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1.) Introduction: QGP in Heavy-lon Collisions

e To date: RHIC observables
< bulk properties of the produced matter:

- energy density &820GelVfm~ <« jet quenching (high p,)
- thermalization + EoS <> hydrodynamics (v,,v,)
- partonic degrees of freedom <« coalescence (p/T, v,-scal)

* Future: need to understand
microscopic properties (phase transition, “QGP” !?):

- Deconfinement < quarkonia (J/y, Y, ...)
- Chiral Symmetry Restoration <« dileptons
( - temperature < photons )



2.) Chiral Symmetry in QCD: Vacuum

_ . 1 o | SU®2).xSUR);,

LQCD =4q ( i0— g/l — mq) q— Z Ga,uv invariant (mu,dzo)
Spontaneous Breaking: strong qq attraction qy qr
— Bose Condensate <th> = <67LqR + ‘7R‘IL> # 0 - _

fills QCD vacuum! [cf. Superconductor: (ee)#0 dr q.
Magnet (<M #0 , ... ]
M [GeV/c] N(1535)

Profound Consequences: 15

B a. (1260)
- energy gap: A;, ~ 2m, o (4q) e oo
< mass generation! (400- (770)
1200)
e massless Goldstone bosons Tt >
TC (140)

* “chiral partners” split, AM=0.5Ge}:
JP=0* 1= 1/2+



2.1 Light Hadrons: Vacuum

Correlation Function:  I1(¢)=—i f d*x ¢ (j,(x)j,(0),.
Timelike (g°>0) : Im IT (q,,q) — physical excitations
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il () =(" ) mp, Q@ <(1:5-2GeV)!, J<512(2)



2.1.2 Light Sector in Vacuum II: Spacelike
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2.2 “Melting” the Chiral Condensate
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2.3 Low-Mass Dilepton Data at CERN-SPS
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e excess above M=0.2GeV: 2.4+0.9 [160]
e little excess in p,w,$ region

5.9+2.6 [40]




3.) Electromagnetic Emission Rates
E.M. Correlation Function: I1.,(q)=—i jd4x &' < Jom(x) jem(0)> .

e" dR, 2 B
<e' i < a” f°(T)Im I, (M,q) = 0(1)
dR, _ _

also: e.m susceptibility (charge fluct): y =11, (q,=0,q—0)

In URHICs:
e source strength: dependence on 7, ug, 1, , medium effects, ...

e system evolution: V(7), T(7), ugz(7) , transverse expansion, ...
* nonthermal sources: Drell-Yan, open-charm, hadron decays, ...
 consistency!




3.2 E.M. Correlator in Vacuum: oc(e e —hadrons)
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3.3 Low-Mass Dileptons + Chiral Symmetry

Im I1,, (M) dominated by p-meson — chiral partner: a,(1260)

v Vacuum At T : Chiral Restoration
— ! « V[t—=>2nnv ] _ .§ , \ﬁp" | l. | ,
ks — . A[t—> (2n+1)n V] o . Dropping Masses ?
¢ 0.06[ . L\ |
= - p(770) + cont. E \
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— i — -
E 0.04—_— 4 ] g
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ot = pQCD  Z |
s [GeV’] cont. EL"p" )
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Or: Pyong Chiral partner of z = “Vector Manifestation™ [Haradat

Yamawaki ’01]



3.4. Vector Mesons in Medium

. [Chanfray etal, Herrmann etal, RR etal, Koch etal.
(a) Hadronic ManV'BOdV Theorv Weise etal, Post etal, Eletsky etal, Oset etal, ...]

Propagator: | D (M,q: Ly T)=[M*-m ;- -ZpB' ol !

07,73
P ’®‘ d . 2 d
\/VV‘\ /w\/\/‘ = 2,07272' — J-Dzw vp;z'yz' Dg'w Constraints:
\@/ - B,I\/|—>pN,p7T.

B*,al,Kl... , . - 'yN, 'YA, TEN—>PN
J\/\/@/\/\f = pB,M=jDMvp7rM[fﬂ_f ] - QCDSRs, lattice
N, K-

(b) Effective Field Theory [Harada, Yamawaki, Sasaki etal]

HLS with o, 27z (“VM”); vacuum: loop exp. O(p/A,, m /A, g)

In-Med.: 7-dep. of bare m (%, g via matching to OPE, 4,,,,.,<A,
+ RG-running to on-shell = dropping po-mass




(1) p-Mesons at SPS

Hot+Dense Matter 4 Nutdvl <Som§rasison
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e p-meson “melts” In hot and dense matter
e baryon density p, more important than temperature
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3.5 Low-Mass Dileptons I: SPS

Top SPS Energy Lower SPS Energy
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T 107 ; | ! -
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* baryon effects important!  enhancement increases!

e precision test by NA60!?



(i) Low-Mass Dileptons 1I: SIS/ BEVALAC

do/dM [mb/GeV]

10
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Transport Calculation
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| ' | R
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[Shekhter,Fuchs etal °03]

e Extended VDM pp—pp @

e “standard” calculation
factor 2-3 below data

decoherence in-medium
» “optimal” values for

In-med. coll. broadening

5" =~y ~200MeV

, consistent with [Bratkovskaya etal *98]



4.) Further Theoretical Developments

4.1 Chiral + Resonance Scheme with Baryons

4.2 a,(1260) Spectral Function
4.3 Comparison to Lattice QCD



4.1 Towards a Chiral + Resonance Scheme

Options for resonance implementation:
(1) generate dynamically from pion cloud [Lutzetal 03, ...]

(11) genuine resonances on quark level
— representations of chiral group [DeTar+Kunihiro <89, Jido etal *00 ,...]

e.g.

n—% o 5= N+t —S» N(1535)°
| N\ " N
3
p—= a;  S= A*—S» N(1520) —S N(1900)*

A(1700)° ()  A(1920)*

Importance of baryon spectroscopy
to i1dentify relevant decay modes!



4.2 Current Status of a,(1260)

@ AN(1900)--
4+ — —— e
q‘—@wg: ;N(EZO) N

T=0 - a,(1260)

T=0 E 0-06_— Vector (vacuum) |
S - o Axial (vacuum)
> 2 — vacuum . = : — Vector (p=p,) |
i - - Ttp-cloud < 0.041 Axial (p=p,) |
. [ — mp+N(1900) = N
aN | =
S 1 PxPo &

i ari ST e TR USRI R S A S BRI
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- URHICs (AA): a,>my  J7™




4.3 Lattice Studies of Medium Effects
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4.3.2 Comparison of Hadronic Models to LGT

cosh(go(z —1/2T))
sinh(gq / 2T)

I[1,(z,T) ZJdQO ImTI,, (g0, 7)

A\ 0 Q.
H \ calculate
17 latti h, T=15T >
v fi‘tuce—quenc 1, T=1.5T, I 9 free p + ®
1.6 free p+@ 0.4 l_lv /® — in-med p + ®
' 5 — In-med p+® D” B
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a _ t t 0.3 — |attice
- Integrate
1.3 ﬂv/]]v 0.2
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[ | | L 01 %\
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More direct!

Proof of principle, not yet meaningful (need unguenched)



5.) Perspectives for RHIC I: Dileptons

Central Au+Au s —200AGeV ~MinBias Au-Au (200AGe

3 0.8_ T .
<N > 300 Cocktall B

10_5 I . Drell Yan B 1. SO0 TR | RN | SRS NS R
5 — Open Charmd bR R %

. Single e p, > 300 MeVic
— Thermal |[RR

(d°N_/dMdy)/ <N > [GeV']
o

_ '0: +thermal
o o 1¥1<0.35 P |
10 : pe>0.2GeV T PHENIX Preliminary
N L o
e l[ow mass: thermal dominant run-4 results
* INnt. Mass: cc —e"X , rescatt.? eagerly awaited ...

e X



(ii) Resonance Spectroscopy: m'm Spectra

Sudden Breakup Emission Rate
dN,. dp 0874 dNp, _dg, £ oM
= , = q0) — IMDg(M, q)
dsde T ".(27[)3 f (qo T) oM d4de i T ””I(Zﬂ)g ° 9 "
L Peripheral Au+Au —Data 4 T=170MeV
60000 | —Sum
0.6= p; < 0.8 GeVic 3
| e S
0® /30 T—1 10MeV
- A\ 1=90MeV

O B T - H R R P 0.4 in—med
M [GeV]
[Broniowski+Florkowski *03] ’e P
e p-mass shift ~-50MeV [183235%3}33] inl[;ﬁgvh“-‘ ______

e small “o” contribution

e underestimates p/m Broadening+“c”+BE not enough?!



6.) Conclusions

* Thermal Dileptons in QCD: 71, (q,q,/5T)
- low mass: p,®,§, chiral restoration < p-a, degeneracy

- Importance of baryon effects (even more in experiment?!)
( - thermal photons )

o extrapolations into phase transition region
= in-med HG and QGP shine equally bright
lattice calculations?  deeper reason?

» phenomenology for URHIC’s promising;
precision data+theory needed for definite conclusions

 much excitement ahead: CERES, NA60, HADES, PHENIX,
ALICE,... and theory!
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<0N,o/dm ¢>/<N ;> (100 MeV/c?)

e strong excess around M=0.5GeV
e little excess in p,w,¢ region
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2.3 Dilepton Data at CERN-SPS

- Pb-Au 158 AGeV

6/G 00~ 30 %

2.1<n<2.65
p>0.2 GeV/c

®,,>35 mrad
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107
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e factor ~2 excess
e open charm? thermal? ...




5.) Intermediate-Mass Dileptons: NAS0O (SPS)

e.m. corr. continuum-like:

Thermal Fireball (chem-off-eq)

ImiIl, ~ M? (1+a/7+...)

QGP + HG!

10 F T o T T e AN A
= Central _Pb(158AGeV)+Pb] >
3 . q " - NA5O |
= 107 -- thermal -
2 | ~. " — total
— ol \ QGP ]
Z 10 ; \
2 - N\ E
= R Drell-Yan;
S 10'F N
F \
- \
L L L\\J l

M [GeV]

T=210MeV , HG-dominated

[RR+Shuryak ’99]

Hydrodynamics (chem-eq)

I [ 3
Central; Pb+Pb@SPS 1

$ NA50

= Drell-Yan
Thermal

M (GeV)
T=300MeV, QGP-dominated

[Kvasnikowa,Gale+Srivastava ’(02]



4.2 Comparison to DataI: WA98 at SPS

Hydrodynamics: QGP + HG

[}{uovinen,RuuskanenwLRéiséinen ’02]

Expanding Fireball + pQCD
[Turbide,RR+Gale’04]

10 &=
10( ---- Hadron Gas
A QGP (T,=205MeV)
10~ I -~ pQCD (Ak?=0.2)
J 10
> —— Sum
8 107
10-3 — 107 _
A WA98 Data
D 10 R _
-5 = N 2.35<y<2.95
10 S 10 . _
3 T 10°
107" %, o RN
1 o 3 4 0 1 > 3 4
k. (GeV/c) q, [GeV]

e T,=260MeV, QGP-dominated
o still true if pp— X included

* pPQCD+Cronin at ¢, >1.5GeV
= T,=205MeV suft., HG dom.



4.2 Comp. to Data II: WA98 “lL.ow-q, Anomaly”
Expanding Fireball Model

Include z#7zw— 7wy S-wave

| 03 [Turbide,RR+Gale’04]
10° ke [1EW 10° [\m new
1 ’ ;\‘
10 10 .
10° 10° L
107 107 | RN

e current HG rate much below e slight improvement
 30% longer 7.; = 30% increase e in-medium “o” or A ?!



2.3.3 Baryonic Contributions
4

e use In-medium p —spectral funct:  ImlI1 ., = %Im D/’;'ed (90=9)
- P abs( qo) 47’;0:
e constrained by nucl. j~absorption: ImIT,, (9,=9)
A qpy
<:;;;> 600 1 |
m/vvw W v < Pb (Fraseat)
E)X A Donsy
B*,a,,K," m i
"‘?V/,\QI/(Q o / o i e
YN — B* Wl I

600 900 1200 1500

[Urban,Buballa, RR+Wambach ’98] q, [MeV]



2.3.4 HG Emission Rates: Summary

107 in-med HG [RW99]
P - npaT
19 Wy B ® t-channel _
—_ e 5N Wl K,K* induced e @ t-channel (very) important
L 10 ]
s at high energy
107
3 » formfactor suppression (2-4)
T 10
c .. - strangeness significant
7 T—200MeV N\ e baryons at low energy
ng=220MeV
0 0.5 1 1.5 2 25 3
q, [GeV]

[Turbide,RR+Gale ’04]



7.2 Perspectives on Photon Data at RHIC
Predictions for Central Au-Au PHENIX Data

Photons - \[Sy, = 200 GeV Au + Au 10 % Most Central Collisions
4

10"

v g [PHEMIX Collaboration 00 0 00T T T4

AN |n.|t|al pQCD (pp) O =

10° 01 AN -—- Fireball eq T,=370MeV i % 35 e . Frantz QM2004 _ —

"] . — Hydrooff T=600MeV . .

m; 1o T~ N Parton Cascade t=3fm/c 3:_ [PRELIMINARY PHENIX DATA 111) —+ I ! =
[} . - 7]
g D = I A
o : i 1 3
% : / E
-~ 10" n ]
o 10-4 E r Hydro + NLO pQCD (see text) E
QGP T LT Seacoeny T =

~ 1}_5: A SN T [N N N NN (NN NN TN M N N R N NN N S TN NN TN MO AN NN S N -

0 2 3 4 5 0 2 4 6 8 10 12 14

q, [GeV] pr (GeVic)

e large “pre-equilibrium” yield
from parton cascade (no LPM)

e thermal yields ~ consistent

e QGP undersat. small effect

e consistent with pQCD only
e disfavors parton cascade
e not sensitive to thermal yet



2.2.4 In-Medium Baryons: A(1232)

e long history in nuclear physics! (A, YA)
e.g. nuclear photoabsorption: M,, I", up by 20MeV
o l|ittle attention at finite temperature

— A-Propagator at finite Pp and T [van Hees + RR ’04]

@ NN-L AN-1 o
S /
A \\_+@+@+v+

_ _ S nA—N(1440),
In-medium vertex corrections incl. g’ N(1520),
nt-cloud, (“induced interaction”) A(1600)

(I+f7-fN) thermal m-gas



Rho Spectral Function at Future GSI
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e high-density effects most prominent at low mass



7.) Thermal Photons
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