagrangian

L = Filiy, 0" — My)¥; — G. (Wi T8, Wiy, T 69\
+ Hdet [¥i(1 —y5)¥;] ~ Hdet [g5(1+y5)y;]

3NJL : Shares the symmetries with the QCD Lagrangian ( color we discuss later)
Allows for calculating effective quark masses:

__++Q+%

M=M,-4G < gy > 2H < y'y’ ><y"y" >

But contains only quarks

no gluons and

no hadrons

So not very obvious how of use for hadronisation.



Brief survey on thermal field theory

How to calculate physical quantities at final temperature
and final chemical potential ?

: : : : : 1
Imaginary time formalism (one introduces 0< it < 3 = p (T = temperature))
In all momentum space integrals replace

dik
—> l

k, — iw,,
Lo (2} nez (2::)3

With the fermionic Matsubara frequencies  iw, = ixT(2n + 1)

A chemical potential can be introduced by the Lagragian

fZ Z llllﬂlJyOVfJ Hij = diag (ﬂua Ha> ﬂs)
ij



First results: Quark masses

0.4 } up,down
% et
O 0.2 o
sof. T strange 0 l;’”"'""""' ".“ |
- M o0 05

T (MeV) T (GeV) 00 n (GeV)



Polyakov NJL: gluons on a static level

Eur.Phys.J. C49 (2007) 213-217
It is not possible to introduce gluons as dynamical degrees of freedom without

spoiling the simplicity of the NJL Lagrangian which allows for real calculations
but
one can introduce gluons through an effective potential for the Polyakov loop

= - oD - — (P’ + P — (DD
T4 2 g (O +P7) + (@)

Ty Ty \? Ty \*
bz(T) = ao+alT + a, T + ajz T

ao == 675, al - —195, az == 2625, 33 - —744, b3 - 075, b4 == 75

1.0
Parameters-> right pressure in the SB limit -:}..3:—
@ is the order parameter of the n 061
deconfinement transition 04:_
B B
D = 1 Tr. (Pexp —/ drAy(x,7) |) 0oL
Ne 0 T
0.0———

i l 1 1 1 I 1 1 1 1 | 1 1 1 1
100 200 300 400
temperature (MeV)

(=



mass (MeV)

Quark Masses in NJL and PNJL

NJL PNJL
600} 600
S
()]
400[- = 400f
w
i m @ i
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| — mup,down i Mup,down
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0 100 200 300 400 0 100 200 300 400
T (MeV) T (MeV)

In PNJL the transition is steeper than in NJL



How can we get mesons?

Trick : Fierz transformation of the original Lagrangian
Fierz Transformation allows for a reordering of the field operators in 4 point contact

interactions. It is simultaneously applied in Dirac, colour and flavour space

Example in Dirac space:

1 1
(2r*w) (wrux) = 0 @w) = 5 (2r*x) Wraw) = 5 (xr*vsx) (Brursw) = (2rsx) (rsv)

Scalar vector peudovector pseudoscalar

V
. " 3 I
1 ol
AN / .

SR AN




How to get mesons? |

Lim = _G% [lPV T8 lJ ]] [lljk!’uT O W]

Fierz transformation transforms original Lagrangian to one for mesons

Lpgeudo scalar = G (\i‘l Tizll L.iys ‘W) (‘ijk T]?j L.iys lI"j) ; G = (Ng — DlN%g

* L)

Singulet in color mixing of flavour

Similar terms can be obtained for
Vector mesons vy,

Scalar Mesons 1

Pseudovector mesons Yy Vs



How to get mesons? I

For calculations : Include the ‘t Hooft term to an effective coupling

1.,
Define an eff. coupling constant G =G+ 5H<SS)
Define interaction kernel K =Q 2G ¢ Q

Which contains color, flavour and Dirac matrices

Q=1 ®17"® (Liys.v,.¥s7,)



How to get mesons? Il

and use & as a kernel for a Bethe-Salpeter equation (relativistic Lippmann-Schwinger eq.)

d*k p p

s k——)Tm)

T(p) = %+1/ %s(

S o l>§©

In (P)NJL one can sum up this series analytically:
2G ¢ d3k LP P
T(p) = - , =—= / —)Qs(k——)
)= 1236, ) 1(po-p) Z e 2 2

<:> I




How to get mesons? |V

The meson pole mass and the width one obtains by solving:

1 =2Gyp Py = Mpyeson — neson/2:P=0) =0

1200

1000

o
-
-

600

400

masses (MeV

200

III|III|IT|I|III|III:|II_I

—J00 200
T (MeV)

DD

When s become unstable they
develop a width

masses of pseudoscalar mesons
and of quarksat u=0

At T=0 physical and calculated mass
agree quite well

I L L L L L L
] 50 100 150 200 250 300 350 400

Temperature [MeV]



Looking back

We have seen that the NJL model describes quite well meson properties
For this one has to fix the 5 parameters of the model

N\ = upper cut off of the internal momentum loops
g = coupling constant

M, = bare mass of u,d and s quarks

H= coupling constant ‘t Hooft term

These parameters have been adjusted to reproduce

Masses of it and K in the vacuum , as well as the n-n’ mass splitting
n decay constant, (¢{ condensate ( -241 MeV)3

Therefore:

All properties

Of masses, cross sections etc. at finite pand T

follow without any new parameters from ground state observables.



Diquarks — the road to baryons |

The Fierz transformation produces also a term for scalar diquarks

Zaq = GpIgQ (ifirAtA,iysciflf)(w}TAtA,Ciys\lﬁ) . Gpyg = (N + Dg/(2N,)
C =1lyyry;t,, T, Antisymmetric SU(3) matrices in color and flavour

as well as for axial diquarks.
Mass is determined like for mesons ( Bethe Salpeter equation with elementary
interaction kernel )

ZGDIQ
1 = 2Gpoll(p)

H(p) =i (‘21:)‘4 Tr [QS(k+g)QST (g_k)]

T(p) =

Q = color ® flavour ® {1,iys, Yu J’sﬂ’ﬂ}



Diquarks — the road to baryons I

Scalar diquarks

1200
diquarks are bound
= 800 T [qq] =256 MeV
= T. [gs] =273 MeV
~— 600
g ~
E 4001 HR“H;‘&_ f,,f** Strange diquarks melt at higher
N [qs] diquark N temperature
200 @ ——— [gq] diquark %
05 S
0 100 200 300 400

temperature (MeV)

Diquarks form together with a quark the baryons

j@gﬁ@%l@seasealo

quark antitriplet sextet
scalar axial
diquark diquark



(P)NJL reduces the 3-body Fadeev eq. to a two body quark-diquark eq.

G(P) = G, + G, Z G(P)

2
gef f

2

G, = free quark propagator S, x free diquark propagator t;, tp(@) = —— —
Qo — 9" —Mp

Z = elementary interaction

z=Q5, 0

Gy

P)= —2
GE) 1-GyZ

1 - G()Z(PO — Mbaryonv P= 0) — 0




1 1),
Sq(@) = _ —_Dirac 5% error (Buck et al. (92))
o mquark mqual‘k
1400 180UF
1200 T R
— 1000;- __ 1400 =
= — > o
O - o 1200F —
= 8o00f = 1000F
? eoof = @ 800F oo 0
« [ ———z S e ———=
E 400__ ................... .'Jl E C z
C . 400
oo — P melting o0k R
. T T T T G: PR R A U R TN N T T N S T T T AN SN N N S B S
% 50 100 150 200 250 300 0 50 100 150 200 250

Baryons Il

Omitting Dirac and flavour structure :

2 1 /’ dq . .
1- — -S,(iw,,,q) tp(iv, —iw,,—q)
| Mgyark p ; (2”’)3 o br " ]

=0

iv _>P0+i€:MBarynn

where we approximated the quark propagator for the exchanged quark by:

temperature (MeV)

temperature (MeV)

The more strange quarks the higher the melting temperature

7300



Baryons Il

Hadron |[PDG mass (MeV)[PNJL mass (T=0) (MeV)[NJL T, (MeV)|PNJL T, (MeV)
Vs 136 135 267 282
K 195 192 271 286
p 939 932 934 954
A 1116 1078 252 269
z 1193 1152 156 195
B 1318 1269 272 287
A 1232 1221 200 223
¥ 1383 1366 211 231
= 1533 1512 219 239
Q 1672 1658 275 288

With 5 parameters fixed to mesonic vacuum physics (+ 2diquark coupling const. for baryons)
(P)NJL can describe

the vacuum masses of all pseudoscalar mesons + all octet and decouplet baryons
with a precision of less than 5%

The T and u dependence of all these hadrons
It predicts : melting temperature depends on the hadrons species



NJL Lagrangian: g u,d
transition between quarks and hadrons o

Cross over at L =0 50_2_ =
1st order transition p >>0 2 ,’,”IIII'I'."‘MM

sudden change of g and meson mass

3BOf I
300 S Kant N S
250[—--i-- 1 1 P —
200~ R e S S
150t~  Eant S S
100[—:4- R

e o

mass [MeV]

Cross over

fdo 350 360 370 380 390 400 410
chemical potential u,[MeV]

%
S 0.5

Tricritical I

@
o202
OSSN

m

He

Details have not been explored yet



Cross sections

Having the Lagrangian we can derive in the usual way the Feynman rules
and can calculate cross setions

Example: uut — uit matrixelements original 4-point interaction

But also
elastic cross sections like UU — UU

hadronization cross sections ¢gg - MM M=mr,K,n,n’,p ..
hadronization cross sections Dig Dig -> baryons +q etc



Cross sections

Phys.Rev. C53 (1996) 410-429

— iMy = Goy eaBeq s T(p2) Tu(py) |iD2 (py + pa)| w(ps) T (p.
ex0ea,eq0(pa)Tu(py) [iD3 (p1 + pa) | (ps) To(pa) D= meson propagator

F Oy e 0(p2) (35 T)u(pr) [iDF (pr + po)] ps) (isT)o ()
2G

[ = 2GT1(p. p)

. : . D(py, p)
—iM, = {Sf.'|.|'_‘35f.'2.l'_‘1 E{FB)THU”} [?Dr,r] {.pl - pﬂ)] f{p‘l]TU{p-i} pD E)

+ ey a0 ea i (pa) (iys T )ue(py ) [ipﬁ;ﬂl — Pz)] v(po) (ivysT )v(pa)

T

150 -
Cross section up to 100 mb _w| Ui — uu
close to cross over < |
due to resonant s-channel N |

400 -

200 500

otherwise small (5-10 mb) Tve) 10070 e ey



Hadronization cross sections

; 2 - s
99 > MM —iM = quq,fsvzuIFV(@ g igrq5 +-

ih—p+m)
2F Lll
(Pl - p3)2 — m,

. _ 2 _
—lMI = quq!ftU2Fv

i(h —p+m
= g2 ’ U_ZF (h p4 t) Fvul
Mqq'/ u V(Pl — p4)2 —
t

L 4.qs triangle vertex

[T appropriate y matrix
1%



Hadronization cross sections

15000~ - O-(ub_t — 7[+7Z-_)

These s-channel resonances
create as well very large 10000 -
. . . g
hadronization cross section © o0l
close to T,
600 5
400 3000
> 2000
200 1000
- T (MeV) 00 V5 (MeV)
40 < + -0
oc(us - =7 K")
e e R Consequence:
2 e | R C R .
200 ey If an expanding plasma comes to
- | @ T quarks are converted into hadrons

3000

despite of the NJL Lagragian does not
contain confinement



How to make a transport theory out of NJL

Using 7 parameters fitted to ground state properties of mesons and baryons

the NJL model allows for calculating

Quark masses (T,u)

Hadron masses (T,|u)

Elastic cross sections (T, )
Hadronization cross sections (T,u)

So we have all ingredients for a transport theory

Problem:
With a mass of 2 MeV and temperatures > 200 MeV the quarks
move practically with the speed of light.

So we have to construct a fully relativistic transport theory



Relativistic Transport theory

Hamiltonian formulation

Hamilton-Jacobi egs. : Egs. for the time evolution of a particle in phase space (p,q)

d_q _ JH  dp _ _8_7{ with Hamiltionian H(q,p)
dt oJdp’  dt Jdq

On the trajectory of the particle the energy is conserved

Time evolution of observables A(p,q) :

dA aA JA OB JA OB
LA - A.B
o~ or THAHE win ABp= Z Oq; IDr 9Pk i
dq _ 87{ dp  JH

Problem: Hamilton egs. cannot be extended to a relativistic approach:
qQ.p,H are components of 4 - vectors
egs. cannot be Lorentz transformed



Relativistic Transport theory Il

What we can extend to 4-vectors is
a) the Poison bracket:

N 9A 0B 0JA OB
A.B} =
14,8} = Z’&q O apl iy

A gy ={pi.ppt=0. {di.pp}= 6w g""

b) the geometrical interpretation that

dq dH dp oH

—:{qa%}:%a a_{ %}__a—q

describes the trajectory in the (p,q) phase space on which the Hamiltionain ’H(q, p)
is conserved:

dg" (T)
dT

dpH ()
dT

— /\{qM(T)a K} ;

— )\{p)u (T), K}

describes the trajectory in the 8-dim phase space on which the
Lorentz inv. quantity K is conserved.
Tis not a time but a parameter which characterizes the trajectory



Relativistic Transport theory Il

Example: One free particle:
We need a trajectory in the 6+1 dimensional phase space (q,p,t)

Starting point : Choose 2 Lorentz invariant constraints K=p, p* = m? and x(pu,qu't)=0

dx dx
_ 24 1) K} =0 __2x =
3{ E M.k =0 = 1= -Eiy k)
T _ Free particle
constraint i
df _ of . dg' 9y {g".K) dpir) T,
FERR ERE ALY dt 9t {x.K} dr
dpt p
All depends now on x a) v = qO 0 > D (T) _ p_
dr pY
dpt(r) _ p"
b) x = x,p' —mr=0— =

Diff. x =2 diff. egs. of motion; tis not time but parameter of trajectory
Before fixing constraints: rel. dynamics is incomplete



Relativistic Transport theory IV

This concept can be extended to N interacting particles (PRC87,034912)

Ki=pypl =m*+ > Vij=0 : Xien(q1. o qn-p1opN) 5 XN(Q1e o GNPL o PN T)
with the egs. of motion Synchronizes t with g;°
dqt (1) dxi
— = 1a (1), K15 —=
’ 4 Sy = {y;, I}
dpf(’i‘) . Xm wit 1) T Xjn 7
—— = Wi (7). K5

The 2N constraints K?;, X reduce the phasespace

reduction not unique—> different eqgs. of motions = different trajectories



Relativistic Transport theory IV

Egs. of motion with the constraints (which assures cluster separability):

2 2 Po— ol — (ag::) - ul Jut
K@' — pi;/pw —m; -+ V:;(C]T ) =0 qT’Lj q?,j [(q’&J )Uu’z,j]u?,j
- 1 H
Yi = Zg;éz QT@j [/, —0 [TH — P u;.;:j _ Pij

P = e i
5~ N VP2 Py
.q]’/\f.
_ J J [ _
— —7=0 . : ..
XN N v Time evolution of a thermal mini plasma
42250
> | t=0 — q+q=160 N& 0
200 /"/_’7 Y 25
yd T i Surface emission
150 201
L 151
100" .
N 10F
501~ . — -
i . q+q 5
0...|...\...|..‘|.\ﬁrﬁf%ﬁ.m..1...!..‘ <
0 2 4 6 8 10 12 14 16 18 20 0

25 30

20
Temps (fm/c) Temps (fm/c)



150

Expansion of a equilibrated plasma

n mass at creation time
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Expansion of a plasma

For realistic calculations we use the initial configuration of the PHSD
approach and compare NJL with PHSD calculations

NJL PHSD
m, = 5MeV 400 MeV< m, < 300 MeV
no gluons gluons
g fix g running
Hadronization by cross section 43 — m (or “string”); qqq — b (or’string”)

qq — my; + my
Au-Au @ 200 GeV - b=2 fm Initial energy distr. Avaue200Gev-s=2m

[GeV/fm~?] ; ; £ [GeV/fm~*]
sy transverse " 0o cewime; lONgitudinal 20
e [GeV/fm™*] * t=t, + 0.5 fm/c eithe t =ty + 0.5 fm/c
100 2 =0.37 fm 80 100 ‘ z =0 fm 100
80 o ' 80
60 60 60
40 20 40
20 20 20
0 0 0
8
e
—04 —07.&2\“\'1\\*«.
0.0 T

(a) (b) 2lfm) 92 o4 g



Expansion of a plasma with PHSD initial cond. |

T a y T y = . +]
|Fmal 7T+| 200 ' ' "|Einal T | '
— X PHSD (resc.) RSP 180 1 PHSD (resc.) RSP
'>_ 100 F s == PHSD (no resc.) ----- method 1 - 160 F === PHSD (no resc.l ...... method 1
3 : o PHENIX ——- method 2 0 L N e method 2 4
= = method 3 ! N\ ]
& meme 120 (b) / \ method 3
= 10r . zZ I / \ ]
2 Z ok -_
= © 80t .
L (a) i I
& oor Y T ]
= Au-Au @ 200 GeV 40 | 1
AL 30-40% lyl<0.5 20 k 7. ]
10 AN 0 CAU-AU @200GeV TR
0.0 0.5 1.0 1.5 2.0 0_5‘0 25 0.0 25 5.0
pr [GeV] y
TFinal K™ 7 I i N
— PHSD (resc.) RSP s PHSD (resc.) RSP
> 10 F — = PHSD (no resc.) ===+ method | - 25 + —= PHSD (noresc.) === method 1 -
§ e PHENIX === method 2 A ——— method 2 1
- ~N —— method 3 20 k d + method 3 -
£ > @ K ~ :
D < n R '
% l % 15 T
= c
éj (c) ol ]
ol
= ol b Au-Au @ 200 GeV ] s | 30 40 % ]
30-40% lyl<0.5 ) TR
U VISES N g ~ Au-Au @ 200 GeV |
0.0 0.5 1.0 1.5 2.0 0,5‘0 25 0.0 25 5.0

pr [GeV] y



Expansion of a plasma W|th PHSD initial cond. |

Charged part.
251 RSP (only 7.K) PHSD (resc.) .
o method 1 == PHSD (no resc. / only 7. K}
20 L —— method 2 o STAR (30 - 35 %) i
| == method 3 o ° il
— -]
=15 b s ° -
o =}
a
__('\] r =
10
30-40 % 7
Au-Au @ 200 GeV |
| 1 | I

.0 1.5
GeV]

T
hadronic

INg

v, [%]

NJL (RSP) and PHSD have about the

same Vv,

Time evolution completely different

Expanding almond shaped
fireball as initial condition

t [fm/c]

Fireball
B 5=075 ]
RSP PHSD
partons == partons
mesons mesons |
| 1 | 1 | | 1 | |
4 6 8 10 12 14



Summary of our long way

Starting point: NJL Lagrangian which shares the symmetries with QCD
Fierz transformation -> color less meson channel and qq channels

Bethe Salpeter equation in ¢G> mesons as pole masses
Bethe Salpeter equation in qq = diquarks as pole masses
diquark-quark Bethe Salpeter equation -2 baryons as pole masses
All masses described (10% precision) by 7 parameters fitted to ground state properties

Extension of all masses to finite T and p without new parameter
cross section (elastic and hadronisation) as well without any new parameter

Relativistic molecular dynamics approach based on constraints gives
time evolution equations of particles in a 6+1 dim. phase space

Studies of hadronization in realistic plasmas:
No sudden transition between quarks and hadrons
experimental results reasonably well reproduced (quite astonishing)
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