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* Bulk Properties:
Equation of State

» Microscopic Properties:

- Degrees of Freedom
- Spectral Functions

» Phase Transitions:
(Pseudo-) Order Parameters

= Would like to extract from Observables:
 temperature + transport properties of the matter

* In-medium modifications of excitations (spectral functions)
» signatures of deconfinement + chiral symmetry restoration




Creating Strong-Interaction Matter in the Laboratory

Au+Au NN-coll. QGP  Hadron Gas " “Freeze-Out”

Sources of Dilepton Emission:

« “primordial” qq annihilation (Drell-Yan): NN—e*e X

« emission from equilibrated matter (thermal radiation)
- Quark-Gluon Plasma: qq — e‘e, ...
- Hot+Dense Hadron Gas: #z*x~— e'e, ...

- final-state hadron decays: #%n — y*e~, D,D — e*e~ X, ...



1.2 A Schematic Dilepton Spectrum in HICs

Characteristic regimes in invariant
e*e~ mass, |\/|2:(pe++ pe—)2

« Drell-Yan: primordial,
power law ~ M~-"

* thermal radiation:

- entire evolution
- Boltzmann ~ exp(-M/T)

Thermal rate: ~ —— o — €6 I7

Q= 0.5GeV = T1,..,=0.17GeV, = 1.5GeV =T ..~ 0.5GeV



1.3 EM Spectral Function + OCD Phase Structure

» Electromagn. spectral function
- Vs <1 GeV : non-perturbative
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1.4 Low-Mass Dileptons at CERN-SPS

CERES/NA45 e*e~ [2000] NAG6O ptu~ [2005]

Pb-Au 158 AGeV 6/G 50~ 30 % ] % 10% |- In-In Central
<dN,/dn>=245 1 S all pt
10° & combined 95/96 data 2.1<n<2.65 = é_ -
p>0.2 GeV/c 2 %, -

®4e>35 mrad | i "
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» strong excess around M = 0.5GeV, M > 1GeV
* little excess in p, @, @ region
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2.1 Nonperturbative QCD

O‘s(d) %o: 1 2
Locp=q(10+gA-Mg)q-4Gsyy
.| L th P g 5 b | well tested at high energies, Q*>1GeV2:

m{ u ___________ e perturbation theory (a, = g?/4x << 1)
| = ww-ortszoos | *degrees of freedom = quarks + gluons
1 10 Q/1?8eV] (mu~ my~ 5-10M€V)

Q?< 1GeV? — transition to “strong” QCD:

» effective d.o.f. = hadrons (Confinement) @

e massive “constituent quarks”

m,*= 350 MeV= s M, (Chiral Symmetry
~ <0|qq|0> condensate! Breaking)

1 % fm




2.2 Chiral Symmetry + OCD Vacuum

IQCD( myq = 0): flavor + “chiral” (left/right) invariant

“Higgs” Mechanism in Strong Interactions:

 q attraction = condensate fills QCD vacuum! quo\/\qR

<O|C_IQ|O>=<O|C_ILQR+C_IRCIL|O>“5fm_3

Spontaneous Chiral Symmetry Breaking

Profound Conseguences:

» effective quark mass: m; oC <O|€1q | O>
<> Mmass generation!

» near-massless Goldstone bosons %

* “chiral partners” split, AM = 0.5GeV

N

1.5 |

q R q L
M [GeV/C2] N(1535)
a. (1260)
N(940)
o
(400- (770)
1200)
TC (140)
JP=0 1 1/2
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2.2.2 Hadron Spectra + Chiral Symm. Breaking
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“Data”: lattice [Bowman et al ‘02]

Theory: Instanton Model
[Diakonov-+Petrov; Shuryak ‘85]
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* Weinberg Sum Rule(s)
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2.3 Quark-Gluon Plasma

Excite vacuum (hot+dense matter)

~_

» hadrons overlap, quarks liberated

—> Deconfinement (T.=170MeV)
energy density € ~ (# d.o.f ) T*

* <qQ@> condensate “melts”
—> Chiral Symmetry Restoration
dissolution of mass: m,* — ~ 0

= clear indications for
phase transition!
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3.1 E.M. Correlator + Thermal Dilepton Emission

I, on\lee ejﬂid3pi IT; d°p;
(27 )°2E; (27 )°2E

v 27[5(Pi—Pf—Q)
~._71(a) d*x

+
€ x (]IS ) CF LISy £t £ 1) (L))
e- q*
dNee _ % (s (do.T) Im IT, (M,q;T, ) +—_ Photon
dxd%q 7 |\/|2 0 em B selfenergy
E.M. Correlation Fct.: It (q)=-i J‘d4x eiqx(je“m(x)jg’m(O))T
quark basis: = j4 = %u;/”u —%dy”d —Esy”s

hadron basis: j# = %(Uy”u—&y’”d )+%(Uy"u+ dy#d )—%§y“s

J

W
SN

1 1
— M L T iH _
27 T g e



3.1.2 Versatility of EM Correlation Function

e Photon Emission Rate

R, _, .5
vy % d3q=ﬂ2 F7(0p,T) ImI1(do=0) ~ O(as,)

dRee_ ¢B ~
e ”Mz (0o, T) Im I1,,(M,q) ~0O(1)

e same correlator!

+
o €

« E.M. Susceptibility ( — charge fluctuations):
<Q*> —<Q>*= Yoy = o (0=0,9—0)




3.2 EM Correlator in Vacuum: o(efe——hadrons
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3.3 The Role of Light Vector Mesons in HICs

Contribution to invariant mass-spectrum: thermal emission

dNV—>ee _j'd3 d4x dRee o NV(M)I\'/I\Xee At

dq 2| after freezeout
TV ~ 1/rvt0t

[('ee [kev] I_EOt [Mev] (Nee )thermal (Nee )COthaiI ratlo

P(770) 6.7 150 (1.3fmic) 1 0.13 7.7
@w(782) 06 8.6 (23fm/c)  0.09 0.21 0.43
@(1020) 1.3 4.4 (44fmfc)  0.07 0.31 0.23

= In-medium radiation dominated by o -meson!
Connection to chiral symmetry restoration?!



3.4 Low-Mass Dileptons + Chiral Symmetry

o
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4.1 Axial/VVector Mesons In VVacuum

Introduce p, a, as gauge bosons into free z+p +a, Lagrangian =

it _ = (=oal=\_1na25 Al = T ,
Lﬂ'p=gp,u'(7[xa'u7z-)_§g pﬂ°pﬂ7t°72' 'g_m hOQD \Q0RO0ATR090

) . a2 (m(0)y2 =1
p-propagator: |D,(M)=[M"—(m,”) =2, (M )]

7t EM formfactor
2 0)\4 2
[Fo(M)P=(m{)* D, (M)]

R e I B B B

- 150 )

1 120 F

- 90-_

7t scattering phase shift

(ImD.(M)
S5, (M)=tan l(Re DZ(M)]

| 60 F

30 F

. \ \ . 0 [ . | | | L]
0 0.2 0.4 0.6 0.8 1 03 04 05 0.6 0.7 08 09 1

q° [GeV’] M., [GeV]




4.2 p-Meson in Hot + Dense Matter

Interactions with hadrons from heat bath
— In-Medium p -Propagator

D, (M ;g T)=[MEM 22 -5 -5 1

p7Z'72'
» In-Medium 0 ED~ ),
: _ | ;
Pion Cloud X = M " AA Y
[Chanfray et al, Herrmann et al, ~®. 2
Urban et al, Weise et al, Oset et al, ...]

R_

* Direct p -Hadron =A, N(1520), a;, K
Scattering ZBM = ﬁ/@/\/\/‘

[Haglin, Friman et al, h=N T K -

RR et al, Post et al, ...] g

e estimate coupling constants from R— p + h,
but more comprehensive constraints desirable



4.3 Constraints I: Nuclear Photo-Absorption

total nuclear y -absorption <::.> In-medium p -spectral
Cross section function at photon point

abs 4

O-}/A (qO) _ Arcr Im /7 —q) = _ Ara mP |mDm9d M =0
A do M er(dp=0) = o 7K iz M0 (M=0q)

AN* A* )
m > % ”
-N\gé N SN

direct resonance!

/@ ~ M -
/ T/ ~ —
A > VVV!

N P |

e

yN— N, A —
meson exchange!




Light-like p-Spectral Function: Im D (d,=q)
+ Nuclear Photo-Absorption

On the Nucleon | o On Nuclel
. > Sn (Frascati)
, , : e Pb (Frascati)
i avreges
400
2 300
S 200
100
00 a0 600 900 1200 1500 : = e e e
q, [MeV] q, [MeV]
e fixes coupling constants and e 2.+3. resonance melt
formfactor cutoffs for pNB (selfconsistent N(1520)—Np)

[Peters,Mosel et al 98]
[Urban,Buballa,RR+Wambach ’98]



4.4 p Spectral Function in Nuclear Matter

In-med. z~cloud +
p+N—B* resonances (low-density approx.)

3 —

— vacuum
- —- py=0-5p,

— T T T

[Urban

et al 98] | -—

P+N—B* resonances

In-med 7zcloud +

Constraints: N , 7A

o+N — N(1520)

' ' ' ! ' ' | | | [ | |
Post - Cab

S 02 | Ganres

7N —pN PWA

MI (GeV)

» Consensus: strong broadening + slight upward mass-shift
» Constraints from (vacuum) data important quantitatively



4.5 QCD Sum Rules for p(770) in Nuclear Matter

dispersion relation o I, [Shifman,Vainshtein
Jr +Zakharov ’79]

for correlator: +
g " 2\- ) - .
» Ihs: OPE (spacelike Q?): » rhs: hadronic model (s>0):
2\ Cp Nonpert.
11,(Q )—Z—Zn Wilson coeffs IT,(s)=—21mD,(s)-
n Q (condensates) p
a
[Hatsuda+Lee’91, Asakawa+Ko ’92, Klingl et al °97, o (1+—)6(s—
Leupold et al ’98, Kampfer et al ‘03, Ruppert et al ’05] Q Q
> = * P _ vacuum P _
3 0.4} Ph=Po / _ L —- py=0-5p, _
.| K=y ! & L --Py=1.0p, i
- 0.31 /% 1% i > - =20p |
o | N 0
s - | O |
3 0.2 F - q:O , \\
T ol H/ © | < f 7N )
O.1F ),«/ i | ,i--....-""\\
i i’ ,/ 1 I -//& ‘&-::-_-“-.
0 — ' ' ' ' OJ-—--.:;—’T?:’11|{E
0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 0 0.2 0.4 0.6 0.8 1 1.2
mass 1n GeV M [GeV]



4.6 p-Hadron Interactions in Hot Meson Gas

resonance-dominated: p+h — R, selfenergy:

R
2= -4 Do(k+a) Vg [ (@)% FR(@g)] @

p (22 ) p

Effective Lagrangian (h =z K, p) sum

| T=15(()3M%v
eg. L, a=GA*(8"7)p,, . A=a,h, =035
fix G via ITa,—pn) ~ G>Vv2 PS = 0.4GeV, ...

PP

Im £ /m_[MeV]
5

Generic features:
e cancellations in real parts
 Imaginary parts strictly add up

Re X /m_ [MeV]

30 L : - - - - .
0.0 0.2 0.4 0] 0] 1.0 1.2
M [GeVf



4.7 p-Meson Spectral Functions “at SPS”

Hot + Dense Matter Hot Meson Gas
-10 : )
pB/pO vacuum
| vacuum 0 s ———— T=120 MeV
ce—= T=120MeV 0.1 T=150 MeV A
N T=150MeV |, 0.7 |l | = T=180MeV [}
-6 ! N\ -6 N
R — T=180MeV |\ 2.6 3 i
g | \ O, ' ‘\\\
o ,’ \\ a //',‘\“‘\‘
o { ) Q -4 g=0.3GeV F
- 1/ E il
— ‘h . t\\ /:,{'I‘ (N
-2 g .- N -2 /] W
R NN /7 N
P gl O 7 Ny
o et | R o e S
0.0 0.2 04 0.6 0.8 1.0 1.2 0.0 0.2 04 0.6 08 1.0 1.2
M [GeV]

« p-meson “melts” In hot + dense matter close to T,
* baryon density p; more important than temperature



4.7.2 Light Vector Mesons at RHIC + LHC

10 —— 1100 ————r S
I vacuum I vacuum
S Poar” 5(770) Poe”
— _ , M -~ Pg o=0-68p
S -~ Pp=0-68p, S B.eff 0
v -6 - g 601
2 = T=180MeV
A -4+ T=180MeV ) [ -40- |
g | g=03GeV £ @(782)  ¢(1020) 4
ol ’,x"f N - 20 1\ -
850z 06 08 1 12
M [GeV]

- baryon effects important even at pg = 0 :
sensitive to pg..— P+ ps (o-N and p-N interactions identical)
* w also melts, @ more robust < OZI



4.8 AX|aIvector IN I\/Iedlum Dynamlcal a (1260)

a;

Vacuum: M m — resonance
l_n_“\,@\/\@@
LTS

[Cabrera,Jido,

U L B IR I IR Roca+RR ’09]
. — p=0 - . .
N\ co et 1 e In-medium T + p propagators
[ . r P (=2, 7] - .
| * broadening of &-p scatt. Amplitude
.,__E.E_— .-f“"..-b“"-..._ 7 - . . .
N o NN 1 e pion decay constant in medium:
0.6 PR PR W -
I ./ B , _ present work present work
I 7./ N . L . |, : .
041 7y Sl ( m-selfenergy A) | (m-selfenergy B)
0_2:_ R 0 03 a3
; ] 1/2 100-108 91-101
to0 ﬂl | 'mlo-:]' | '1:||:-0' | _'12|-3:' | ':3|o-3' | I14|3I:-I | '15I-3:' 1600 1 G5-86 H6-03

P" (MeV)



Upshot of Chapters 2 - 4

Chiral Symmetry:
spontaneously broken in vacuum, My *~ «gq)» # 0 (low g?)

hadronic spectrum: chiral partners split (=0, p-a,, ...)

excite vacuum — condensate melts — chiral restoration
— chiral partners degenerate

EM Emission Rates + Medium Effects:
Imaginary part of el.mg. current correlator (photon selfenergy)
perturbative (qq) - nonpert. (p,@,¢ ); “duality scale” sy, ~(1.5GeV)?
In-med radiation: low-mass < p-meson, high-mass — QGP
many-body theory: eff. Lagrangian + constraints; broadening!
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E.M. Correlator + Thermal Dilepton Emission

I, on\lee eJ-Hidspi IT; d°p;
(27 )°2E; (27 )°2E

v 27[5(Pi—Pf—Q)
~._71(a) d*x

+
€ x (]IS ) CF LISy £t £ 1) (L))
e- q*
dNee _ -a’ ___ photon
d*xd q_zz I\/I2 F(6.T) Im Mo (M,Q3 T ) selfenergy
E.M. Correlation Fct.: It (q)=-i J‘d4x eiqx(je“m(x)jg’m(O))T
. : 2 1 1
guark basis: _ j# = 5 uy*u —gdy”d —=Sy#s

hadron basis: j# = %(Uy”u—&y’”d )+%(Uy”u+ dy#d )—%§y”3
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5.1 OGP Emission: Perturbative vs. Lattice QCD

CI
Baseline:

e+

But: small M — resummations
finite-T perturbation theory (HTL)

[Braaten,Pisarski+Yuan ‘91]

'm[-@-] >4 XX

1e-07 . ' '

LGT T=1.5T_ -
1e-08 "
1e-09 7w HTL
1e-10 \“«

\%‘\%”-‘e.
1e-11 “\
N
1e-12 ' '
0 2 4 6 8 10

collinear enhancement:
D =(t-mp?)* ~ la,

» large enhancement at low M

» not shared by lattice calculations
at the time

[Bielefeld
Group “02]



5.2 Updated Dilepton Rate from Lattice OCD

[Kaczmarek et al °10]

1e-05 . . . .
i 4
ra06 | dR./d*g 1.4T, (quenched)
i q:O
1e-07 |
i BW+continuum
1e-08 Born 1
- HTL ———
1e-09 +
1e-10 |
1e-11
[ /T
1e-12 |

0 2 4 B 8 10
* low-mass enhancement in lattice rate!
* similar to hard-thermal-loop resummed perturbation theory

[Braaten,Pisarski+Yuan ‘90]



5.2.2 Euclidean Correlators: Lattice vs. Hadronic

e Euclidean Correlation fct.

G\/(r,q;T)=Idz% A (0o, 05T
0]

cosh[qy(7z—-1/2T )]

sinh[q,/ 2T ]

Lattice [Bielefeld ‘10]

1.8
G“{rT]_a'[{BDD{BEee{zT}] _ 4
X ..'-'5""
1.7 F J!_'_
16 F
15 ¢
-
\‘\.
14 b
-|2a§:<16 e
'I283x24 —h—
13 F 'I283:-:32
1287%x48 —e—
cont_+fit ——
1.2 F
B Tl
"]I 1 1 1 1
0 01 02 03 04 05

1.6 |

1_..
0

1.5 |
- —— in—med p+, T=180MeV
14 ¢
1.3 |

12 f

1.1}

Hadronic Many-Body [RR “02]

m Jattice—quench, T=1.5T,
free p+m, T=180MeV

Gy (z.T)
G\f/ree(z_’-l-)

0.3 0.4 0.5

T

0.2

0.1

« “Duality” of lattice (1.5 T,) with hadronic many-body (*“T.”) ?!
o discrimination power vacuum vs. in-medium p/®




5.2.3 Back to Spectral Function

12 — ! ! T T | T T !‘ll T T T T ] —
| T=180MeV || |
10 Il — 1aQCD (BW+con
’5::; I | | — Vacuump + cont
- 8- | | — in-med p + vac cont ]
Q rl
= I
=
E
0 — d e = |

0 | S0 100 1500
q, [MeV]

» suggestive approach to chiral restoration and deconfinement !?



5.3 Intermediate Mass Emission: “Chiral Mixing”

[Dey, Eletsky +Ioffe *90]
* low-energy pion interactions fixed by chiral symmetry

V= VD R IY(a)=(1-6) IR () + T3 )

e 113 (0)=(1-£ )T (q) + £ 10" (q)

e T e T E
* MiXing parameter % 0.06] « o Alt—>(2n+D)mv] 1
; ) 1 p(770) + cont.
= 0.051 a (1260) + cont. :
fZJ(Zn) 20) " (wy) z—6 ff '% 0-042 —cllliralmixing e=1/2 (data) ]
- degeneracy with perturbative 57}
0.02F
spectral fct. down to M~1GeV E :
] = 0.01}
* physical processes at M> 1GeV: o

na, — e'e” etc. (“4m annihilation”) Y



dR_/dM

°1fm™* GeV™]

ee

5.4 Summary of Dilepton Rates: HG vs. OGP

free HG
— in-med HG
— free QGP
- = in-med QGP

s T=150MeV

\\v

[

lG—ee]

NG+HTL]

7 dR,./dM2 ~ [d®q B(qyT) IM I,

P

{ « Hard-Thermal-Loop
=~ lattice-QCD rate
| ¢ “matching” HG - QGP at ~T..
1 resonance melting + chiral mixing
.« Quark-Hadron Duality at all M,.?!

(suggestive for chiral restoration:
degenerate axialvector SF!)
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6.1 Fireball Evolution in Heavy-lon Collisions

Thermal Dilepton ’
_ — = j T T j i
Spectrum: )
Isentropic Trajectories in the Phase Diagram
0-4;LHC' LA B ) R I I UL R
s chem.fo. 3 26 (s"*=17GeV)]
03l RHIC E 250 (200GeV)

2700 (5.5TeV)

SPS
( ‘AGS
OO RHIC
0.0 '0|.5' B '1.'0' | '“"!Ismﬁldﬁgslmzldlz_
uy [GeV] T [fm/c]

e “chemical” freezeout T ..~ T, ~170MeV, “thermal” freezeout T;,~ 120MeV
e conserve entropy + baryonno.: T, — T, — Ts,
- time scale: hydrodynamics, fireball V5(7) = (zy+v, 7) 7z (ry+ 0.5aL 72)?



6.1.2 Emission Profile of Thermal EM Radiation

e generic space-time argument:
ONge 3 dNee
dMdz Id xd* qd xd? q

Iml]em —|\/|/T

oc Vig(T) (MT )*'2

— oC 171 - -

Temperature Proflle of Dilepton Yields

= T,~M/55 1j Tovsoso |
(for MM, =const) — F s )
- Additional T-dependence from £ .| S
EM spectral function c {
+ Latent heat at T not included 50.4:-
(penalizes T > T, 1.e. QGP) %30-3_—
0

0 100 200 300 400
T [MeV]



6.2 Low-Mass Di-Electrons: CERES/NA45

Top SPS Energy L ower SPS Enerqy
(T, ~200MeV — T;,~110 MeV) (T, ~170MeV— T, ~100MeV)
35% Central Pb(158AGeV)+Au . 30% Central Pb(40AGeV)+Au
o <N > 250 . CERES 95+95 - N §<N >I 185 | | o CllzRES/N/IJ\45 |
Lp o Cfeem 1 F | gome o cod
10 0,>35mrad drop p-.mass+QGF§ h: _ +®ee>35mrad — gGmF?d nm + QGP -

-
o
|

ee
ee

2 -1
(d°N__/dndM) / (dN_,/dn) [100MeV]
|

@

o
'oll T T T TITIT
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1 ! ! 1 1 1 1 1 | 1 1 1 1 1 | | 1 1 1 = =
0.2 0.4 0.6 0.8 1.0 1.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2

—_
o

2 -1
(d°N__/dndM) / (dN_, /dn) [100MeV]

Mee [GeV] [RR+Wambach ‘99] M, [GeV]
* QGP contribution small « enhancement increases!?
* medium effects! e supports importance of

e drop. mass or broadening?! baryonic effects



6.3 In-In at SPS: Dimuons from NAGO

[Damjanovic et al. PRL ’06]

« excellent mass resolution and statistics
e for the first time, dilepton excess spectra could be extracted!

3 " In-In Central > 2500|—
= 107 © In-In Central
o = |
~ all py S
o N all p
; 8 excess data
o 1 = 2000~ cocktail p
5 - = DD (1/3 of exc. at 1.2)

* -

i
b -
M3 +++*+++H++++ h | >

| ;

e quantitative theory?




6 3 2 NA60 Data Before Acceptance Correctlon

LU [
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1500 | primp ===- -
r i FO +prim p —— 1
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1.2

 Discrimination power of model calculations improved, but limited
* can compensate spectral “deficit” by larger flow: lift pairs into acceptance



6.3.3 NAGO Il: Acceptance-Corrected Mass Spectra

ch
I IIIIIII| I IIIIIII|

In-In dN_/dn>30

v excess dimuons

» Renk/Ruppert —F

* Hees/Rapp ——
« Dusling/Zahed —__|

Emp. scatt. ampl.

+ T-p approximation

> Hadronic many-body

S . :
Chiral virial expansion

[CERN Courier

-10
1070 0.5

1

1.5 2 2.5 Nov. 2009]

M (GeV)

« Thermal source does well overall (isotropic!)
» Low-mass: good sensitivitly to medium effects (AT~130-170MeV)
* Intermediate-mass: decomposition varies, but AT~160-210MeV



6.3.4 NAGO III: “Spectrometer” at SPS

* Evolve rates over fireball expansion:
—;if ?Vea(7)
u B~ EXcess Spectra
07 TS 01 el Thermal - Emission Rate
Y In-In(158AGeV) QP : e
6| [NA60 “09] FOp —— | _61 — in-med HG ]
10° — {v!-!!!!-ﬁ!!ii 4751111:( - ' 10 °F - Trrf?n SngGP_?

=1 o

—_
<=
~1

—
<
-]

10 ] T=150MeV

(1/N_,) d°N, /AdM dn) (20 MeV)™!
ch JLLL

. _; T=180MeV
10 3 3
02 o4 06 08 1 12 I.1I.4I 02%10_6%_
Mpu [GeV] [van Hees+RR ’08] © 1 0-7;
- thermal radiation, 1.5~ (6.5 1) fm/c
- invariant-mass spectrum directly o5

reflects thermal emission rate!
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6.4 Summary of EM Probes at SPS

e thermal source: T;= 210MeV, HG-dominated, p-meson melting!




6.5 Conclusions from Dilepton “Excess” Spectra

» thermal source (T~120-210MeV) OO

600 o -» chem off-eq (SPS, s/p,=27) —

- »—a chem-equil (s/p,=27)

» M<1GeV: in-medium p meson e chem el (ovayons) ]
- no significant mass shift =
-avg. T, (T~150MeV) ~350-400 MeV - _
= I, (T~T)~=600 MeV — m, : E

- driven by baryons, good sensitivity W L
T 01 amedp — —

+ M>1GeV: radiation around T, i . e |

 fireball lifetime “measurement’:
1~ (6.5 1) fm/c (semicentral In-In)

10’ F

(1/Ng) d*Ny, /(dM dn) (20 MeV)™!

[van Hees+RR 06, Dusling et al °06,
Ruppert et al °’07, Bratkovskaya et al ‘08] 0




6.6 Low-Mass Dileptons at RHIC: PHENIX Puzzle

Lu T T T | T T T | T T T | T T T | T T T | T T % 10 ]
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0% 47
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3 <% +
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* “anomalous” PHENIX excess, concentrated at:
low mass (M=0.15-0.5GeV), low p+ (T.+ ~ 100 MeV), central collisions
* not confirmed by preliminary STAR data



6.7 Thermal Photons at RHIC

[ e Hydro. Thermal vy LhTD'
0-20% Au-Au s _200 AGeV § o2sf e vdro.Thermal+Hardy
o[ A A - e ® v ”'uznz o
., 10'F ly|<0.35 — QGP (T;=350MeV) . 0.2 preliminary
™ 3x pQCD param. - I
o 10k — Sum (a,=0.08) : / \
©) - 0.15~
o 10F : N\
"o : / + ¢
~~107F 01 +
5 | - i I
ol0 F *
o ; 0.05+
104? L .....- .“““"l.... . }
1[:]_5: T T L L . 0 i ' B e L e i R
0 1 é Y 3 4 [ Aujllu D-E[ll% | |
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» “expected” thermal source accounts for enhancement over p-p:

T,~350-400MeV, T, ~225MeV, QGP + hadron-gas sources (blue-shift)
 unexpectedly large elliptic flow: dominant HG radiation?



7.) Conclusions

 Spontaneous Chiral Symmetry Breaking in QCD Vacuum:
- «q> ~mg* # 0, chiral partners split (n-o, p-a,, ...)
- low-mass EM emission dominated by p, “dual” above M>1.5GeV

» Hadronic Medium Effects (Many-Body Theory):
- “melting” of p (empirical + theoretical constraints!)
- connection to chiral restoration: QCD/chiral sum rules (a,!)

 Extrapolate EM Emission Rates to T=160-190MeV
= In-med HG and QGP shine equally bright (“duality’) !?

» Phenomenology for URHICs:
- precision data + theory essential for definite conclusions
- CERN-SPS (NA45,NA60) ok,

RHIC (PHENIX) unclear, LHC (ALICE) future



2.4.4 Weinberg (Chiral) Sum Rules

+ Order Parameters

 Moments Vector-Axialvector 0.08———————————————
7} i « V [T —> 2nm Vt]
dS n E i - A[t—> (2F1+.“‘JTV?]
j ImHV ImHA) = 0-00¢ p(770) + cont.
= a (1260) + cont.
z=%fn<fn>-FA 2 oo
= [Weinberg ’67, i mES g 1
I_l f” Das et al ’67] E 0.0 o +++++++++++THM1 ’
=0 Y & ]
|1=Ca3<(c_]q)2> T 2 —3
s [GeV ]

* In Medium: energy sum rules at fixed q [Kapusta+Shuryak 93]

e correlators (rhs): effective models (+data)
 order parameters (Ihs): lattice QCD

promising
synergy!




2.5 _Dimuon p-Spectra and Slopes: Barometer
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« vary fireball evolution:

e.g. ar=0.085/fm — 0.1/fm
» both large and small T, compatible

with excess dilepton slopes
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4.3.3 Acceptance-Corrected NA60 Spectra
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e rather involved at p>1.5GeV: Drell-Yan, primordial/freezeoutp, ...
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4.5 EM Probes in Central Pb-Au/Pb at SPS

Di-Electrons [CERES/NA45] Photons [WA98]
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e consistent description with updated fireball (a+=0.045—0.085/fm)

« very low-mass di-electrons < (low-energy) photons [van Hees+RR “07]
[Liu+RR ‘06, Alam et al. ‘01]
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5.2.5 NA60 Dimuons: pI-SIopes
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5.2.3 NA6O Dimuons: Sensitivity to QGP and T

« vary critical and chemical-freezeout temperature (T, fix)
“EoS-B” Intermediate Mass Region “EoS-C”

2000
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» overall shape of spectra robust: “duality” of dilepton rate around “T_”!
« yields slightly larger for large T. (hadronic volume larger), |At|<1fm/c
* Intermediate mass (M>1GeV): QGP vs. hadronic depends on T,
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3.6 p-Mesons in Nuclei: Photo-Production
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3.6.2 p-Meson Spectral Fct. in Photoproduction
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