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We present measurements of ete™ production at midrapidity in Au+Au collisions at /s NN =
200 GeV. The invariant yield is studied within the PHENIX detector acceptance over a wide range of
mass (Mmee < 5 GeV/c?) and pair transverse momentum (pr < 5 GeV/c), for minimum bias and for
five centrality classes. The ete™ yield is compared to the expectations from known sources. In the
low-mass region (mee = 0.30-0.76 GeV/c?) there is an enhancement that increases with centrality
and is distributed over the entire pair pr range measured. It is significantly smaller than previously
reported by the PHENIX experiment and amounts to 2.34-0.4(stat) £0.4(syst) £0.2™°%! or to 1.7+
0.3(stat) £0.3(syst) +0.2™°% for minimum bias collisions when the open heavy flavor contribution is
calculated with PYTHIA or MCQNLO, respectively. The inclusive mass and pr distributions as well as
the centrality dependence are well reproduced by model calculations where the enhancement mainly
originates from the melting of the p meson resonance as the system approaches chiral symmetry
restoration. In the intermediate-mass region (me. = 1.2-2.8 GeV/c?), the data hint at a significant
contribution in addition to the yield from the semileptonic decays of heavy flavor mesons.
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I. INTRODUCTION

Dileptons are important diagnostic tools of the Quark Gluon Plasma (QGP) formed in ultra-relativistic heavy ion
collisions [1]. They are unique observables for their sensitivity to the chiral symmetry restoration phase transition
expected to take place together with, or at similar conditions to, the deconfinement phase transition [2, 3]. When
chiral symmetry is restored, the chiral doublets, such as the p and the a; mesons, become degenerate in mass. As the
a1 meson is very difficult to observe experimentally, the p meson is the main observable in this context. Due to its very
short lifetime (7 ~ 1.3 fm/c), the p meson quickly decays after its formation and is therefore a sensitive probe of the
medium where it is formed. The p meson is mostly produced close to the phase boundary and possible modifications
of its spectral function in the high temperature and density conditions prevailing there are thus imprinted in its decay
products. The decay into dileptons, as opposed to hadrons, is of particular interest as they escape unaffected by the
interaction region, thus carrying this information to the detectors.

Dileptons are sensitive to the thermal radiation emitted by the system, both the partonic thermal radiation (quark
annihilation into virtual photons, ¢g — v* — IT17) emitted in the early stage of the collisions as well as the thermal
radiation emitted later in the collision by the hadronic system. The main channel of the latter is pion annihilation,
mediated through vector meson dominance by the p meson (77~ — p — * — [T17). Dileptons are produced by a
variety of sources all along the entire history of the collision and it is necessary to know precisely all these sources in
order to single out the interesting signals characteristic of the QGP related to chiral symmetry restoration or thermal
radiation [4].

The CERES experiment pioneered the study of dielectrons at the Super Proton Synchrotron (SPS). A strong
enhancement of low-mass electron pairs (m.. < 1 GeV/c?) with respect to the cocktail of expected hadronic sources,
was found in all nuclear systems studied, in S+Au collisions at 200 AGeV [5], in Pb+Au collisions at 158 AGeV [6, 7]
and in Pb+Au collisions at 40 AGeV [8]. The enhancement was confirmed and further studied by the high statistics
NAG60 experiment that measured dimuons in In+In collisions at 160 AGeV [9-12]. In both experiments, the low-mass
dilepton enhancement is explained by in-medium modification of the p meson spectral function [13-18]. The data
rule out the conjectured dropping mass of the p meson as the system approaches chiral symmetry restoration [19-21].
Instead, the data are well reproduced by a scenario in which the p meson copiously produced by 7+ 7~ annihilation is
broadened by the scattering off baryons in the dense hadronic medium. The low-mass dilepton excess is thus identified
as the thermal radiation signal from the hadron gas phase with a modified p meson spectral function. A recent paper
shows that in-medium modifications of vector and axial vector spectral functions lead to degeneracy of the p and a;
meson masses providing a direct link between the broadening of the p meson spectral function and the restoration of
chiral symmetry [22].

NA60 found also an excess at higher masses (m;+;-=1-3 GeV/c?). Using precise vertex information this excess
was associated with a prompt source originating at the vertex, as opposed to semi-leptonic decays of D mesons that
originate at displaced vertices. The excess can be explained as thermal radiation from the QGP [9-12, 15] but other
interpretations based on hadronic models, similar to those that explain the low mass excess [13, 14], or on hadronic
rates constrained by chiral symmetry considerations [16] can also reproduce the data.

At the Relativistic Heavy Ion Collider (RHIC), the PHENIX experiment reported a strong enhancement of low
mass pairs in Au+Au collisions at /5, = 200 GeV [23]. In the 0%-10% most central collisions, where the excess
is concentrated, the enhancement factor, defined as the ratio of the measured yield over the cocktail yield reaches an
average value of 7.6 4= 0.5(stat) 4 1.3(syst) & 1.5 (cocktail) in the mass range m.. = 0.15-0.75 GeV/c2. All models
that successfully reproduce the SPS results fail to explain the PHENIX data [23, 24].

The PHENIX result [23] was characterized by a considerable hadron contamination of the electron sample and by
a small signal to background (S/B) ratio. In an effort to improve upon this measurement, a hadron-blind detector
(HBD) was developed and installed in the PHENIX experiment [25-27]. The HBD provides additional electron
identification, additional hadron rejection and improves the signal sensitivity.

In this paper we present dielectron results obtained with the HBD in 2010 for Au+Au collisions at /5, = 200 GeV.
The paper is organized as follows. Section II describes the PHENIX detector with special emphasis on the HBD. In
Section III we give a detailed account of the various steps of the data analysis including electron identification, pair
cuts and background subtraction that is the crucial step in this analysis. The raw mass spectra, efficiency corrections
and systematic uncertainties of the data are also discussed in this section. Section IV describes the procedures used
to calculate the expected dielectron yield from the known hadronic sources. The results, including invariant mass
spectra, pr distributions and centrality dependence, are presented in Section V. In the same section, the results are
discussed with respect to previously published results and compared to available theoretical calculations. A summary
is given in Section VI.
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II. PHENIX DETECTOR

Figure 1 shows a schematic beam view of the PHENIX central arm detector, as used during 2010 data taking.
A detailed description of the detector, except the HBD, can be found in [28]. In this section, we give only a brief
description of the PHENIX sub-systems relevant for the present analysis: global detectors, central magnet, central arm
detectors, including drift chambers (DC), pad chambers (PC), ring-imaging Cerenkov (RICH) detectors, time-of-flight
(TOF) detectors and electromagnetic calorimeters (EMCAL) and the HBD.

2010 PHENIX Detector

PC3 1(\Z/Ientral TECP RN
PC2 agnet

—we,
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>

West Beam View East

FIG. 1. (Color online) Beam view (at z = 0) of the PHENIX central arm spectrometers during 2010 data taking.

A. Global detectors

The measurement of the collision-vertex position, time, and centrality, as well as the minimum-bias (MB) trigger,
is provided by two beam-beam counters (BBC) [29]. Each BBC comprises 64 quartz Cerenkov counters, located
at 144 cm along the beam axis from the center of PHENIX, with 27 azimuthal coverage over the pseudorapidity
interval 3.0 < |n| < 3.9. The collision-vertex position along the beam direction z is determined from the difference
of the average hit time of the photomultiplier tubes (PMTSs) between the north and the south BBC. The z-vertex
resolution ranges from ~0.5 cm in central Au+Au collisions to ~2 c¢cm in p+p collisions. The MB trigger requires a
coincidence between at least two hits in each of the BBC arrays thus capturing 92 + 3% of the total inelastic cross
section [30].

B. Central magnet

The PHENIX central magnet comprises two pairs of concentric coils, an inner coil pair and an outer coil pair, that
can be operated independently and create an axial magnetic field parallel to the beam axis [31]. The coils are usually
operated with current flowing in the same direction (the ++ or —— configuration) so that their magnetic fields add
together. For the dilepton measurement with the HBD in the 2010 run, the coils were operated with equal currents
flowing in opposite directions. In this so called +— configuration, the inner coil counteracts the action of the outer
coil so that their magnetic fields cancel each other, creating an almost field free region in the inner space extending
from the beam axis out to a radial distance of ~60 ¢cm where the inner coil is located (see Fig. 1 of Ref. [27]). The
field free region preserves the opening angle of eTe™ pairs and this is an essential pre-requisite for the operation of
the HBD. The HBD exploits the fact that the opening angle of ete™ pairs originating from + conversions or from 7°
Dalitz decays is very small. When only one of the two tracks is reconstructed in the central arms, the HBD can reject
them by applying an opening angle cut or a double signal cut on the HBD hits (see Section II D). In this configuration
however, the total field integral is [ B - dl = 0.43 Tm, about 40% of the value in the ++ configuration.
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C. Central arm detectors

PHENIX measurements at midrapidity are made with two central arm spectrometers, as shown in Fig. 1. Each
central arm covers pseudorapidity || < 0.35 and azimuthal angle A¢ = 7/2.

Charged-particle tracks are reconstructed using hit information from the DC, the first layer of PC (PC1) and
the collision point along the z-direction [32]. The DCs are located outside the magnetic field in the radial distance
2.02-2.46 m from the beam axis. They provide an accurate measurement of the particle trajectory in the plane
perpendicular to the beam axis. The PCls are multiwire proportional chambers located just behind the DC at
2.47-2.52 m in radial distance from the beam axis [33]. They provide a three dimensional space point that is used
to determine the track origin along the beam axis. The transverse momentum (p7) of each particle is determined
from the bending of its trajectory in the azimuthal direction. The total momentum p is determined by combining pr
with the polar angle information of PC1 and the vertex position z. The reconstructed tracks are projected onto the
HBD (see next subsection) and onto the central-arm detectors that provide electron identification: RICH, EMCal,
and TOF.

The RICH is the primary central-arm detector used for electron identification in PHENIX [34], and is located in
the radial region of 2.5-4.1 m, just behind PC1. The RICH uses CO; as the gas radiator at atmospheric pressure,
and has a Cerenkov threshold of v = 35. This corresponds to a momentum threshold of 18 MeV/c for electrons and
4.7 GeV/c for pions. Two spherical mirrors reflect the Cerenkov light and focus it onto two arrays of 1280 PMTs
each located outside the acceptance on each side of the RICH entrance window. The average number of hit PMTs
per electron track is ~5, and the average number of photo-electrons detected is ~10. Below the pion threshold, the
pion rejection is ~10% in p+p or low multiplicity collisions. However, in high-multiplicity collisions, hadron tracks are
misidentified as electrons when their trajectory is nearly parallel to that of a genuine electron. This effect limits the
e/ separation to ~1073 in central Au+Au collisions and requires special care as described below.

The EMCal measures the energy deposited by electrons and their shower shape [35]. It comprises eight sectors each
covering A¢ ~ 7/8 in azimuth, where six sectors are made from lead-scintillator (PbSc) with an energy resolution
4.5% ®8.3%/+/E [GeV] and two are lead-glass (PbGl) with an energy resolution 4.3% @ 7.7%/+/E [GeV]. The radial
distance from the beam axis is 5.10 m for PbSc and 5.50 m for PbGl (see Fig. 1). The matching of the measured
energy to the track momentum is used to identify electrons. The latter are all relativistic in the accepted momentum
range (pr > 0.2 GeV/c), hence the energy-to-momentum ratio is close to unity.

To further separate electrons and hadrons we use the time-of-flight information from the PbSc part of the EMCal
which covers 75% of the acceptance but has a valid time response for 64% of the acceptance. In addition, we use the
time-of-flight information from the TOF-east detector (TOF-E) [36] covering an additional 16% of the acceptance.
The former has a time resolution of ~450 ps, while the latter has a resolution of ~150 ps. The rest of the acceptance,
9%, does not have a usable TOF coverage, because the time resolution of ~700 ps provided by PbGl detectors is not
sufficient for an effective separation of electrons and hadrons.

D. The Hadron Blind Detector

The HBD was installed in PHENIX prior to 2010. A detailed description of the concept, construction and per-
formance of the HBD is given in Ref. [27]. Only a brief account is given here with emphasis on the specific aspects
relevant to the present analysis.

The HBD provides additional electron identification and additional hadron rejection to the central arm detectors.
Its main task is to recognize and reject v conversions and 7% Dalitz decays which are the dominant sources of the
combinatorial background. Very often, only one of the two tracks of an eTe™ pair from these sources is detected
in the central arm, whereas the second one is lost because it falls out of the acceptance, is curled by the magnetic
field or is not detected due to the inability to reconstruct low momentum tracks with pr < 200 MeV/¢c. The HBD
exploits the fact that most of these pairs have a very small opening angle and thus produce two overlapping hits
in the HBD, resulting in a charge response with an amplitude double the one corresponding to a single hit. Being
sensitive to electrons down to very low momentum (see below), the HBD can detect both tracks and can effectively
reject them by applying a double hit cut on the HBD signal. On the other hand, decays with a large opening angle
between the electron and positron produce two well separated single hits on the HBD pad plane as illustrated in Fig.
2. The ability to distinguish single from double hits is one of the main performance parameters of the HBD. This is
illustrated in Fig. 3, which shows the HBD response to single and double electron hits in real data. Single and double
hits are selected from reconstructed low-mass pairs with large (> 100 mrad) and small (< 50 mrad) opening angles,
respectively.

The HBD is a Cerenkov detector. It has a 50 cm long radiator directly coupled, in a windowless configuration, to
a triple gas-electron-multiplier (GEM) detector [37] which has a CsI photocathode evaporated on the top face of the
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FIG. 2. (Color online) Sketch illustrating the HBD response to an ete™ pair from 7° Dalitz decay and from a ¢ meson decay.
The circles represent the Cerenkov blobs whereas the hexagons are the hexagonal pads of the HBD readout plane.
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FIG. 3. (Color online) HBD response to single electron hits and double electron hits in the 60%—92% centrality bin. The two
distributions are normalized to give an integral yield of one.

upper-most GEM foil and pad readout at the bottom of the GEM stack (see Fig. 4). The HBD uses pure CF,4 at
atmospheric pressure that has an average Cerenkov threshold of 4 = 28.8 over the detector bandwidth, corresponding
to a momentum threshold of ~ 15 MeV/c for electrons and ~ 4.0 GeV/c for pions. In this scheme, Cerenkov radiation
from particles passing through the radiator is directly collected on the photocathode forming a circular blob image
rather than a ring as in a RICH detector. The pad readout plane comprises hexagonal cells with a hexagon side of
1.55 cm. One cell subtends an opening angle of approximately 50 mrad and has an area of 6.2 cm?, comparable to
the blob size which has a maximum area of 10 cm?. The electron response of the HBD is thus typically distributed
over a maximum of 3 readout cells and subtends a maximum opening angle of 75 mrad.

The hadron blindness property of the HBD is achieved by operating the detector in reverse bias mode where the
mesh defining the detection volume is set at a lower voltage with respect to the CsI photocathode [25, 26] (see Fig. 4).
Consequently, the ionization electrons produced by charged particles in the drift region defined by the entrance mesh
and the photocathode are mostly repelled towards the mesh. Only the ionization electrons created in a thin layer
of ~100 pum above the photocathode are collected and amplified by the GEM stack leading to a very small signal,
equivalent to a few p.e., localized in one single cell of the pad plane.

The choice of CF4 in a windowless configuration as the common gas for the radiator and the detector amplification
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FIG. 4. (Color online) Triple GEM stack operated in reverse bias mode where ionization electrons produced by a charged
particle are repelled toward the mesh.

medium, results in a large bandwidth of UV photon sensitivity from 6.2 eV (the threshold of the CsI photocathode) up
to 11.1 eV (the CFy4 cut-off). This translates into an average yield of 20 photo-electrons (p.e.) per electron, as shown
in Fig. 3, corresponding to a measured figure of merit Ny of 330 cm ™!, very high for a gas Cerenkov detector [27].
The HBD is located close to the interaction vertex, in the field-free region, starting immediately after the beam
pipe at r = 5 cm and extending up to r = 60 cm. The detector comprises two identical arms, each covering 112.5°
in azimuth and +0.45 units of pseudorapidity. The active area of each arm is subdivided into 10 detector modules, 5
along the azimuthal axis and 2 along the z axis. With this segmentation, each detector module is ~ 23 x 27 cm? in
size. The material budget (See Table I) in front of the GEM detectors is 0.62% of a radiation length dominated by
the CF4 contribution of 0.56%. To this, one has to add the contribution of the GEM stack, the vessel back plane and
the front-end electronics attached to the vessel to give a total of 2.4% of a radiation length for the entire detector.

TABLE I. Material budget of the HBD within the central arm acceptance [27].

Component Radiation length
(%)

Window (aclar/kapton) 0.04

Gas (CF4) 0.56

GEM stack 0.42

Vessel back plane + front-end electronics 1.4

Total 2.4

Good gain calibration is crucial to achieve the best possible separation between single and double hits in the HBD.
Gain variations occur as a function of time due to two main factors: (i) variations of temperature and pressure and
(ii) charging effects of the GEM foils produce an initial rise of the gain after switching on the HV, that can last for
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several hours before stabilizing [38]. These gain variations are taken into account by performing a gain calibration of
each module every three minutes during data collection. This is done by exploiting the scintillation light produced
by charged particles traversing the CF, radiator. The scintillation signal is easily identified by the characteristic
exponential shape of single electrons in the HBD pulse height distribution of low-multiplicity Au+Au collisions [27].
Furthermore, the average cell charge per event was found to slowly decrease by 10%-15% over the 10 week duration
of the run for some of the modules. This is attributed to a slow deterioration of the quantum efficiency of the
photocathodes. This effect was noticed in ~40% of the modules, the others did not show any sign of aging although
all photocathodes were produced under identical procedures. An additional time dependent correction factor is applied
to account for this effect.

In high multiplicity Au+Au collisions, a large amount of scintillation light is produced by charged particles traversing
the CFy4 gas, resulting in a large detector occupancy. The number of photoelectrons per cell can be as high as ~10
in the most central collisions. This underlying event background is subtracted on an event-by-event basis. For each
event and for each module the average charge per unit area (Q) is calculated as:

<Q> = Z chll/ Zacelh (1)

where Qce;p and acep; are the cell charge and area, respectively. The summation is carried out over all the cells of a
given module, excluding the cells that are matched to an electron track and their first neighbors. The cell charge used
for further analysis @Q7,;;, is then given by:

Q:ell = Qcell — <Q> X Qcell (2)

After subtraction of the underlying event charge, two independent algorithms are used for the HBD hit recognition.
The first is a stand-alone algorithm in which a cluster is formed by a seed cell with Q7_;; > 3 p.e. together with the
fired cells (defined as Q%,;; > 1 p.e.) among its first six neighbors. Such clusters can have up to seven cells. A central
arm electron track projected onto the HBD readout plane is then matched to the closest cluster. This algorithm
works very well in p+p or peripheral Au+Au collisions producing a typical single electron response with an average
of 20 p.e.. In higher multiplicity events, this algorithm yields a higher charge per electron and a higher fraction of
fake hits as it picks up more charge from the fluctuations of the underlying event background. Figure 5(a) shows an
example of a seed cell and three of its first neighbors forming a four cell cluster.

The second algorithm uses the track projection point onto the HBD to form a cluster around it. The pointing
resolution of a track to HBD is ~3 mm at pr ~ 0.5 GeV/c which is much smaller than the size of a pad. The
algorithm allows only up to three cells in a cluster, depending on the track projection position within the cell. If the
track projection points to the middle part of the cell, only that cell is used, but if it points to the edge of a cell one or
two additional neighboring cells are summed up in the cluster [39]. The same pattern of fired cells shown in Fig. 5(a)
would result in a three cell cluster in the projection-based algorithm as illustrated in Fig. 5(b). The projection-based
algorithm results in a more precise selection of the true hit, less fake hits and less pick up of charge from underlying
event fluctuations.

This is especially important in the most central collisions. On the other hand, the limited cluster size truncates
the charge information, resulting in a somewhat reduced efficiency and less power to discriminate between single
and double hits. Therefore both algorithms are utilized in a complementary way, the stand alone providing a higher
efficiency and better single to double hit separation and the projection-based providing a better rejection of fake hits.

E. Acceptance
1. Acceptance during 2010 run

As mentioned in Section IIB, the PHENIX central arm magnets were operated in the +— configuration during
the 2010 run. Compared to the standard ++ magnetic field configuration of PHENIX, the +— configuration has an
increased acceptance for low pr tracks of about 20%.

Charged particles are bent in the azimuthal direction, ¢, by the magnetic field. Because the DC and RICH are
needed to reconstruct the tracks and select the electron candidates, the azimuthal electron acceptance depends on
their charge and pr and on the radial location of each detector subsystem. We define the ideal track acceptance of
the PHENIX detector in the +— field configuration by the following set of conditions:

k
(bmin S (bO + CILC S (bmax (3)
pr
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b
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S

FIG. 5. (Color online) (a) Stand-alone cluster formed by a seed cell (red) and three of its first neighbors resulting in a four cell
cluster. Fired cells are colored. (b) The same pattern results in a three cell cluster with the projection-based algorithm that
uses the projection point of an electron track onto the pad plane.

k
¢min S ¢0 + qM S (bmax (4)

emin S 00 S amax (5)

for tracks originating at z=0 with charge ¢, transverse momentum pr and emission angles ¢y and 6y. kpc =

0.060 radxGeV/c and kricg = 0.118 radxGeV/c are the effective azimuthal bends to the DC and the RICH,
respectively. The polar angle boundaries of #,;,=1.23 rad and 6,,,,=1.92 rad are defined by the PHENIX central-

arms pseudorapidity acceptance |n| < 0.35. One of the arms covers the azimuthal range from ¢y, = — %ﬂ' to
Dmax = 1%7T and the other from ¢pnin = %77 t0 Pmax = }—gw. The results shown in Section V, indicated as “in the

PHENIX acceptance”, refer to the results filtered according to this parametrization of the ideal acceptance.

2.  Fiducial cuts

Several fiducial cuts are applied to remove inactive areas of subsystems or areas with intermittent response, in
order to homogenize the detector response over sizable fractions of the run time. Regarding the operation of the drift
chamber, the entire 200 GeV Au+Au data set is divided into five groups, with fiducial cuts applied to each group
separately such that inside each group the drift chamber has a stable active area. The nonactive DC areas correspond
to 19%—-31% of the total DC acceptance, depending on the run group.

Fiducial cuts are also applied to the HBD to exclude tracks pointing to one inactive module out of the 20 modules
of the HBD. Another fiducial cut removes conversion electrons originating from the HBD support structure, which
are strongly localized in ¢ near the edges of the acceptance. Other fiducial cuts are applied to remove inactive or low
efficiency areas in PC1 and EMCal.

In summary, the ideal PHENIX acceptance is reduced by the fiducial cuts by an amount that varies between 32%
and 42%, depending on the run group, with an average of 36% for all selected runs.

IIT. ANALYSIS

This section describes the basic steps of the Au+Au data analysis. It is organized as follows. The data set and event
selection cuts are presented in subsection ITTA. Subsection IIIB describes the track reconstruction. The methods
applied to identify electrons are presented in detail in subsection IIIC and the cuts applied to electron pairs are
explained in subsection IIID. A detailed account of the various background sources and their subtraction is provided
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in subsection IIIE. Next we present the raw spectra and corrections (subsection IIIF) and discuss the systematic
uncertainties (subsection IIIG). In the final subsection IITTH we discuss a second independent analyses used as a cross
check of the main analysis.

A. Data set and event selection

The Au+Au collision data at /s, = 200 GeV were collected during 2010. Collisions were triggered using the
beam-beam counters, with the MB trigger condition (see subsection ITA).

The centrality is determined for each Au+Au collision from the sum of the measured charge in both BBCs combined
with a Glauber model of the collision [40] as described in Ref. [41]. In this analysis, the data sample is divided into
five centrality classes: 0%—10%, 10%—20%, 20%—40%, 40%—-60% and 60%-92%. The average number of participants
(Npart) and collisions (Neon) together with their systematic uncertainties associated with each centrality bin are
summarized in Table II.

TABLE 1II. Average values of the number of participants (Npart) and number of collisions (Ngon) for Au+Au collisions at
VSnn = 200 GeV with the corresponding uncertainties. The values are derived from a Glauber calculation [40, 41].

Centrality (Npart )(syst) (Necon) (syst)
0%-10% 324.0 (5.7) 951.1 (98.6)
10%-20% 231.0 (7.3) 590.1 (61.1)
20%-40% 135.6 (7.0) 282.4 (28.4)
40%-60% 56.0 (5.3) 82.6 (9.3)

60%-92% 12.5 (2.6) 12.1 (3.1)

0%-92% 106.3 (5.0) 251.1 (26.7)

The data were recorded with an online vertex selection of either £20 cm (narrow vertex) or £30 cm (wide vertex).
The former selection was applied to the data recorded at the beginning of each store, when the luminosity was relatively
high. For the latter selection, an additional-offline vertex cut of 30 < z < 25 cm was applied. This asymmetric cut is
needed to avoid the increased yield of conversion electrons originating from the side panels of the HBD. These cuts
resulted in 1.8 x 10° events with the narrow-vertex selection, 3.8 x 10° events with the wide-vertex selection, and a
total of 5.6 x 10° MB events.

B. Track reconstruction

Charged particle tracks are reconstructed in the central arms using the DC and PC1 [32]. The procedure assumes
that all tracks originate from the collision vertex. Each reconstructed track is then projected onto the other detectors,
RICH, EMCal, TOF and HBD, and the projection points are associated to reconstructed hits in these detectors.

After a track is reconstructed, the initial momentum vector of the track at the z vertex is calculated. The transverse
momentum pr is determined by measuring the angle o between the reconstructed particle trajectory and a line that
connects the z-vertex point to the particle trajectory at a reference radius R = 220 cm. The angle « is approximately
proportional to charge/pr. In the reverse field configuration used in the 2010 run, the momentum resolution is found
to be 1.6% at pr = 0.5 GeV/ec.

C. Electron identification
1. Detectors and variables used for electron identification

For electron identification, the present analysis uses the HBD along with the central arm detectors RICH and
EMCal and the time-of-flight information from the TOF-E detector and the EMCal. The relevant variables for
electron identification from these detectors are:

n0: number of hit PMTs in the RICH in the expected range of a Cerenkov ring.

disp: distance between a track projection and its associated ring center in the RICH.
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chi2/npe0: a y2-like shape variable of the RICH ring associated with the track per npe0, the number of
photoelectrons measured in the ring.

emcsdr: distance between the track projection point onto the EMCal and the associated EMCal cluster,
measured in units of standard deviation of the momentum dependent matching distribution.

prob: probability that the EMCal cluster is of electromagnetic origin, based on the shower shape.

dep: variable quantifying the energy-momentum matching for electrons. It is defined as dep = b;/ }f ;1, where F
p
is the energy measured by the EMCal, p is the track momentum and o/, is the momentum-dependent standard

deviation of the Gaussian-like E/p distribution.

stof(PbSc) and stof(TOF-E): time-of-flight deviation from the one expected for electrons measured by either
the EMCal-PbSc or the TOF-E detector, converted in units of standard deviation of the Gaussian-like time-of-
flight distribution.

hbdcharge(P), hbdsize(P): cluster charge and size from the HBD projection-based algorithm.

hbdid: reduced cluster charge threshold from the projection-based algorithm. This is the threshold of the
hbdcharge(P) variable, that has been tuned to reduce the number of the nongenuine HBD hits by a fixed factor.
E.g. by requiring hbdid>10, the number of the nongenuine HBD hits is reduced to 1/10 of the initial number.
These thresholds are tuned depending on event multiplicity and HBD cluster size.

maxpadcharge(S): charge of the single pad with largest charge in the cluster of the stand-alone algorithm.
hbdcharge(S), hbdsize(S): cluster charge and size from the stand-alone algorithm.

First, electron candidates are selected from the total sample of tracks that contains mostly hadrons. This is
accomplished by applying very loose cuts such as n0 > 0, which requires at least one fired PMT around the track
projection in the RICH and E/p > 0.4 which rejects the tracks that strongly deviate from the expected E/p of ~ 1.
The sample of electron candidates selected in such a way comprises the signal electrons, background electrons (mostly
conversions from the HBD back plane), and a relatively large number of misidentified hadrons.

2.  Ezclusion of RICH photo-multipliers

The RICH detector in PHENIX uses spherical mirrors to project the Cerenkov light created by electrons in the
radiator gas onto the PMT plane. As a consequence of this mirror geometry, parallel tracks after the field are projected
to the same point in the PMT plane. In other words, if a hadron track is parallel to an electron track that produces
a genuine response in the RICH, the hadron will appear to have the same response as the electron and thus it will
be misidentified as an electron. Figure 6 shows a typical example of this ring sharing effect. In this example, an
electron-positron pair is generated by a photon conversion in the HBD backplane. After the magnetic field, a hadron
track is parallel to the positron track. Consequently, the hadron and the positron share the same photomultipliers in
the RICH detector and the hadron is misidentified as an electron.

This ring sharing effect occurs because the RICH reconstruction algorithm allows multiple use of fired PMTs by
different tracks. The ring sharing is a significant effect. In the 2010 run, the majority of electrons are generated
by 7 conversion in the HBD backplane. Although these conversions can successfully be rejected by the HBD, their
response in the RICH remains and there is some probability that the misidentified hadron will also remain in the pool
of electron candidates.

To reduce PMT sharing by different tracks in the RICH, the original RICH algorithm is modified. The PMTs fired
by electrons that are clearly identified as background electrons, are removed, the ring reconstruction algorithm is re-
applied and new n0, npe0, disp, x? variables are derived. These background electrons are mainly conversion electrons
from the HBD backplane, electron tracks pointing outside the HBD acceptance, electrons produced by conversion on
the HBD support structure or low pr electrons with pr < 200 MeV/c.

8. The neural networks

After the initial rejection of nonsignal electrons and the reduction of the ring sharing effect, the sample of electron
candidates is still highly contaminated by background electrons and misidentified hadrons. A standard procedure
to increase the purity of the electron sample would be to apply a sequence of one-dimensional cuts on all or some
of the fourteen variables listed above. However, such a procedure results in a large efficiency loss that becomes
significant in the ete™ pair analysis where the pair efficiency is approximately equal to the single track efficiency
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FIG. 6. (Color online) Illustration of a case leading to ring sharing in the RICH detector. The hadron track parallel to the
positron track after the magnetic field will be misidentified as an electron.

squared. In this analysis we implement instead a multivariate approach that is based on the neural network package
TMultilayerPerceptron from ROOT [42].

The neural network comprises three layers: the input layer, the hidden layer and the output layer. The input layer
is composed of all the input variables normalized to have their values between 0 and 1. The hidden layer comprises
a selected number of neurons and the output layer comprises a single output variable. The number of neurons in the
hidden layer determines the ability of the neural network to distinguish between the signal and the background, but
this ability saturates with increasing number of neurons. For each neural network, we make sure that the number of
neurons is sufficiently large to provide the best possible performance, typically 10-15 neurons. In addition, we make
sure that a sufficient number of tracks is selected for the training sample, such that the performance of the neural
network does not depend on the training statistics.The neural network output is a single probability-like variable,
in which values closer to 1 mostly correspond to signal, while values closer to 0 mostly correspond to background
(examples of the neural network output distributions will be shown below). By selecting the tracks above a certain
threshold, we can reject most of the background while keeping a large fraction of the signal.

We use three different neural networks specially trained on subsets of the large list of elD variables to reject
(i) hadrons misidentified as electrons in the central arms (NNy,), (ii) background electrons which are mostly HBD
backplane conversions (NN,) and (iii) double hits in the HBD (NNg). In this way we basically have three handles to
separately treat each type of background. The neural networks learn to distinguish the signal and the background on
well defined samples. The first two neural networks, NN}, and NN, are trained on HIJING events. The third neural
network NNy is trained on a sample of single particle event simulations, ¢ —ete™ decays for single response and
7 — ~vete™ Dalitz decays for double response. The training is done separately for each centrality bin in order to
properly treat the multiplicity effects. For centralities > 40%, we use the neural network trained for the 20%-40%
centrality bin, where the statistics of the training sample is higher. This is justified because already in the 20%—40%
centrality bin, multiplicity effects are unimportant and the separation between signal and background is good. The
training is also done separately for the three cases of time-of-flight information (TOF-E, PbSc-TOF, no time-of-flight
information).

The simulated events are passed through a GEANT simulation of the PHENIX detector and through the same
reconstruction code that is used for the data analysis. They are divided into two samples. One is used for training
purposes and the other one to monitor the neural network output. The simulated events are not used to determine
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absolute efficiencies (those are determined from simulation as discussed later in Section IITF. They are used only for
training and monitoring purposes and the HIJING events are particularly valuable in this respect. They allow us to
assess the origin and relative magnitude of the various background sources at each step of the electron identification
chain, as well as the neural network performance in its ability to reject the background while preserving the signal.
Details of the three neural networks are given below.

4. Hadron rejection

The first neural network, NNy, aims at reducing the hadron contamination. It exploits the information from all
the relevant detectors, HBD, RICH, EMCal and TOF-E. The signal (S) for the training of NN}, comprises electron
tracks originating at the collision vertex, whereas the background (B) comprises all the remaining misidentified hadron
tracks in the sample.

o
o
3000 —— Data HIJING signal
—— HUJING total ~ ----- HIJING background
2000
1000

1
NN, output

FIG. 7. (Color online) Comparison of the output values of the neural network NNy, for the 0%—10% centrality bin applied to the
HIJING monitoring sample (red line) and to real data (black line). The figure also shows the signal (green) and the background
(blue) components of the HIJING simulation. The arrow represents the average final cut selected by the cut optimization
procedure. See text in Section IIIC7.

Figure 7 shows the output values of NN, for the HIJING monitoring sample (red line) and also shows the output of
NNy, applied on real data (black line). The truth information from the HIJING events in terms of signal and background
is shown separately. It should be noted that in the HIJING monitoring sample, all electron tracks are considered. The
signal comprises the genuine electrons excluding the HBD backplane conversions and the background is all remaining
tracks.

5. Background electron rejection

After rejecting hadrons in the previous step, the dominant background in the electron sample comes from the
conversions in the HBD backplane that were not rejected by the conservative process described in IIIC2. Because
these conversions do not leave a signal in the HBD they can be recognized and rejected if the tracks do not have a
matching HBD response. The rejection capability is however limited by fluctuations remaining after the underlying
event subtraction in the HBD. To provide the optimal rejection of the remaining backplane conversions we use a neural
network, NN, which is based on the HBD information reconstructed by both the stand-alone and the projection-based
algorithms. The signal tracks for the training of NN, comprise all signal electrons remaining after the previous step,
while the background sample includes only the electrons originating from the HBD backplane.

Figure 8 shows the distribution of output values of NN, applied to the HIJING monitoring sample (red line) and to
data (black line). The signal and background components of the HIJING simulation are shown separately.
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FIG. 8. (Color online) Comparison of the output values of the neural network NN, for the 0%-10% centrality bin applied to the
HIJING monitoring sample (red line) and to real data (black line). The figure also shows the signal (green) and the background
(blue) components of the HIJING simulation. The arrow represents the average final cut selected by the cut optimization
procedure. See text in Section IIIC7.

6. Double-hit rejection in the HBD

After removing hadrons and backplane conversions as much as possible, the major sources of background are the
beam-pipe and radiator conversions and electrons from 7% Dalitz decays where only one track is reconstructed in the
central arms. These electrons have a zero or very small opening angle and most of them lead to a double hit in the
HBD. Double hits can be recognized using the HBD response reconstructed in parallel by both the stand-alone and
the projection-based algorithms. The response is coupled in a neural network, NNy separately optimized for different

HBD cluster sizes as well as centrality classes. The NNy cut is an implicit small opening angle cut given by the
maximum cluster size which is of the order of 75 mrad.

S
@
> — Single hits
2000}
--- Double hits
1000
0~ 0.5 ]

1
NN, output

FIG. 9. (Color online) The output of the neural network NNy for the recognition of single and double hits in the HBD. Single
response (solid line) is provided by electrons from simulated ¢ —ete™ decays and double response (dashed line) by electrons
from 7 — veTe™ Dalitz decays. This example is for 30%-40% centrality and for a three cell cluster size. The arrow represents
the average final cut selected by the cut optimization procedure. See text in Section IIIC7.
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Figure 9 shows the distribution of the output variable of the neural network NN for the separation of single and
double hits in the HBD. The single response is provided by electrons from simulated ¢ —ete™ decays and the double
response by electrons from 7% — yeTe™ Dalitz decays. The simulations are embedded into real HBD background
events in order to take into account centrality dependent occupancy effects.

7. Cut optimization

The final selection of cuts on each neural network output variable is optimized using HIJING events. The thresholds
are varied separately to maximize the effective signal, S/ VB. Because the statistics of the HIJING samples are by far
insufficient for a pair analysis, for the signal S we use the number of single electrons from charm decay per event,
which is an easily identified signal in HIJING, and for the background B we use the total number of electrons per
event. The cut optimization is done separately for each centrality class, for two py ranges (pr < 300 MeV/c and pr
> 300 MeV/c), for each cluster size, and for each TOF configuration. The effective signal for each setup is maximized
subject to the following conditions:

e The three types of TOF configuration (with PbSc timing information, with TOF-east timing information and
without any timing information), have similar efficiencies with differences of less than 15%.

e Hadron contamination less than 5% for TOF-E and PbSc-TOF and less than 10% for the no-TOF case.

The arrows in Figs. 7-9 represent the average final cuts selected by the cut optimization procedure for these
particular cases. The final cuts produce an electron sample with small hadron contamination, of less than 5%, for
all centralities. Strong cuts on the HBD are needed to achieve this small hadron contamination, resulting in a single
electron efficiency of 25%-40% depending on centrality, at pr > 0.5 GeV/c (See Section IIIF).

D. Pair cuts

The track selection criteria described above provide an electron sample with high purity. However, besides these
criteria which are applied on a track-by-track basis, this analysis implements a series of dielectron cuts, based on the
pair properties. These cuts are needed in order to remove ghost pairs i.e. pairs correlated by the close proximity of
tracks in one of the detectors. Such correlations cannot be described by the mixed background, by definition, therefore
this part of the phase-space must be removed from both the foreground and the mixed background. In the present
analysis we remove the whole event, if such a pair is found, as was done in Ref. [23]. This procedure removes only
~2% more of the total pair yield than discarding the pairs, because the average pair multiplicity is relatively low.

The most prominent detector correlation comes from the ring sharing effect in the RICH detector, discussed in
Section I C 2, which arises when two tracks are parallel after the magnetic field, with at least one of them being an
electron.

As mentioned above, the detector-correlated pairs are identified by applying a cut on the physical proximity of the
tracks forming a pair in every detector and the cut value is determined by the corresponding double hit resolution. In
the RICH detector, the cut selects pairs whose rings are closer than 36 cm, which is twice the diameter of the RICH
ring (~16.8 cm). In the EMCal, the cut removes a region of 2.5 x 2.5 towers around the hit. In PC1 the pairs are
selected for removal if their tracks are within 5 ¢cm in z or 0.02 rad in ¢.

The effect of these three pair cuts on the like-sign and unlike-sign mass spectra is shown in Fig. 10. The like-sign
yield close to me. ~ 0 GeV/c? is affected by all cuts. On the other hand, in the unlike-sign foreground spectrum, the
cuts affect well localized regions producing two clearly visible dips. The dip at m.. ~ 0.25 GeV/c? is created by the
RICH pair cut and the dip at m.. ~ 0.15 GeV/c? is created by the PC1 pair cut. The EMCal pair cut removes yield
around 0.20 GeV/c?, but the effect is small compared to the other two cuts.

In addition to the RICH, EMCal and DC/PC1 ghost cuts, a 100 mrad opening angle cut is applied to remove
ghost pairs in the HBD. This is a proximity cut that translates to a distance of two cells in the pad readout and
roughly corresponds to the double hit separation of the HBD. This cut affects the yield at me. ~ 0 GeV/c? in both
the like-sign and unlike-sign mass spectra.

E. Background Pair Subtraction

Because the origin of the electron track candidates is not known, all electrons and positrons in the same event are
paired to form the unlike-sign (FG4_) and like-sign (FG44 and FG__) foreground mass spectra. This gives rise to
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FIG. 10. (Color online) (a) Like-sign and (b) unlike-sign foreground spectra without any pair cuts (Black) and with RICH,
EMCal and PC1 pair proximity cuts (Blue) for MB events.

a large combinatorial background that increases quadratically with the event multiplicity. In addition to that, there
are several background sources of correlated pairs. The evaluation and subtraction of the background is the crucial
step in the analysis of dileptons in particular in situations, like the present one, where the S/B is at the sub-percent
level. In this section, we describe in detail the various sources contributing to the background and the methodology
used to evaluate each of them.

1. Background sources

The unlike-sign foreground spectrum FG,_ contains, in addition to the physical signal (S), a large background
comprising the following sources:

e Uncorrelated combinatorial background (C'B): Tt arises from the random combinations of electrons and positrons
originating from different parent particles and is an inherent consequence of pairing all electrons with all positrons
in the same event. The combinatorial background accounts for most of the total background, more than 99% in
the most central collisions and more than 90% in peripheral collisions. The two electron tracks of combinatorial
pairs are uncorrelated. However, they carry a global modulation induced by the collective flow of each individual
collision. The evaluation of the combinatorial background together with the flow modulation is described in
detail in the following subsection. (See Section IIIE2.)

e Correlated background pairs. There are three different sources of correlated background pairs:
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— Cross pairs (CP): A cross pair can be produced when there are two ete™ pairs in the final state of a single
meson decay. One such case is 70 — eTe™y — eTe~eTe™. The pair formed by an electron directly from
70 and a positron from ~ conversion does not come from the same parent particle but it is a correlated
pair through the same primary particle. (See Section IITE 3.)

— Jet pairs (JP): The jet pairs are produced by two electrons generated in the same jet or in back-to-back
jets. (See Section IITE4.)

— Electron-hadron pairs (EFH): Whereas the previous two sources of correlated pairs are of physics origin,
the electron-hadron pairs are an artifact that results from residual detector correlations that cannot be
handled by the pair cuts. (See Section IITE5.)

One can then write:
rG,_=5S+CBy_+CP,_+JP,_ +FEH,_ (6)

All the background sources listed above form the yield of the like-sign foreground mass spectra FG, 4 and FG__.
There is no signal in these spectra with the exception of a very small contribution of eTet and e~e™ pairs from bb
decays (BB). So one can write:

FG++:OB+++CP+++JP+++EH+++BB++ (7)

FG__=CB__+CP-_+JP._+EH__+BB__ (8)

Usually the like-sign pairs are subtracted from the unlike-sign pairs to obtain the signal. This is a convenient
approach in a detector with 27w azimuthal coverage, which ensures that the uncorrelated background is charge sym-
metric, under the assumption that the correlated background is also charge symmetric, i.e. it produces the same yield
and mass distribution of like and unlike pairs. These conditions are not met in the present situation. The two central
arm configuration of the PHENIX detector results in a substantial acceptance difference between like and unlike-sign
pairs. Furthermore, the like-sign pairs contain a small signal component from bb decays that needs to be calculated
separately. Finally, as shown below, the electron-hadron pairs are not charge symmetric. For these reasons, in this
analysis we adopt a different approach in which each source is evaluated separately for a quantitative understanding
of the like-sign yield. Once this is demonstrated, the background sources, CB,CP, JP and EH are subtracted from
the inclusive foreground unlike-sign spectrum in order to obtain the mass spectrum of the signal pairs. The following
subsections outline the evaluation of the various background sources.

The BB contribution which is part of the signal is needed only for the quantitative evaluation of the like-sign
spectra. The contribution is calculated using MCQNLO (See Section IV for details), which generates both like-sign
and unlike-sign contributions from BB. The small like-sign contribution from DD is neglected.

2. Combinatorial background (CB)

The combinatorial background is determined using the event mixing technique, in which tracks from different events
but with similar characteristics are combined into pairs. In this analysis, all events are classified into 11 bins in z
vertex between —30 cm and +25 cm, and 10 bins in centrality between 0% and 92%.

In principle, the event mixing technique is expected to reproduce the shape of the combinatorial background with
great statistical accuracy, because one can mix as many events as needed to reduce the statistical uncertainty to
a negligible level. In fact it does not reproduce the shape. There is a small difference between the foreground
combinatorial background and the mixed event background. The former is affected by the elliptic flow which is
intrinsic to heavy ion collisions, whereas the latter is obtained by randomly picking up two tracks from different
events and thus on the average does not have any flow effect.

To take into account the effect of flow in the mixed-events, one could make reaction plane bins, in addition to the
vertex and centrality bins, so that only events with similar reaction plane are mixed. However, the method is limited
by the reaction plane resolution and in PHENIX| the latter is not sufficient to reproduce the shape of the foreground
combinatorial background. Instead, in the present analysis, a weighting method, based on an analytical calculation
of the flow modulation, is used to account for the flow effects in the mixed events.

If particles are generated according to the following distribution function:

14 205 cos 2(¢p — ), ©))
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where ¢ is the particle emission angle in azimuth, 1 is the reaction plane angle and vy is the elliptic flow coefficient,
then random pairs formed from these particles are distributed as (See Appendix A for the derivation):

P((ba - ¢b) =1+ 21)2,(1“2,17 COS2(¢¢1 - ¢b)a (10)

where ¢, ;) is the azimuthal emission angle and v; () the elliptic flow of the two particles forming the pair.

In the weighting method, each mixed background pair is weighted by Eq. (10). The vy values of inclusive electrons
are determined from the present data prior to the pair analysis as a function of centrality and electron pr using the
reaction plane method [43]. Exactly the same cuts as in the data analysis are used in the ve calculation. The obtained
vy values are in very good agreement with the inclusive electron ve values reported in Ref. [44].

We use a Monte-Carlo (MC) simulation to evaluate the method. The simulation generates electrons and positrons
following a Poisson distribution with a mean value of three '. The particles are uniformly distributed in pseudorapidity
between +0.35 and their momentum distribution is taken from data. The azimuthal emission angle ¢ is determined
according to the distribution 1+ 2vy cos 2(¢ — 1)), where v is the reaction plane angle, which is uniformly distributed
between +7. The vy values are taken from the 20%-40% centrality bin. The tracks that pass the PHENIX acceptance
filter are used in the pair analysis.

o r T T T T T T | —
c C 7
8 - -
= - . . —&— Simple MixedBG —
5 102 (a) Like-sign i .
5] L —8— Weighting method m
© - -
Q 1.01— _.__-_:[
= -0 0 @ L
S Ipecestarecsizgaterasgiiet l ooes
S o bl ]
5 099 . -]
s - Simulation .
C L 1 1 L L L [
0 0.5
Mee (Gejv?cz)
o] _ T T T T T T LI
c C 7
3 F 7
et C . . —l— Simple MixedBG -
2 1.02E(b) Unlike-sign P =
% - —8— Weighting method .
0 101y, e
= C = - _sunT .o 3]
- k3
g leecestgestoe gt BRIeeTeet o 4
08)) C g uuEE ]
5 0.99 =]
L - ]
C . 1 1 . . . [
0 0.5
Mee (Gebﬁ:z)

FIG. 11. (Color online) Foreground to mixed background ratio of (a) like-sign and (b) unlike-sign mass spectra ratio in a MC
simulation. The foreground is generated with flow, whereas the mixed events are produced without flow i.e. using a simple
mixed-event technique (squares) and with flow modulation using the weighting method (circles).

Figure 11 shows the ratio of the foreground to mixed background mass spectra. The squares correspond to the
simple mixed-event technique without correcting for flow. We can see that in this approach the ratio is not flat, i.e.
the foreground shape is not reproduced by the mixed background shape. The circles correspond to the weighting
method. The ratio is completely flat over the entire mass range demonstrating that the weighting method properly
accounts for the flow modulation.

A similar MC study was performed to evaluate whether triangular flow v3 also induces shape distortion of the mass
spectrum. For the most central collisions, where v3 is comparable to vy at high pr [45], the simulations show that the
vg effect is at least one order of magnitude smaller than for v and we thus ignore triangular flow in the determination

of the combinatorial background shape.

1 There is not much meaning to the mean value of 3 of the Poisson distribution. It is a convenient choice to have one pair per event with
a high probability.
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e~ pairs in the final state. The following hadron

(11)
(12)
(13)

(14)

+ot

and ej e, ) that are not purely combinatorial, but correlated via the 7% or n mass and momentum. Therefore, this
contribution is not reproduced by the event-mixing technique.
To calculate the cross pairs, we use EXODUS (see Section IV) to generate 7 and 7 with the following input

parameters:

e Flat-vertex distribution within |z| < 30 cm. The final results are weighted to restore the measured vertex

distribution.

e Flat pseudorapidity distribution within || < 0.6 and uniform in ¢ within 0 < ¢ < 2.

e Momentum distributions based on PHENIX measurements (see Section IV).
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FIG. 12. Absolutely normalized (a) like-sign and (b) unlike-sign spectra of cross pairs (C'P) from EXODUS and GEANT simulations
for the 0%-10% centrality bin. The 7° and 7 contributions are shown separately.

The generated 7° and 7 are passed through a GEANT simulation of the PHENIX detector. By selecting reconstructed
cross pairs, one can determine the shape of the cross-pair invariant mass spectrum. The spectra are then absolutely
normalized using the rapidity density values dN,o/dy and dN,,/dy as a function of centrality, summarized in Section
IV. The absolutely normalized mass spectra of cross pairs for the 0%—10% centrality bin are shown in Fig. 12.

4. Jet pairs (JP)

The jet pairs are produced using the PYTHIA 6.319 code with CTEQ5L parton distribution functions [46]. The
following hard quantum-chromodynamics (QCD) processes are activated [23]:

e MSUB 11: fif; — fifj
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o MSUB 12: fif, — fufa

e MSUB 13: fif, — gg

e MSUB 28: f;g — fig

o MSUB 53: gg — fifx

e MSUB 68: gg — gg

where g denotes a gluon, f; ;1 are fermions with flavor 7, j, k£ and ?H . are the corresponding antiparticles. A
Gaussian width of 1.5 GeV/c for the primordial kr distribution (MSTP(91)=1, PARP(91)=1.5) and 1.0 for the K-
factor (MSTP(33)=1, PARP(31)=1.0) are used. The minimum parton pr is set to 2 GeV/c (CKIN(3)=2.0). The =
coordinate of the vertex position is produced uniformly between £+30 cm and then weighted to reproduce the measured
distribution. From the PYTHIA output, 7° and 7 are extracted and passed through the GEANT simulator of PHENIX
in order to generate the inclusive eTe™ pairs.

In addition to the jet pairs we are interested in, the foreground pairs from PYTHIA events contain also “physical”
pairs, cross pairs and combinatorial pairs. The “physical” pairs and cross pairs are excluded from the foreground
pairs by requiring that the two electrons or positrons of the pair do not share the same particle in their history.
The combinatorial background is statistically subtracted using the event-mixing technique. The mixed event like-sign
pairs are normalized to the foreground like-sign pairs in the range A¢h™" ~ 7/2, where Agh™"™" is the difference in
the azimuthal angle of the primary particles, 7 or 7. Figure 13 shows the Agh™™ distributions of the foreground
pairs and the normalized mixed-event pairs. The excess yield around A¢f™"™ ~ 0 represents the dileptons from the
same jet whereas the excess yield at Agh™™ ~ 7 corresponds to the dileptons from opposite or back-to-back jets.
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FIG. 13. (Color online) Agh™™ (difference in the azimuthal angle of the primary particles, 7° or 1)) distributions of foreground
and normalized mixed-event background like-sign pairs as obtained from the PYTHIA simulations.

After subtracting the combinatorial background, the PYTHIA spectra are scaled to give the pion yield per p+p MB
event . The scaling factor is determined such that the 7° yield in the PYTHIA simulation matches the measured 7°
yield in p+p collisions [47] and found to be 1/3.9.

The spectra need to be further scaled to obtain the jet contribution in Au+Au collisions for each centrality bin.
This scaling is done following Ref. [48]: an ee jet pair originating from primary particles with momenta py; and pr o
is scaled by the average number of binary collisions (Ngon) for each centrality bin, times Raa(pr,1), times Laa(pr,2).
The same jet or opposite jet I44(pr2) values are applied depending on the pair opening angle. The absolutely
normalized jet pair spectra for the 0%-10% centrality bin are shown in Fig. 14.
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FIG. 14. Absolutely normalized (a) like-sign and (b) unlike-sign spectra of jet pairs (JP) simulated by PYTHIA and GEANT for
the 0%-10% centrality bin. The near-side and away-side contributions are shown separately.
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FIG. 15. Absolutely normalized (a) like-sign and (b) unlike-sign spectra of simulated electron-hadron pairs (EH) for the
0%—10% centrality bin. See text for details.

5. Electron-hadron pairs (EH)

Even after applying the pair cuts described in Section ITI D, electron-hadron pairs correlated through detector effects
remain in the foreground pairs. An example of such an electron-hadron pair can be illustrated with the sketch of
Figure 6 discussed in Section III C2. In this example, if both the positron and the mis-identified hadron are detected,
the pair is identified as a RICH ghost pair and the entire event is rejected by the RICH ghost pair cut as described in
Section IIID. However, if the positron is not detected due to detector dead areas or reconstruction inefficiency, the
pair formed by the electron and the mis-identified hadron is not rejected and remains in the sample. This pair is not
a combinatorial pair but correlated through the positron. Although the mis-identification of hadrons via hit sharing
occurs in all detectors, the RICH detector is the dominant contributor to these electron-hadron pairs. Therefore, only
the RICH detector is considered as the source of such correlated pairs.

We simulate electron-hadron pairs using electrons from 7° and 7 simulations and hadrons from real events. The 7°
and 7 simulations are the same ones that are used for the cross pair simulation. The hadrons from real events are all
the reconstructed tracks that fail the elD cuts.

The simulation is performed in the following way: First, a combined event is formed using electrons from one
Dalitz decay of 7% or ) generated with EXoDUS and hadrons from a real event. Second, the information from their
associated fired PMTs is merged and new rings are reconstructed. Using the new RICH ring variables, the regular
analysis procedure, including eID cuts and pair cuts, is performed on the combined event. Finally, the pairs formed
by the combination of an electron track from simulation and a hadron track from data are extracted. The spectra are
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absolutely normalized using the 7% dN/dy values shown in Section IV. The absolutely normalized electron-hadron
pair spectra for the 0%—10% centrality bin are shown in Fig. 15. Contrary to the cross pairs and the jet pairs where the
like- and unlike-sign spectra have a very similar shape, the electron-hadron pairs exhibit a sizable difference between
the like- and unlike-sign spectra. The yield of electron-hadron pairs has a strong centrality dependence. It increases
by a factor of ~50 from peripheral to central collisions with respect to the 7¥ rapidity density. This increase is mainly
due to the expected scaling of the electron-hadron pairs with the square of the event multiplicity.

6. Background normalization

The cross pairs, jet pairs, electron-hadron pairs and bb decay pairs are absolutely normalized. The mixed event
technique provides only the shape of the combinatorial background. It needs to be normalized in order to be able
to subtract the background and extract the signal. The only free parameters of the entire procedure are thus the
normalization factors of the mixed event background like-sign spectra nf, and nf__. They are determined by
normalizing the mixed event background yield (Narx, ) to the foreground yield (Nrg,, __,), integrated over a
selected region of phase space, after subtracting the correlated pairs integrated over the same region:

Nra,y —Nep,, —Njp,, — Neu,, — Npp,,

nfiy = N
MIX, |
Nrg__ —Ncp._ —Nyp._ —Ngu__ — Npp__
nf__ =
Nurx_
where Nep, s Nyp. ., Ngm, __, and NBB++(——> are the integral yields of each source in the normalization

region. The normalization region is a window in the azimuthal angular distance of the two tracks A¢g. It needs
to satisfy two competing conditions. On the one hand, a small normalization window containing only combinatorial
pairs is preferred to avoid being affected by any residual yield (and systematic uncertainties) from the correlated
background sources. On the other hand, a wide normalization window is required to reduce statistical uncertainty.
The normalization windows used in this analysis for each centrality bin are shown in Table IIT together with the
corresponding number of like-sign pairs (Nps = Npg+++Npg——). The region of small opening angles that correspond
to small masses where the correlated pairs CP, JP and EH mostly contribute, is excluded in all centrality bins.

TABLE III. Normalization window for each centrality bin. The number of like-sign pairs Ny s in the window is also shown.

Centrality Normalization window Nrs
Adgo

0%—10% 0.7-3.14 5.1M

10%-20% 0.7-2.1 1.1M

20%—40% 0.7-2.1 660K

40%-60% 0.9-2.1 48K

60%—92% 0.9-2.1 3K

The combinatorial background in Egs. (7) and (8) is thus given by the normalized mixed-event background:

CByy(mee) =nfyy - MIX o (mee) (15)
CB__(mee) =nf__ - MIX__(Mee) (16)

As long as electrons and positrons are produced in pairs and these pairs are uncorrelated, the total unlike-sign
combinatorial background yield is the geometric mean of the total like-sign combinatorial yield, independent of single
electron efficiency and acceptance [23]:

OB+, == 2\/ CB++ . CB,, (17)

A similar relation holds true for the integral yields of the mixed-event background:

MIX, =2/MIX,, -MIX_ _ (18)
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The normalization factor nf;_ of the unlike-sign mixed event background is thus deduced from the normalization
factors of the like-sign mixed background, nf,; and nf__ as:

nfy— = nfiy -nf— (19)

In the present analysis, the square root relation, Eq. (17), is violated by two independent factors. First, the relation
does not hold true when pair cuts are applied to the spectra because pair cuts affect differently the unlike-sign and
like-sign spectra. Second, elliptic flow induces an inherent distortion of the square root relation. Flow does not create
or destroy particles. It only affects their azimuthal distribution and therefore in a perfect 27 detector there is no
effect and Eq. (17) is obeyed. However, in the case of the PHENIX detector, which is not a 27 detector, the relation
is violated as demonstrated in Appendix B. Relation (19) can still be used provided that the violation is the same in
the data and the mixed events. In the present analysis, we make sure that this is the case. We start from a situation
in which the mixed events satisfy Eq. (18). We then apply to the mixed events the pair cuts, exactly as to the
foreground events, and the flow modulation using a weighting factor procedure that is based on an exact analytical
calculation. Thus we make sure that Eq. (19) is still valid.

7. Quantitative understanding of the background

To illustrate our understanding of the background in quantitative terms, Fig. 16 shows a comparison of the MB
mass spectra for the foreground and the calculated background like-sign pairs.
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FIG. 16. (Color online) (a) Measured like-sign spectrum (open circles) together with the calculated background components
(histograms) for MB events. (b) Ratio of the like-sign spectrum to the sum of all the background components.

The top panel shows the foreground like-sign mass spectrum (open circles) together with the various background
components discussed above (the normalized combinatorial background, and the absolutely calculated cross pairs,
jet pairs and e-h pairs) and the bb pairs calculated as described in Section IV. The bottom panel shows the ratio
of the foreground like-sign spectrum to the sum of all the background components. Similar comparisons for the five
centrality bins used in this analysis are shown in Fig. 17.
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In general the background is well reproduced both in shape and magnitude. In particular, for the most central
bins, the background is reproduced with sub-percent accuracy. There are, however, a couple of regions where the
ratio foreground/background is different from one. There is a deviation of the order of a few percent at masses
Mee < 100 MeV/c?. This is clearly visible in the three most central bins. A number of factors could be responsible
for this deviation, such as scale errors in the cross pairs or the jet pairs. However, in this mass region the signal
to background ratio is relatively good as shown in Fig. 18 and a deviation of the order of a few percent in the
background is negligible. There also seems to be a deviation at me. > 1 GeV/c? for the 10%-20% and 20%-40%
centrality bins. This deviation could indicate underestimations of the flow or the back-to-back jet contributions, due
to the precision in these measurements, or the existence of an additional correlation that is not taken into account
in any of the calculated background components. To be conservative, this deviation is considered as evidence of
unsubtracted background and its magnitude is assigned as a mass dependent systematic uncertainty of the signal.
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FIG. 17. Ratios of the like-sign foreground spectrum to the sum of all the background components for the five centrality bins
used in this analysis.

Figure 18 shows the MB mass spectra of the foreground unlike sign events (FG, _), the calculated total background
(BG4_) and the raw signal obtained by their subtraction. The signal to background ratio is shown in the bottom
panel. This result will be discussed in reference to previously published PHENIX results in Section V C 1.

F. Raw Spectra and Efficiency Corrections

Figure 19 shows the raw mass spectra, obtained after subtracting the pair background, for the five centrality bins
of this analysis.

To obtain the invariant mass spectrum inside the ideal PHENIX acceptance, the eTe™ raw mass yield is corrected
for reconstruction efficiency effects according to:

AN 1 N(me) 1
dmee - Neve Amee Eg(:i?l (20)

where Nyt is the number of events, N(mg) is the number of eTe™ pairs with invariant mass m.. and Ame, is the

mass bin width. efr’)‘;ti‘jl is the total pair reconstruction efficiency that includes the elD efficiency of the neural networks,
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FIG. 18. (a) MB mass spectra of the unlike sign foreground events (FG4_), the calculated total background (BG+_) and the
raw signal S. (b) The signal to background ratio.

o
=
N

losses incurred by dead or inactive areas in the detector, pair cut losses and detector occupancy effects. The total

pair reconstruction efficiency engi‘;‘l can thus be written as:

totgl —¢

elID live ghost _mult
pair — ®pair ’ ’ ’ (21)

€ epair 6pair pair

where €¢/P is the ete™ pair reconstruction efficiency including the efficiency of all the electron identification cuts

pair )
and the HBD double-hit rejection cut, ei};’i‘; is the pair efficiency from the detector active area with respect to the
ideal PHENIX detector acceptance, egzg‘gt reflects the efficiency loss due to the pair cuts that remove ghost pairs in

the various detectors (see Section IIID) and egfr” is the multiplicity dependent efficiency loss discussed below in this
subsection.
elD | ;mult

The single electron reconstruction efficiency, defined as € = €pair * Epair 18 shown in Fig. 20 vs pp for the five
centrality bins. This efficiency is not actually used in the analysis. It is shown here for illustration purposes. The
change of efficiency below 0.3 GeV /¢ arises from the cut optimization in two pr ranges (see Section IIICT).

The product Eg;ﬁ) . eg;’ier . eggi'ft is determined as follows. A cocktail of all the known hadronic sources contributing
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FIG. 20. (Color online) Single electron reconstruction efficiency vs. pr for the five centrality bins.

so1 to the eTe™ pair spectrum is generated within |n| < 0.6 and 27 in azimuthal angle. Details about the various sources
sz of the cocktail are given in Section IV. The cocktail is passed through a full GEANT simulation of the PHENIX
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detector [49] and analyzed in the same way as the data, including eID cuts, fiducial cuts and pair cuts. The resulting
output is referred to as the reconstructed cocktail. The ratio of this reconstructed cocktail to the generated cocktail
filtered through the ideal PHENIX acceptance (but without momentum smearing), gives the product egég . g;ﬁ g};ior‘qt.
This correction is derived in the two dimensional space of mass-pair pr.

Special care is taken to tune the simulations to the data to ensure that the detector response in the simulations is
the same as in real data for all the subsystems involved in the analysis. As an example, Fig. 21 shows a comparison of
a few electron identification variables in data and simulations. For this comparison we use a clean sample of electrons
provided by fully reconstructed n° Dalitz decays with an opening angle larger than 100 mrad from the 60%-92%
centrality bin where the occupancy effects are very small and can be ignored. The eID variables of the two tracks

€ €

from these pairs are compared to those of 70 — ete™ 7 simulations.
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FIG. 21. (Color online) Comparison of electron identification variables in data (black) and in simulations (red). The variables
are described in Section ITIC. electrons in data and simulations are from fully reconstructed 7° Dalitz decays with opening
angle larger than 100 mrad.

The HBD occupancy effects are taken into account by embedding the HBD hits from the cocktail simulation into

real HBD events, and thus are included in the product egéﬁ’ . if;’fr ng’ft. There are two other occupancy effects in

the central arms that need to be taken into account and are included in Eq. (21) by the additional multiplicative

factor egf;fr”. The first one is the decrease of track reconstruction efficiency as the detector occupancy increases with

€ - €

centrality. This loss is referred to as e;g}fed and is determined by an embedding procedure. Electrons from ¢ decays

that are reconstructed in single particle simulations, are embedded into real Au+Au events. Then the embedded
events are run through the full reconstruction software chain and analyzed in exactly the same way as the data. The
embedding efficiency for single tracks eﬁmi’ﬁg is determined as the ratio of the number of reconstructed electron tracks
from embedded data to the number of embedded tracks. The pair embedding efficiency is calculated as the square of
the single track embedding efficiency, ef7i¢? = (62%1;721)2

The second occupancy effect comes from the initial rejection of background electrons, discussed in Section IIT1C 2,

where PMTs fired by background electron tracks are removed. If such an electron is close to a signal electron in the
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RICH, the associated PMTs of the signal electron are also removed. The probability for this to happen is relatively
small and increases with multiplicity. This loss is referred to as eg;i)rM T and it is estimated by monitoring the yield of
ete™ pairs below 20 MeV /c? before and after erasing the PMTs for each centrality bin. This mass region is dominated
by Dalitz decays and ~ conversions and provides a clean electron pair sample with a signal-to-background ratio of

~200 even for the most central events. Using these efficiency losses, €% can be expressed as:

pair
mult __ _embed TPMT
€pair — €pair ° Cpair (22)
Table IV summarizes the values of e;g{fed and eg£rM T for the five centrality bins.

TABLE IV. Efficiency loss due to detector occupancy in the central arms eg’;i’m and to the tagging of RICH PMTs discussed
in Section III C2 for the five centrality bins used in this analysis.

Centrality
0%—-10% 10%—20% 20%-40% 40%—-60% 60%—-92%
egmped 0.53 0.65 0.76 0.86 0.95
enit ™ 0.88 0.92 0.94 0.98 1.00
Figure 22 shows the total pair reconstruction efficiency eé‘fi‘;l for pair py within 0.8-1.0 GeV/c for each centrality
bin.
E s: T T T T I T T T T I T T T T I T T T T I T T T T
g8 i
w o Centrality 60-92%
B v Centrality 40-60% T
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FIG. 22. (Color online) Pair efficiency correction for the pair pr range between 0.8 and 1.0 GeV/c for each centrality bin.
This represents the total efficiency including the eID selection cuts based on neural networks, losses in the acceptance due to
detector inactive areas, losses induced by the pair cuts and occupancy effects in the central arm detectors.

G. Systematic Uncertainties

The main systematic uncertainties on the corrected data arise from uncertainties on the electron identification, the
acceptance and the background subtraction. They are discussed in detail below and summarized in Table V. These
uncertainties move all data points in the same direction but not by the same factor

1. Systematic uncertainty on electron identification and occupancy effects

As described in Section IIIC, electron identification is achieved using three neural networks. Different threshold
cuts for the neural networks result in different electron identification efficiency and occupancy effects. The thresholds
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TABLE V. Summary of systematic uncertainties assigned to the corrected data for MB collisions.

Component Mass range Systematic uncertainty
elD + occupancy effects +4%
Acceptance (time) +8%
Acceptance (MC) +4%
Combinatorial background 0-5 GeV/c2 +25% (mee = 0.6 GeV/c2)
Residual yield 0-0.08 GeV/c? —5% (Mee = 0.08 GeV/c?)
Residual yield 1-5 GeV/c? —15% (Mee = 1 GeV/c?)

in the neural networks are varied by +20% around the selected values and the variations of the electron pair yield
in the mass region m.. < 150 MeV/c?, after applying the efficiency correction, are used to assess the systematic
uncertainty of electron identification and occupancy effects.

By changing the thresholds by +20% the raw electron pair yield changes by about +50%. However, once the
corresponding efficiency corrections are applied, the variations are below 4% for all the centrality bins. Based on
these results, we assign a +4% systematic uncertainty on the electron identification.

2. Systematic uncertainty on the acceptance

We consider two sources of systematic uncertainties on the acceptance: variations of the pair acceptance vs time
and variations of the pair acceptance between data and MC simulations.

The pair acceptance systematic uncertainty vs time is studied by considering the variations of the number of electron
pairs per event for each run group. The weighted average of the rms of the number of electrons per event in the five
run groups is found to be 8% and it is taken as the systematic uncertainty of the acceptance variation over time.

The systematic uncertainty on the data vs MC pair acceptance is studied by comparing the reconstructed 7°
yield in data and simulations. In data we select reconstructed pairs with m.. < 100 MeV/c?, after subtracting the
combinatorial and correlated components of the background, using data from one of the run groups. In the MC
simulations we use reconstructed pairs in the same mass range from 7° Dalitz decays applying the fiducial cuts for the
corresponding run group. The entire detector is divided into four sectors. Data and MC simulations are normalized
in one sector. The variations of the yield ratios between data and MC simulations in the other sectors ranges between
1% and 8%. The weighted average of these variations is found to be 4% and it is taken as the systematic uncertainty
of the acceptance agreement between data and MC simulations.

8. Systematic uncertainty on the background subtraction

We consider two sources of systematic uncertainties on the background subtraction:

(i) Uncertainty on the combinatorial background subtraction. It is primarily due to the uncertainty in the normal-
ization factor, and the latter is determined by the statistics in the normalization window, namely by 1/v/Npg (see
Section IITEG6). This translates into a relative uncertainty of the signal 65/S = 1/4/Nps x B/S. The ratio B/S
depends both on mass and centrality. In Table V we quote the uncertainty at me. = 0.6 GeV/c? which represents
the worst case in mass, for MB events. The centrality dependence results in variations of the order of 15% from the
MB values.

(ii) In the ideal case, the like-sign residual yield, i.e. the like-sign yield after subtracting all the background sources,
should be zero. In practice it is not. As shown in Figs. 16 and 17, there is a small residual yield. In this analysis,
we assume that any residual yield is entirely due to unsubtracted background, and we take it as an additional source
of systematic uncertainty, after transforming it into unlike-sign residual yield via the acceptance correction factor a.
This uncertainty takes into account any possible discrepancy in shape or magnitude of the various subtracted sources
of background. The factor o accounts for the different acceptance of the PHENIX detector for like and unlike sign
pairs. It is calculated as a function of pair mass and pair py using the mixed event background as:

MIX, _(m,pr)
) 2
a(m,PT) MIX++(m,pT)+MIX——(m’pT) ( 3)
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FIG. 23. (Color online) (a—e) Unlike-sign residual background yield derived from the like-sign residual yield, obtained after
subtracting all background sources, via the acceptance correction factor o (see text). The legend and the dashed lines show
the results of constant fits below 80 MeV/c? and above 1 GeV/c?. (f-j) Zoomed views in the vertical axis for the 0.2-1 GeV/c?
mass range.

Figure 23 panels (a)—(e) show « times the like-sign residual yield divided by the sum of all unlike-sign background
sources as a function of mass for the five centrality bins, which represent the relative residual background yield
in the unlike sign mass spectrum. The mass regions m.. < 0.08 GeV/c?, 0.2 GeV/c? < mee < 1.0 GeV/c? and
Mee > 1 GeV/c? are fitted to a constant to quantify the magnitude of the residual unlike-sign yield. The fit results
are also shown. Figure 23 panels (f)—(j) show zoomed views in the vertical axis for the 0.2-1 GeV/c? mass range. The
fits in the mass region m.. = 0.2-1.0 GeV/c? give results that are consistent with zero for all centrality bins. For the
other two mass ranges, the residual yields are considered as sources of systematic uncertainties if their significance is
larger than 20.

The total systematic uncertainty in the background subtraction is obtained as the quadratic sum of the systematic
uncertainties due to the combinatorial background subtraction and the residual yield. Both contributions are listed in
Table V for MB collisions. It is worth noting that the systematic uncertainty of the background subtraction is much
lower than the required accuracy to measure a signal with the S/B values shown in Section IITE 7.
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H. Cross checks

A second independent analysis was performed as a cross check. The key features of the second analysis are discussed
here. A more detailed description is given in Appendix C. The second analysis is similar to the analysis described
in Ref. [23], but it makes use of the HBD and includes all the important improvements developed in this work. In
particular, it makes use of the time-of-flight information for better hadron rejection, implements the shape distortion of
the mixed event background due to elliptic flow (Section IITE 2), subtracts the correlated electron-hadron background
(Section IITE5), and explicitly considers the away-side jet-pair component in the background subtraction (Section
IITE4).

Important elements of the independent analysis are different from those of the main analysis. The most significant
differences are: (i) The HBD underlying event subtraction is done using the average charge in the vicinity of a track
as opposed to the average charge in a module as used in the main analysis. (ii) Electron identification is achieved by
a sequence of independent one-dimensional cuts on each of the electron identification variables instead of the neural
network approach. (iii) The normalization of each background source is determined from a fit to the like-sign spectra,
in contrast to the main analysis where all the correlated background sources are absolutely normalized and only the
combinatorial background is normalized to the like sign spectra.

The second analysis results in a factor of two smaller signal-to-background ratio and a 10% reduction in purity of
the electron sample in central collisions. However, once corrected for efficiency, the results of the second analysis are
consistent within uncertainties with those obtained with the main analysis described in this section.

IV. COCKTAIL OF HADRONIC SOURCES

In this section we describe the procedures used to calculate the expected dielectron yield from hadronic decays,
commonly referred to as the hadronic cocktail, that will be compared to the experimental results in Section V.
The known ete™ sources are calculated using the EXODUS, PYTHIA and MC@NLO event generators. EXODUS is
a phenomenological generator that simulates phase space distributions of the relevant electron sources and their
decays [50]. It generates the photonic sources, i.e. Dalitz decays of light neutral mesons: 7°, 1, o’ — eTe™ v and
w — ete 7Y and the nonphotonic sources, i.e. dielectron decays of mesons: p, w, ¢, J/1p — eTe™. PYTHIA [46]
and MCQNLO [51, 52| are used to generate the correlated pairs from semi-leptonic decays of heavy flavor (charm and
bottom) mesons. The hadrons are assumed to have uniform pseudorapidity density within |n| < 0.35 and uniform
azimuthal distribution in 27. Once generated, the sources are filtered through the ideal acceptance of the PHENIX
detector and smeared with the detector resolution for comparison to the measured invariant mass spectrum.

A. Neutral pions

The dominant electron source as well as the fundamental input for EXoDUS is 7°. The shape of the 70 pz distribution
is parameterized as:
d3o 1

F— x
d*p " (emWPT=T 4 pr /po)n

(24)

The parameters, a, b, pg and n, are obtained by a simultaneous fit of the PHENIX published results for 7° [53, 54] and
charged pions [55]. The resulting fit parameters are shown in Table VI for the five centrality bins of this analysis. The

absolute magnitude of the 7° rapidity density, dN,o/dy, is obtained by fitting the cocktail to the data (see Section
IVD).

TABLE VI. Fit parameters derived from the 7° and charged pion pr distributions [63-55] for different centralities using Eq.
(24).

Parameter 0%-10% 10%—20% 20%—40% 40%—-60% 60%—92%
a [(GeV/e)™Y 0.57 0.53 0.43 0.36 0.33
b [(GeV/e)™?] 0.19 0.16 0.11 0.13 0.088
po [GeV/c] 0.74 0.75 0.79 0.76 0.74

n 8.4 8.3 8.5 8.4 8.4
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B. Other mesons

The pr distributions of other light mesons are based on the parametrization of the pion spectrum assuming myp

scaling [23], i.e. Eq. (24) is used with pr replaced by \/ P2+ m?2 —m?,. This assumption reproduces well the

measured light meson pp distributions in Au+Au collisions as demonstrated in [23]. The absolute normalization for
each meson is provided by the ratio of the meson to 7° invariant yield at high pr (pr > 5 GeV/c). We use the values
from Ref. [44], summarized in Table VII.

TABLE VII. Meson to 7° ratio at high pr (pr > 5 GeV/c) obtained from PHENIX data in p+p collisions [44].

0 0

n/m p/m w/7° n/x° ¢/’

0.48 1.0 0.90 0.25 0.40

The values were obtained from p+p collisions and are taken to be valid for Au+Au collisions because at high pr
the suppression of all mesons is found to be very similar to the ¥ suppression and consequently the meson/7° ratios
in Au+Au collisions remain unchanged with respect to the ratios in p+p collisions [56-58].

For the pr distribution of the J/1 we use the neutral pion pr spectrum measured in p+p collisions [47], assuming
my scaling. Detector effects on the J/t line shape are taken into account by passing the decay ete™ through a
GEANT simulation of the PHENIX detector. The resulting pr integrated invariant ete™ mass distribution is then
normalized to the measured cross section in p+p collisions [23] and scaled to Au+Au collisions by the corresponding
(Neon) and the measured R44 for each centrality bin [59].

C. Open heavy flavor

The correlated ete™ yield from open heavy flavor decays is simulated using two different p-+p event generators,
PYTHIA and MC@NLO, and measured c¢ and bb production cross sections.

PYTHIA simulations are used to calculate gluon fusion, the dominant process for heavy-quark production, in leading-
order perturbative QCD. Specifically, we use PYTHIA-6 [60] 2 and CTEQS5L as input parton distribution functions. The
MC@NLO package (vers. 4.03) [51, 52] is a next-to-leading order simulation that generates hard scattering events.
These events are subsequently fed to HERWIG (vers. 6.520) [61] for fragmentation in vacuum.

We use the cé- and bb-production cross sections measured by PHENIX [62], by fitting the event generator (PYTHIA
or MC@NLO) output to the measured dielectron mass spectrum in d+Au collisions for m.+.- > 1.15 GeV/c?. These
cross sections were scaled by the average number of d+Au binary collisions ({Ncon1)) to give the p+p equivalent cross
section. For bb, both generators gave within uncertainties the same result for the cross section extrapolated to zero
invariant mass [62]:

pp
dUbE

v = 1.36 & 0.32(stat) £ 0.44(syst) ub (25)
Y

y=0

The c¢ cross section strongly depends on the event generator. The MC@NLO yields the following cross section [62]:

do??
- = 287 + 29(stat) & 100(syst) ub (26)
dy ly=0
whereas PYTHIA gives:
do??
—= = 106 + 9(stat) £ 33(syst) ub (27)
dy ly=0

This cross section, derived from eTe™ data in d+Au collisions, is consistent within uncertainties with the cross section
derived from measurements of single electrons from semileptonic decays of heavy flavor mesons in p+p collisions,

2 We use PYTHIA-G6 [60] with the following parameters MSEL[cé]=4 or MSEL[bb]=5, MSTP(91)=1, PARP(91)=1.5, MSTP(33)=1,
PARP(31)=1.0, MSTP(32)=4, PMAS(4)=1.25, PMAS(5)=4.1.
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FIG. 24. (Color online) Comparison of the invariant dielectron yield from correlated heavy flavor meson decays for MB Au+Au
collisions calculated with PYTHIA (solid line) and MC@NLO (dashed line) using the do?? /dy cross sections of 106 ub and 287
ub, respectively [62], scaled by (Neon).

extrapolated to pr = 0 GeV/c using PYTHIA simulations [44]. MC@QNLO was not used to derive the heavy flavor cross
section from measurements of single electrons.

The two results, Eqs. (26) and (27), although consistent within ~1.2 o, yield central values which differ by a factor
of ~2.5. This difference comes mainly from the extrapolation of the dilepton yield from m.. > 1.15 GeV/c? to mee
= 0 GeV/c?, as illustrated in Fig. 24. Figure 24 also shows an absolute comparison of the PYTHIA and MC@QNLO
dielectron invariant yields from correlated heavy flavor meson decays in MB Au+Au collisions, obtained by Ncon
scaling of the p+p cross sections quoted in Eqs. (26) and (27). At high masses, me. > 1.15 GeV/c?, both generators
give by construction the same yield, with a very small difference in shape. However, at low masses there is a large
discrepancy in the absolute yield.

The d+Au (as well as the p+p) inclusive dilepton yield is not very sensitive to this variation of the cross section
because the large effect at low masses is diluted by the contributions from light meson decays. The situation is
quite different in Au+Au collisions. The yield from light meson decays scales approximately with Npa¢, whereas the
contribution from heavy flavor scales with N.o making the latter dominant at low-masses in central collisions. The
choice of the generator used to simulate the c¢ contribution will therefore affect the total cocktail yield at low masses
and will influence the interpretation of the Au+Au data in terms of an excess with respect to the cocktail. The results
will be presented in the next section using PYTHIA for an easier comparison with previously published results but
both generators, PYTHIA and MC@NLO, will be considered in the discussion.

D. Cocktail normalization

In the present analysis we use the precisely measured ete™ data at low masses to derive the normalization of the
cocktail of hadronic sources. In the restricted phase space defined by me. < 0.1 GeV/ ¢ and pr /Mee > 5 the inclusive
ete™ yield is dominated by 7° Dalitz decays with a small contribution of direct virtual photons and an even smaller
contribution of 7 Dalitz decays. To a very good approximation the mass spectrum of these three sources has a 1/me.
dependence and their relative magnitude is well known. The ratio of direct photons to 7° is known from PHENIX
measurements [63, 64] and the ratio of 1 to 7° can be easily obtained from the PHENIX measurement at high pr [58]
and the my scaling as described in Section IV B. By fitting the cocktail+direct virtual photons to the data in the
restricted phase space defined above, one obtains the rapidity density dN o/dy that determines the normalization of
the cocktail. The values are found to be consistent with measurements of neutral and charged pions [53-55] within
the systematic uncertainties of cocktail and data.

Alternatively, the cocktail can be absolutely normalized using the 70 rapidity density dNo/dy derived from these
measurements as done in Ref. [23]. The cocktails obtained with these two procedures are compared in Fig. 25. The
results differ at masses m.. < 100 MeV/c? by about 25% which is approximately the contribution of the virtual direct
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photons. However, for the mass range of interest, that is typically 0.3-0.76 GeV/c?, the difference is smaller and
amounts to only 15%. In this mass range, the yield is dominated by the contributions from correlated heavy flavor
decays and changing dN o /dy by ~25% has a minor effect on the inclusive ete™ yield. At even higher masses, M.
> 1 GeV/c?, the two procedures yield exactly the same results. The present procedure is adopted to be consistent
with the known contribution of internal conversion.

& L L L L
-~ T
% 10 Au+Au \|s,, = 200 GeV Minimum Bias E
=100k .
Q N, e Absolute normalization 3
c C o\ .
%10—4 E Normalization to m,,<0.1 GeV/c*~
8 3
S ]
® A5
<10 " F E|
4 E 3
Z - ]
£10°F E
£ 3 ]
E%10_7 EI 1 1 1 I
g 0 1 2 3 4 5
4 Mee (GeV/c?)

FIG. 25. (Color online) Cocktail of hadronic sources for the 2010 run with normalization provided by fitting to the present
eTe” invariant yield at masses me. < 0.1 Ge\//c2 (black line) or with absolute normalization to the 70 rapidity density derived
from measurements of neutral and charged pions [53-55] (dashed line).

E. Systematic uncertainties on the cocktail

The systematic uncertainties of the cocktail ingredients are estimated and propagated to determine the total cocktail
systematic uncertainty. The following uncertainties are considered:

(i) Light meson to ¥ ratio: We adopt the same systematic uncertainties used in Ref. [23], namely +30% for 7, w
and ¢, £33% for p and £100% for 7'.

(ii) Direct photon: The systematic uncertainties in the direct photon dN/dy are taken from Ref. [64]. They range
from +24% to £70% from central to peripheral collisions, respectively.

(iii) Open heavy flavor (c¢, bb): We use the systematic uncertainties of the open heavy flavor cross sections given
in Egs. (26) or (27) for c¢ and (25) for bb, taken from Ref. [62]. The (Ncon) systematic uncertainties shown in Table
II are added in quadrature when the p-+p cross sections are scaled to Au+Au collisions.

(iv) J/4: The systematic uncertainty of the J/v cross section in p+p collisions is estimated to be £14% [65]. The
systematic uncertainties in (Neon) and J/i¢p Raa are added in quadrature. The R44 uncertainties are taken from
Ref. [59], ranging from +22% to £35% depending on centrality.

A summary of the cocktail systematic uncertainties is presented graphically in Fig. 26, which shows the systematic
uncertainty of each cocktail component together with the total cocktail systematic uncertainty, determined as their
quadratic sum.

F. The Au+Au Cocktail

The cocktail, calculated as described above, using the PYTHIA generator for the open heavy flavor contributions, is
presented in Fig. 27 for MB Au+Au collisions together with the individual components of the cocktail. For comparison,
Fig. 27 also shows the total cocktail using MCQNLO for the open heavy flavor contributions. The differences discussed
above in Section IV C are clearly reflected in this comparison.
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FIG. 26. (Color online) Systematic uncertainties assigned to each cocktail component and the total cocktail systematic uncer-

tainty for MB events.
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FIG. 27. (Color online) Cocktail of hadronic sources for the 2010 run (black solid line) using the PYTHIA generator for the open
heavy flavor contributions. The individual components of the cocktail are also shown. For comparison, the total cocktail using

MC@NLO is shown (black dashed line).

V. RESULTS AND

DISCUSSION

A. Invariant mass spectra

Figure 28 shows the invariant mass spectrum of ete™ pairs within the PHENIX acceptance (as defined in Section
oz ITE1) for MB Au+Au collisions. The spectra are subject to a pr cut of 0.2 GeV/c on the single electron tracks
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and to a 100 mrad cut on the pair opening angle. Statistical and systematic uncertainties on the data points are
shown separately by vertical bars and boxes, respectively. Figure 28 also compares the measured spectrum to the
cocktail of expected ete™ sources, where PYTHIA is used to calculate the correlated pairs from heavy flavor decays.
The individual contributions to the cocktail are shown in the figure.
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FIG. 28. (Color online) Invariant mass spectrum of ete™ pairs in MB Au+Au collisions within the PHENIX acceptance
compared to the cocktail of expected decays.

See Section IV for details about the cocktail calculation. The total systematic uncertainty of the cocktail is shown
by the yellow band. The bottom panel shows the ratio of data to cocktail.

Figure 29 shows the invariant mass spectra of eTe™ pairs for the five centrality bins analyzed in this work, compared
to the cocktail.

For a more detailed discussion of the centrality and transverse momentum dependencies of the dielectron yield, we
consider three mass regions:

(a) the mass region me. < 0.10 GeV/c? that is dominated by the 7° Dalitz decay.

(b) the low-mass region (LMR), 0.30 < me. < 0.76 GeV/c?, below the p meson mass, that is the most sensitive
region to in-medium effects.

(c) the intermediate-mass region (IMR), 1.2 < m.. < 2.8 GeV/c?, that is dominated by the correlated pairs from
the semi-leptonic decays of charm and bottom mesons.

Figure 30 shows the pair pr distribution for these three mass intervals in MB collisions. In the following sections
we discuss the results in these three mass intervals.
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FIG. 29. (Color online) Invariant mass spectra of ete™ pairs in Au+Au collisions within the PHENIX acceptance for the
various centrality bins. The lines represent the total expected yield from all the sources indicated in Fig. 28.

B. 70 Dalitz region

The mass region me. < 0.10 GeV/c? is dominated by the 7° Dalitz decay with a small contribution of direct virtual
photons of ~20% and an even smaller contribution of the n Dalitz decay of ~10%. We discuss here only the shape
of the pr distribution because the integrated dielectron yield in this mass interval was used to normalize the cocktail
for the five centrality bins as described in Section IV. Figure 30 compares the measured dielectron pr distribution
for MB collisions in this mass interval to the pr distribution of the hadronic cocktail that uses the parametrization
for the 7° and 1 mesons [Eq. (24)]. The agreement between the two distributions, in shape and magnitude, is very
good when adding the measured yield of direct virtual photons.

C. Low-mass region (LMR)

In the LMR, the yield is expected to be saturated by the light mesons (7, p and w) and the ¢¢ contribution. Figure
28 shows an enhancement of eTe™ pairs with respect to the cocktail in MB collisions. The enhancement develops with
centrality as shown in Fig. 29 and it appears to be distributed over the whole pp range covered by the measurement,
as can be seen in Fig. 30. We quantify the effect by the enhancement factor defined as the ratio of the measured
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FIG. 30. (Color online) MB invariant pr distributions for three mass windows as indicated in the legend. The solid lines
represent the expected pr distributions of the hadronic cocktail and the shadowed bands around the lines represent the cocktail
systematic uncertainties. The dotted lines include the contribution from direct photons in the phase space region where they
can reliably be calculated, i.e. pr/mee > 5.

over expected dilepton yield integrated in the LMR. As discussed in Section IV C, the cocktail yield in this mass
region depends on the generator, PYTHIA or MC@NLO, used to calculate the open heavy flavor contribution. The
enhancement factors obtained with PYTHIA are shown as a function of centrality in Fig. 31 and they are listed in
in Table VIII for the two cases. The enhancement factors are approximately 40% higher when PYTHIA is used to
calculate the open heavy flavor contribution instead of MCQNLO.

1. Comparison to previous PHENIX results

The enhancement factors quoted above are significantly smaller than those previously reported by PHENIX [23]
in the same Au+Au collision system at the same energy of /s, = 200 GeV. There are a number of significant
differences, both qualitative and quantitative, between the two analyses:

e Hadron contamination: The purity of the electron sample is very different in the two cases. In [23] the hadron
contamination was 30% in central Au+Au collisions, whereas in the present analysis, the HBD enabled this
contamination to be reduced to less than 5% at all centralities.
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TABLE VIII. Enhancement factors, defined as the ratio of measured over expected dilepton yield in the mass region me. =
0.30-0.76 GeV/cQ7 for the five centrality bins and for MB. The enhancement factors are quoted separately for the two cases
where the correlated yield from c¢ decays is calculated with PYTHIA or MC@QNLO. The +model uncertainties represent the
cocktail systematic uncertainties.

Centrality Enhancement factor +stat £syst +model
MC@NLO cc PYTHIA cC

MB 1.7 £0.3 £0.3 £0.2 2.3 £0.4 £0.4 +0.2
0%—10% 2.3 £0.7 0.5 +0.2 3.2 £1.0 £0.74+0.2
10%-20% 1.3 £0.4 £0.5 £0.2 1.8 £0.6 £0.7 £0.2
20%—-40% 1.4 +0.2 £0.3 £0.2 1.8 0.3 £0.4 £0.2
40%—60% 1.2 +0.2 £0.3 £0.2 1.6 £0.2 £0.4 £0.2
60%-92% 1.0 £0.1 £0.2 £0.2 1.4 £0.2 £0.3 +£0.2

e Signal sensitivity: The signal sensitivity is usually quantified by the signal to background S/B ratio. The S/B
values displayed in Fig. 18 are similar to those quoted in Ref. [23]. This is however, a misleading comparison,
because in a situation of subpercent S/B ratio, the magnitude of S critically depends on the accuracy of
the background subtraction. A better way to assess the sensitivity of the measurement is provided by the
cocktail /background, C'/B, ratio. From the signal/background ratio and the enhancement factors quoted in
Ref. [23], we estimate an average value of C'/B over the mass range m.. = 0.15-0.75 GeV/c? of ~1/600 in MB
collisions. In the present analysis the same ratio is found to be ~1/250. In addition to that, one should take
into account that in the 2010 run with the +— field configuration there is a larger track acceptance of ~20%.
This rough estimate indicates that at the same multiplicity the signal sensitivity in the present analysis is larger
by a factor of ~3.5 compared to the previous one.

e Pair cuts: Loose pair cuts were applied in Ref. [23] compared to the cuts used in this analysis. The cuts
used in Ref. [23] are found to leave a sizable amount of detector induced correlation in the mass region me, =
0.4-0.6 GeV/c2.

e Flow: As demonstrated in Section IIIE 2 the collective flow that is inherent to nuclear collisions, affects the
shape of the combinatorial component of the background and violates the square root relation [Eq. (17)]. These
two effects were not taken into account in the data analysis of Ref. [23].

e FElectron-hadron pairs: As shown in Section IITE 5, the e-h pairs originate in the central arm detectors and in
particular in the RICH detector. This source of correlated pairs was not considered in [23].
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e Away-side jet component: The away-side jet component of the correlated background was found to be negligible
in [23] and only the near-side jet component was considered. In the present analysis, both components are
absolutely calculated. The away-side component is indeed relatively small but both components are considered
and subtracted.

e Background subtraction procedure: In Ref. [23], the shapes of the three components of the background (combi-
natorial background, cross pairs and near-side jet) were calculated whereas their absolute scales were obtained
by fitting to the like-sign spectra. In the present analysis, all components of the correlated background (cross
pairs, jet pairs and electron-hadron pairs) are calculated and subtracted in absolute terms. There is only one
free parameter in the background subtraction procedure, namely the normalization factor of the combinatorial
background.

In conclusion, we do not confirm our previous report of a large excess seen in the LMR [23]. The differences listed
above affect the yield in the mass region where the excess was reported but not always in the same direction. For
example, the loose pair cuts lead to under subtraction of the background whereas neglecting the flow modulation,
has the opposite effect namely it leads to over subtraction in the mass region where the excess was observed. These
differences also do not affect the unlike-sign yield by a similar magnitude. The hadron contamination, the loose pair
cuts and the electron-hadron pairs are the most significant ones in this respect. Taking all the differences together,
the present analysis is much improved compared to the previous one and we thus consider the previous result on the
low-mass excess to be superseded by the results presented here.

2. Comparison to STAR results

Recently, STAR published results on ete™ production in Au+Au collisions at /5, = 200 GeV [66, 67]. In
the same mass range of m.. = 0.30-0.76 GeV/c?, STAR observes an excess of dielectrons and quotes a value of
1.7740.115%% 4 0.245¥5 4 0.33™°%¢! in MB collisions, for the ratio of the dielectron yield to the hadronic cocktail
excluding the p meson contribution. There are two factors that should be taken into account when comparing the
STAR results with those quoted in Table VIII. First, excluding the p contribution results in an increase of about 10%
of the data to cocktail ratio. Second, STAR uses PYTHIA with a charm cross section do.z/dy = 171 £26 pb [66] which
is between the PHENIX cross sections quoted in Section IV for PYTHIA and MC@QNLO. Taking those two differences
into account, as well as the experimental uncertainties, we find that the results of the two experiments are consistent
in the LMR. The centrality and pr dependencies of the enhancement reported in [67] are also consistent with our
results.

D. Intermediate-mass region (IMR)

The IMR is dominated by correlated pairs from the semi-leptonic decays of DD mesons, with a small contribution
from BB mesons and an even smaller contribution from Drell Yan. The latter is neglected in the cocktail calculation.
This mass interval is singled out by theory as the most sensitive window to identify the thermal radiation of the QGP
in the dilepton spectrum [68, 69].

The results displayed in Figs. 28 and 29 show a small enhancement of dileptons in the IMR with respect to the yield
from c¢ decays calculated using PYTHIA. The enhancement factors are shown in Fig. 32 as a function of centrality
and the values are listed in Table IX. The results are consistent with those of Ref. [23] within the large experimental
uncertainties of the latter. There is very little difference in the dilepton yield in this mass interval if MC@QNLO is used
instead of PYTHIA, as demonstrated in Fig. 27. The shapes are very similar and the integral yields in the IMR differ
by less than 10% in the two cases.

Using PYTHIA, the enhancement factor in MB events is ~1 standard deviation away from unity. However, the
data to cocktail comparison discussed above, represents an extreme case in which it is assumed that the correlations
between the c¢ pairs in Au+Au collisions are the same as in p+p collisions. It is however, well known that heavy
flavor quarks exhibit energy loss and collective flow in the medium formed in Au+Au collisions, as manifested for
example in measurements of single electrons [44, 70]. This should affect the correlation between the eTe™ pairs from c¢
decays. Lacking a suitable generator to model this effect, we consider also the opposite extreme approach in which we
assume that the pair is totally decorrelated. The invariant mass is calculated using two electrons randomly selected
from the measured pr distribution of single electrons from heavy flavor decays [44], with uniform distributions in
pseudorapidity and azimuthal angle. The pair is filtered through the ideal PHENIX acceptance and the integral is
normalized to the calculated PYTHIA yield from c¢ decays. This extreme case results in a softer mass distribution in
the IMR as can be seen in Fig. 33.
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FIG. 32. (Color online) Data to cocktail ratio in the IMR versus centrality. The cocktail uses PYTHIA for the c¢ contribution
(left scale) or random c¢ contribution (right scale). The shaded band represents the PYTHIA cocktail systematic uncertainty.
The same uncertainty applies also to the random cé cocktail.

TABLE IX. Enhancement factors, defined as the ratio of measured to expected dilepton yield in the mass region me. = 1.2—
2.8 GeV/c?, calculated using PYTHIA for the five centrality bins and for minimum bias. The last line gives the enhancement
factor assuming random correlation (see text).

Centrality Enh. factor £stat £syst £model
PYTHIA cC
0%-10% 1.3 £0.7 £0.2 £0.3
10%-20% 1.8 £0.5 £0.3 £0.3
20%-40% 1.8 £0.2 752 +0.3
40%-60% 1.1 £0.2 £0.1 +£0.3
60%-92% 1.0 £0.2 £0.1 £0.3
MB 1.5 +£0.3 £0.2 £0.3
MB (random cc) 2.5 £0.5 £0.3 +0.3

There is a small yield depletion at high masses compensated by a higher yield at low masses. The integral in the
IMR is lower resulting in enhancement factors that are ~70% larger compared to those derived from PYTHIA. The
enhancement factor in MB collisions is quoted in the last line of Table IX and the centrality dependence is seen by
comparing the data points to the dot-dashed line in Fig. 32.

E. Comparison to theory

In this section we compare our results to the model originally developed by Rapp and Wambach [71, 72]. The model
uses an effective Lagrangian and a many body approach to compute the electromagnetic spectral function which is
the main factor in the calculation of the dilepton production rates. In the LMR, the spectral function is saturated
via vector meson dominance, by the light vector mesons, in particular the p meson, whereas at larger masses it is
dominated by multipion states or equivalently, via quark-hadron duality, by ¢q annihilation. The dilepton yields are
obtained by an appropriate integration of the thermal rates over the space-time evolution of the fireball. This model
was very successful in reproducing the low-mass dilepton enhancement discovered at SPS by the CERES experiment
and later further studied by the NA60 experiment. In the comparison below, we use an improved version of the model
that incorporates recent developments, a nonperturbative QGP equation of state and QGP emission rates, i.e. ¢g
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FIG. 33. (Color online) Invariant mass spectrum of eTe” pairs in MB Au+Au collisions within the PHENIX acceptance
compared to the cocktail of expected decays when the c¢ decay component is calculated assuming no correlation between the
c and c.

annihilation at temperatures higher than the critical temperature, both based on lattice QCD [73]. It is important
to note that this updated version preserves the agreement with the SPS data and also reproduces the RHIC results
from STAR.

Figures 34 and 35 compare the invariant mass spectrum and the LMR pair pr distribution with the model calcu-
lations for MB collisions [74]. The main components, in-medium p broadening, QGP thermal radiation and cocktail
excluding the p, together with their sum, are shown separately.

In both figures the data are consistent with the calculations. Within this model, the enhancement in the LMR
originates from the in-medium p broadening, i.e. the thermal radiation of the hadronic phase, with a very small
contribution from the QGP.

In the model, the centrality dependence of the thermal radiation is reasonably well described, within an uncertainty
of ~10%, by a power-law scaling of the charged particle rapidity density (dNgp/dy)®, with o ~ 1.45 [73], very similar to
the scaling of the thermal photon yield [64, 69]. Within uncertainties, the present data are consistent with this scaling
as illustrated in Fig. 36, which also shows the centrality dependence of the excess, i.e. the data after subtracting the
cocktail without the vacuum p, together with the expected power-law scaling (dashed line).

VI. SUMMARY AND CONCLUSIONS

PHENIX has measured invariant mass spectra, pr distributions and the centrality dependence of the eTe™ pair
production in Au+Au collisions at /5, = 200 GeV. The use of the HBD provided additional electron identification
to the central arm detectors, additional hadron rejection and increased rejection of the combinatorial background.

A new analysis procedure based on neural networks has been developed that combines in an efficient way the
information from the HBD and the central arm detectors, RICH, TOF and EMCal. This results in three independent
parameters for electron identification, hadron rejection and close pair rejection, instead of the fourteen parameters of
the four detectors involved in these tasks. A quantitative understanding of the total background at the subpercent level
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contributions, the in-medium p broadening (dotted line), the QGP thermal radiation (dot-dashed line) and the cocktail excluding
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is achieved in the most central collisions. This is realized by a precise evaluation of all the background sources. The
combinatorial background is determined by the event mixing technique together with an exact weighting procedure
to take into account the flow effects that are inherent in the foreground events and cannot be reproduced in the
mixed events. All the correlated background sources are calculated in absolute terms using simulations and published
results.

The results are compared with a cocktail of the known eTe™ sources. The contributions from light hadron decays
that dominate the eTe™ yield at low masses m.. < 1 GeV/c?, are determined using PHENIX measurements for pions
and mr scaling for other mesons. The contributions from semileptonic decays of heavy flavor (charm and bottom)
mesons are calculated with the PYTHIA or MC@QNLO generators using (Neon) scaled p+p cross sections. Both generators
give very similar yields in the IMR. However, they predict very dissimilar results that differ from each other by a
factor of ~2 in the LMR. Precise measurements of the charm cross section over the entire phase space are needed to
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resolve this discrepancy.

A small enhancement of e*e™ is observed in the LMR with respect to the cocktail. The enhancement is distributed
over the entire pp range measured (pr < 5 GeV/c). It increases with centrality and amounts to 2.3 + 0.4(stat) £
0.4(syst) 4= 0.2model for MB collisions when PYTHIA is used to calculate the open heavy flavor contribution. If instead
MC@NLO is used, the enhancement factors are ~40% smaller and for MB collisions it is found to be 1.7 + 0.3(stat) +
0.3(syst) & 0.2m°d¢l The large enhancement of eTe™ pairs in the LMR previously reported by PHENIX, in Au+Au
collisions at /s, = 200 GeV [23], is not confirmed by the results of the present improved analysis. In particular,
the concentration of the excess at low pr (pr < 1 GeV/c) is not observed here. The present results are consistent
with those recently published by the STAR Collaboration [66] within the uncertainties of the two experiments.

In the IMR, the results are compared with calculations of the expected yield from the semileptonic decays of heavy
flavor mesons in two extreme scenarios. In the first scenario, the heavy flavor contribution is calculated assuming that
the correlations between the c¢ are the same in Au+Au as in p+p collisions, ignoring decorrelation effects produced
by the interactions of heavy flavor quarks with the medium. A small enhancement is observed with respect to the
yield predicted by PYTHIA. It amounts to 1.5 & 0.3(stat) &= 0.2(syst) £ 0.3m°d¢! for MB collisions. In the other
scenario, the opposite extreme approach is adopted where the pair is assumed to be totally decorrelated. In this case,
the enhancement factor becomes 2.5 + 0.5(stat) + 0.3(syst) & 0.3™m°4¢l. The reality is somewhere between these two
extreme cases and we conclude that there is room in the data for a significant additional contribution, for example of
thermal radiation, in the IMR. The nature of the IMR pairs will be studied with high statistics Au+Au data in 2014
data taking with the silicon vertex tracker (VTX) installed in PHENIX.

The results in the LMR are compared to calculations based on the model originally developed by Rapp and
Wambach [71, 72] with subsequent improvements that incorporate recent developments [73]. The model includes
thermal radiation emission from the QGP phase (¢g annihilation) as well as from the hadronic phase (mainly from
the p meson copiously produced by pion annihilation, 7t7~ — p — eTe™). The invariant mass and pr distributions
as well as the centrality dependence are well reproduced by the calculations. The enhancement observed in the LMR,
from SPS up to RHIC energies is thus consistently reproduced by a single model. Within this model, the enhancement
originates from the melting of the p meson resonance as the system approaches chiral symmetry restoration.
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Appendix A: Introducing Flow in the Mixed Events

In this section, we analytically derive the weighting factor introduced in Eq. (10). We start from the azimuthal
distribution of a particle that follows the expression:
P(6— W) = e(6)(1 + 203 cos 2(6 — W) (A1)

where ¢ is the azimuthal angle of the particle, ¥ is the reaction plane azimuthal angle of the event and e(¢) is the
detection efficiency of the spectrometer at ¢.
The A¢ distribution of any two particles in the same event (foreground pairs) can be calculated as:

Pra(Ad) (A2)

1 /2
T /—ﬂ/z v /1—¢2—A¢ dg1dg2P(g1 — V) P(¢2 — V)

1 w/2 T
E / AU [ dpyP(¢1 — W)P(61 + Ap— W)

T J—x/2 —m

Replacing P(¢ — ¥) by its expression in (A1) allows one to write Prg as the sum of four integrals:

1 /2 T
PFG(A¢):7r/_7r/2d\1j/_,rd¢1(A+B+C+D) (A3)
A =e(¢1)e(d1 + A9) (A4)
B = 2u3¢e(d1)e(d1 + Ad) cos2(¢p; — U) (A5)
C = 2uze(¢1)e(p1 + Ag) cos 2(¢p1 + Ap — ¥) (A6)
D = 4vovae(dr)e(opr + Ad)(cos2(p1 — ¥)) (A7)

x(cos2(¢1 + A¢p — )
It is easy to show that the integrals of B and C' are equal to 0 and the integral of D leads to:
1 m/2 ™
= / d\I// dp1D = 2vovg cos 2A¢ (A8)
™ —7/2 -7

x / " (61)eldn + Ad)

—T
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Therefore,

Pro(a0) = ([ doieoneton +89) (A9)

X (1 + 2v9v2 cos 2A¢)

In a similar way one can calculate the A¢ distribution of mixed BG pairs produced without reaction plane binning;:

Prrx(Ad) (A10)

1 w/2 w/2
- ‘75 J/r (lqyl J/‘ (lqy2 J/P
™ J_n/2 —7/2 1—pa+Ag

xdg1dga P(¢1 — 1) P(¢p2 — ¥2)

where ¢y(2) and Wy () represents the azimuthal angle of particle 1(2) and the reaction plane azimuthal angle of the
events from which the particles are taken. Replacing P(¢ — ¥) by (Al):

Puix(Ag) , , (A11)
xdp1dge(E+ F + G+ H)

E = e(¢1)e(¢1 + Ag) (A12)

F = 2v2¢(¢1)e(¢1 + A¢) cos2(¢r — ¥y) (A13)

G = 2va¢(d1)e(d1 + Ad) cos 2(61 + A — ) (A14)

H = 4vyv0¢(¢y)e(dy + Ad) cos 2y — Ty) (A15)

x cos 2(¢p1 + Agp — Uy)
Because F', G and H are again easily proved to be 0, Pyrrx (A¢) can now be written as:

PMIX (A¢) = i d¢1€(¢1)€(¢1 + A(b) (Alﬁ)

—T

The weighting factor to introduce the flow correlation into the mixed BG pairs is then given by the ratio between

q. (A10) and Eq. (A16):

_ Prg(A9)
w(A¢) = Parix (Ad) (A17)

1 + 2v9v9 cos 2A¢

Appendix B: Violation of CBy_ =2,/CB;y1:CB__ due to flow

In this appendix, we demonstrate that the combination of elliptic flow and nonuniform detection efficiency violates

1244 the well-known relation between unlike-sign and like-sign combinatorial background:

(CBy-) =2/(CB14)(CB__) (B1)
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where (OB, _,,,/__) are the unlike-sign and like-sign integral yields or average numbers of pairs per event.
We start from the case without elliptic flow. Then, as proven in Ref [23], if e™ and e~ are always produced in pairs
independent of each other, the average number of unlike-sign and like-sign combinatorial pairs can be calculated as:

(CBy_) = [epter(1—¢gp)llep +e-(1 —&p)] (B2)
X ((N2) = (N))

(CByy) = gleptee(l— ) 2(N?) — () (B3)

(CB__) = Llepte (1 - )N — (W) (B4)

where ¢, is the probability to reconstruct both tracks of a pair, £, ,_ is the probability to reconstruct only a single
track and N is the number of pairs in an event.

If £,/ 4/ are assumed to be constants, Eq. (B1) can easily be proven from Eqgs. (B2-B4). However, in the presence
of elliptic flow, the probabilities €,/ depend on the reaction plane angle:

o) = [0 21 (0)(1 + 20z cos( — ) (85)
(OB () = [AIBE) x (V) — (V) (B6)
(OB () = SIAW)P X (V%) — (N) (B7)
(CB-_() = 3B x (N?) — (N)) (83)

AW) = <) + 1)1~ (%) (B9)
BW) = () +e- (1)1~ 5(1)) (B10)

Taking the average over 1 within [-7, 7] gives:

(©B) = (W) = (N)) [ dv Aw)B() (B11)
(©By4) = H(NY) — () [ dv A (B12)
(©B-_) = FUNY) = () [ v Buy (B13)

Using the Cauchy-Schwarz inequality, one obtains:
[ A<¢>B<w>r < [av awy (B14)

[ v By
and consequently,

(CBy) <2\/(CB;+)(CB__) (B15)

Appendix C: A second, independent analysis

A subset of the data, 4.8 x 109 MB events, was analyzed by a second independent team. The second analysis follows
the analysis strategy presented in Ref. [23], but includes the information provided by the HBD and other important
improvements developed in this work.

In this appendix we present the key features of the second analysis with an emphasis on the most important
differences to the main analysis: (i) the HBD underlying event subtraction and cluster algorithm, (ii) the electron
identification cuts and (iii) the background normalization. All analysis steps not explicitly mentioned are identical
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between the two analyses. In particular, identical cuts on the acceptance and inactive detector areas, and the same
pair cuts are applied. At the end of this appendix we discuss the efficiency correction and compare the results of both
analyses.

The net number of photo electrons in an HBD cluster was calculated with a different algorithm than discussed
in Section IID, using a local estimate of the scintillation background rather than a module average. As an electron
typically fires three HBD readout cells, 3-cell triplets are used to initiate the cluster search. All possible triplets are
formed. The photo-electron background due to scintillation light is estimated by the median amplitude in the first
and second neighboring cells around the triplet. The background subtracted triplet charge is calculated as:

Qnet = qt — Ay X 5

where ¢; is the total charge in the triplet, A; the number of cells with charge in the triplet, and (gf.), (gsn) are
the median charge in the first and second neighboring cells, respectively. Only triplets with 0 < gnper < 60 p.e. are
recorded.

Electron candidates are projected to the HBD, and triplets within 1.5 cm of the track are merged to form a cluster.
The net charge of the cluster ¢, is calculated starting from the sum of the charge of all cells in the cluster:

(an) + (den) )

qr = Qtotclust — Aclust X B

where grotciust is the sum of the charge of all cells in the cluster, Agys: is the number of cells in the cluster, (gfy),
(gsn) are again the median charge per cell in the first and second neighbors but now around the cluster.

This analysis uses a number of sequential one-dimensional cuts to identify electrons. The variables used for the
electron identification are defined in Section ITI C 1. The following cuts are used:

e n0 > 2: The exclusion of RICH photo-multipliers fired by background electrons (Section IIT C2) is not used in
this analysis.

e disp < 5.5 cm

e chi2/npel < 20

e emcsdr < 3

e |dep| < 2

e m%op <1.50: Calculated based on the time-of-flight measured by either the EMCal or the TOF-E detectors.
e 10 < ¢, < 40 p.e.: Cluster charge as defined in Eq. (C2)

With these cuts, a purity of the electron sample of 86% is achieved for the most central bin, which quickly increases
to above 99% for the most peripheral collisions.

The combinatorial background is calculated by event mixing. We use the method outlined in [23], but included the
weighting for the azimuthal anisotropy as implemented in the main analysis and described in Section IITE 2. For the
correlated background both analyses use the same MC simulations. For cross-pairs and jet-pairs the simulated pairs
were reanalyzed with the track selection cuts and HBD cluster algorithm mentioned above. The shapes of the mass
spectra are consistent within systematic uncertainties for the two analysis methods. For the electron-hadron and BB
contributions the simulated pairs were not reanalyzed.

The normalizations of all the background components were fitted simultaneously to the full mass and py range of
the like-sign spectra:

FG++__ = CLOBG++__ + a10P++__ (CS)
tag J P 4 ag J PP
+CL4EH++77 + a5BB++,,

The parameters a; are the individual normalization constants. Figure 37 shows the like-sign foreground divided by
the sum of all background sources for the five centrality classes. The uncertainty on the combinatorial background
normalization is shown as a gray band on each panel. No systematic deviation from unity is observed, indicating that
the sum of the different background components gives a sufficiently accurate description over the mass range up to
2 GeV/c? with no indication of any shape variation within the shown uncertainties. Above 2 GeV/c? the statistical
significance makes a comparison at the shown scale meaningless.
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FIG. 37. (Color online) The ratio of the foreground like-sign pairs to the sum of combinatorial and correlated pair sources in
centrality bins 0%-10%, 10%-20%, 20%-40%, 40%-60% and 60%—-92%.

After fixing the normalization of all background sources so that a satisfactory description of the like-sign pairs is
achieved, the analysis is extended to unlike-sign pairs. The normalizations for the unlike-sign cross-pairs, jet-pairs
and electron-hadron pairs are taken from Eq. (C4). For the combinatorial unlike-sign pairs we use unlike-sign mixed
event pairs. The normalization is also taken from Eq. (C4), but needs to be corrected to account for the different
effect of the pair cuts on like- and unlike-sign pairs as done in Ref. [23].

To estimate the uncertainty on the raw yield due to the background subtraction one needs to consider the signal-
to-background ratio S/B. The uncertainties on the a; are multiplied by B/S and added in quadrature. This results
in ~ 55% systematic uncertainties at 0.6 GeV/c? for MB collisions.

We factorize the efficiency into 3 terms, which are determined separately.

gz:i?l = €pair Gga(i)f : gz;ged (04)
The first factor describes the effect of all reconstruction algorithms and cuts except for the time-of-flight cut and the
centrality dependence of the reconstruction efficiency in the central arms, which are treated separately. It is obtained
by a MC simulation of ete™ pairs that are processed through the full PHENIX detector simulation, including the
HBD. The simulated HBD hits are embedded into real HBD data as discussed in Section IIIF. These events are then
analyzed with the same electron identification, fiducial, and pair cuts used in the independent analysis, with exception
of the time-of-flight cut. The systematic uncertainty of €pai is about 12%. It was determined from the measured
yield of pairs in the 70 Dalitz decay region when varying electron identification cuts in a way that changes the raw
pair yields by factors between 0.5 and 1.5.
The efficiency eggf is determined from tracks measured in peripheral collisions, where the hadron contamination is
negligible, by comparing data obtained with a 1.5 o cut to the case with no time-of-flight cut. We find that on average
the TOF efficiency for tracks is 93% above 0.4 GeV/c, but drops to 80% at 0.2 GeV/c independent of centrality. This
drop results from a failure of the electronics to properly record time for low amplitude signals. In the main analysis
this issue was avoided by treating tracks with no time information separately. The systematic uncertainty due to this
cut is a few percent at 0.6 GeV/c2.
The efficiency EEZ}EEd was determined by embedding MC-simulation tracks into the data of all used central arm
detectors and analyzing these embedded tracks using the same cuts as used in the data. The values are found to be
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FIG. 38. (Color online) Comparison of final spectra from the main (M) and second (S) analyses.

very similar to those derived in the main analysis. For central collisions an additional 8% systematic uncertainty is
added.

Compared to the main analysis, the total reconstruction efficiency e
The difference drops to ~30% for the most peripheral collisions.

total

pair 18 a factor of ~2 smaller for central collisions.

The fully corrected mass spectra from the independent analysis are compared to those from the main analysis in
Fig. 38 for all five centrality bins. The results are consistent within uncertainties.
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