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We report on dilepton measurements for central Pb on Ausiolis at the top CERN SPS energy
with the upgraded CERES experiment. The dilepton massrspeatf 2000 data with improved
mass resolution shows an enhancement over the expectatiarhfidron decays that is well de-
scribed by a modelincluding a strong broadening ofdtspectral function. The measured excess
yield excludes the dropping mass scenario.

We also report on th¢ meson measured simultaneously both inkhe< — and in the dilepton de-
cay channel for the first time in high energy heavy-ion calis. An excellentagreementis found
between the rapidity densities and the shape of the measaregrse momentum spectrum. The
data rule out a possible enhancement of ghgeld in the leptonic over hadronic channel by a
factor larger than 1.6 at 95% CL. CERES results are in agreewith NA49 results.
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1. Introduction

The main goal of ultra-relativistic heavy-ion collisiorssthe study of very hot and dense nu-
clear matter. This kind of matter is believed to have existeattly after théBig Bang Lattice QCD
calculations [1] have predicted a transition from ordinlaagronic matter to a plasma of quarks and
gluons at high energy densities. At the same time Chiral sgtnnis restored. Dileptons that carry
information of the entire fireball evolution are very sulaprobes because of their negligible final
state interactions.

Medium modifications of theg meson properties (mass and width) or of the kaons that might
result in a change of the branching fractiong@fiecaying to KK~ or to e"e~ when ¢ decays
in medium, may be related to the expected chiral phase tiam$R]. However as thep lifetime
(44 fm/c) is longer than the expected lifetime of the couplellision system, only a fraction may
decay in the hot fireball. Final state interactions of kaawsnfg meson decays may lower the
measured branching ratio into the kaon channel [3]. IndiedNAS0 experiment measuring tipe
meson in theu™ u~ decay channel and NA49 measuring in thekK channel, obtain yields that
differ by factors between 2 and 4 in the commmonrange [4]. Further, then spectra exhibit a
different inverse slope parameter, 38515 MeV in NA49 and 218+ 6 MeV in NA5O, fitted in
their m acceptance regions.

The CERES experiment at the CERN SPS is an experiment deditatthe study of low
mass dilepton pairs. CERES has measured an enhanced wlifgptituction in the invariant mass
region mere- > 0.2 GeV/@ in S+Au at 200 AGeV [5] and in Pb+Au at 158 AGeV [6]. The
enhancement is absent in p-induced reactions [7]. Piorhdatidn has been taken into account
as an additional mechanism fore production but the experimental spectra cannot be exmlaine
without introducing medium modifications of vector mesqguesticularly of thep. The two main
theoretical choices for this modification are the droppingsmscenario [8] and the broadening
scenario [9], but the experimental precision did not allowlistinguish between them.

In order to further investigate the enhancement and pgsdibtriminate between the differ-
ent theoretical approaches, the CERES spectrometer waadgaduring 1998 by the addition
of a Time Projection Chamber (TPC) with radial electric tiigld [10, 11, 12, 13, 14, 15] which
improves the mass resolution and the electron identificatim order to investigate the role of
baryons, during 1999, CERES took data with the TPC (althowigh partial readout) at a bom-
barding energy of 40 AGeV [16] where the baryon density isragmately 30% larger than at
158 AGeV [17]. During the year 2000 CERES took a large datapsaepnsisting of 3A0° and
3-10° events of Pb on Au collisions at 158 AGeV triggered on the 7% 209 most central colli-
sions [14], respectively. Moreover, the upgrade of the CERKperiment makes possible for the
first time in high energy heavy-ion collisions to study sitankously the leptonic and the charged
kaon decay modes of tigmeson at the SPS, thus shedding light ontoghmizzle.

In this paper, we present an overview of the most relevamfptbh results of the CERES
experiment since the upgrade with the TPC. All these re$at® been previously published in
[16, 18, 19].
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Figure 1. Cross section through the upgraded setup of the CERES epeater. The apparatus has a
cylindrical symmetry.

2. Experimental setup

The CERES experiment (Fig. 1) is optimized to measure lowsnedactron pairs close to
mid-rapidity (2. n <2.6) with full azimuthal coverage. A vertex telescope, cosgal of two
Silicon Drift Detectors (SDD) positioned at 10.4 cm and 1dt8 downstream of a segmented
Au target, provides a precise vertex reconstruction, angasurement for charged particles and
rejection of close pairs fromy conversions and® Dalitz decays. Two Ring Imaging CHerenkov
(RICH) detectors, operated at a high threshotg=32), are used for electron identification in a
large hadronic background. In the configuration with the TBf@ magnetic field between the
two RICH detectors is switched off, allowing to use them inambined mode resulting in an
increased electron efficiency. The new radial-drift TPCsifioned downstream of the original
spectrometer, has an active length of 2 m and a diameter ah2.8 gas mixture of Ne (80%)
and CQ (20%)) is used. It is operated inside a magnetic field (inditdty the dashed field lines
inside the TPC in Fig. 1) with a maximal radial component & 0.and provides up to 20 space
points for each charged particle track. This is sufficiemttie momentum determination with
a resolutionAp/p ~ ((2%)? + (1%- p(GeV/c)¥)¥/? and for additional electron identification by
using the &/dx signal in the TPC.

3. Di-electron analysis

Charged particles from the target are reconstructed bymmagdrack segments in the SDD
and in the TPC using a momentum-dependent matching windeaeck$ in the TPC are required
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to contain more than 12 hits out of a maximum 20 possible, solengood momentum resolution.
Cherenkov rings with asymptotic radii are identified in th€&CR using a Hough transformation
(see sect. 3.2.4 in ref. [6]). The TPC electron selectioroisecbased on thekddx signal and its
resolution. To select electrons among all charged hadrotilsebTPC &/dx signal in the electron
region and a matching to a RICH ring are required. The contljii@n rejection factor varies from
4x10* to 1.8x10* for momenta between 1 GeV/c and 2.5 GeV/c for total electfbciencies of
68% and 66% [20], respectively, with the quality cuts apbliethe analysis [21, 20, 22].

The main difficulties of the electron analysis are the lowbattaility of electromagnetic decays
and the large amount of combinatorial background frpeonversions and Dalitz decays. Very
good electron identification is not enough. Electron pamsaify conversions and® Dalitz decays,
characterized by their small opening angle and low momentuged to be identified by their
topology and removed from the sample in order to reduce thebgwtorial background. As the
detectors have a finite two-track resolution the most effeavay of rejecting conversions in the
target and close Dalitz pairs is by rejecting tracks with aargy loss signal significatively larger
than the minimum ionizing energy loss signal in both SDD'&vehall hit amplitudes have been re-
summed around each SDD track segment. Low-amplitude taftsei SDD d¢E/dx distribution are
also removed. Late conversions (mostly in SDD1) are rembwyeal cut in the distance to another
TPC track of opposite sign and with electroB/dx. To reducer® Dalitz decay contributions
only electron tracks with no opposite charge electron tritkin 35 mrad are taken for analysis.
Finally, only electron tracks in the geometrical accepta@d 41 rack 6 < 0.243 rad and with a
p: > 0.2 GeV/c are selected.
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Figure2: Invariant-mass distribution of unlike-sign pairs (histaig), and mixed-event background (dashed
line) normalized to like-sign pairs background after figlection and corrected for pair reconstruction effi-
ciency event by event.

The invariant-mass distributions of unlike-sign pairs ahthe combinatorial background after
full rejection and corrected for pair reconstruction efficty event by event are shown in Fig. 2.
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Figure 3: (a) Invariant-mass spectrum ef e~ -pairs compared to the expectation from the hadron decay
cocktail. (b) The expectations from model calculationsiasgag a dropping of the meson mass (blue) or
a spread of th@ width in the medium (red) are also shown.

In order to reduce the statistical errors an unlike-sign lwoatorial background using the mixed-
event technique has been evaluated. The mixed-event lmaridyis normalized to the like-sign
pair background in the mass region:@» > 0.2 GeV/@. For masses below 0.2 GeV/dhe like-
sign background is used. The physics signal is obtained biramting the like-sign pairs or the
mixed event background from the unlike-sign pairs.

4. Low-mass ete™ results

The € e invariant-mass spectrum corrected event-by-event fop#iereconstruction effi-
ciency and normalized to the number of events and to the geerharged particle multiplicity
< Ngh > in the acceptance [14] is shown in Fig. 3(a) [18] comparedéoexpectations from the
hadronic decay cocktail. The hadron decay cocktail [23]ltesn folded with the experimental
momentum resolution and energy loss due to bremsstrahldwogeptance, opening-angle, and
transverse-momentum cuts are applied. An excess of pairsf@- > 0.2 GeV£? is clearly vis-
ible. The number of pairs in the Dalitz region {rg- < 0.2 GeV/@) is 61144+ 176 with a signal
to background ratio (S/B) of 1/2. The number of open pairs gm> 0.2 GeV/@) is 3115+ 376
with a S/B of 1/22. The enhancement factor for 0.2 Gé¥/ane:. <1.1 GeV/& compared to
the hadron decay cocktail is 2.56 0.22 (stat)+ 0.31 (syst)+ 0.83 (decays}. The total data
systematic uncertainty of 12% includes the combinatorakiground subtraction and the electron
efficiency correction. The systematic error of the chargadigle multiplicity determination of
12% has been included on the systematic error of the cocktail

1The change on the branching ratio of the procaess n’e*e~ and the improvement in its error in PDG 2006
have not been considered yet.
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Figure4: (a) Dilepton yield after subtraction of the hadronic codKtaithout the p). The systematic errors
of the data (horizontal ticks) and the systematic uncegtaifithe subtracted cocktail (shaded boxes) are
also shown. The data are compared to expectations of thelsregiming a shift of the in-mediummass
(blue) and a broadening scenario (red).

The experimental results are compared to theoretical m@&iel) based on hadronic decays
and " i annihilation. Thep-propagator is treated [24] in 3 ways: vacugninot shown), modi-
fications following Brown-Rho scaling [8], and modificatewia p-hadron interactions [9]. In the
region between the and thep, measured now with better resolution, the data favor theyrvaaly
approach over Brown-Rho scaling.

5. Thein-medium p

In order to further investigate the excess dilepton yiekl ¢ontribution from the hadronic
cocktail (except thg) is subtracted from the data and from the calculations #ag. No rescaling
of theory to data is used. It can be observed that the cotitsibof the cocktailp is totally negligi-
ble. The in-mediunp contribution dominates by more than one order of magnitedbdncement
factor of 16.4-1.8 for 0.12 GeV/é <me:e < 1.1 GeV/@) in central Pb on Au collisions. The
shape and the yield are well described by the in-medium Imédicmntribution. A detailed study
of the spectrum width including systematic and statistarabrs excludes the dropping mass
scenario [18].

6. The ¢ meson

The @ meson yield in the ®e~ channel is determined by integrating the invariant masstspe
in the mass region between 0.9 and 1.1 GéWidhree transverse momentum bins [19]. The inte-
grated yield in the mass range between 0.9 and 1.1 Gé&/&29+53 with a signal to background
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Figure5: Invariant-mass spectra &f K~ pairs after background subtraction for thgf /%) bin 1.5 GeV/c
< pf <1.75GeVicand 2.2 y? < 2.4.

ratio of 1/12 and needs to be corrected for acceptance, sgaction efficiency and physics back-
ground under the peak. Theo meson could extend into this mass range if its spectral immds
modified in the medium. Dileptons from the QGP phase alsoritute to the physics background
in this mass range. The sum of these two contributions imestid to be 35% of the total yield in
this mass region by inspecting theoretical models thatidein-medium spreading of tigewidth
due to 2t processes and the dilepton yield from the QGP phase [9]. Hasunedp yield has been
scaled by this factor to correct for the physics backgrourte charm contribution that is smaller
than 3% [26] has been neglected.

As mentioned before, CERES can also studygheeson in the charged kaon {K ) decay
mode. In order to do so, all charged patrticles get assigreellabn mass (no particle identification
is used). Only a conservative upper cut in ti&dk signal (corresponding to 90% of the Fermi
plateau value) for momenta between 1.25 GeV/c and 4 GeMppressing 83% of the electrons, is
applied to enhance the kaon content of the sample. Trackeigdometrical acceptance 0.13 rad
< 0 < 0.24 rad with a transverse momentynlarger than 0.25 GeV/c are selected. To reduce
the contamination from other particle species, cuts in th@oRanski-Armenteros parameter [27]
and in the opening angle between the kaons are appliedgpTheson in the kaon decay mode is
studied in the rapidity interval 2.8 y? < 2.4 for p? > 0.75 GeV/c.

The invariant mass distributions oft~ pairs were accumulated ip{,y?) bins to obtain
the @ transverse momentum spectrum. The combinatorial backdrimyvariant mass distributions
are calculated using the mixed-event technique for eafy%) bin. An example of invariant
mass spectrum after background subtraction is presentedy.irb. The yield of thep mesons is
determined by fitting a relativistic Breit-Wigner distrifien with parameters taken from the Particle
Data Group compilation [28] (convoluted with the experifamesolution function obtained by a
Monte Carlo simulation) superimposed on a linear backgidamccount for a residual background
in the low p{ bins, to the measured line shape. The signal to backgrouius raary from 1/2000
to 1/180 with increasing?. The signal is integrated in the mass range between 1.0 Gevitt
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1.05 GeV/@. The resultingy yields were corrected for acceptance and efficiency.

The efficiency- and acceptance-correcgeaheson yield is shown in Fig. 6 (left) for both decay
modes as a function of transverse momentum. The inverse plameter of = 273+ 9(stat)+
10(sys) MeV and a rapidity densiyN/dy of 2.05+ 0.14(stat)+ 0.25(sys) in the KK~ decay
mode andl' = 306+ 82(stat)+ 40(syst) MeV andiN/dy = 2.04+ 0.49(stat+- 0.32(syst) in the
dilepton decay mode are in good agreement within the erfoxg.meson yield in the e~ decay
mode larger than 1.6 times the yield on theéK™ decay mode is excluded at 95% CL (statistical
and systematic errors in both decay channels added in quesla
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Figure6: Left: Transverse momentum spectrumgesons corrected for acceptance and efficiency recon-
structed in the ee~ decay mode (circles) and in the'KK— decay channels (triangles). Systematic errors in
the kaon decay channel are shown as boxes. The systematis ierthe dilepton analysis (not shown) are
+16%. Right: Transverse mass distributiongpmesons measured in the charged kaon (triangles) and in
the dilepton (circles) decay mode after scaling (see text)mared to the results from NA49 (squares) and
NAS50 (diamonds).

Moreover, the CERES results can be compared to the existimrBlbPsystematics [4] after
accounting for the different measurement conditions. Th&d®WNmeasurement was done at 4%
centrality and covered a rapidity range from 3 to 3.8 uni.[A global scaling factor of 1.7+
0.12 obtained experimentally is applied to the combined CEREia of Fig. 6 (left) to make
the comparison to the systematics of [4]. In Fig. 6 (righ® #taled CERE® transverse mass
spectrum is plotted together with the NA49 and NA50 data. gpmeeson yields agree within the
errors with the NA49 results. So does the yield in thekK extrapolated down tg=0 using
the measured inverse slope parameter. On the other handz€H&a in the KK~ channel do
not agree with NA5O results in the comman region. This experiment however measures the
leptonic channel. The extrapolation of NA50 results dowithe region where CERES measures
the dilepton channel does not agree either. As stated abottee CERES measurement the two
decay modes agree. Possible differences of maximum 40-508&@ected by models including
only rescattering of the kaons [3] or of maximum 70% at thedsip; (p; < 0.3 GeV/c) expected
by models including medium modifications of tipanesons and kaons like the AMPT model [30]
cannot be ruled out by the CERES results.
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7. Conclusions

To conclude, CERES has measured the low invariant massrgpecf dilepton pairs with
improved mass resolution. An enhancement of 2t56.22 (stat)+ 0.43 (syst)+ 0.76 (decays)
over the expectations of the hadronic decay cocktail is oreds The excess dilepton yield clearly
favors models including a strong broadening of thepectral function and it rules out models
including a mass shift of the meson.

At 40 AGeV, the observed pair yield is enhanced over the datiea from neutral meson
decays by a factor of 5.% 1.5(stat)+ 1.2(syst)+ 1.8(decays). Compared to 158 AGeV it is
somewhat larger, with a significance of a8 The fact that the enhancement is somewhat larger
and that the only quantity rising is the baryon density while temperature decreases shows the
importance of the baryon density for the in medium modifaragiof thep meson.

Moreover, meson production has been measured simultaneously in botty @hannels for
the first time in relativistic heavy-ion collisions. The iend the inverse slope parameter in both
decay modes agree within the errors. Our results are in mgmtewith the results from NA49
measured in the kaon channel. A yield in theee decay mode larger than 1.6 times the yield
on the K"K~ is excluded at 95% CL, therefore the large discrepancy wbdgoreviously is not
observed in the CERES data. The theoretical prediction3,i8(] are consistent with our data.
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