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1. Motivation or what do we want to describe
The Nambu-Jona-Lasinio Model
Hadrons and cross sections within the NJL model

What happens close to T, ?
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Numerical results



Motivation (experimental)

The RHIC Au - Au experiments have shown
that
e the particle ratios are close to that expected from statistical model calculations

e radial velocities and vo values are large

e hydrodynamical models can describe even details (va(p;)) of the reaction
l
[t seems that he system come: close te equilibriun
but
pQCD cross sections are small
all calculations for the entrance channel give dE/dx == 1GeV /fm
too small to bring the system to equilibrium

How ‘:an hesc observations be reconciled?



Smoking gun: We want to see from the plasma
but
in the presently available approaches
because they assume
sudden transition from high density (QGP) to low density (hadrons without inelastic collisions)

e Statistical 1
— global equilibrium of QGP until chemical freeze out
— — all observables depend on up and T only (not true: resonance production
at RHIC
e Hydrodynamical models
— local equilibrium

— assume that all particles freeze out at the same surface with a given ug and T
(Cooper Frye Formula) with the same collective velocity

— — all particle ratios are fcts of up and T only, spectra depend in addition on
the collective velocity. Does not agree with RHIC ratios (QMO04)
— — the most one can get: an ¢q. of state; Sufficient?
better approach to this phase transition is but also
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Lattice calculation of QCD presently limited to static
Therefore: phenomenological models are the only candidates
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Can be directly obtained from QCD

o Integration over gluonic degrees of

freedom i j !
¢ Point like interaction (No gluons !) w =

e Using a Fierz Transformation one ob-

talns:

~ Good description of the low energy physics (long history)
# Good description of meson and baryon properties
~ Cut-off in momentum space (model non-renormalizable)

“ Lack of confinement
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Whereas meson masses increase with g and T the quark masses decrease from the

In the mean field approximation:
® (go) = ™ [dph (1~ F(E+mT) ~ f(E~ 7))
® M; =mo; — 4Gs((@) + 2Gp(kk)(jj)) with i # j # k

@ phase transition order : 1, 2, none ?

i B Left : Light quark mass
mn oe%cawz//, E.o A\.N...v v
oo%/a/,;.

| Right : Strange quark mass
gm ANM v




X Hadrons bound states of quarks and/or antiquarks.

X Mesons have been since long successfully described as bound states of a
qq pairs ( cf Lutz, Klevansky, Rehberg,....)

X Baryons can be considered as diquark-quark bound states in the
extended NJL.

X Only preliminary studies (zero or finite T) : Ishii, Tjong, Bentz,
Reinhardt,...

NJL may provide
Q Mass of hadrons at any T and u.

QO Coupling constants between hadrons and his constituents.



We use the equivalence between a quark-antiquark scattering by mesons exchange and the

scattering in a RPA approach.
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Identifying the two poles s.gwm = S.Qw.m one finds for m,



Taylor expansion around the pole

y mﬂ —1 .
.rrt] __ : .
sqwm - s\%.wﬂ.; — QNQN BAFNHSMV Qs\:\mﬂu
974
gives the bw:a coupling constant.
At one uses propagators
My = Mx (T, p)
At high densities and/or temperatures
1.
m, > Re m, + Msﬂa
pion becomes unstable and decays into qq
Mesons are bound _3. states obtained as pole of the Bethe-Salpeter equation (which equals the

RPA for point interactions)
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As a Goldstone boson 7
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is protected

against any change of m, as long as
the chiral symmetry is broken.
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Due to the increase of my+ the K+

yield decreases



e Baryons are made of 3 quarks and appear as bound states of the quark - diquark
interaction

e Starting from the basic picture (quarks interacting by gluon exchange) we
introduce NJL point like interactions
— Faddeev equation reduced to a quark-diquark Bethe-Salpeter equation
For point like interactions it can be summed up
Pole gives the mass of the baryon

e Previous work done by : Tjon[94] , Ishii[94], Reinhardt[92], Hanhart[95],...
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Faddeev equation quark-diquark interaction

e Diquark-quark interaction vertex ?



e exchange of one quark
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o (S.A.) : exchanged quark mass is heavy

- _,._”.:__ - :._ f |
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e No momentum dependence — RPA summation possible
e Validity of the S.A.

— Good for light quarks before the chiral restoration, for heavy quarks always.

— Results more questionable when chir. Sym. is restored ( but gluons have
screening masses !)



Particle q S 78 K Particle qq | @s

Theory (MeV) || 422 | 627 | 137 | 550 Theory (MeV) 557 | 759
Experience (MeV) || 7 ? | 137 | 495 Binding energy (MeV) || 287 | 290
Baryons
Particle N A ) =

Theory (MeV)

Experience (MeV) 938 | 1116 | 1178 | 1315
Difference ( % ) 0 5 0.3 3

Binding energy (MeV) || 38 13 0. 110

¢ Mass spectrum well described,

¢ Need a high strange quark mass — Kaons too heavy
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This is all obtained by fixing 7 parameters to

light quarks mass pion mass
strange quark mass kaon mass
Gp U(1) breaking n,n’ splitting
scalar interaction vacuum quark condensate
m G\ vector interaction p Mass .V
.ﬁ ‘npro quark-quark interaction nucleon mass

A cut-off pion decay constant



obtained

o,p

qq — M M channel

gq — BB channel

in addition: diquark+q — baryon+ meson

of the Lagrangian ( Heidelberg group)

r X

o,p

qq@ — DD channel

NJL Lagrangian contains

O Meson, Diquark, Baryon pro-
duction

most of the on the



qq — qq : has t and u channel
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o(qq — qq) =~ 5mb close to T,

the system is

qd — qq : has s and t channel
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o(qd — qq) =~ 50mb close to T,
due to the

and
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mass of meson = mass of con-

stituents

® My = 2m,

T < Tego/endo meson production
exothermic

® MK = Mg
production: (s - KK)

e My =my
production: (u@ — mm)

NJmGO\ endo < Trott
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r X

a,p

qq — MM channel

/\W >> y/Sthres :

e t+u channel dominate

e s channel x m,

/\w ~ \/Sthres -

s-channel

1
T*(V3T) X =360, (vs7T)
shows strong enhancement around

T = m.,acﬁ




consequences of detailed balance
‘ s—4m?2
(= aq)(Vs, T) = yﬁm (vs,T)
favors

e for T' > Tey0/endo 99 Production,

e for T' < Tero/endo ®7 production,

_ ud->n'n |
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E
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Resonant matrix element 1s large for
35 .
a wide kinematic range
30 b
— o’s large at threshold even for
25
20 T< N._mao\mﬁmo
5 — strong pion production — quarks
0 disappear into hadrons
5
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I" > Throt « w's rarely created and immediately destroyed

I' = Ty : 0(9@ = mm) > o(nm — qq),

1" < Thro4 :m production almost divergent at threshold but threshold
changes
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disappearance of the quarks during the expansion



Q Define the initial condition:
®» a number of quarks, anti-quarks and (unstable) 7
®» 3 size — scalar density (r ~ 2.5fm)
®» a temperature =~ 260MeV

®» 3 chemical potential (baryonic density)
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t=0 — q+q=160

v Number of free quarks first goes up due
to pion decay (m — qq)
¢ Later number of pions increases, num-

ber of quarks decreases

¢ Number of free quarks should be zero
at the end
This is (almost) the case due to

¢ Number of baryons goes up, because
no suppression is implemented!
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¢ Initial Temperature =~ 260 MeV

¢ System in equilibrium :
¢ System in expansion: Most of 7’s are

created below

¢/ Same is true for Kaons

¢ Most of the pions are created with a

¢ At the end : all pions have their vac-
uum mass (139 MeV)



p = sqrt(p’) for different particles

550

500

450 o

p[MeV/c]

350

300

250
3.0 35 40 4.5 5.0 5.5 6.0

initial plasma radius [fm)]

Man Sop 15 2008

plasma with initially 40 u,d,s,u, d, s
each

v/ Due to their different production kine-
matics:
different hadrons have a different <

p>= P’
¢ The momentum increases with the

mass of the particle species
-as seen in experiment



NJL provides a

For T > Tarou are the degrees of freedom, for T < T'yppst
are the effective degrees of freedom

Meson and baryon properties at T= 0 =p well reproduced — allows for
connection with experiment. Meson and baryon properties at finite T and p

agree with the results of other approaches (ChPT, Walecka...)
Description of dynamical chiral phase transition possible

Effective confinement (although not in the Lagrangian) due to s- channel
resonance of o(qq — q¢, 7w, KK, pp) — large cross section close to T.

Results show that the transition from the plasma to the hadrons happens by
surface emission of the hadrons

In this model pions, kaons and baryons carry information on the plasma

Approach shows how



