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1. Introduction

Collisions at RHIC energy produce a new form of matter as evidenced loydigark energy
loss [1,[R], heavy quark energy lod$ [3, 4], and a high degree isbtapic or “elliptic” flow
[A, B.[@,[7T]. The central questions at RHIC have moved beyond whetimew and interesting
form of matter can be created and presently touch upon the detailed nhthig mew matter, oft
dubbed the strongly interacting Quark-Gluon Plasma or sQGP. Among thessinyg questions
are the initial state of the medium (Temperature and baryon chemical poteitsiapacity, its
fluid-like character@), and whether the phase diagram includes a critical point separatiogseg
of 15 and 2% order phase transitions.

Lepton studies provide particularly powerful tests of these most basistiqns. Because
leptons do not participate in the strong interaction, they can be releadéstagyas of the collision
and thereby contain a component of direct thermal radiation from the initied §8,[P] in the
forms of virtual (subject of this paper) and real photons. Since tHestobservations of direct
yields of virtual photon sources from the ISR][10] and UA1 measurenjfi}sa fascination with
such measurements has developed. The discovery of low mass enhanffEli@3], unique to
heavy ion systems, has driven considerable theorefidd] [14,]15nd@haerimental work at CERN
[[7,[18,[19], GSI[2p], and most recently RHIC]41] 22].

Perhaps ironically, another application of lepton measurements is to measieedtof “per-
fection” of the initial fluid state at RHIC by deducing the viscosity to entropysitg ratio (%) from
a simultaneous fit of heavy quark suppression and anisotropic [floviHgdvy quarks provide the
most sensitive measure §fby nature of their masg [P8,124]25]. Comparison to several specific
models [2b[37] 28] indicates a small value close to the theoretical lowed{Rgh

2. Dilepton Production

Figure[l shows a cartoon of the di-electron mass spectrum at full RH@grFor simplicity
we discuss our results in three distinct mass regions. The High Mass RErM) is above the
mass. The JJ and other heavy quarkonium states have long been a source of iateteste states,
when they are rare, were initially expected to be suppressed by dissdtudiaeconfined medium
[Bd]. When not-so-rare, they may even exhibit enhancement via a nesugion mechanism:
coalescence after dissolution even leading to a possible enhancéneBd][3The Intermediate
Mass Region (IMR) lies between thg and the 3. At SPS energies this region exhibits an
enhanced production TILR,]1[7,] 18] 33| B4, 35] that most recent stheiee demonstrated does not
come from heavy flavor, but from “prompt” decays][36]. As indicatedhia cartoon, the higher
energy at RHIC makes this region to be dominated by correlated open deaays and is thereby
a less sensitive regime for the identification and study of direct thermatiad[g&7,[38,3P].

Finally is the Low Mass Region (LMR), bounded on the left by the peak ofomesDalitz
decays and on the right by th@w region. This region is the most promising window for ther-
mal radiation to out-shine hadronic and correlated heavy flavor and Haedryielded a direct
measurement of the thermal radiation from the plasma phase.

As is evident from Figurg] 1, a variety of hadronic di-electron souroespete with the mea-
surements of the more interesting thermal radiation and correlated opey teaw leptons.
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Figure 1. Schematic view of the dielectron spectrum. Continuum doutiions will be considered in three
distinct regions, separated by meson peaks. The High MagsiR@HMR) is above the J/; the Intermediate
Mass Region (IMR) is between tlggand the Jy; the Low Mass Region is between ti) Dalitz peak and
the w.

PHENIX uses a home-grown event generator called EXODUS to modektiimtic component
of these sources. The basic assumptions in EXODUS are spectrakgh&pe frommy scaling
of the measured pion yield, and thermal calculations of the integral yield ré\fizssible, data is
used to adjust the thermal yield integrdlg| [E0, [#1,[4R[4B[ 44, 44, h&i84[A9[5P[F1] , however
all such modifications are found to be minor due to the well-known succetgeohal models
at RHIC energies. The left panel of Figle 2 shows the remarkabéeagnt between data and
the EXODUS model for a large variety of meson species. Heavy flavaydemre taken from the
Pythia event generator, normalized when possible to PHENIX single eletéta.

The right panel of Figurd 2 shows the measured di-electron mass yield @®tBNIX accep-
tance as a function of mass for p+p collisions &= 200GeV along with the EXODUS cocktail
calculations. The colored band indicates the systematic error on the codktailagreement of
the mass spectrum to the cocktail is superb, indicating excellent undengtarfdhe underlying
production processes. The result of subtracting the hadronic soaway from the overall yield
leaves only the correlated open heavy flavor component. The spdwp of this yield is in good
agreement with that offlorder QCD (Pythia). By allowing the normalization of charm and bottom
decays to float freely, we can determine the cross sections for bothprehections ag.z = 544
+ 39(stat)+ 142(syst)=200(model)ub ando,; = 3.9+ 2.5(stat)f§(syst) ub.

Figure[B shows the comparison of the di-electron mass spectrum in Au+iisiares at
\/S= 200 GeV to the same cocktail for Minimum Bias Collisions. Here the cocktalil is seen to
dramatically under predict the yield in the LMR. We will investigate this excesdibyng the mass
spectrum into bands of transverse momentum. Panels (a) and (b) of Bigh@v the data and
cocktail in pr slices of 1GeV/c and higher. Above 100 Me#, an excess is noted in both p+p
and Au+Au collisions. This excess may be attributed to direct virtual photadd. yie

All processes that produce real photons also produce virtual phobat frequently mate-
rialize asete™ pairs. The excess yield, as shown in the right panel of Fifure 4 carn tedi
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Figure 2: The left hand panel shows a comparison of measured mesafs yidth the “Cocktail” calcu-
lations. The “Cocktail” usesy scaling from the pion spectrum normalized (where possiyePHENIX
data. All meson yields are well described and thereby yietdieate predictions for hadronic contributions
to the di-electron spectrum. The right hand panel upperamidtinset show the measured di-electron yield
in the PHENIX aperture as a function of pair mass along withvesl indicating the hadronic and open
charm/bottom cocktail. The lower plot is the ratio of datektail demonstrating the precision with which
the pp di-electron yields are understood.

two-component source containing both “cocktail processksin)) and direct virtual photon yield
(fgir (m)) as

(1 —r) fe(m) + rfair (M) (2.1)

The fgir(m) form falls as 1/m in the limitpr >> mee, valid for the region shown. The pa-
rameter “r", as a function of transverse momentum, measures the fractiefthbf direct virtual
photons and thereby provides a bootstrap measurement of the ovezelitioton yield[[52]. .

The left panel of figur¢]5 shows the direct photon spectrum for pHisioms and Au+Au
collisions at various centralities along with pQCD calculations of this y[eld [B8lhe p+p system
the yield is well explained by pQCD, but not so in the Au+Au system. For Autifere is a distinct
strong component of direct photon yield at low transverse momentum. Thecatt@onent is well
described for central collisions by a variety of calculations (right pgpdl{53,[5b[ 56} 37, $3. b9I
that assume formation of a hot system with initial temperature ranging Tigm= 300 MeV at
thermalization timerg = 0.6 fm/c to Ti,y = 600 MeV attg = 0.15 fm/c These experimental data
are the most direct probe of the initial conditions of the RHIC fireball.

Figure[$ again showpr-sliced mass spectra for p+p and Au+Au collisions, however, this
figure differs from Figur€]4 in that slices continue to low transverse momerithese data confirm
that the majority of the LMR excess is generated with very [gw This excess is quantified in
Figure[J. The left panel shows the Au+Au data corrected to full azimattegptance along with
the cocktail calculations. This comparison indicates the presence of aotwpement inverse slope
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Figure 3: Di-electron yield into the PHENIX aperture for minimum bieallisions. A strong excess above
cocktail sources is noted in the Low Mass Region (LMR).
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Figure 4: Di-electron mass spectra in various bands of transverseanturm. Cocktail overlays indicate an
additional source of di-electrons above cocktail for magsgween 100 amd 300 Me¥?/ The parameter
sets the relative fractional contributions of cocktéil.(m)) and direct virtual photon yieldg;. (m)).

parameter. Indeed, local slope constants above and betow 1 GeV show distinctly different
behaviors as shown in the right panel. The higineregion has inverse slope constants similar to
mesons of these masses and to SPS regults [18]. Various model calculatibssown) of Rapp
and van Hees[[37, b(, 1], Dusling and Zahgd [62, 63], CassingBaattovskaya[[d4[ 5] all
undershoot the full yield in the IMR, however do reproduce the yieldabg = 1GeV reasonably
well. None of these models explain the strong cold component observeddatte

3. Open Heavy Flavor

PHENIX has measured and publish¢d[[B, 4] single electron spectraightfansverse mo-
mentum, these spectra become dominated by electrons from semi-leptonis decagivy quarks.
The published data include electrons from both closed and open heawydiecays. Recent pre-
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Figure5: The left panel is an overlay of direct photon measuremeatboth direct virtual (red points) and
direct real photons (blue points). The right panel is a caimspa of PHENIX direct photon yield measure-
ments with a variety of theoretical calculations with vayinitial temperature and time assumptions.
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Figure 6: Transverse momentum sliced mass spectra for p+p and Au+Hidicg systems spanningr
down to the lowest measured. The bulk of the LMR excess compwmply from the lowest transverse
momentum range.

liminary results shown in Figurg 8 not only improve the precision of these measuts, but also
removed the contributions of single electrons from closed heavy flawaydgcharmonia).
These data indicate the remarkable result that heavy flavor quarks stifing spectral mod-
ification due the presensence of the medium and even pick up signifigemithally anisotropic
flow. Analysis in the context of several modd]ls|[£6] 21, 28], indicate% gatio within error equal
to the lower bound. This result is all the more startling when one considdrsettent PHENIX
measurement$ [p6] indicate that bottom quarks are significant contribatibies heavy quark elec-
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Figure7: The left panel shows mass-sliced transverse momentunrap®xdts are data and lines are cock-
tail. Data slices corresponding to the LMR region indicht the bulk of the excess yield comes primarily
from a steep component at low transverse momentum. Thepagigl shows inverse slope parameter as a
function of mass in two different regions ofr. Hollow points are high transverse mass that exhibit irevers
slope parameters reminiscent of hadrons of similar mad#d Saoints demonstrate the existence of a steep
spectral component of net slope constant less than 100 MeV/c
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Figure 8: The left panel showRaa Of electrons from open heavy flavor decays indicating strspegtral
modification well into the region likely dominated by bottamarks. The right panel shows of electrons
from open heavy flavor decays indicating that flow of heavyrkgigersists to high transverse momentum.

trons beyond gt of about 5 GeV/c.

4. Upgrade Plans

The two topics of this paper are the subject of two upgrades. As showigunef these two
detectors vie for the same physical location, adjacent to the beam pipaclAshese two detector
upgrades are set to be run sequentially.

The principal limitation to di-electron measurements in PHENIX stems from combiaato
background. With multipleete~ pairs produced in a single collision, many “false pairings" (
from one decay paired with a&r from another decay) occur. This background is so severe for
full energy Au+Au collisions that the signal constitutes less than 1 part@nfdiOcertain masses.
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Figure 9: Two detector upgrades vie for space near the collision pdihe left panel shows a mechanical
drawing of the PHENIX Hadron-Blind detector. The right paekows the VTX, FVTX, and FOCAL
upgrades.

Fortunately, false pairings can be controlled experimentally. The mostuploysical source of
ete pairs is the Dalitz decay of tha®. The second most copious source is conversion of real
photons tee™ e~ in the material of the PHENIX detector. Both of these sources produce \wr
small invariant mass and small opening angle. The PHENIX HBD seeks ttetzsigoms with close
angular partners by detecting Cherenkov light with the PHENIX magnetic dfteled in the
central region. Calculations show that the HBD will improve the effectivaaigy more than an
order of magnitude if a single electron response of more than 18 photiveglecan be achieved.

The Hadron-Blind Detector is a unique devi¢e][67], F§, 69] that uses la stpck of Gas
Electron Multipliers (GEMs) to detect Cherenkov light. The first GEM in thelsia coated with
an evaporated layer of Csl and serves as the photo-cathode. ThissgE®teded by a mesh that
directs ionization electrons (from hadrons) away from the avalancbeeter the strong electric
field in the vicinity of the GEM holes directs nearly all photo-electrons to agdlan Shown in
Figure[1D are online measured responses of the HBD to isolated singl@eteatid overlapping
close angle pairs. These plots indicate that the HBD is functioning well. Wecexp make vastly
improved di-electron measurements in Run-10.

After Run-10, the HBD will be removed and replaced by the vertex detecidre VTX pixel
& strip detector will be installed for Run-11 and the FVTX will also become atségléin Run-12.
The VTX will allow direct identification of heavy flavor decays via their smribeing a displaced
vertex. The innermost 2 layers of the VTX consist of s by 425um pixels at radii of 2.5cm
and 5cm. The outer two layers are “strip-pixel” devices with aru®® by 1000um pitch. The
device covers-1.2 < n < 1.2 and is nearly complete in azimuth.

Figureml shows the anticipated precision Ran andv, measurements with this device in a
run at RHIC-II luminosity. This upgrade will usher in a new era of heasydt physics at RHIC
by distinguishing charm from bottom in all measurements.
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shows the response to overlapping or “double” electrons.

PHENIX VXT ~2 nb!

TTTT
0.1 v cvboe
vy

0.1 v boe

~

0. " C—e

=

0.0

k=3

0.0

0.04

. \\N\
?)

AR,

0.02

TT T[T T [ TP T[T [T T[T TP [P T T TTT T

PRI 11 A AT O P R IR ISP IO | PP N
002 .5 . 2 3 45 5
pr (GeVic)

=
=
-
o
g
o
[
o
FN

p{GeVic)

Figure 11: The left panel shows the expect&da precision from the VTX detector for one run under
RHIC-II Luminosity. The right panel is the same far. In both cases, the VTX detector allows for distinct
measurements of charm and bottom quarks.
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