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ion collisions are reviewed. We first outline how the mediufeds in the electromagnetic spec-
tral function, which governs thermal production ratesatelto the (partial) restoration of chiral
symmetry. In particular, we show how chiral and QCD sum ruiegether with constraints from
lattice QCD, can render these relations quantitative. ifigrto dilepton data, we elaborate on up-
dates in the space-time evolution and quark-gluon plasniss@mn rates from lattice-QCD calcu-
lations. With a now available excitation function in dileptspectra from the RHIC beam-energy
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emerges. Combining well-constrained space-time evaigtiwith state-of-the-art emission rates
identifies most of the radiation to emanate from around tleeigs-critical temperature, and thus
confirms resonance melting as the prevalent mechanismsmrégime, compatible with chiral
restoration. Recent measurements of a relatively sofestol large elliptic flow in direct-photon
spectra at RHIC and LHC lend further support to this picture.
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1. Introduction

Electromagnetic (EM) radiation off the expanding medium created in energatision of
heavy nuclei may provide a pristine glimpse at the hot QCD matter formed in tbaséons.
However, the measured spectra constitute, radiation yields integratedheventire lifetime of
the fireball. To effectively discriminate the different components in thetspde.g., primordial
production, early QGP radiation, hot/dense matter arolgrehd late hadronic emission), the full
richness of this observable needs to be exploited. In this regard, aadtadeous feature of the
local thermal emission rate,

dNy  agyL(M)

d4xdiq 6113M?2
is its separate dependence on the invariant md¥s0d 3-momentunxy) through the vector spec-
tral function, pgm, of the medium. On the one hand, thedependence encodes the dynamical
effects of the microscopic interactions governing its shape (e.g., informatiothe degrees of
freedom or chiral symmetry restoration). On the other hand, the momentpendence mostly
probes the kinematics of the medium, i.e., the interplay of decreasing tempenaduireceeasing
blue shift in the fireball expansion, well-known from hadron spectrthatmal freeze-out. For
EM radiation, this interplay is encoded in a superposition of all phases dirdimll, and thus
requires further disentangling. The main lever arm here is the competitiorebpttie Bose factor,
fB, favoring early phases, and the emitting 3-voluivigs, favoring late phases. Since the tem-
perature sensitivity of the Bose factor increases exponentially at larggies (i.e., large mass,
large 3-momentum, or both), the latter prevail at high temperatures, while takewsensitivity
at smallgp shifts the main emission to smaller temperatures where the radiating volume grows
with an inverse power ifT. At a quantitative level, the temperature/density dependence of the
spectral function also figures into these considerations, especially inhméss regime (LMR,
M <1 GeV). Another valuable diagnostic tool that has recently become avairethile EM sector
is the elliptic flow. Since for EM spectra the is a weighted sum over all phases, its magnitude,
relative to the final-state hadrons, can serve as another indicator ofrtissien time; in typical
hydrodynamic evolutions at RHIC, the bulk elliptic flow takes about &ftn/develop most of its
strength. Clearly, robust interpretations of the spectral shape of the émattetion need to be in
concert with a good control over the emission temperatures.

In the following, we will first give an update on implications of hadronic medeffacts in the
vector spectral function for chiral restoration and introduce Qudde@ Plasma (QGP) emission
rates motivated by thermal lattice-QCD (IQCD) computations (Sec. 2). Thigailses the issue
of consistency of microscopic emission rates and the equation of state gge&ning the bulk
evolution, in particular the local temperature. We will then turn to a discussitmweimass dilepton
spectra from SPS to top RHIC energy, and address recent meastsahgpectra and elliptic flow
of direct photons at RHIC and LHC (Sec. 3). A brief conclusion is giveSec. 4.

f8(0o; T) pem(M, 0 kg, T) (1.1)

2. Thermal EM Emission Ratesand Chiral Symmetry Restor ation

Effective hadronic Lagrangians, combining chiral pion interactions véfonance excitations,
implemented into finite-temperature field theory, have been widely applied toatgakector-
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Figure l: Isovector-vector and -axialvector spectral functionsaowum (left panel) and at finite temperature
(middle panel:T=140 MeV, right panelT=170 MeV) [3].

meson spectral functions in hot and/or dense hadronic matter, see, efg[1R2] for recent
reviews. The generic outcome of these calculations is an appreciabléening of the spectral
peaks with little, if any, mass shift, provided that the parameters of the vatagnangian (cou-
pling constants and bare masses) are not subject to in-medium changethe p meson, the
broadening amounts to a few hundred MeV at hadronic densitigg=d.2 fm3, leading to its
melting when extrapolated into the regime of the expected QCD phase boufigiaryl 70MeV),
cf. the black lines in Fig. 1. The dissolution of the hadronic resonancetstaisuggests a change
of the relevant degrees of freedom in the system, and thus may be it¢gekai® an indicator of
deconfinement [4]. Another issue is if and how these medium effects| slgneestoration of the
spontaneously broken chiral symmetry. This is quantified by Weinbergsles (WSRs) [5, 6],

fo=— [ ds $ [ov(9)~ pa(9)] (2.1)
0

which relate moments of the difference between the isovector-vector amalvextor spectral
function to order parameters of chiral breaking,, = f2(r2)/3 —Fa, f_; = 2, fo = f2m2,
f1= —2nors<ﬁ’ff> (r: pion charge radiug;a: coupling constant for the radiative pion decéﬁf{):
chirally breaking 4-quark condensate). These sum rules remain vdlidtattemperature [7], in-
dependently at each 3-momentum for longitudinal and transverse comtgoiaeally, one would
compute both in-medium spectral function in a chiral approach, evaluatettdgrals and test for
agreement with the order parameters, as given, e.g., by thermal IQCDevdgwealistic calcu-
lations of the in-medium axialvector spectral function are not yet availdildref. [3], a more
modest question has been addressed, nhamely whether solutions to \WeindgpCD sum rules,
with order parameters from IQCD as available, can be found using existimgdium calculations
of the p spectral function [8]. Toward this end, a quantitative fit to the axial-/vettdata was
employed which accurately satisfies the sum rules in vacuum. In this fit, BigiteVansatze
for the a; and excited resonanceg’ (anda;) have been used, and their masses and widths were
required to change monotonically with temperature. A viable solution was irfdeed, with the
resulting spectral functions clearly exhibiting their mutual approach todegeneracy, see Fig. 1.
While this is not a proof of chiral restoration, it nevertheless shows tisitaagly broadeneg
spectral function, as will be used in applications to dilepton data belaangatiblewith it. An-
other indication for this compatibility arises from the realization that the presagsnerating the
broadening (resonances and pion cloud modifications) find their cqamtein reducing the chiral
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Figure 2: Thermal dilepton rates (integrated over 3-momentum) irdeotse matter characteristic for top
SPS energy (left panel) and top RHIC energy (right panel)e filnmer shows the total hadronic rate and
its decomposition into pion-cloud and resonance channbiewhe latter compares the total vacuum and
in-medium hadronic rates to QGP emission within the hagdrttal-loop approach [12] and IQCD [13].

condensate. In dilute matter, the latter decreases according to [9]

(@(T ) ) PR

(@o 813 22

(pg: scalar density), wher&, = my(h|qgh) is characterized by the scalar quark number inside
hadronh; it can be decomposed into contributions from its quark core and pion c[@0d 11],

Zh = 252"+ 2], which are roughly equal in magnitude (in analogy to the medium effects in the
dilepton rate, see left panel of Fig. 2). The resulting suppression ajubek condensate from a
(non-interacting) hadron resonance gas reproduces IQCD calcdatitirer well [14].

Progress has been made in extracting the QGP emission rate from |IQCD aremomen-
tum, g=0 [13, 15]. Applications to experiment require the extension to figjten Ref. [16] this
has been constructed by implementing t), dependence of the perturbative photon rate and
matching it to the conductivity in IQCD. Thg-integrated rates are similar in shape to the hard-
thermal-loop results, albeit quantitatively somewhat smaller in the LMR. Osendar this could
be the smaller number of degrees of freedom that characterize thesfhoryative) QGP in IQCD
relative to the perturbative system underlying the HTL rates. It is thus itapbto maintain con-
sistency between emission rates and EoS in applications to heavy-ion colljaonsll be done
below). One also sees from the right panel of Fig. 2 that, for tempesarndT=170 MeV,
the bottom-up extrapolated in-medium hadronic rates approximately coincideheittop-down
extrapolated QGP rates.

Microscopic calculations of in-medium dilepton rates can be straightfotwaedried to the
photon point, i.e.M=0 andqp=qg. For hadronic rates this has been done in Ref. [17], where, in
addition, w t-channel exchange imp — my has been identified as an important photon source
at g = 1.5GeV. It turns out that the hadronic emission rate is quite comparable to thplei
leading-order QGP rate [18] in the vicinity Gf.



Dileptons Ralf Rapp

T _‘ T T T T T ';‘ 10-55 T T T T T T T T T T T T T T T T T T
5| TE=TyEL75 MeV, &0.1 é/fm ~ NABO —e— | D E
O ey nmede TS 1 2 b InIn(17.3GeV) . NAGO ;
= primp - - - -  10°: QGP -lat =
B 456 FOp —— = F E
2 10° ¢ 4mmix === 3 — F — thermal - lat j
g | S107F QGP - 1st -
5 ~ F — - thermal - 1st1
= d -87 ]
S B 107 <N =120 S
z -~ [
s =107
3 S Tin:225/210MeV
E} 2 o T,=170Mev
=40 F P C_
> i Tch—16OMeV
N-clo-ll N S E RS B EPRE RRPR
~ 0.5 1.0 1.5 2.0 2.5
Muu [GeV]

Figure 3: Dimuon excess spectra in In-6=17.3 GeV) collisions at SPS as measured by NA60O (accep-
tance corrected) [19], compared to theoretical calcutatimith in-medium vector spectral functions (left
panel) [1], and illustrating their sensitivity to the QGPEight panel).

3. EM Spectrain Heavy-lon Collisions

In the following we confront the models of in-medium hadronic and QGP (akesdiscussed
above), after folding over thermal fireballs constrained by hadron @&his, spectra and,), to
dilepton (Sec. 3.1) and photon data (Sec. 3.2) at SPS, RHIC and LHC.

3.1 Low-Mass Dileptons

In the NA60 dimuon excess spectra [19] the contributions from final-stateoin decays could
be subtracted thanks to excellent statistics and mass resolution. In the L&IRretthictions of
a meltingp resonance agree well with the data, while continuum radiation from multielnadr
annihilation and the QGP figures fot>1 GeV (Fig. 3 left). The relative contributions and spectral
shape (as given by the in-medium spectral function and overall Bosarfan theinvariantmass
spectra are determined by the temperature profile of the fireball, coolimg Tre200 MeV to
Tro~120 MeV, with little sensitivity to the expansion dynamics. The overall yield cawdtibe
accurately predicted, but rather allows to extract the (average) llitdbtime as 1rg=6.5+1 fm/c.
The impact of replacing a first-order by a IQCD EoS is illustrated in Fig. 3 righthe LMR, the
QGP yield increases at the expense of the hadronic one, resulting iy sinelar total. However,
at intermediate mass, larger QGP temperatures resulting from the nonpéxteeduction of the
lattice EoS increase the total yield significantly, which is favored by the data.

Dielectron measurements from the SPS and RHIC are summarized in Fig. fecCEm STAR
data from the RHIC beam-energy scan [21] constitute a first systemattatéxt function, estab-
lishing consistency with previous SPS results [20]. The strongly braatierspectral function
plus a moderate QGP contribution, as found at the SPS, describe the dateoopgRHIC energy.
This indicates a universal emission source, with large contributions froomd T, and hadronic
medium effects driven by baryons and antibaryons. We recall, hawthett these calculations
cannot explain the large low-mass, low-momentum enhancement obsgrAdENIX in central
Au-Au, while the central STAR data tend to be slightly overestimated arting.2 GeV.



Dileptons

Ralf Rapp

30% Central Pb(40AGeV)+Au

35% Central Pb(158AGeV)+Au

—
R (0 o e e T T T = ' 1 1 1 T
% g<Nch>:185 o CERES/NA45 g . <N,,>=250 = CERES '95+'96
g r p>0.2GeV -~ Cocktalil S 107 —. freep E
S oS5k 2.1<n<2.65 — free T | =, F — in-med p+wt@+QGP+4T ]
— E 0,,>35mrad — in-med Tt + QGP — 0.2GeV ]
= 5 9 = N p>0.2Ge
s NS QeP S jpoH g n 2.1<1<2.65 -
= S S 7+ 2\ O >35 d3
Zu e =z A = * ee™oMrad 5
) £ R s r. T
~ C :’ L ,\\\ _- - . //\\
~ L, — e / . . 3
s I S 107k Cocktail>._ ;T i =
il 3 T N 4 \
c E g g \\
o C
3 f o 4
£ | Z 8 s \\\\'\
T 10°k IO DY N\ AN N5 107E L L L L NN
~ 700 02 04 06 08 10 12 ~ 00 02 04 06 08 10 12 1.4
M, [GeV] M, [GeV]
10" F

—_ 19.6 GeV 62.4 GeV 200 GeV

Z"‘ 0 sys. uncertainty

L 10 3 —— cocktail 3

> o L 1 1 - N N ) I

) o + medium modifications

o} 1 STAR Preliminary © data

S 107 ¢ Au+Au Minimum Bias

(9]

3

=~ 2 L |

gq 10

[

Z N

by -3

5210°} :

Z

=

10

0 02 04 06 08 1

0 02 04 06 08 1 0 02 04 06 08 1

dielectron invariant mass, Mgg (GeV/c?)

Figure 4: Excitation function of dielectron spectra from CERES/NA2B] at/s=8.8 GeV (upper left) and
17.3 GeV (upper right) and from STAR gts=19.6, 62.4 and 200 GeV (lower panels) [21].

3.2 Direct Photons

Direct photon radiation has been measured at RHIC and LHC and als@ sheubstantial
excess over primordial and final-state hadron decay sources. Tessesgpectra carry inverse
slopes ofTg = 221+ 27 MeV (RHIC) [22] and 301 51 MeV (LHC) [23], and an appreciable
V,. The latter is difficult to explain by early QGP radiation, but the inverse si@mually point

at “later" emission as well. Using the blue-shift expressitg,~ T

(1+B)/(1—-B), with an

average radial flow velocity g8=0.3-0.4, leads to emission temperatured of160-200 MeV and
renders a largg; plausible. Nevertheless, it is not easily reproduced in realistic calculations
In Ref. [24], LO QGP and in-medium hadronic rates have been evoledacthermal fireball
model. The latter has been constrained by measured hadron spectpawiild a key feature of the
bulk-v; leveling off aroundTy, i.e., after ca. 5-6 fne/into the evolution of Au-Au at RHIC. This is
not necessarily the case in hydrodynamic simulations [26, 27], but cagatized when utilizing
a non-zero initial flow together with a rather compact initial energy densit§ilpr[25]. This, in
particular, leads to the realization of “sequential freezeout", i.e., the kidetioupling of multi-
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Figure5: Direct photon spectra (left panels) and elliptic flow (righainels) in 0-20% Au-Au(’s=200 GeV)
at RHIC (upper panels) and 0-40% PbPk£2.76 TeV) at LHC (lower panels).

strange hadronsy =, Q™) at chemical freezeouTg, ~ Tpe. The resulting thermal photon spectra
lead to approximate agreement with the PHENIX data, whilesihe at the lower end of the exper-
imental uncertainty. At the LHC, the agreement with preliminary data in 0-409HRB.76 ATeV)

is fair. Theq: spectra illustrate a significant reshuffling of QGP and hadronic contrisitichen
switching from first-order to IQCD EoS, reiterating the large contributionsfaroundTpc.

4. Conclusions

Electromagnetic radiation in heavy-ion collisions continues to illuminate the pgiepef the
formed medium. Low-mass dilepton spectra and their interpretation are dewglopo a rather
consistent picture, where the melting of themeson established at SPS seems to prevail also at
RHIC. We have argued that this melting is theoretically compatible with chiral syrymestora-
tion and suggestive for a gradual change in the effective degrdeseafom in the system. Taken
together with the temperature slopes extracted from the invariant-massaspeetmay well have
evidence for the long-sought for radiation from the QCD transition regidme inverse slopes and
remarkabler, in the direct photons support this interpretation, even though a full tiiearender-
standing has not yet been achieved (possibly calling for additionallyneelgphoton rates around
Tpe, @and/or initial-state effects [29]). Clearly, a dileptenmeasurement, as well as precision mass
spectra at collider energies, are needed to further test and deepeandaustanding.
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