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A bstract. Clearsignsofexcessdileptonsabovetheknown sourceswerefound atthe

SPS since long. However,a realclari�cation ofthese observationswasonly recently

achieved by NA60,m easuring dim uons with unprecedented precision in 158A G eV

In-In collisions. The excess m ass spectrum in the region M < 1 G eV is consistent

with a dom inantcontribution from �+ �� ! � ! �+ �� annihilation.The associated

� spectralfunction shows a strong broadening,but essentially no shift in m ass. In

the region M > 1 G eV,the excessisfound to be prom pt,notdue to enhanced charm

production.Theinverseslopeparam eterTe� associatedwith thetransversem om entum

spectra rises with m ass up to the �,followed by a sudden decline above. W hile the

initialrise, coupled to a hierarchy in hadron freeze-out, points to radialow of a

hadronic decay source, the decline above signals a transition to a low-ow source,

presum ably ofpartonicorigin.Them assspectra show atlow transversem om enta the

steep risetowardslow m assescharacteristicforPlanck-likeradiation.Thepolarization

of the excess referred to the Collins Soper fram e is found to be isotropic. All

observationsareconsistentwith the interpretation ofthe excessastherm alradiation.

Dileptons are particularly attractive to study the hot and dense QCD m atter

form ed in high-energy nuclearcollisions.In contrasttohadrons,they directly probethe

entirespace-tim eevolution oftheexpanding system ,escaping freely without�nal-state

interactions.Atlow m assesM <1GeV (LM R),therm aldilepton production ism ediated

by thebroad vectorm eson � (770)in thehadronicphase.Dueto itsstrong coupling to

the �� channeland the shortlife tim e ofonly 1.3 fm /c,\in-m edium " m odi�cationsof

itsm assand width close to the QCD phase boundary have since long been considered

astheprim esignatureforchiralsym m etry restoration [1,2,3].Atinterm ediatem asses

M >1 GeV (IM R),ithasbeen controversialup to today whethertherm aldileptonsare

dom inantly produced in the earlier partonic or in the hadronic phase,based here on

hadronic processes otherthan �� annihilation. Originally,therm alem ission from the

early phasewasconsidered asa prim eprobeofdecon�nem ent[4,5].

Experim entally,ittook m ore than a decade to m asterthe challengesofvery rare

signalsand enorm ouscom binatorialbackgrounds. The �rstclearsignsofan excessof

dileptonsabovetheknown decaysourcesatSPSenergieswereobtainedbyCERES[6]for

M <1 GeV,NA38/NA50 [7]forM >1 GeV and by HELIOS-3 [8]forboth m assregions

(see [9]for a short recent review including the preceding pp era and the theoretical

m ilestones). The �nalstatus reached by CERES [10]and NA50 [7]is illustrated in

Fig.1. The sole existence ofan excess gave a strong boostto theory,with hundreds
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Figure 1.Excessdileptonsseen in previousSPS experim entsby CERES [10](LM R,

left)and NA50 [7](IM R,right).Fortheform er,thereisnow som esensitivity (around

0.9 G eV)to speci�c theoreticalpredictions.

of publications. In the LM R region, �� annihilation with regeneration and strong

in-m edium m odi�cations ofthe interm ediate � during the �reballexpansion em erged

as the dom inant source. However, the data quality in term s ofstatistics and m ass

resolution rem ained largely insu�cient for a precise assessm ent for the in-m edium

spectralproperties ofthe �. In the IM R region,therm alsources or enhanced charm

production could accountforthe excessequally well,butthatam biguity could notbe

resolved,norcould thenatureofthetherm alsourcesbeclari�ed.

A big step forward in technology,leading to com pletely new standardsofthedata

quality in this�eld,hasrecently been achieved by NA60,athird-generation experim ent

built speci�cally to follow up the open issues addressed above [11]. Initial results

on m ass and transverse m om entum spectra ofthe excess dim uons have already been

published [12,13].Thispapershortly reviewstheseresults,butalso reportson further

aspects associated with the centrality dependence,polarization,acceptance-corrected

m assspectra and absolutenorm alization.

Fig.2 (left) shows the centrality-integrated net dim uon m ass spectrum for 158A

GeV In-In collisions in the LM R region. The narrow vector m esons ! and � are

com pletely resolved;the m assresolution atthe ! is20 M eV.The peripheraldata can

becom pletely described by theelectrom agneticdecaysofneutralm esons[12,14].This

isnottrueforthem orecentraldataasplotted in Fig.2,duetotheexistenceofastrong

excessofpairs.Thehigh dataquality ofNA60allowstoisolatethisexcesswith a priori

unknown characteristicswithoutany �ts:thecocktailofthedecay sourcesissubtracted

from thetotaldata using localcriteria,which aresolely based on them assdistribution

itself. The � isnotsubtracted. The excess resulting from thisdi�erence form ation is

illustrated in thesam e�gure(see[12,13,14]fordetailsand errordiscussion).

Thecom m on featuresoftheexcessm assspectracan berecognized in Fig.2(right).

A peaked structureisalwaysseen,residing on a broad continuum with a yield strongly
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Figure 2.Background-subtracted m assspectrum before(dots)and aftersubtraction

oftheknown decaysources(triangles).Right:Excessdim uonscom pared totheoretical

predictions,keeping the originalnorm alization in absoluteterm s[15].

increasing with centrality (see below),but rem aining essentially centered around the

nom inal� pole[14].W ithoutany acceptance correction and pT selection,thedata can

directly be interpreted asthe space-tim e averaged spectralfunction ofthe �,due to a

fortuitouscancellation ofthe m assand pT dependence ofthe acceptance �ltering and

the phase space factorsassociated with therm aldilepton em ission [14]. The two m ain

theoreticalscenariosforthein-m edium spectralpropertiesofthe�,broadening [2]and

dropping m ass[3],are shown forcom parison. Both have been evaluated forthe sam e

�reballevolution [15],and the originalnorm alization is kept (in contrast to previous

versions ofthe �gure [12,14]). Clearly,the broadening scenario gets close,while the

dropping m ass scenario in the version which described the CERES data reasonably

well[2,3,6]fails for the m uch m ore precise NA60 data. A strong reduction ofin-

m edium VM D asproposed by the vectorm anifestation ofchiralsym m etry [16]would

m ake hadron spectralfunctionsin hotand dense m atteraltogetherunobservable,but

centralaspectsofthisscenario are totally unclear,and quantitative predictionswhich

could beconfronted with data havenotbecom eavailableup to today.

A detailed view oftheshapeoftheexcessm assspectra isobtained by using a side

window m ethod [14]to determ ine separately theyieldsofthepeak and theunderlying

continuum .TheleftpanelofFig.3 showsthecentrality dependence ofthesevariables:

peak,underlying continuum and totalyield in the m assinterval0.4<M <1.0 GeV,all

norm alized to thecocktail�.Thecontinuum and thetotalshow a very strong increase,

starting already in the peripheralregion. In the rightpanelofFig.3,the sam e data

ofthe2� region isplotted on a doublelogarithm icscale,butheretheexcessin a m ass

window above M > 1GeV isalso contained. Thisincreaseseven steeperthan the total

low-m assyield,asisclearly borneoutby therising ratio ofthetwo.The riseisabout
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Figure 3. Left: Excessyield ratiosforpeak,continuum and totalvs. centrality for

them asswindow 0.4< M < 1 G eV.Right:sam easlefton a doublelog scale,including

herealso the totalin the m asswindow 1.0< M < 1.4 G eV.

linearim plying,in view ofthe norm alization to the cocktail�,thatthe absolute yield

would bequadraticin N ch.

The centralNA60 resultsin the IM R region [17]are shown in Fig.4. The use of

the Si-vertex tracker allows to m easure the o�set between the m uon tracks and the

m ain interaction vertex and thereby to disentangle prom ptand o�setdim uonsfrom D

decays.The leftpanelofFig.4 showstheo�setdistribution to beperfectly consistent

with no charm enhancem ent,expressed by a fraction of1:0� 0:1 ofthecanonicallevel.

Theobserved excessisreally prom pt,with an enhancem entoverDrell-Yan by a factor
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Figure 4. Left: Fit ofthe weighted o�set distribution in the IM R region with the

contributions from charm and prom pt decays. Right: Acceptance-corrected m ass

spectra ofDrell-Yan,open charm and the excess(triangles).

of2.4.Theexcesscan now beisolated in thesam eway aswasdonein theLM R region,

subtractingthem easured known sources,hereDY and open charm ,from thetotaldata.

The right panelofFig.4 shows the decom position ofthe totalinto DY,open charm
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Figure 5. Polarangulardistributions forthe excessand the ! in the CollinsSoper

fram e.The data are�twith the expression d�=dcos�C S = 1+ �cos2�C S.

and the prom ptexcess. The m assspectrum ofthe excessisquite sim ilarto the shape

ofopen charm and m uch steeper than DY;this explains ofcourse why NA50 could

describe the excess as enhanced open charm . The transverse m om entum spectra are

also m uch steeperthan DY.The �ttem peraturesofthe m T spectra associated with 3

m asswindowsareindicated on thebottom ofthe�gure.

The rem ainder of this paper is concerned with excess data fully corrected for

acceptance and pair e�ciencies [13, 18]. In principle, the correction requires a 4-

dim ensionalgrid in the space ofM -pT-y-cos�C S (where �C S is the polar angle ofthe

m uonsin the CollinsSoperfram e). To avoid large statisticalerrorsin low-acceptance

bins,itisperform edinstead in2-dim ensionalM -pT space,usingthem easured yandcos�

distributionsasan input.Thelatterare,in turn,obtained with acceptancecorrections

determ ined in an iterativeway from M C sim ulationsm atched to thedata in M and pT.

They-distribution isfound to havethesam erapidity width asdN ch=d�,�y � 1.5 [18].

The cos�C S distributionsfortwo m ass windows ofthe excess and the ! are shown in

Fig.5. W ithin errors,they are found to be uniform ,im plying the polarization ofthe

excessdim uonsto be zero,in contrastto DY and consistentwith the expectationsfor

therm alradiation from a random ized system .

Thetwo m ajorvariablescharacterizing dileptonsareM and pT,and theexistence

of two rather than one variable as in case of real photons leads to m uch richer

inform ation. Beyond (m inor)contributionsfrom the spectralfunction,pT encodesthe

key properties ofthe expanding �reball,tem perature and transverse (radial)ow. In

contrastto hadrons,however,which receive the fullasym ptotic ow atthe m om entof

decoupling,dileptonsarecontinuously em itted during theevolution,sensing thespace-

tim edevelopm entoftem peratureand ow.Thism akesthedilepton pT spectrasensitive

totheem ission region,providing apowerfuldiagnostictool[5,19].Fig.6(left)displays

thecentrality-integrated invariantm T spectra,wherem T = (p2T + M 2)1=2,forfourm ass

windows;the � isincluded forcom parison. The ordinate isnorm alized to dN ch=d� in

absoluteterm s,usingthesam eprocedureasdescribed in detailforthe� [20]andrelating

N part ’ dN ch=d� at�=2.9 asm easured to within 10% by theSipixeltelescope.Apart
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Figure 6. Acceptance-corrected transverse m assspectra ofthe excessdim uonsfor4

m asswindowsand the� [13](left),and a decom position into peak and continuum for

the�-likewindow (right,seetext).Thenorm alization in absoluteterm sisindependent

ofrapidity overthe region m easured.Forerrordiscussion see[13].

from a peculiar rise at low m T (<0.2 GeV) for the excess spectra (not the �) which

only disappearsforvery peripheralcollisions[9,13],allspectra are pure exponentials,

butwith a m ass-dependent slope. Fig.6 (right)shows a m ore detailed view into the

�-like m ass window,using the sam e side-window m ethod as described in connection

with Fig.3 to determ ine the pT spectra separately forthe � peak and the underlying

continuum .Allspectra arepurely exponentialup to thecut-o� atpT=3 GeV,without

any signsofan upward bend characteristicfortheonsetofhard processes.Theirslopes

are,however,quitedi�erent(seebelow).

Theinverseslopeparam etersTe� extracted from exponential�tstothem T spectra

areplotted in Fig.7 (left)vs.dim uon m ass[13],unifying thedata from the LM R and

IM R regions.Thehadron data for�,! and � obtained asa by-productofthecocktail

subtraction are also included,asisthe single value forthe �-peak from Fig.6 (right).

Interpreting the latter as the freeze-out � without in-m edium e�ects,allfour hadron

values together with prelim inary �� data from NA60 can be subjected to a sim ple

blast-wave analysis. The results,plotted in a plane offreeze-outtem perature Tf0 and

averageexpansion velocity h�Ti,areshown in Fig.7 (right).Dilepton and hadron data

togethersuggestthefollowingconsistentinterpretation.M axim alow isreached by the

�,dueto itsm axim alcoupling to pions,whileallotherhadronsfreezeoutearlier.The

Te� valuesofthedilepton excessrisenearly linearly with m assup tothe�-poleposition,

butstay alwayswellbelow the� line,exactly whatwould beexpected forradialow of

an in-m edium hadron-likesource(here�+ �� ! �)decaying continuously into dileptons.

Beyond the�,however,theTe� valuesoftheexcessshow asudden declineby about
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50 M eV.Extrapolating thelower-m asstrend to beyond the�,such a fasttransition to

a seem ing low-ow situation isextrem ely hard to reconcilewith em ission sourceswhich

continuetobeofdom inantly hadronicorigin in thisregion.A m orenaturalexplanation

would then be a transition to a dom inantly early partonic source with processes like

q�q ! �+ �� forwhich ow hasnotyetbuiltup [19].W hile stillcontroversial[21],this

m ay wellrepresent the �rst direct evidence for therm alradiation ofpartonic origin,

overcom ing parton-hadron duality fortheyield description in them assdom ain.

The acceptance-and e�ciency-corrected data can also be projected on the m ass

axis. Fig.8 shows a set ofm ass spectra for som e selected slices in pT to illustrate

the evolution from low to high pT. Recent theoreticalresults from the three m ajor

groups working in the �eld are included forcom parison [19,21,22]. Atvery low pT,

a strong rise towardslow m asses isseen in the data,reecting the Boltzm ann factor,

i.e.thePlank-likeradiation associated with a very broad,nearly atspectralfunction.

Only the Hees/Rapp scenario [21]is able to describe this part quantitatively,due to

theirparticularly large contribution from baryonic interactionsto the low-m asstailof

the � spectralfunction. AthigherpT,the inuence ofradialow increasingly changes

the spectralshapes, and at very high pT,allspectra appear �-like. Here,only the

Renk/Ruppertresults[19]seem to contain su�cientow to describethedata.

Thispapercontainsthem ostcom prehensivedataseton excessdileptonsabovethe

known sourceswhich hasso farbecom e available through NA60. Allobservationscan

consistently beinterpreted in term softherm alradiation from the�reballin thewhole

m assregion up to the J= . The superiordata quality and the resulting clarity ofthe

physicsm essageshasyetto bem atched by any otherdilepton experim entin the�eld.
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ofpT .Absolute norm alization asin Fig.6.
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