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PHENIX papers discussed

• Measurement of Direct Photons in Au+Au Collisions at√sNN = 200 GeV
arXiv:1205.5759v1 [nucl-ex]

• Enhanced production of direct photons in Au + Au collisions at√sNN = 200 GeV and implications for the initial temperature
arXiv:0804.4168v2 [nucl-ex]
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Introduction

Photons in heavy-ion collisions

• direct photons
I prompt photons from hard

scattering of partons
pγT > 4 GeV

I parton-medium interactions
pγT > 4 GeV

I photons from scattering of
thermalized particles
pγT < 4 GeV

• decay photons
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Figure 2 : q + q̄ → g + γ
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Introduction

Influences on direct photon production

• modification of direct photon yield in Au+Au compared to p+p

• due to initial state of colliding nuclei:
I shadowing or anti-shadowing
I isospin effect

• final state effects due to QGP:
I suppression of fragmentation photons due to parton energy loss
I scattering of hard and thermal partons
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Introduction

Shadowing and anti-shadowing

Deep inelastic lepton-nucleon scattering:

l(k) + A(Ap)→ l(k ′) + A(Ap′)

q = k − k ′ , x =
−q2

2 · pq =
Q2

2 · pq

Nucleon structure function:

F2(x ,Q2) = x ·
∑

f
z2

f (qf (x) + q̄f (x))

Nuclear ratio RA
F2

(x ,Q2) for structure
function F2:

RA
F2

(x ,Q2) =
F A

2 (x ,Q2)

A · F nucleon
2 (x ,Q2)

where A is the nuclear mass number
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Figure 1. Diagram of leptoproduction on a nucleus through virtual photon exchange.
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Figure 2. Schematic behaviour of RA
F2

(x, Q2) as a function of x for a given fixed Q2.

(see [1, 2, 10, 11, 12] for previous experimental results), confined to a limited region of

not very low x and small or moderate Q2 (and with a strong kinematical correlation

between small x and small Q2, see Fig. 3), indicate that: i) shadowing increases with

decreasing x, though at the smallest available values of x the behaviour is compatible

with either a saturation or a mild decrease [8]; ii) shadowing increases with the mass

number of the nucleus [6]; and iii) shadowing decreases with increasing Q2 [7]. On

the other hand, the existing experimental data do not allow a determination of the

dependence of shadowing on the centrality of the collision.

In the region of small x, partonic distributions are dominated by sea quarks and

gluons. Thus isospin effects, partially corrected in practice by the use of deuterium as
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Introduction

Isospin effect
strong interaction: p, n are different states of the same particle

p = |I =
1
2 , I3 = +

1
2〉 , n = |I =

1
2 , I3 = −1

2〉

consider two scattering processes:

(1) p + p → d + π+

(2) p + n→ d + π0

with interaction of the form V = α~I(i) ·~I(j), we know:

σ ∝ |M|2 , M = 〈final|V |initial〉

with Wigner-Eckart theorem:
σ(1)

σ(2)
= 2

→ cross section depends on scattering process, suppresses direct photon
production in A+A compared to scaled p+p rates
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Introduction

Nuclear modification factor

yield in A + A for hard processes is expected to be equal to p + p
cross-sections, scaled by:

〈TAA〉 =
〈Ncoll〉
σinel

pp

Nuclear effects are quantified by the nuclear modification function:

RAA(pT ) =
(1/Nevt

AA) · d2NAA/dpT dy

〈TAA〉 · d2σpp/dpT dy

where d2σpp/dpT dy is the measured p + p cross section for direct photons
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Analysis Direct photons

Measurement of Direct Photons in Au+Au Collisions at √sNN = 200 GeV

arXiv:1205.5759v1 [nucl-ex]
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Analysis Direct photons

Direct photon analysis

• direct photons (pT > 4 GeV) in
Au+Au at √sNN = 200 GeV

• analysis used 1.03× 109 MB
events

• photons reconstructed in PbSc
+ PbGl

• centrality from correlations
between number of charged
particles in

I Beam-Beam Counters at
3.0 < |η| < 3.5

I zero-degree calorimeter
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Figure 2.4: The top of the figure shows a cross-sectional view (in the x-y
plane) of the PHENIX detector for the 2007 setup, showing the central arms
of PHENIX. The bottom of the figure shows a side view, displaying the forward
muon arms.

Beam-Beam Counter

Beam-Beam Counters (BBCs) [34] are located down the beam line at 1.44m
in both directions for a pseudo-rapidity range of 3.0 < |⌘| < 3.9. Each detec-
tor consists of 64 photomultiplier tubes (PMTs) arranged around the beam
pipe for 2⇡ coverage in the transverse plane to the beam. In front of each
PMT is 3cm of quartz radiator. Particles that pass through the radiator emit
Cherenkov light, which is captured by the PMTs. Fig. 2.5 shows the construc-
tion of the BBCs.

The BBCs have excellent timing resolution, 54 ± 4ps. And so the BBCs
set the starting time, T0, for the entire PHENIX detector.
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Beam-Beam Counter

Beam-Beam Counters (BBCs) [34] are located down the beam line at 1.44m
in both directions for a pseudo-rapidity range of 3.0 < |⌘| < 3.9. Each detec-
tor consists of 64 photomultiplier tubes (PMTs) arranged around the beam
pipe for 2⇡ coverage in the transverse plane to the beam. In front of each
PMT is 3cm of quartz radiator. Particles that pass through the radiator emit
Cherenkov light, which is captured by the PMTs. Fig. 2.5 shows the construc-
tion of the BBCs.

The BBCs have excellent timing resolution, 54 ± 4ps. And so the BBCs
set the starting time, T0, for the entire PHENIX detector.
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Analysis Direct photons

Direct photon analysis

• hight pT : minimum opening angle between photons from π0 decay
decreases

• EMCal showers begin to merge

• decay photons can not be distinguished or energy is incorrectly shared

• starts at pT ≈ 10 GeV/c (16 GeV/c) for PbSc (PbGl)

• affects 50 % of all π0 decays at pT ≈ 16 GeV/c (24 GeV/c) for PbSc
(PbGl)

• significant effect for PbSc, negligible for PbGl
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Analysis Direct photons

Direct photon analysis

PbGl:
• ≈ 10− 15% contamination of photon candidates with charged
particles

• associate photon candidates with charged hits in pad chamber (PC3)

• merged clusters removed by PID cuts

• spectra corrected for acceptance and reconstruction efficiency

• simulation to exclude decay photons:

Rγ =
(γincl/π0)data
(γdec/π0)MC

→ γdir = γincl − γdec = (1− R−1
γ ) · γincl
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Analysis Direct photons

Direct photon analysis

PbSc:
• photon candidates corrected for electrons, charged hadrons and
neutrons

• fraction determined with GEANT detector simulation

• hight pT : calorimeter response to single photons and correlated decay
photons different → Problem: correction of raw inclusive spectrum

• raw distrubtion of decay photons calculated with GEANT simulation
and subtracted

• subtraction gives raw direct photons → corrected for acceptance and
efficiency

• Rγ calculated with MC from PbGl analysis: Rγ =
γdata

dir +γMC
dec

γMC
dec

Lucas Altenkämper Direct Photons in Heavy-Ion Collisions July 11, 2014 12 / 25



Analysis Direct photons

Systematic uncertainties

Systematic uncertainties of direct photon yield in % for PbGl (PbSc) in
Au+Au MB events

Error type / pT 4.75 GeV/c 9.25 GeV/c 15 GeV/c

Background corrections 9.1 (5.2) 5.7 (2.5) 5.1 (2.2)

Yield corrections 11.9 (10.5) 8.3 (9.4) 7.9 (11.2)

Energy scale 7.9 (6.8) 6.8 (7.0) 6.8 (7.0)

Decay γ simulation 12.5 (7.2) 5.2 (4.3) 3.8 (3.7)

Total Systematic 21.0 (13.9) 13.2 (12.7) 12.3 (13.9)

Systematic uncertainties for both calorimeters are uncorrelated due to
different analysis
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Analysis Direct photons

Results
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FIG. 1: Ratio Rγ for different centrality selections, for the
PbGl and the PbSc analysis. The error bars indicate point-
to-point uncertainties, the boxes around the points indicate
pT correlated uncertainties.

sions are shown in the top panel of Fig. 2 for ten centrality
selections. The shape of the spectra are seen to be similar
for all centralities. The bottom panel shows a compari-
son of the PbGl and PbSc spectra to the combined result
for the 0− 5% most central collisions. A good agreement
between the two measurements is observed.

Fig. 2 also includes the p+p spectrum at the same en-
ergy, measured by PHENIX [20]. The p+p spectrum
is compared to a power law fit (A/pT )n with power
n = 7.08 ± 0.09(stat) ± 0.1(syst) obtained by fitting the
region pT > 8 GeV/c [20]. The fit is extrapolated to
lower pT . A power law fit to the minimum bias (most
central) Au+Au spectrum yields a power of n = 6.85 ±
0.07(stat)±0.02(syst) (n = 7.18±0.14(stat)±0.06(syst))
consistent with the power of the p+p fit. The agreement
indicates no apparent shape modification of the spectra
compared to p+p collisions.

For hard processes, the yield in A+A collisions for a
particular impact parameter selection is expected to be
equal to the cross section in p+p collisions, scaled by the
average nuclear thickness function ⟨TAA⟩ = ⟨Ncoll⟩ /σinel

pp

for the associated centrality selection. Here, ⟨Ncoll⟩ is the
number of binary nucleon-nucleon collisions, calculated
with the Glauber Model Monte Carlo for the selected
centrality, and σinel

pp is the total inelastic p+p cross sec-
tion of 42mb. In Fig. 2, the power law fit to the p+p
direct photon spectrum has been scaled by the nuclear
thickness function for each of the ten centrality selections,
and overlaid on the measured result for that centrality.
The comparison indicates that the magnitude, as well as
the shape of the direct photon spectra, are in agreement
with expectations from p+p collisions for all centralities.

Nuclear effects are quantified by the nuclear modifica-
tion factor, RAA. For a given centrality selection, RAA

is given by the ratio of the measured invariant yields in
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FIG. 2: (a) Direct photon spectra for all centrality selections
in Au+Au, and for p+p measured in [20]. The error bars
indicate point-to-point uncertainties, the boxes around the
points indicate pT correlated uncertainties. The lines depict
a TAA scaled fit for pT > 8GeV/c to the p+p cross section,
they are dashed for the range where the fit is extrapolated to
lower pT . (b) Comparison of the PbGl and PbSc results with
the combined result for the 0 − 5% most central events. The
error bars show the total uncertainties.

Au+Au collisions, divided by the production cross sec-
tion for the same particle in p+p collisions, scaled with
the average nuclear thickness function for that centrality:

RAA(pT ) =
(1/N evt

AA)d2NAA/dpT dy

⟨TAA⟩ × d2σpp/dpT dy
, (1)

where d2σpp/dpT dy is the measured p+p cross section for
direct photons [20].

The direct photon nuclear modification factor is shown
in Fig. 3 for three different centrality selections. The RAA

results are calculated using the measured direct photon
results from p+p collisions for the first time. The RAA

values are consistent with unity, within errors, for all
centrality selections over the entire pT range.

In Fig. 4, the measured nuclear modification factor for
central Au+Au collisions is compared to theoretical cal-
culations that predict modifications of the direct pho-
ton yield due to initial state (IS) and final state (FS)
effects [2–5]. IS effects include the isospin effect due to
the different photon cross sections in p+p, n+n, and p+n
collisions (“Isospin effect” in Fig. 4), and modifications
of nuclear structure functions due to shadowing and anti-
shadowing (“EPS09 PDF”) [5]. The EPS09 calculation
also includes the isospin effect.

FS modifications due to QGP lead, on one hand,

• excess above unity indicates
presence of direct photons

• increases with centrality due to
suppression of π0

• corrected results agree within errors
• can be combined using: w = 1/σ2

total
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Au+Au collisions, divided by the production cross sec-
tion for the same particle in p+p collisions, scaled with
the average nuclear thickness function for that centrality:

RAA(pT ) =
(1/N evt

AA)d2NAA/dpT dy

⟨TAA⟩ × d2σpp/dpT dy
, (1)

where d2σpp/dpT dy is the measured p+p cross section for
direct photons [20].

The direct photon nuclear modification factor is shown
in Fig. 3 for three different centrality selections. The RAA

results are calculated using the measured direct photon
results from p+p collisions for the first time. The RAA

values are consistent with unity, within errors, for all
centrality selections over the entire pT range.

In Fig. 4, the measured nuclear modification factor for
central Au+Au collisions is compared to theoretical cal-
culations that predict modifications of the direct pho-
ton yield due to initial state (IS) and final state (FS)
effects [2–5]. IS effects include the isospin effect due to
the different photon cross sections in p+p, n+n, and p+n
collisions (“Isospin effect” in Fig. 4), and modifications
of nuclear structure functions due to shadowing and anti-
shadowing (“EPS09 PDF”) [5]. The EPS09 calculation
also includes the isospin effect.

FS modifications due to QGP lead, on one hand,

• direct photon spectra
• lines indicate a TAA scaled power

law (A/pT )n fit for p+p
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Analysis Direct photons

Results 6
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FIG. 3: Direct photon nuclear modification factor RAA for
three different centrality selections. The error bars show
point-to-point uncertainties, the boxes around the points de-
pict pT correlated uncertainties. The boxes on the left show
the uncertainty of the total inelastic p+p cross section, the
boxes on the right show the uncertainty in Ncoll.
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FIG. 4: Direct photon nuclear modification factor RAA for
0 − 5% most central events, compared with theoretical cal-
culations [2–5] for different scenarios. The boxes depict the
same uncertainties as in Fig. 3. Note that the EPS09 curve
is calculated for minimum bias collisions.

to a lower photon yield, since energy loss of a parton
also means suppression of the corresponding fragmen-
tation photon yield. On the other hand, QGP effects
can increase the photon yield due to radiation resulting
from jet-medium interactions (“prompt+QGP”) [2, 4].
This FS calculation also takes into account the afore-
mentioned IS effects. Yet another calculation [3] in-
cludes IS effects, as well as FS energy loss and medium-
induced photon bremsstrahlung and the LPM effect
(“coherent+conversion+∆E”). The data are consistent
with a scenario where the hard scattered photons are
produced taking account of the isospin effect and mod-
ifications of the nuclear PDFs and then simply traverse
the matter unaffected. Balancing effects from the QGP
such as fragmentation photon suppression and enhance-
ment due to jet-medium interactions are not excluded by

the data. The approach in [3] is in disagreement with
the data. This confirms that the majority (if not all)
direct photons at high pT come directly from hard scat-
tering processes and suggests that possible effects from
the QGP all but cancel.

In summary, PHENIX has measured direct photon
spectra in Au+Au collisions at

√
s

NN
= 200 GeV at

midrapidity in the transverse momentum range of 4 <
pT < 20GeV/c. The direct photon nuclear modification
factor RAA has been calculated as a function of pT us-
ing a measured p+p reference for the first time. It is
consistent with unity for all centrality selections over the
entire measured pT range. Theoretical models for direct
photon production in Au+Au collisions are compared to
the data. Some of these models are found to be in quan-
titative agreement with the measurement while others
appear to be disfavored by the data. Collectively, the ef-
fects of the QGP on the high pT direct photon yield are
apparently small.
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FIG. 3: Direct photon nuclear modification factor RAA for
three different centrality selections. The error bars show
point-to-point uncertainties, the boxes around the points de-
pict pT correlated uncertainties. The boxes on the left show
the uncertainty of the total inelastic p+p cross section, the
boxes on the right show the uncertainty in Ncoll.
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to a lower photon yield, since energy loss of a parton
also means suppression of the corresponding fragmen-
tation photon yield. On the other hand, QGP effects
can increase the photon yield due to radiation resulting
from jet-medium interactions (“prompt+QGP”) [2, 4].
This FS calculation also takes into account the afore-
mentioned IS effects. Yet another calculation [3] in-
cludes IS effects, as well as FS energy loss and medium-
induced photon bremsstrahlung and the LPM effect
(“coherent+conversion+∆E”). The data are consistent
with a scenario where the hard scattered photons are
produced taking account of the isospin effect and mod-
ifications of the nuclear PDFs and then simply traverse
the matter unaffected. Balancing effects from the QGP
such as fragmentation photon suppression and enhance-
ment due to jet-medium interactions are not excluded by

the data. The approach in [3] is in disagreement with
the data. This confirms that the majority (if not all)
direct photons at high pT come directly from hard scat-
tering processes and suggests that possible effects from
the QGP all but cancel.

In summary, PHENIX has measured direct photon
spectra in Au+Au collisions at

√
s

NN
= 200 GeV at

midrapidity in the transverse momentum range of 4 <
pT < 20GeV/c. The direct photon nuclear modification
factor RAA has been calculated as a function of pT us-
ing a measured p+p reference for the first time. It is
consistent with unity for all centrality selections over the
entire measured pT range. Theoretical models for direct
photon production in Au+Au collisions are compared to
the data. Some of these models are found to be in quan-
titative agreement with the measurement while others
appear to be disfavored by the data. Collectively, the ef-
fects of the QGP on the high pT direct photon yield are
apparently small.
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• RAA is within errors consistent with
unity for all centrality selections

• data is consistent with IS effects:
Isospin and EPS09 PDF (includes
isospin corrections) curve

• FS effects due to QGP are
balancing

• scenario: production of direct
photons in hard scattering

• high pT photons traverse matter
unaffected
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Analysis Electron-positron pairs

Enhanced production of direct photons in Au + Au collisions at√sNN = 200 GeV and implications for the initial temperature

arXiv:0804.4168v2 [nucl-ex]
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Analysis Electron-positron pairs

Electron-positron pair analysis

• e+e− pairs from internal
conversion for

I me+e− < 0.3 GeV/c2

I 1 < pT < 5 GeV/c

I in p+p and Au+Au at√sNN = 200 GeV

• Au+Au: 1.03× 109 MB events

• p+p: 43 nb−1 MB triggered and
2.25 pb−1 single electron triggered

• pairs measured in DC,
identification via RICH and EMCal

• helium bags to reduce conversion
material
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Figure 2.4: The top of the figure shows a cross-sectional view (in the x-y
plane) of the PHENIX detector for the 2007 setup, showing the central arms
of PHENIX. The bottom of the figure shows a side view, displaying the forward
muon arms.

Beam-Beam Counter

Beam-Beam Counters (BBCs) [34] are located down the beam line at 1.44m
in both directions for a pseudo-rapidity range of 3.0 < |⌘| < 3.9. Each detec-
tor consists of 64 photomultiplier tubes (PMTs) arranged around the beam
pipe for 2⇡ coverage in the transverse plane to the beam. In front of each
PMT is 3cm of quartz radiator. Particles that pass through the radiator emit
Cherenkov light, which is captured by the PMTs. Fig. 2.5 shows the construc-
tion of the BBCs.

The BBCs have excellent timing resolution, 54 ± 4ps. And so the BBCs
set the starting time, T0, for the entire PHENIX detector.
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Figure 2.4: The top of the figure shows a cross-sectional view (in the x-y
plane) of the PHENIX detector for the 2007 setup, showing the central arms
of PHENIX. The bottom of the figure shows a side view, displaying the forward
muon arms.

Beam-Beam Counter

Beam-Beam Counters (BBCs) [34] are located down the beam line at 1.44m
in both directions for a pseudo-rapidity range of 3.0 < |⌘| < 3.9. Each detec-
tor consists of 64 photomultiplier tubes (PMTs) arranged around the beam
pipe for 2⇡ coverage in the transverse plane to the beam. In front of each
PMT is 3cm of quartz radiator. Particles that pass through the radiator emit
Cherenkov light, which is captured by the PMTs. Fig. 2.5 shows the construc-
tion of the BBCs.

The BBCs have excellent timing resolution, 54 ± 4ps. And so the BBCs
set the starting time, T0, for the entire PHENIX detector.
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Analysis Electron-positron pairs

Electron-positron pair analysis

any source of high energy photons can emit virtual photons
→ search for low invariant mass e+e− pairs

d2nee
dmee

=
2α

3πmee
·
√
1− 4m2

e
m2

ee
·
(
1 +

2m2
e

m2
ee

)
Sdnγ

S is process dependent:
• mee → 0 or mee � pT : S → 1
• for photons and e+e− pairs from hadron decays:

I S = |F (m2
ee)|2 ·

(
1− m2

ee
M2

h

)3

I mee > Mh: S = 0
I cutoffs exploited to separate direct and and decay photons
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Analysis Electron-positron pairs

Electron-positron pair analysis

• electrons and positrons with pT > 0.2 GeV/c are combined into pairs

• pairs from conversion in detector material are removed due to
orientation in magnetic field

• combinatorial background from mixing events

• two sources of correlated background:
I two e+e− pairs from meson decays
I correlated hadrons decaying in two e+e− pairs

• correlated background determined from like-sign pair data
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Analysis Electron-positron pairs

Results
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FIG. 1: (color online) The measured e+e− pair invariant mass
distributions. The pT ranges are shown in the legend. The
solid curves represent an estimate of hadronic sources; the
dashed curves represent the uncertainty in the estimate.

The magnitude of the correlated background, about 10%
of the signal in p + p, is determined from the like-sign
pair data and subtracted after correcting for acceptance
differences between like and unlike-sign pairs [14]. We
correct for electron reconstruction efficiency, and in p+p
for trigger efficiency, determined as a function of mass
and pair pT using a GEANT-based Monte Carlo simula-
tion [15] of the PHENIX detector.

Figure 1 shows the mass spectra of e+e− pairs in
p + p and Au + Au collisions for different ranges of
pair pT , comparing to a “cocktail” of hadron decays
calculated using a Monte Carlo hadron decay generator
based on meson production measured by PHENIX [9].
Detector resolution is included in the cocktail calcula-
tion. The open charm contribution, calculated with
PYTHIA [16], is also included but is negligible in this
kinematic range. The cocktail is normalized to the
data for mee < 0.03 GeV/c2; the absolute normaliza-
tion agrees with the data within a 20% systematic un-
certainty [12, 14]. The “knee” beginning at mee ≃
0.1 GeV/c2 corresponds to the π0 cut-off, leading to an
80% reduction of background above this point. The p+p
data are consistent with the background for mee ≥ Mπ0

at lower pT , but reveal a small excess over the back-
ground at higher pT . A much greater excess is observed
in Au + Au indicating enhanced production of virtual
photons.

Internal conversion of direct photons is a possible
source of the excess. Little contribution from other
sources of e+e− pairs is expected in this mass region since
π+π− → e+e− can only contribute for mee ≥ 2Mπ. Al-
though PHENIX has observed a strong enhancement of
e+e− pairs for 0.15 < mee < 0.75 GeV/c2 in Au + Au,
it peaks at low pT and decreases rapidly with increas-
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FIG. 2: (color online) Electron pair mass distribution for
Au + Au (Min. Bias) events for 1.0 < pT < 1.5 GeV/c.
The two-component fit is explained in the text. The fit range
is 0.12 < mee < 0.3 GeV/c2. The dashed (black) curve at
greater mee shows f(mee) outside of the fit range.

ing pT [9] with a different mass distribution than that
observed at high pT .

Figure 2 shows that the mass spectrum for mee <
0.5 GeV/c2 and pT > 1 GeV/c is well described by
the cocktail plus internal conversion photons. The flat
mass spectrum of the excess above the cocktail at this
pT shows no significant indication of low-mass enhance-
ment [9]. Thus, we treat the excess entirely as internal
conversion of photons and deduce the real direct photon
yield from e+e− pairs using Eq. (1).

We fit a two-component function f(mee) = (1 −
r)fc(mee)+r fdir(mee), to the mass distribution. fc(mee)
is the shape of the cocktail mass distribution (shown in
Fig. 1), fdir(mee) is the expected shape of the direct
photon internal conversion, and r is the fit parameter.
We assume that the form factor for direct photons is
F (m2

ee) = 1, as one would expect from a purely point-like
process. For direct photons from parton fragmentation
or from hadronic gas, F (m2

ee) may be greater than one.
If we arbitrarily set the form factor in fdir(mee) to be the
same as that in fη(mee), r would decrease by ≃ 10%.

For each pT bin, f(mee) is fit to the data for mlow <
mee < 0.3 GeV/c2 with mlow = 0.08, 0.1, 0.12 GeV/c2;
r is the only fit parameter. Figure 2 shows fdir(mee)
and fc(mee) together with a fit result for Au + Au (Min.
Bias) data for 1.0 < pT < 1.5 GeV/c. For higher pT bins,
χ2/NDF is near 1.0; fits to centrality separated data also
give good χ2/NDF .

Therefore, we focus on the uncertainties that can cause
distortions in the mass distribution, namely (i) the par-
ticle composition in the hadronic background, (ii) the
background (from mixed events and correlated pairs),
(iii) the geometric acceptance due to detector active ar-
eas, and (iv) the efficiency corrections. These were stud-
ied by Monte Carlo simulation. The mass spectrum is

• mass spectra of e+e− pairs

• solid lines: "cocktail"
hadron decays from MC

• "knee" corresponds to π0

cut-off for mee > Mπ0

• for Au+Au: greater excess
above cocktail

• possible source: internal
conversion of direct
photons
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FIG. 1: (color online) The measured e+e− pair invariant mass
distributions. The pT ranges are shown in the legend. The
solid curves represent an estimate of hadronic sources; the
dashed curves represent the uncertainty in the estimate.

The magnitude of the correlated background, about 10%
of the signal in p + p, is determined from the like-sign
pair data and subtracted after correcting for acceptance
differences between like and unlike-sign pairs [14]. We
correct for electron reconstruction efficiency, and in p+p
for trigger efficiency, determined as a function of mass
and pair pT using a GEANT-based Monte Carlo simula-
tion [15] of the PHENIX detector.

Figure 1 shows the mass spectra of e+e− pairs in
p + p and Au + Au collisions for different ranges of
pair pT , comparing to a “cocktail” of hadron decays
calculated using a Monte Carlo hadron decay generator
based on meson production measured by PHENIX [9].
Detector resolution is included in the cocktail calcula-
tion. The open charm contribution, calculated with
PYTHIA [16], is also included but is negligible in this
kinematic range. The cocktail is normalized to the
data for mee < 0.03 GeV/c2; the absolute normaliza-
tion agrees with the data within a 20% systematic un-
certainty [12, 14]. The “knee” beginning at mee ≃
0.1 GeV/c2 corresponds to the π0 cut-off, leading to an
80% reduction of background above this point. The p+p
data are consistent with the background for mee ≥ Mπ0

at lower pT , but reveal a small excess over the back-
ground at higher pT . A much greater excess is observed
in Au + Au indicating enhanced production of virtual
photons.

Internal conversion of direct photons is a possible
source of the excess. Little contribution from other
sources of e+e− pairs is expected in this mass region since
π+π− → e+e− can only contribute for mee ≥ 2Mπ. Al-
though PHENIX has observed a strong enhancement of
e+e− pairs for 0.15 < mee < 0.75 GeV/c2 in Au + Au,
it peaks at low pT and decreases rapidly with increas-
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FIG. 2: (color online) Electron pair mass distribution for
Au + Au (Min. Bias) events for 1.0 < pT < 1.5 GeV/c.
The two-component fit is explained in the text. The fit range
is 0.12 < mee < 0.3 GeV/c2. The dashed (black) curve at
greater mee shows f(mee) outside of the fit range.

ing pT [9] with a different mass distribution than that
observed at high pT .

Figure 2 shows that the mass spectrum for mee <
0.5 GeV/c2 and pT > 1 GeV/c is well described by
the cocktail plus internal conversion photons. The flat
mass spectrum of the excess above the cocktail at this
pT shows no significant indication of low-mass enhance-
ment [9]. Thus, we treat the excess entirely as internal
conversion of photons and deduce the real direct photon
yield from e+e− pairs using Eq. (1).

We fit a two-component function f(mee) = (1 −
r)fc(mee)+r fdir(mee), to the mass distribution. fc(mee)
is the shape of the cocktail mass distribution (shown in
Fig. 1), fdir(mee) is the expected shape of the direct
photon internal conversion, and r is the fit parameter.
We assume that the form factor for direct photons is
F (m2

ee) = 1, as one would expect from a purely point-like
process. For direct photons from parton fragmentation
or from hadronic gas, F (m2

ee) may be greater than one.
If we arbitrarily set the form factor in fdir(mee) to be the
same as that in fη(mee), r would decrease by ≃ 10%.

For each pT bin, f(mee) is fit to the data for mlow <
mee < 0.3 GeV/c2 with mlow = 0.08, 0.1, 0.12 GeV/c2;
r is the only fit parameter. Figure 2 shows fdir(mee)
and fc(mee) together with a fit result for Au + Au (Min.
Bias) data for 1.0 < pT < 1.5 GeV/c. For higher pT bins,
χ2/NDF is near 1.0; fits to centrality separated data also
give good χ2/NDF .

Therefore, we focus on the uncertainties that can cause
distortions in the mass distribution, namely (i) the par-
ticle composition in the hadronic background, (ii) the
background (from mixed events and correlated pairs),
(iii) the geometric acceptance due to detector active ar-
eas, and (iv) the efficiency corrections. These were stud-
ied by Monte Carlo simulation. The mass spectrum is

• mass spectrum for
mee < 0.5 GeV/c2 and
pT > 1 GeV/c well discribed
by cocktail + internal
conversion photons

• χ2
/NDF near 1.0 for higher

pT bins

• dominant systematic
uncertainty: particle
composition in hadronic
cocktail

I η
π0 = 0.48± 0.03 (0.08)

ratio in p+p (Au + Au)
I leads to ≈ 7 % (17 %)

uncertainty
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FIG. 3: (color online) The fraction of the direct photon com-
ponent as a function of pT . The error bars and the error band
represent the statistical and systematic uncertainties, respec-
tively. The curves are from a NLO pQCD calculation (see
text).

distorted within the systematic uncertainties, and the
fitting procedure is applied to the distorted spectrum to
determine the systematic uncertainties in r. The sys-
tematic uncertainty due to the variation of mlow is also
included. The dominant uncertainty is the particle com-
position in the hadronic cocktail, namely the η/π0 ratio
which is 0.48±0.03(0.08) at high pT for p+p (Au + Au)
based on PHENIX measurements [17]. This corresponds
to a ≃ 7% (≃ 17%) uncertainty in the p + p (Au + Au)
cocktail for 0.1 < mee < 0.3 GeV/c2. Other sources
cause only a few percent uncertainty in the data to cock-
tail ratio.

Figure 3 shows the fraction r of the direct photon com-
ponent determined by the two-component fit in (a) p + p
and (b) Au + Au (Min. Bias). The curves represent
the expectations from a next-to-leading-order perturba-
tive QCD (NLO pQCD) calculation [18]. For p + p,
the curves show the ratio dσNLO

γ (pT )/dσincl
γ (pT ), where

dσNLO
γ (pT ) is the direct photon cross section from the

NLO pQCD calculation and dσincl
γ (pT ) is the inclusive

photon cross section. For Au + Au, the curves represent
TAAdσNLO

γ (pT )/dN incl
γ (pT ), where TAA is the Glauber

nuclear overlap function and dN incl
γ (pT ) is the inclusive

photon yield. The three curves correspond, from top to
bottom, to the theory scale µ = 0.5 pT , pT , and 2 pT ,
respectively, showing the scale dependence of the theory.
While the fraction r is consistent with the NLO pQCD
calculation [18] in p + p, it is larger than the calculation
in Au + Au for pT < 3.5 GeV/c.

The direct photon fraction r in Fig. 3 is converted to
the direct photon yield as dNdir(pT ) = r × dN incl(pT ).
The inclusive photon yield dN incl(pT ) for each pT bin
is determined from the yield of e+e− pairs for mee <
0.03 GeV/c2 using Eq. (1). Here we use the fact that in
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FIG. 4: (color online) Invariant cross section (p + p) and in-
variant yield (Au + Au) of direct photons as a function of pT .
The filled points are from this analysis and open points are
from [19, 20]. The three curves on the p + p data represent
NLO pQCD calculations, and the dashed curves show a modi-
fied power-law fit to the p+p data, scaled by TAA. The dashed
(black) curves are exponential plus the TAA scaled p + p fit.
The dotted (red) curve near the 0–20% centrality data is a
theory calculation [7].

this mass range the process dependent factor S is unity
within a few percent for any photon source.

Figure 4 compares the direct photon spectra with pre-
viously measured direct photon data from [19, 20] and
NLO pQCD calculations [18]. The systematic uncer-
tainty of the inclusive photon (14% from the uncertainty
in the e+e− pair acceptance correction[12]) is added in
quadrature with the systematic uncertainties of these
data. The p + p data are shown as an invariant cross
section using dσ = σinel

pp dN .

In this analysis we have converted the yield of excess
e+e− pairs to that of real direct photons using Eq. (1), as-

suming S = 1. This implies d2nee

dmee
= 2α

3π
1

mee
dnγ . Thus the

yield of the excess e+e− pairs for 0.1 < mee < 0.3 GeV/c2

before the conversion can be obtained by multiplying the
direct photon yield by a factor of 2α

3π log 300
100 = 1.7×10−3.

The pQCD calculation is consistent with the p+p data
within the theoretical uncertainties for pT > 2 GeV/c. A
similarly good agreement is observed for π0 [21]. The
p+p data can be well described by a modified power-law
function (App(1+p2

T /b)−n) as shown by the dashed curve
in Fig. 4. The Au + Au data are above the p+p fit curve

• invariant yield (Au+Au) and
invariant cross section (p+p) of
direct photons

• yield of excess e+e− pairs is
converted to direct photon yield
assuming S = 1
→ d2nee

dmee
= 2α

3πmee
dnγ

• pQCD calculations consistent with
p+p data for pT > 2 GeV/c

• p+p can be described by modified
power-law: App

(
1 +

p2
T
b

)−n

• Au+Au data are above TAA scaled
p+p fit curve for pT < 2.5 GeV/c
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FIG. 3: (color online) The fraction of the direct photon com-
ponent as a function of pT . The error bars and the error band
represent the statistical and systematic uncertainties, respec-
tively. The curves are from a NLO pQCD calculation (see
text).

distorted within the systematic uncertainties, and the
fitting procedure is applied to the distorted spectrum to
determine the systematic uncertainties in r. The sys-
tematic uncertainty due to the variation of mlow is also
included. The dominant uncertainty is the particle com-
position in the hadronic cocktail, namely the η/π0 ratio
which is 0.48±0.03(0.08) at high pT for p+p (Au + Au)
based on PHENIX measurements [17]. This corresponds
to a ≃ 7% (≃ 17%) uncertainty in the p + p (Au + Au)
cocktail for 0.1 < mee < 0.3 GeV/c2. Other sources
cause only a few percent uncertainty in the data to cock-
tail ratio.

Figure 3 shows the fraction r of the direct photon com-
ponent determined by the two-component fit in (a) p + p
and (b) Au + Au (Min. Bias). The curves represent
the expectations from a next-to-leading-order perturba-
tive QCD (NLO pQCD) calculation [18]. For p + p,
the curves show the ratio dσNLO

γ (pT )/dσincl
γ (pT ), where

dσNLO
γ (pT ) is the direct photon cross section from the

NLO pQCD calculation and dσincl
γ (pT ) is the inclusive

photon cross section. For Au + Au, the curves represent
TAAdσNLO

γ (pT )/dN incl
γ (pT ), where TAA is the Glauber

nuclear overlap function and dN incl
γ (pT ) is the inclusive

photon yield. The three curves correspond, from top to
bottom, to the theory scale µ = 0.5 pT , pT , and 2 pT ,
respectively, showing the scale dependence of the theory.
While the fraction r is consistent with the NLO pQCD
calculation [18] in p + p, it is larger than the calculation
in Au + Au for pT < 3.5 GeV/c.

The direct photon fraction r in Fig. 3 is converted to
the direct photon yield as dNdir(pT ) = r × dN incl(pT ).
The inclusive photon yield dN incl(pT ) for each pT bin
is determined from the yield of e+e− pairs for mee <
0.03 GeV/c2 using Eq. (1). Here we use the fact that in
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FIG. 4: (color online) Invariant cross section (p + p) and in-
variant yield (Au + Au) of direct photons as a function of pT .
The filled points are from this analysis and open points are
from [19, 20]. The three curves on the p + p data represent
NLO pQCD calculations, and the dashed curves show a modi-
fied power-law fit to the p+p data, scaled by TAA. The dashed
(black) curves are exponential plus the TAA scaled p + p fit.
The dotted (red) curve near the 0–20% centrality data is a
theory calculation [7].

this mass range the process dependent factor S is unity
within a few percent for any photon source.

Figure 4 compares the direct photon spectra with pre-
viously measured direct photon data from [19, 20] and
NLO pQCD calculations [18]. The systematic uncer-
tainty of the inclusive photon (14% from the uncertainty
in the e+e− pair acceptance correction[12]) is added in
quadrature with the systematic uncertainties of these
data. The p + p data are shown as an invariant cross
section using dσ = σinel

pp dN .

In this analysis we have converted the yield of excess
e+e− pairs to that of real direct photons using Eq. (1), as-

suming S = 1. This implies d2nee

dmee
= 2α

3π
1

mee
dnγ . Thus the

yield of the excess e+e− pairs for 0.1 < mee < 0.3 GeV/c2

before the conversion can be obtained by multiplying the
direct photon yield by a factor of 2α

3π log 300
100 = 1.7×10−3.

The pQCD calculation is consistent with the p+p data
within the theoretical uncertainties for pT > 2 GeV/c. A
similarly good agreement is observed for π0 [21]. The
p+p data can be well described by a modified power-law
function (App(1+p2

T /b)−n) as shown by the dashed curve
in Fig. 4. The Au + Au data are above the p+p fit curve

• exponential + TAA scaled p+p fit
is fit to Au+Au data:
Ae−pT/T + TAA × App

(
1 +

p2
T
b

)−n

• only free parameters are A and T

• if direct photons are of thermal
origin: inverse slope T refers to
Tinit of the dense matter

• red dotted curve: hydrodynamical
model thermal photon spectrum in
central Au+Au with
Tinit = 370 MeV
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Fit results

centrality A (pT > 1 GeV/c) T (MeV) χ2

NDF

0− 20% 1.50± 0.23± 0.35 221± 19± 19 4.7 / 4

20− 40% 0.65± 0.08± 0.15 217± 18± 16 5 / 3

Min. Bias 0.49± 0.05± 0.11 233± 14± 19 3.2 / 4

• central Au+Au data for Tinit can be reproduced with hydrodynamical
models within factor 2

• models: Tinit ≈ 300− 600 MeV at τ0 ≈ 0.6− 0.15 fm/c

• models are in qualitative agreement with data
• lattice QCD predicts phase transition to QGP at ≈ 170 MeV
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Take home messages

• direct photons can be observed in heavy ion collisions

• yield for direct photons with pT > 4 GeV unaffected by QGP

• thermal photons observed in Au+Au in contrast to p+p
I indicates presence of QGP

• Tinit can be measured
I is in qualitative agreement with predictions of several models
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