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first example of an 'effective field theory'!

nucleon in nuclei (nuclear matter) as a quasiparticle, My — My, ...
pions in nuclei, kaons, eta,....

vector mesons, p,w, ¢, J/1....

baryonic resonances,

A(1232),A(1405), N*(1520), N*(1535),pentaquarks...

fast partons..

what do we mean by medium-modifications?
how are they related to changes in the QCD vacuum?
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Hadronic matter

N. Cabbibo and G. Parisi, Phys. Lett. 59 B, 67 (1975) )

post-Hagedorn

"..although the two alternatives (phase transition or limiting temperture) give rise to
similar forms of the hadronic spectrum, the equation of state at high densities is

radically different..’

. . hadrons with internal structure!
'schematic phase diagram’ |

P

< Fischer's droplet model of 2°¢ order transition

'..The true phase diagram may actually be substantially more complex, due to other

kinds of transitions...’
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B restoration and deconfinement
01 e critical @ properties of the QGP
point @ location of the critical point
@ critical fluctuations
nuclear
vacuum \matfer| quark miter CFL @ nature of the low-temperature
quark phases
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phase boundary
@ confinement

@ spontaneous chiral symmetry breaking
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equation of state
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free energy thermodynamic limit
1
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QCD condensates

(aa) = (@0) + AP (6% = (67) ~ o (e~ 3p+ mo D) J

omg

can be evaluated in lattice QCD at finite T but =10



Low-energy QCD
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Low-energy QCD

in the hadronic phase of QCD eigenstates are (color-singlet) hadrons

partition function z - Z<h|e*ﬁ(Eh*HhNh)|h>

'resonance gas'

plo (T, ) TZ / dpp nupIn(1 + npe” B(En— ,“Nh))

where Ep = /B2 + Mu(mgq)? and 1, = —1 for bosons and +1 for fermions

sum mesonic and baryonic species up to ~ 2 GeV (more than 1000 resonances)
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Hadrochemistry

also revealed by "hadron abundances’ in chemical freeze out
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Condensate evolution

ark mass dependence (iattice fit)
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Condensate evolution
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Chiral condensate
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Hadrons in the medium

hadrons as elementary excitations (fluctuations) of the

e Credium
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detailed hadron spectroscopy matter under extreme conditions
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changes in Q(T, x) and therefore in the QCD condensates are
reflected in measurable hadronic properties!

— identical spectral functions for channels of opposite parity
— if hadrons are made of 'constituent’ quarks with Mj, o< (gq) all masses should drop

— ’melting of gq bound state (J/Wsupression)



Formal connection

hadrons in the medium described by two-point correlation functions
thermal averages of composite current operators
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Formal connection

hadrons in the medium described by two-point correlation functions
thermal averages of composite current operators

mesons: J( ) _ (—7( )l— q(X), r. = 1,’7“,’}/5,’}/”,’}/5 L

baryons:

Ji(x) = €abe@® () Cuq" (V14 (x) ...

act as external sources

Z[n] = Trexp[— HQCD—Z/d xni(x)Ji(x))]

(isothermal) susceptibilities:

Ax x) = — 529[77] — () S (")) — (x (!
i) = 5oy = BUHB0) = RN ()

(retarded) propagator for a particle with quantum numbers i

T— g - _\y—1
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How to 'detect’ Y symmetry restoration?

order parameter: ((gq)) chiral symmetry
no order parameter for deconfinement!

Order parameter fluctuations Hadronic world
((Js(x)Js(0))) — ((Ips(x) Jps(0)) Mr,(600) — M (138)
(V20 V2(0)) — (AL (x)AL(0)) M., (1250) — M, (770)

(W ()W (0)) = (W-(x)V-(0)) Ms,, (1535) — M,(938)

— 'soft-mode spectroscopy’

transient phenomena in HIC!
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Interacting matter

@ resonance gas description equivalent to interacting matter with
fewer degrees of freedom

—

p(E) = (4mi) T [sT(E)jE 5(5)}

R. Dashen et al. Phys.Rev. 187 349 (1969)

c

@ need framework that incorporates confinement and SCSB

— chiral pertubation theory

building blocks: Goldstone bosons and (heavy) baryons
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1 % + V2 T o K \/6/\;_‘/5): 1 AZ 150 P
- — m _ m 0 = —= N\ — —= n
® /2 T VAR, K v v el
K~ KO — 20

n = =0 L




Chiral perturbation theory

with:

U(x) = exp (iX3¢a(x)/Fr) € SU(3)

effective Lagrangian:

L(:ff - EGb(Ua aU) + EB(wa U: OU) J

'resonances’ absorbed in LEC's
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Chiral perturbation theory

with:

U(x) = exp (iX3¢a(x)/Fr) € SU(3)

effective Lagrangian:

['(:ff - EGb(Ua aU) + EB(\Ua U: OU) J

'resonances’ absorbed in LEC's

Q energy/momentum

@ expand in 'small parameter’:
4mF; mass gap of order 1 GeV

. .
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“‘ ..0 Q“‘ ""
LS .
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@ 'unitarize' to extend to higher energies



Meson-Meson scattering
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Meson-Meson scattering

— similar results for baryons
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Meson-Meson scattering

— similar results for baryons

rho meson in the medium
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Kaons in matter

relevant for kaon production in HIC and the interior of neutron stars

Q KN scattering T=V + VJT
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@ in-medium scattering:
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kaon condensation unlikely in neutron stars!
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Rho mesons in matter

play a prominent role in low-mass dilepton production

© 77 scattering (Vector-Dominance model)
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Rho mesons in matter

play a prominent role in low-mass dilepton production

© 77 scattering (Vector-Dominance model)
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Rho mesons in matter
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Rho mesons in matter
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@ hot and dense hadronic matter behaves like a 'resonance gas’

@ changes of the vacuum structure — 'defects’
how do hadron masses depend on the light quark masses?

@ how to construct the phase transitions?
@ hadrons as 'elementary excitations’

@ resonance gas <= interacting system with
fewer degrees of freedom

@ 'unitarized ChPT' — dynamical resonances
@ rho mesons and kaons in matter

@ degeneracy of chiral partners?
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