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Why Electromagnetic Probes?
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Vector Mesons and electromagnetic Probes

@ photon and dilepton thermal emission rates given by same
electromagnetic-current-correlation function (J, = > ¢ Qrtbryut)r)

M) = /d4XGXP(iq %) (4u(0) 4 (x)) 7 = —2n5(g0) Im NS (q)
dN’Y Qem

— m ) I—I(ret) ‘ f
D gaxazg o2& M (@) q0=14] 5(po)
ANg+ o i a?
— Im M1(ret) fi
dixdrk ~ "€ 3gzgs M M () @=M2, 5(Po)

@ Caveat: NOT manifestly Lorentz covariant < heat-bath rest framel

e to lowest order in a: 4mall,, ~ ZEZ,

@ derivable from underlying thermodynamic potential, !
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Vector Mesons and chiral symmetry

@ vector and axial-vector mesons < respective current correlators

I'I‘\‘/V/A(p) = /d4xexp(ipx) <J;/A(0)J'L\;/A(X)>

ret

@ Ward-Takahashi Identities of y symmetry = Weinberg-sum rules

2o [T ey
T — = 2[ m nV(pOaO) —Im I_IA(p070)]
0 TPg

@ spectral functions of vector (e.g. p) and axial vector (e.g. ap) directly
related to order parameter of chiral symmetry!

Hendrik van Hees (GU Frankfurt) Em. Probes in HICs IlI April 4, 2012 5 /54



Vector Mesons and chiral symmetry
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Chiral-symmetry constraints

o different realizations of chiral symmetry
@ equivalent only on shell (“low-energy theorems")

@ model-independent conclusions only in low-temperature/density limit
(chiral perturbation theory) or from lattice-QCD calculations

@ QCD sum rules (see Lect. I):
allow for dropping-mass or melting-resonance scenario

@ use phenomenological hadronic many-body theory (HMBT) to assess
medium modifications of vector mesons

build models with hadrons as effective degrees of freedom

based on (chiral) symmetries

constrained by data on cross sections, branching ratios,... in vacuum

in-medium properties assessed by many-body (thermal) field theory
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Example: vector meson dominance model

@ early model for electromagnetic interaction of charged pions

[Sak60, KLZ67, GS68, Her92, Hee00]
@ QED like U(1)-gauge model with massive vector meson for pg and 7+
@ Stlickelberg: introduce auxiliary scalar field for free vector mesons:

1 , 1 1
a Vi VI 4 5m2 V,VH 4 5((9,“;;)((‘9“@) + mpd, V*

@ gauge invariant under local transformation
GVu(x) = 9ux(x), e = mx(x)
@ usual way of gauge fixing using gauge condition
OuVH = —Emey
o effective Lagrangian of free p meson, Stiickelberg and FP ghosts

1 1 1
Ly ef = ——VW Ve TV# VH — i(8u V2 4 E(@m@)(ﬁucp) £r2n @

+ (0" )(Oum) — Em™n
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Example: vector meson dominance model

@ so far: free p meson and free ghosts
@ ghosts only relevant for ideal gas thermodynamics

e V*H: four bosonic field degrees

(3 transverse with mass m, 1 longitudial with mass \/m)

©: 1 bosonic Stiickelberg ghost with mass /€m

n*,n: 2 pseudofermionic Faddeev Popov fields with mass /ém

in partition sum: 3 bosons with mass m + 2 bosons with mass v/ém —
2 FP ghosts with mass /€m = effectively three bosons with mass m
e partition sum independent of gauge parameter, &!

e £ — oo: “unitary gauge" — only three bosonic p-degrees of freedom!

e Coupling to pions: obey gauge invariance! (like scalar QED)
* 2 2 A 4
Zr = (Dyr)"(D¥rr) — mi|w]” — 2|
e D,=20,+igV,; g: prm coupling
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Example: vector meson dominance model

add photons: D,, = 9, +igV,, +ieA,
Lagrangian for photons: usual gauge fixed QED

@ additional direct py mixing [«ize7]

e
Ly = — VAP
2l 28, %

classical field equations: = electromagnetic current

2
b= 0AM = e <1 - g) DV 4 SmPvi g g, A
8py 8oy Epy

for gy = g1 Jjom = §m2 V¥ + O(e?): = ‘“vector-meson dominance”
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Example: vector meson dominance model

@ calculate p selfenegy

l ‘/A 3

d N \ /
iSL (p) =h (OO ¥ OO v+1 FOO0OWTO0D v
P N’ P
l+p

@ transversality from gauge invariance:
(q) = (¢°g" - ¢"d") £(¢%)
@ electromagnetic form factor of pions

s

: : e
Tt ¢
F(k*) =
T e
Ly e
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Example: vector-meson dominance model

o fit to observables: em. form factor of w

‘F‘Q _| LA B R — T 7 |- |F‘2 _| T T T T T
40 40
30 30
20 20
10 10
OB .+ o 0 v v v i v 0w, 0Oh . I . I . 1 . n
0.3 04 0.5 06 07 08 09 1 0.2 0.4 0.6 0.8 1
VIGV] VA[GeV]

@ best fit: g =5.683, g,y = 5.171, m, = 765 MeV/c2
strict VMD: g = g,, = 5.38, m, = 770 MeV /c?
data: [tes
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Example: vector-meson dominance model

o 7w — 7r phase shift in [ = 1 channel
eG,
|Gyl

61 = arccos

140
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=N 1 SR BTN PR R RN PN R
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data: ey
Hendrik van Hees (GU Frankfurt) Em. Probes in HICs IlI April 4, 2012 13 / 54



Example: vector-meson dominance model

@ wm — 7 total cross section

Otot

[mbarn][
100 [
80
60 F

40F

20F

0.3 04 05 06 07 08 09
data: rrr7; /5[GeV]

@ see also the detailed calculation in Sascha’s Lecture |l
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Realistic hadronic models for light vector mesons

o CERES data: pion-p model too simplistic
@ many approaches to more realistic models

e gauged linear o-model + vector-meson dominance [pisos, uBwo2]
gauge-symmetry breaking = pions still in physical spectrum!

e massive Yang-Mills model; gauged non-linear chiral model with
explicitly broken gauge symmetry [veiss, L5Yo5]

o hidden local symmetry: Higgs-like chiral model [skss, Hvos, Hvos]
allows for vector manifestation or usual manifestation (with a;)

@ here we concentrate on the phenomenological model by Rapp,
Wambach, et al [rwoy
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Hadronic many-body theory

@ Phenomenological HMBT [rweo for vector mesons

@ 77 interactions and baryonic excitations

T k
. B, a, Kl""
P S P p p
T N, K, «,...
@ Baryon (resonances) important, even at RHIC with low net baryon

density ng—ng
@ reason: ng+ng relevant (CP inv. of strong interactions)
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The meson sector (vacuum)

@ most important for p-meson: pions

IF ()P
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meson sector (matter)

@ Pions dressed with N-hole-, A-hole bubbles

@ Ward-Takahashi = vertex corrections mandatory!

o uf IR

N
\

ISP ey
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meson sector (contributions from higher resonances)

Im X /m_ [MeV]

Re £/m, [MeV]

Hendrik van Hees (GU Frankfurt)

q=0.3GeV

T=150MeV

0.2 0.4 0.6 0.8

M IGeV1
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The baryon sector (vacuum)

ok
B, ap Kl""

N, K, «,...

@ P = 1-baryons: p-wave coupling to p:
N(939), A(1232), N(1720), A(1905)

@ P = —1-baryons: s-wave coupling to p:
N(1520), A(1620), A(1700)
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Photoabsorption on nucleons and nuclei

600
@ Sn (Frascati)
500 » Pb (Frascati)
= yp/yn averaged = Pb (Saclay)
s U (averaged)
400
g
— 300
"z
© 200
100 #‘\Q
0 300 600 900 1200 1500 600 900 1200 1500
q, [MeV] g, [MeV]
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Dilepton rates: Hadron gas <> QGP

@ in-medium hadron gas matches

107F --free HG = .
N ) — in-med HG 1 with QGP
107 w4 |- freeQGP 73

— in-med QGP] @ similar results also for ~y rates

10°F 3 ) El on
| v T=150MeV ] @ “quark-hadron duality”?

aT0E =3 E . . .
> @ does it work with chiral model?
[0} i .
‘fE ; @ hidden local symm.+baryons?
= [Harada, Yamawaki et al.]
3
mﬂ.)
©
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Dilepton rates at SpS

10
F <N > 250
r p‘>0 2GeV
10'5 E 2.1<n<2.65

©,,>35mrad

ee

. CERES '95+'96
— free

g AR
(;O/th/al/// b ,///\\/

35% Central Pb(1 58AGeV)+Au

— in-med. nm + QGP E
— drop p-mass + QGE

A

2 -1
(d°N,/dndM) / (dN,, /dn) [100MeV]

0. 0 0.4

A\

0.8 12

Spectral Function

Spectral Function

@ how to decide about scenario experimentally?

@ need compare (more) precise data to detailed model!
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Fireball and Thermodynamics

cylindrical fireball model: Vig = m(zp + vaot + %tz) (‘%t2 + r0)2

thermodynamics:

isentropic expansion; Siot fixed by Neh; Te = Tehem = 175 MeV
T > T.: massless gas for QGP with N,‘?fF =23
mixed phase: fiyq(t) = [sQCF — s(t)]/[sQCP — sH¢]

o
o
o
e T < T.: hadron-resonance gas

o = T(t)aﬂbaryon,meson(t) ;éhén;icélf,(;,i
@ chemical freezeout: — s/pg=250
chem — s/pg=26
o uFe™ =232 MeV
o hadron ratios fixed +AGS
S i, frs s iy 3 fxed : P
S/QB =27 i SIS
0.05- B
@ thermal freezeout: | A Raop. Phys. Fow. 66 (2002) 017501
t R. Rapp, Phys. Rev.
Tto, 1f°) ~ (120, 80) MeV
(Tho, pi) == (120, 80) O 02 04 06 08 1

uy [GeV]
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Flow and particle/resonance distributions

assume local thermal equilibrium: T (t)

collective radial flow: u(t,x) =1/v1— V?(1,V)

V(t,X) =a t X /R(t)

phase-space distribution for hadrons [r. cooper, G. Frye 74]
dN; i (p- u(t,)?) — ,u,,-(t))

Cp%  (2n) BIF T(t)

e NB:
o covariant notation d3Xd*p = p,do*d3p//p? + m?
o pu(t,X) = Po: energy of particle in rest frame of fluid cell
o leads to “Doppler shifts” of hadron and dilepton spectra;
for radial flow in HICs: blue shift = hardening of p spectra
@ phase-space distribution for bosonic resonances:

an; g (P’“(;_’(g_u’)[—2po|mDi(P)]

d*pd3x ~ (2n)*°

e D;(p): propagator of resonance,
Ai(p) = —21Im D;(p): spectral function
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Sources of dilepton emission in heavy-ion collisions

Rest of lecture based on [tros, Hrog]

@ ‘core” < emission from thermal source [mTss, ckor

1 dN(thermaI . N(thermal)
i = [ 4 [ [ MaeS e acc(m.ar.)

“corona” < emission from “primordial” mesons (jet-quenching)
after thermal freeze-out < emission from “freeze-out” mesons

[Cooper, Frye 1975]

N(fo) _ ﬂ dotf ( M/T) rmeson—>€+£* A
= . qudo”igluuq cc

meson

© 0

@ additional factor v = qo/M compared to thermal emission
@ physical reason

r _
o thermal source rate Tmed%

r _
o decay of mesons after fo: rate oc —meen=tte
meson
@ initial hard processes: Drell Yan
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Radiation from thermal sources: gg annihilation

General: McLerran-Toimela formula

avt a2 (m?)

" q-u— :ul'(t)
— , M 97— Bl
dxd®q 31 M2 g“ Z em.i{ ( T(t)

i enumerates partonic/hadronic sources of em. currents

in-medium em. current-current correlation function
M, =i [ dxexp(iax)@0) ([ ()2 9] )
in QGP phase: gg annihilation

HTL improved electromagnetic current correlator

*iHom?QGI’ -

Hendrik van Hees (GU Frankfurt) Em. Probes in HICs Il April 4, 2012
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Radiation from thermal sources: p decays

@ model assumption: vector-meson dominance
-

MT o
an™p) M dn,

p—It1—

d4xd4q _Erﬁ’*”(M)de‘*q

_ O[ L(M2) % = Q'U—2M7r(t)
=T33 M2 gz guv Im D" (M. q)fp T

special case of McLerran-Toimela (MT) formula

M? = g?: invariant mass, M, of dilepton pair

L(M?) = (14 2m?/M?),/1 — 4m?/M?2: dilepton phase-space factor
DS (M, G): (four-transverse part of) in-medium p propagator

at given T(t)' Mmeson/baryon(t)
@ analogous for w and ¢
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Radiation from thermal sources: multi-m processes

@ use vector/axial-vector correlators from 7T-decay data
o Dey-Eletsky-loffe mixing: & = 1/2(T, pz)/e(Te,0)

3 4 5
I_IV - (1 - 6) \‘//a’(;,m + 2Z7rn2a§7r 2(Z7r + Z7T) Xa:gﬂ_
@ avoid double counting: leave out two-pion piece and a; — p+ 7

(already contained in p spectral function)

TN S e T T Al et av] ' e
0.07 £ Vit—=2nv,] x E F Alt—>3nv,] * e
T E 0.04 T 1
0 0.06 p + cont. R a; +cont. ——--- ]
E 0.05 £ 2m(p) == 4 E 003 b 375(?1) ........... ]
€ ookt 47 (fit) -~ - E S (fit) ——--
s 0. < Ry, b
= 003 3 E o, > ey
E g E > g
0.02 3 data: ALEPH at LEP 001 b %
0.01 F i f ]
o= S T P D TR e e S i 0 et ks
02 04 06 08 1 12 14 16 1.8 2 02 04 06 08 1 12 14 16 1.8 2

M? (GeV?) M? (GeV?)
Data: [R. Barate et al (ALEPH Collaboration) 98]
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Radiation from thermal sources: Meson t-channel exchange

@ motivation: g7 spectra too soft compared to NA60 data

@ thermal contributions not included in models so far
-

@ also for m, a;
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Radiation from thermal sources: Meson t-channel exchange

@ t-channel exchange contributions become significant at high momenta

@ Mass integrated rates:

10° ! ! ! 100 ! ; ;
0.4 GeV<M<0.6 GeV P 0.6 GeV<M<0.9 GeV
6 = ] T
10 Q.\'\\\'\ 107 \\\Q~ ]
7 S BN
o0 RN I 8 NI
£ NIl E W07F . .. N 3
AR Ll S SO 1 = N
> e S > .
g . g w0 !
= 107 i =
5 = S
% 100 Seo % 10 S
N .
in-med p: T=150 MeV ENER \y [ in-med p: T=150 MeV i— RS
10711 | in-med p: T=180 MeV ) 107" in-med p: T=180 MeV -—— ™
o-tex: T=150 MeV -t ex: T=150 MeV —_—
. o-tex: T=180 MeV 1 -tex: T=180 MeV -
10 . . . 10 . . .
0 0.5 1 1.5 0 0.5 1 1.5 2
q(GeV) q(GeV)
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p decay after thermal freezeout

@ assume “sudden freezeout” at constant “lab time": t = t5,
e then Cooper-Frye formula with do# = (d3X,0,0,0)

(fo)
dN - D dN;
BRAG T dBxd'q
(MT)
go 1 [dAN 5

MTtet | dixd*q

t=tq

@ use vacuum p shape with in-medium width %" ~ 260 MeV

@ NB: Momentum dependence for dilepton spectra from p decays after
thermal freezeout:
like hadron spectral

e < [T/~ from thermal sources softer by Lorentz factor M/q°
compared to /T/~ from decay of freeze-out p's
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Decay of “primordial” p mesons

@ p mesons, escaping from the fireball without thermalization
@ pp data for initial p spectra; Cronin effect via “Gaussian smearing”
@ Schematic jet-quenching model

Pac =0 (~ [t a2(0) o))

oph = 0.4 mb for t < qo/m,7¢

oob(t) =
Ohad =5 mb  for t>q0/mp7'f
10 b model central (EoS—A)‘ ‘ J @ check with pion RAA data
TE e model central (EoS-B) H ]

5p ==--- model central (EoS-C)
[ HE  Pb+Pb— m+X (WA 98)
ol Pb+Au— 1+X (CERES)
A S+Au— T+X (WA 80)

e “primordial p's” + freezeout p's

@ hard gt spectra
including jet quenching

0 1 2 3 4 5
qr (GeV)
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Drell-Yan Annihilation and correlated charm decays

@ invariant-mass spectrum for DY pairs

dNGE | 3 s dofl
dMdy |, N 47TR§ dMdy
da,g’\'y 8o 5 _ _
dMdy — 9sM g—ud.s ez [a(x1)a(x2) + G(x1)q(x2)]

parton distribution functions: GRV94LO
higher-order effects

e K factor
e non-zero pair g7: for IMR and HMR fitted by Gaussian spectrum
(NA5Q procedure)

extrapolation to LMR: constrained by photon point M — 0

Correlated decays of D and D mesons
o use data (provided by NA60 collaboration)
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CERES/NAA45 dielectron spectra

@ good agreement also for dielectron spectra in 158 GeV Pb-Au

@ further check of low-mass tail from baryon effects down to M — 2m,
35% Central Pb(1 58AGeV)+Au

R L
Pb(158 AGeV)+Au

e CERES 00

S
- ] § . <N \>= 250 = CERES '95+'96
S (7% central) --inmed pto+d S 10°¢ - free p E
= —- S
Z <N >=335 4m mix 1= — in-med p+(o+¢+QGP+4n
s QGP
S -.-DY 1= p>0.2GeV
= — total i 9510'5E 2.1<n<2.65 |
N -~ total (no bar p)] = ©,,>35mrad
z 12
v 1 Z N~_-
= 0. B TN pp02GeV 4 = | 4| i .
= S\ L 2125 | % 107 Cocktail ™ < i
) '\‘ S== . N\ ©,,>35mrad - _g E 4
5 ﬁ_%/ $ N | \$ [
== 1 2 8 Ve ~
= . ST AP T T I R R R AT DN
0.2 0.4 M-6[G V) 1 1.2 =~ 00 O 04 06 O 1.0 12 14
e
M, [GeV]
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NA60 vs. Hadronic many-body theory

® p, w, ¢ multi-m, QGP, freeze-out+primordial p, Drell-Yan

1000

1000

2000
semicentral In-In NAG) —a—t semicentral In-In NA60 —a— semicentral In-In NAGO —a—
all gy inmedp —— inmedp —:— 410 GeV in-medp ——
T=Ty=175 MeV QGP+DD 800 QGP+DD 500 | T=Ty=175 MeV QGP+DD

1500 primp === FO+prim p primp ===

- FO+primp —— | Axmix ===e| FO + primp ——

z z DY £

H z o sum R

= 1000 = =

* 2 400 2 400

500 —x
200 s N } 200

0 0 0 -
02 04 6 o8 1 12 14 02 04 6 o8 1 12 L4 02 04 06 _ 08 12 14
M (GeV) M (GeV) M (GeV)
N
8 N NAGO — 10 R NAGO

10 semicentral In-In NAGO incl k. semicentral In-In D el . semicentral In-Tn NAGD incl. .

_ 0.4 GeV<M<0.6 GeV total - 5 0.6 GeV<M<0.9 GeV el . 1.0 GeVaM<1.4 GeV  opy

£ inmedp  — z 10 mi

H QGP = v

g DY - g GP

z FOsprimp = 2 ¢

5 10° z 10

g g

S0 . 0

210 O 10

e LR, Z

H ™~ %

=0t =0t

| Ty ey T=Ty=175 MeV.
10 10 10

0 0s 1 L5
meM (GeV)

@ M spectra

05 1 15
mpM (GeV)

05

e consistent with predicted broadening of p meson
e M < 1GeV: thermal p; M > 1 GeV: thermal multi-pion processes

@ m; spectra

e gr < 1 GeV: thermal radiation

e g; > 1 GeV: freeze-out + hard primordial

Em. Probes in HICs IlI

1 L5 2
mp-M (GeV)

[HvH, Rapp 07]

o, Drell-Yan
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M spectra (in pr slices)

107
all gp

—_ —_ —_
S S S
<) ~ =)}
T T T
[

(I/Ngy) d°N,,, /(dM dn) (20 MeV)'!

—_

S,
©
T

| T,=T,=175 MeV, a,=0.1 ¢*/fm

NA60
in-med p
QGP
prim p
FOp
47 mix
DY

0.2

Hendrik van Hees (GU Frankfurt)
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M spectra (in pr slices)

105 b TET =175 MeV, a=0.1 ¢*/fm . NAd60 —e—
in-medp —-—
0<q,<0.2 GeV QGP
D primp ==~ -
% 6 | FO_p — |
= 10 4T mix ===
] DY ——
= —_——
S 47
10
=
i)
Tz
=3
& 08
%5 10
g
<
107
0.2 0.4 0.6 0.8 1 1.2 14

M (GeV)
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M spectra (in pr slices)

105 b TET =175 MeV, a=0.1 ¢*/fm NAGO —e— |
in-medp —-—
0.2 GeV<q;<0.4 GeV QGP
primp ===~
) FOp ——
10 4mmix === 7
T DY ——
10”7 _——

—_
S
o]

(I/Ngy) d°N,,, /(dM dn) (20 MeV)'!

—_
S,
©
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Importance of baryon effects

@ baryonic interactions important!
@ in-medium broadening

@ low-mass taill
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Sensitivity to T, and hadro-chemistry

@ recent lattice QCD: T, ~ 190-200 MeV or T, ~ 150-160 MeV?
@ thermal-model fits to hadron ratios: Tchem =~ 150-160 MeV
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@ EoS-A: T, = Tchem = 175 MeV
@ EoS-B: T. = Tchem = 160 MeV
@ EoS-C: T, =190 MeV, Tchem = 160 MeV

o Tc> T > Tchem: hadron gas in chemical equilibrium
@ keep fireball parameters the same (including life time)

Hendrik van Hees (GU Frankfurt) Em. Probes in HICs IlI April 4, 2012 39 / 54



EoS-B
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Hendrik van Hees (GU Frankfurt)

in IMR QGP > multi-pion contribution
higher hadronic temperatures = slightly harder g7 spectra
not enough to resolve discrepancy with data

Em. Probes in HICs IlI

mass spectra comparable to EoS-A < slight enhancement of fireball
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@ mass spectra comparable to EoS-A > slight reduction of fireball

lifetime

in IMR multi-pion > QGP contribution
@ higher hadronic temperatures + high-density hadronic phase =

harder g1 spectra

@ better agreement with data
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Inverse-slope analysis

@ to extract T fit to

1dN 1 dN ( mT>
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o fit of theoretical g7 spectra: 1 GeV < g1 < 1.8 GeV
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@ standard fireball acceleration: too soft g7 spectra
@ lower T, in EoS-B and EoS-C helps (higher hadronic temperatures)
@ NB: here, Drell Yan contribution taken out
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Inverse-slope analysis
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@ enhance fireball acceleration to a; = 0.1¢?/fm
o effective at all stages of fireball evolution
@ agreement in IMR not spoiled < dominated from earlier stages

@ Eo0S-B harder < relative contribution of harder freezeout p decays vs.
thermal p's larger
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Inverse-slope analysis
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@ sensitivity to contributions from meson t-channel exchange

hardens low-mass region

e using vacuum p in t-channel contribution: enhances slope in p region

@ sensitivity to Drell-Yan contribution

o for IMR: describes effect seen in data (open vs. solid square data point)
e in LMR: too high around muon threshold <
due to uncertainties in extrapolation to low M?!17?
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IMR: QGP vs. multi-pion radiation
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o different critical and freeze-out temperatures
T.=160...190 MeV, Tchem = 160...175 MeV

@ M- and p7 spectra comparably well described!

@ reason: T vs. volume = maximal /™/~ emission for
T = Tmax = M/5.5

@ hadronic and partonic radiation “dual” for T ~ T,
compatible with chiral-symmetry restoration!

@ inconclusive whether hadronic or partonic emission in IMR!

M_, [GeV/c?]
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Conclusions and Outlook

@ dilepton spectra < in-medium em. current correlator
@ model for dilepton sources

radiation from thermal sources: QGP, p, w, ¢, 4m...
p-decay after thermal freeze-out

decays of non-thermalized primordial p's

Drell-Yan annihilation, correlated DD decays

@ invariant-mass spectra and medium effects

excess yield dominated by radiation from thermal sources
baryons essential for in-medium properties of vector mesons
melting p with little mass shift robust signal! (independent of T.)
IMR well described by scenarios with radiation dominated
either by QGP or multi-pion processes (depending on EoS)
@ Reason: mostly from thermal radiation around

160 MeV < T <190 MeV

& “parton-hadron” duality of rates

& compatible with chiral-symmetry restoration!

dimuons in In-In (NA60), Pb-Au (CERES/NA45), v in Pb-Pb (WA98)
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Conclusions and Outlook

o fireball /freeze-out dynamics < my spectra and effective slopes

“non-thermal sources” important for g+ = 1 GeV

lower T. = higher hadronic temperatures = harder g7 spectra

to describe measured effective slopes a; = 0.085¢2/fm — 0.1c2/fm
off-equilibrium effects (viscous hydro)?

@ Further developments

e vector- should be complemented with axial-vector-spectral functions
(a1 as chiral partner of p)

e constrained with IQCD via in-medium Weinberg chiral sum rules

e direct connection to chiral phase transition!

e more realistic bulk-matter description — next lecture by Sascha Vogel
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@ Why do we need effective hadronic models to theoretically study
electromagnetic probes in HICs?

@ How do we constrain effective hadronic models theoretically?

© How do we determine all the parameters (couplings, masses, form
factors) of the models?

@ What is left to be predicted from such models?

© What are the most important processes leading to medium
modifications of the vector mesons’ spectral functions?

@ What are the different dilepton sources that are important in UHICs?

@ Which interesting information can be gained from investigating also
¢t 0~-pT spectra in addition to M spectra?

© What fundamental properties about the hot and dense medium
produced in HICs have we inferred from ¢T/~ data so far?
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