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18ELTE, Eötvös Loránd University, H-1117 Budapest, Pázmány P. s. 1/A, Hungary
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The PHENIX experiment at RHIC has measured the centrality dependence of the direct photon yield from
Au + Au collisions at

√
sNN

= 200 GeV down to pT = 0.4 GeV/c. Photons are detected via photon conversions
to e+e− pairs and an improved technique is applied that minimizes the systematic uncertainties that usually limit
direct photon measurements, in particular at low pT . We find an excess of direct photons above the Ncoll-scaled
yield measured in p + p collisions. This excess yield is well described by an exponential distribution with
an inverse slope of about 240 MeV/c in the pT range 0.6–2.0 GeV/c. While the shape of the pT distribution
is independent of centrality within the experimental uncertainties, the yield increases rapidly with increasing
centrality, scaling approximately with Nα

part, where α = 1.38 ± 0.03(stat) ± 0.07(syst).

DOI: 10.1103/PhysRevC.91.064904 PACS number(s): 25.75.Dw

I. INTRODUCTION

Photons are an excellent probe of the hot and dense, strongly
interacting matter produced in heavy ion collisions [1]. They
do not participate in the strong interaction and thus exit the
system carrying information from the time of their emission,
allowing a glimpse at the time evolution of the matter.
Experimentally we measure a time-integrated history of the
emission. Photons from hadron decays need to be removed to
reveal the so-called direct contribution, i.e., photons that are
produced before the formation of the matter as well as from the
matter itself. Further removal of the early component, usually
considered prompt production from 2 → 2 scattering of the
partons from the incoming nuclei, gives access to the radiation
emitted from the matter. If the matter is in local equilibrium the
photon spectrum is a time-integrated image of the evolution
of the temperature and collective motion of the matter as it
expands and cools.

*Deceased.
†PHENIX Co-Spokesperson: morrison@bnl.gov
‡PHENIX Co-Spokesperson: jamie.nagle@colorado.edu

PHENIX discovered evidence of thermal photons from
Au + Au collisions at the Relativistic Heavy Ion Collider
(RHIC) [2]; similar findings have recently been reported by
ALICE from Pb + Pb collisions at the Large Hadron Col-
lider [3]. Photons in both energy regimes exhibit a large yield
and an azimuthal anisotropy [4,5] with respect to the reaction
plane, often referred to as elliptic flow and quantified as v2.
Comparing the measured pT spectra to model calculations of
thermal photons based on a hydrodynamic evolution of the
system, microscopic transport models, or a more schematic
time evolution gives reasonable agreement when assuming
an initial temperature of 300 MeV or above [6–13] for√

sNN = 200 GeV Au + Au collisions at RHIC. However, it is a
challenge for these types of models to simultaneously explain
the large observed azimuthal anisotropy of the radiation and
the large yield [13–17].

The challenge for these model calculations results from
the interplay between the time evolution of the collective
motion and the cooling of the matter that emits photons.
In the model calculations, the collective motion builds up
over time. The flow velocity is initially small and increases
throughout the collision as the matter continues to expand.
The yield of thermal photons is expected to be largest early in

064904-3
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the collision when the matter is the hottest. Theoretical models
that create large photon v2 typically underestimate the direct
photon yield. Attempts to improve hydrodynamic models by
implementing next-to-leading-order thermal rates [18], initial
state fluctuations [13], formation time effects [17], increased
radial flow, and enhanced coupling at TC [16], fail to reconcile
yield and anisotropy.

To resolve this puzzle, new production mechanisms have
been proposed. Some enhance the thermal yield in the presence
of the strong magnetic field perpendicular to the reaction
plane, which creates a large anisotropy [19,20]. Other new
mechanisms, such as synchrotron radiation [21] at the plasma
boundary or photon production in a glasma phase [22], create
an anisotropy from the initial geometry of the overlap region.

In this paper we present the first measurement of low
momentum real direct photons from Au + Au collisions at
200 GeV center-of-mass energy. This measurement com-
pliments earlier measurements of direct photons that were
obtained by extrapolating low mass virtual photons to the
real photon point [2]. We are able to extend the pT range
down to 0.4 GeV/c and provide new information on the
centrality dependence of the direct photon yield. In particular,
the centrality dependence holds the promise of helping to
distinguish between different production mechanisms [23].

II. EXPERIMENT

To measure direct photons, we analyzed large data samples
of 1.4×109 and 2.6×109 minimum-bias Au + Au collisions
recorded with the PHENIX central arm spectrometers during
the 2007 and 2010 runs, respectively. The main PHENIX
detector is described in detail elsewhere [24]. In addition, a
hadron blind detector (HBD) [25] was installed, except for
part of the 2007 RHIC run when only one half of the HBD was
installed. The data were taken with a special field configuration
which essentially cancels the magnetic field around the beam
axis out to about 50 cm.

Minimum-bias events were triggered using the beam-beam
counters (BBC) that cover the rapidity region 3.1 < |η| <
3.9 and 2π in azimuth in both beam directions. The BBC
information is used to limit the vertex in beam direction to
±10 cm around the nominal position. The charge measured in
the BBC is used to categorize the event centrality. The sample
is divided into four centrality classes, 0%–20% for the most
central selection, 20%–40%, 40%–60%, and 60%–92% for the
most peripheral sample.

The raw inclusive photon yield N incl
γ is measured through

photon conversions to e+e− pairs in the detector material,
which allows us to avoid hadron contamination and measure
photons down to pee

T = 0.4 GeV/c. Trajectories and momenta
of e+ and e− are determined using the drift chambers and the
pad chambers that measure the deflection in the axial magnetic
field together with the interaction vertex location. We require
a minimum pT of 200 MeV/c. The energy is determined
with the electromagnetic calorimeter (EMCal). The e+ and e−
are identified utilizing the ring-imaging Čerenkov detector by
requiring a minimum of three phototubes associated with both
charged tracks at the expected ring radius as well as requiring
the respective energy/momentum ratios to be greater than 0.6.
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(a)
e+e− pair invariant
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reconstruction (VTX)
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e+e− pair invariant
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Track Model (HBD)

FIG. 1. (Color online) Histograms of the e+e− pair invariant-
mass distribution from data. (a) The distribution of masses calculated
with the normal reconstruction algorithm (vtx). (b) The distribution of
masses calculated with the alternate track model assumption (HBD).

III. DATA ANALYSIS

We select photons that converted in the readout plane of
the HBD that is located at a radius of 60 cm and has a
radiation length X/X0 ≈ 2.5%. Our method to identify photon
conversions uses only the PHENIX central arm detectors, with
the HBD playing no active role. Because the draft chambers
are located at ≈220 cm radially from the beam axis, the
momentum reconstruction algorithm needs to assume where
the particles originate. In the standard algorithm all charged
particles are reconstructed as if they came from the event
vertex. This procedure mismeasures the momentum vector
for e+ and e− from photon conversions in the HBD. For
conversions in the HBD readout plane the artificial opening
angle of the e+e− pair is ≈10 mrad and the pair momentum
increases by 1%–2%. As a result the e+e− pair is reconstructed
with an average mass of Mvtx ≈ 12 MeV/c2, as is shown in
the invariant-pair-mass distribution of Fig. 1(a). The first peak
in the mass plot at a few MeV/c2 is from π0 Dalitz decays,
along with a small number of pairs from photon conversions
before the HBD readout plane.

The momenta of all low mass e+e− pairs are recalculated
assuming that they originated at the HBD readout plane.
If the e+e− pair is indeed a conversion pair from the
readout plane, the relative momentum resolution of the pair
is approximately σ ee

pT
/pee

T = 0.9%⊕0.5%pee
T and the e+e−

pair mass recalculated with the HBD back plane as origin
(MHBD) is a few MeV/c2, consistent with the experimental
resolution. For all other e+e− pairs, the momentum vectors
are now mismeasured, in particular e+e− pairs from π0

Dalitz decays are now reconstructed with larger opening
angles and thus shifted upward in e+e− pair mass. The
recalculated mass spectrum is shown in Fig. 1(b). Plotting
the yield as a function of MHBD versus the mass calculated
with the vertex as origin (Mvtx), as shown in Fig. 2, allows
one to clearly isolate the conversions in the HBD readout
plane. We select photon conversions by a two-dimensional cut
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FIG. 2. (Color online) A view of the cut space used for the

conversion photon identification. The mass as calculated under the
standard reconstruction algorithm (vtx) is plotted on the horizontal
axis, while the mass as calculated under the alternate track model
(HBD) is plotted on the vertical axis. The dotted (red) box indicates
the region used to identify photon conversions.

10 < Mvtx < 15 MeV/c2 and MHBD < 4.5 MeV/c2, illus-
trated by the red dashed box. Note that the large distance from
the true event vertex and the relatively thick HBD readout plane
(in terms of radiation length X0) with no comparable radiating
material nearby makes identification of the converted photons
very accurate: A full GEANT Monte Carlo simulation [26]
shows that the purity of this sample is 99%, with most of
the remaining 1% being photon conversions at other radii.

A subset of this inclusive conversion photon sample N incl
γ

is tagged statistically as photons from π0 decays if they
reconstruct the π0 mass with a second, photonlike shower
taken from the EMCal. Note that this is done in bins of pee

T ,
the transverse momentum of the converted photons, not in bins
of π0pT . A cut on the shower shape of this second EMCal
shower is used to remove most hadrons. False tagging from
hadron showers in the EMCal is further reduced by applying
a lower threshold on the cluster energy. For the 2010 data we
applied an Eclus > 0.4 GeV cut, which is just above the EMCal
response for minimum ionizing particles. For the 2007 data, a
higher threshold of 0.6 GeV was necessary because of a cut on
the shower energy that was introduced during data production.

A. Relative photon yield

In each pee
T bin the number of π0 tagged photons (Nπ0,tag

γ ) is
determined by integrating the e+e−γ mass distribution around
the π0 mass after subtraction of the mixed-event combinatorial
background. Figure 3 shows the mass distributions before
and after subtracting the mixed-event background for two
sample pee

T bins (0.4–0.6 GeV/c and 1.8–2.0 GeV/c) for
central collisions (0%–20%), which have the smallest signal-
to-background ratio. The π0 peak extraction method has less
than 4% systematic uncertainty on the π0 tagged photon yield,
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FIG. 3. (Color online) Histograms of the e+e−γ invariant-mass
distributions for two different pee

T bins. The left column (a) and (c)
displays the mass for 0.4 < pee

T < 0.6 GeV/c; the right column (b)
and (d) displays the mass for 1.8 < pee

T < 2.0 GeV/c. The top row
(a) and (b) shows the e+e−γ invariant-mass foreground distribution
in blue, with the normalized background distribution from the mixed
events in red. The bottom row (c) and (d) shows the isolated pion
peak after subtraction of the normalized background. The masses
are calculated from the HBD readout plane origin assumption on the
electron tracks. The centrality bin is 0%–20%.

which is assumed to be independent between neighboring pee
T

bins and thus folded into the statistical uncertainties.
In a given pee

T bin the true number of inclusive photons γ incl

and photons from π0 decays γ π0
are related to the measured

quantities N incl
γ and N

π0,tag
γ as follows:

N incl
γ = εeeaee cγ incl, (1)

Nπ0,tag
γ = εeeaee c〈εγ f 〉γ π0

, (2)

where c is the probability that the photon converts in the
HBD readout plane, εee is the reconstruction efficiency of
the e+e− pair, and aee is the factor describing that both e+
and e− are in the detector acceptance. The factor f is the
conditional acceptance that after one photon from a π0 decay
was reconstructed as the e+e− conversion pair, the partner
photon falls into the acceptance of the EMCal. The probability
that the partner photon is reconstructed is given as εγ . The
product εγ f is averaged over all possible pT of the partner
photon, indicated by 〈εγ f 〉.

Because N incl
γ and N

π0,tag
γ are both measured in terms of

the pee
T of the converted photon, the efficiency and acceptance
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FIG. 4. (Color online) Average conditional acceptance 〈εγ f 〉 to
detect a photon from a π 0 decay in the EMCal, if the other photon
converted in the HBD electronics and was reconstructed as an e+e−

pair. The abscissa gives pee
T , the pT of the e+e− pair. The pT cut of 0.6

(2007) and 0.4 GeV/c (2004) is on the photon detected in the EMCal.
For the pT cut of 0.6 GeV/c we show the results for two methods,
a full MC simulation (points) and a fast MC simulation (histogram).
For the pT cut of 0.4 GeV, the fast MC simulation is shown as a
dashed histogram.

factors for the e+e− pair as well as the conversion probability

explicitly cancel in the ratio N incl
γ /N

π0,tag
γ . This ratio can be

converted into Rγ , the ratio of the yield of true inclusive
photons γ incl to the yield of true photons from hadron decays
γ hadron:

Rγ = γ incl

γ hadron
=

〈εγ f 〉( N incl
γ

N
π0 ,tag
γ

)
Data

(
γ hadron

γ π0

)
Sim

. (3)

All terms in Eq. (3) are a function of converted photon pee
T .

Rγ will be unity for a given pee
T bin if all photons result from

hadron decays, or larger than unity if direct photons are present
in the sample. The excess above unity is a measure of the direct
photon content in the bin. In the following we discuss all terms
in detail.

The numerator of Eq. (3) includes the measured ratio

N incl
γ /N

π0,tag
γ , and the efficiency and acceptance correction for

pion tagging 〈εγ f 〉. Figure 4 shows 〈εγ f 〉 for the min. bias
data sets of 2007 and 2010. It increases monotonically with
pee

T and is lower for the larger pT cut on the second photon.
These trends can be understood in terms of decay kinematics
and average pT of the tagged π0. At higher pee

T the average
pT of the tagged π0 is larger, the opening angle between the
decay photons becomes smaller, and the probability of having
both decay photon in the PHENIX acceptance increases.
Consequently 〈εγ f 〉 increases with pee

T . A larger pT cut on
the second photon increases the minimum π0 pT necessary
for both photons to be accepted at a given pee

T , thus 〈εγ f 〉 is
larger for the lower pT cut. The ratio of 〈εγ f 〉 for the two
different pT cuts is as large as a factor of 2 at the lowest pee

T

and decreases towards higher pee
T . Because the final result for

Rγ is proportional to 〈εγ f 〉, varying the pT cut provides a
powerful cross-check for the measurement.

We developed two different methods to determine 〈εγ f 〉.
For the 2007 data a GEANT Monte Carlo simulation of the
detector response to π0 decays is performed. In the simulation
one photon is forced to convert in the HBD readout plane.
The simulated π0 decays are then embedded into real data to
account for occupancy effects in the EMCal. The events are
analyzed through the full reconstruction chain to extract 〈εγ f 〉.
This method is computationally very intensive and thus limited
by statistical uncertainties. To overcome these we developed
a fast simulation. It accounts for the detector acceptance and
variations of the active detector areas with time. The single
photon response is parametrized based on a GEANT Monte
Carlo simulation of single photons. To test the fast simulation
we compared its result for 〈εγ f 〉 in Fig. 4 for the 2007 data
to the one determined with the full GEANT simulation; the two
methods agree within statistical uncertainties. For the 2010
data we used the fast simulation. We also compare results
on Rγ for pT cuts on the second photon between 0.3 and
0.6 GeV/c2 and find that the results are consistent well within
the systematic uncertainties on 〈εγ f 〉 discussed below.

The denominator of Eq. (3) is the ratio of photons from
all hadron decays (γ hadron) to those from π0 decays (γ π0

).
To evaluate this ratio, the per-event yields γ π0

and γ hadron

are determined using the PHENIX meson decay generator
EXODUS, which is discussed in detail in Ref. [27].

For each centrality class, a fit to the measured per-event
yields for charged and neutral pions [28,29] is used to generate
π0’s that then are decayed to photons according to known
branching ratios and decay kinematics based on Ref. [30].
The resulting photon spectrum is the per-event yield γ π0

as a
function of photon pT . To generate γ hadron, the contributions
from decays of η, ω, and η′ are determined using the same
procedure and then added to γ π0

. The shape of the pT

spectra for η, ω, and η′ are derived from the π0 spectrum
by replacing pT with mT =

√
m2

hadron − m2
π0 + p2

T . For η and
ω this is consistent with published data [31,32]; for η′ no data
are available. The absolute normalization of the η per-event
yield is set using a value of η/π0 = 0.46 ± 0.06 [33,34] at
pT = 5 GeV/c. For the ω and η′ the absolute yield is set
to ω/π0 = 0.9 ± 0.06 and η′/π0 = 0.25 ± 0.075, again at
5 GeV/c (see [27]).

B. Systematic uncertainties

Several sources contribute to systematic uncertainties on
〈εγ f 〉. The largest one is 4% and accounts for the uncertainties
of the energy scale and the energy resolution. These translate
directly into an uncertainty in the number of photons that
pass the lower EMCal threshold and thus become candidates
for π0 tagging. The second largest uncertainty (2%) is on
the number of photons that are lost because they convert to
e+e− pairs in the detector material in front of the EMCal
and are not reconstructed as single showers. The active area
of the detectors was studied as a function of time, and the
resulting systematic uncertainty on 〈εγ f 〉 is smaller than 1%.
Varying the π0 input distribution with the uncertainties on
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TABLE I. Summary of systematic uncertainties on Rγ . The π 0

reconstruction uncertainty is uncorrelated between data points (type
A), type B uncertainties are pT correlated, and type C are uncertainties
that can change Rγ for all pT by a constant multiplicative factor.

Source σsyst/Rγ Type

π 0 reconstruction
(tagged photon yield) 4% A
γ purity 1% C
Conditional acceptance 〈εf 〉
Energy scale 4% B
Conversion loss 2% C
γ efficiency 1% B
Active area 1% C
Input pT spectra 1% B
γ hadron/γ π0

η/π 0 ratio 2.2% C
Other mesons <1% C

the data results in a 1% uncertainty on 〈εγ f 〉. Lastly, the
uncertainty on the photon reconstruction efficiency is also
small (1%), estimated by varying the shower shape cuts,
redoing the analysis and recalculating the correction, and
comparing the results. All other systematic effects were found
to be negligible.

Systematic uncertainties on γ hadron/γ π0
are dominated by

the accuracy with which η/π0 is known. Because the π0

contribution to γ hadron is ≈80%, the systematic uncertainty
on the π0 spectra largely cancels, leaving the η/π0 ratio as the
dominant source of systematic uncertainties. The uncertainty
on Rγ also includes possible deviations from scaling with
mT and uncertainties on the other meson yields. The total
uncertainty is less than 2.5%. All systematic uncertainties on
Rγ are summarized in Table I.

IV. RESULTS AND DISCUSSION

Figure 5 compares our results for Rγ in minimum-bias
collisions from the 2007 and 2010 data sets separately,
while Fig. 6 shows the same quantity for the four centrality
selections. Here we used the full GEANT simulation for the 2007
data, and the fast Monte Carlo simulation for the 2010 data.
Rγ from the two data sets agree well within statistical errors.
Figure 6 also includes data from an earlier publication [2],
in which Rγ was obtained by extrapolating virtual photons
to m = 0 for the two central bins and pT > 1.0 GeV/c. The
Rγ was used to calculate the direct-photon pT spectra shown
in Ref. [2]; here we show the corresponding data points. We
observe no statistically significant difference between the Rγ

measured from real and virtual photons. However, given the
uncertainties, we cannot rule out a difference of up to 15%, as is
estimated in Ref. [12]. The Rγ shows a statistically significant
excess of photons above those expected from hadron decays,
and this excess increases with centrality.

To combine the data sets we apply the corrections calculated
from the fast simulation for both the 2007 and 2010 data (after
verifying consistency between the corrections calculated for
the 2007 data with both the fast Monte Carlo and full GEANT)

1 2 3 4
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Au+Au√
sNN = 200GeV
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2007+2010
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2010

FIG. 5. (Color online) (a) Ratio Rγ as a function of photon pT

from the 2007 (red open square) and from the 2010 data sets
(blue closed circle) in minimum-bias Au + Au collisions. Statistical
uncertainties are dominated by the π 0 yield extraction. They are
plotted as vertical lines. All other systematic uncertainties are added
in quadrature and shown as filled boxes. (b) Rγ in the combined
2007+2010 measurement.

and average the numerators in Eq. (3) for the 2007 and 2010
data sets. While the correction factor 〈εγ f 〉 is different for the
two data sets (because of differences in detector dead areas
and the different minimum photon energy cuts applied), the
systematic uncertainties are the same. Next we determine the
direct photon yield from the combined Rγ for each pT bin:

γ direct = (Rγ − 1)γ hadron, (4)
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R
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FIG. 6. (Color online) Ratio Rγ as a function of photon pT for the
combined 2007 and 2010 data sets in centrality bins 0%–20%, 20%–
40%, 40%–60%, and 60%–92%. Statistical uncertainties plotted as
vertical lines are dominated by the π 0 yield extraction. All other
systematic uncertainties are added in quadrature and shown as filled
boxes. (a) and (b) We also show earlier results from Ref. [2], obtained
by extrapolating virtual photons to zero mass.
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FIG. 7. (Color online) Direct photon pT spectra for minimum-
bias Au + Au collisions from this measurement (solid symbols) and
Au + Au and p + p collisions (open symbols). (Open circles and up-
triangles) Low pT spectrum obtained with virtual photons in p + p

and Au + Au [2]; (open squares and down-triangles) spectrum of
real photons, measured in the EMCal in p + p. Open squares are
2003 data [35]; open down-triangles are 2006 data [36]. (Open stars)
Spectrum with real photons, measured in the EMCal in Au + Au in
2004 [37]. The dashed line is a fit to the combined set of p + p data,
extrapolated below 1 GeV/c, and the solid line the p + p fit scaled
with the number of minimum-bias Au + Au collisions. Bands around
lines denote 1σ uncertainty intervals in the parametrizations of the
p + p data and the uncertainty in Ncoll, added in quadrature.

were γ hadron is the invariant yield of photons from hadron
decays, which we calculate from measured charged and neutral
pion spectra, as described above. At this point a systematic
uncertainty of 10% on the shape of the input π0 distribution
for the generator needs to be included [27] [this mostly cancels
in the denominator of Rγ , but no longer cancels in Eq. (4)]. The
measurement was cross-checked and found consistent with the
direct photon spectrum calculated using the fully corrected
measured inclusive photon spectrum [27] via the relation
γ direct = (1 − 1/Rγ )γ incl, which has much larger systematic
uncertainties because the conversion probability, the e+e− pair
efficiency, and acceptance do not cancel.

Figure 7 shows the direct photon pT spectra for mini-
mum bias and our previously published Au + Au data from
Refs. [2,37]. Also shown are the p + p photon data from
PHENIX. The lowest pT points (open circles) come from a
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FIG. 8. (Color online) Direct photon pT spectra in centrality bins
0%–20%, 20%–40%, 40%–60%, and 60%–92%. Widths of filled
boxes indicate bin widths in this analysis. The green bands show a
Ncoll-scaled modified power-law fit to the PHENIX p + p data and
its extrapolation below 1 GeV/c; cf. Fig. 7. One-sided errors denote
1σ upper limits; other uncertainties are as in Fig. 7.

virtual photon measurement [2], while the open squares and
open triangles are from the analysis of the 2003 [35] and
2006 [36] data sets, respectively. The dashed curve is the joint
fit to the p + p data with a functional form a(1 + pT

2

b
)c. This

shape was used in Ref. [2]. Including new data in the fit [36],
we find parameters a = (8.3 ± 7.5) × 10−3, b = 2.26 ± 0.78,
and c = −3.45 ± 0.08. Note that the systematic uncertainties
are highly correlated. Also, the lowest actual data point in the
fit is at pT = 1 GeV/c.

The solid curve in Fig. 7 is the p + p fit scaled by the
corresponding average number of binary collisions, Npart, for
minimum-bias collisions, as calculated from a Glauber Monte
Carlo simulation [38]. Below pT = 3 GeV/c, an enhancement
above the expected prompt production (p + p) is observed.
The enhancement has a significantly smaller inverse slope than
the Ncoll scaled p + p contribution.

Figure 8 shows that we observe similar behavior when
investigating the centrality dependence in more detail. The
solid curves are again the p + p fit scaled by the respective
number of binary collisions, and they deviate significantly
from the measured yields below 3 GeV/c.

Finally the direct photon contribution from prompt pro-
cesses (as estimated by the Ncoll scaled p + p direct photon
yield, shown by the curve in Fig. 8) is subtracted to isolate
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FIG. 9. (Color online) Direct photon pT spectra after subtraction
of the Ncoll scaled p + p contribution in centrality bins 0%–20%,
20%–40%, 40%–60%, and 60%–92%. Uncertainties are plotted as in
Fig. 8. Dashed lines are fits to an exponential function in the range
0.6 GeV/c < pT < 2.0 GeV/c.

the radiation unique to heavy ion collisions. The results are
depicted in Fig. 9. While the origin of this additional radiation
cannot be directly established (it could be, for instance, thermal
and/or initial state radiation, or the dominant source could even
be pT dependent), it is customary to fit this region with an
exponential and characterize the shape with the inverse slope.
Accordingly, shown on each panel is a fit to an exponential
function in the range 0.6 < pT < 2 GeV/c. The inverse slopes
are approximately 240 MeV/c independent of centrality; see
Table II. In contrast, the yield clearly increases with centrality.
We have quantified this by integrating the photon yield above a

TABLE II. The number of nucleon participants Npart, number
of binary nucleon-nucleon collisions Ncoll, and constituent-quark
participants Nqp vs centrality bin. Also shown are the values of local
inverse slopes in the pT range 0.6–2 GeV/c of the direct photon
spectra, after subtracting the Ncoll scaled p + p results.

Centrality Ncoll Npart Nqp Teff (MeV/c)

0%–20% 770.6 ± 79.9 277.5 ± 6.5 735.2 ± 14.6 239 ± 25 ± 7
20%–40% 282.4 ± 28.4 135.6 ± 7.0 333.2 ± 10.7 260 ± 33 ± 8
40%–60% 82.6 ± 9.3 56.0 ± 5.3 126.6 ± 6.1 225 ± 28 ± 6
60%–92% 12.1 ± 3.1 12.5 ± 2.6 25.8 ± 4.0 238 ± 50 ± 6
0%–92% 251.1 ± 26.7 106.3 ± 5.0 268.8 ± 8.2 242 ± 28 ± 7
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FIG. 10. (Color online) Integrated thermal photon yields as a
function of Npart for different lower pT integration limits. The dashed
lines are independent fits to a power law.

threshold pmin
T . We varied the threshold from 0.4 to 1.4 GeV/c

to show that the centrality dependence does not result from a
change of shape at low pT (see Fig. 10).

The yield increases with a power-law function Nα
part; this

is illustrated by the linear rise of the yield with Npart in the
logarithmic representation shown on Fig. 10 together with fits
to ANα

part. The fit parameters are shown in Table III. The same
power is observed independent of the pT cutoff, consistent with
the spectra having the same shape independent of centrality.
A simultaneous fit to the data in Fig. 10 results in an average
value of α = 1.38 ± 0.03(stat) ± 0.07(syst).

We have also considered the recently suggested scaling with
the number of quark participants Nqp, which works well for
charged particle production [39]. Here Nqp is calculated with
a Glauber Monte Carlo simulation similar to Npart by picking
random locations for constituent quarks within the nucleus.
While our data are better described by scaling with a power
law in Npart, they are also consistent with a power-law function
N

β
qp, where Nqp is the number of quark participants. In this case

we find an exponent of β = 1.27 ± 0.03(stat) ± 0.07(syst).
In most theoretical models thermal photon emission in-

volves binary collisions of constituents, partons or hadrons,
in hot and dense matter. Thus the emission rate from a unit
volume should be proportional to the square of the number
of constituents, while bulk particle production should scale

TABLE III. Fitted parameters from fitting power-law fits dN
dy

=
ANα

part for integrated yields with different lower pee
T limits.

pmin
T (GeV/c) α A

0.4 1.36 ± 0.08 ± 0.08 (7.85 ± 2.96 ± 4.52) × 10−3

0.6 1.41 ± 0.14 ± 0.12 (2.20 ± 1.54 ± 1.64) × 10−3

0.8 1.42 ± 0.07 ± 0.11 (1.07 ± 0.39 ± 0.75) × 10−3

1.0 1.35 ± 0.06 ± 0.07 (7.70 ± 2.32 ± 4.37) × 10−4

1.2 1.36 ± 0.09 ± 0.07 (3.90 ± 1.79 ± 2.81) × 10−4

1.4 1.40 ± 0.06 ± 0.10 (1.63 ± 0.47 ± 1.11) × 10−4
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with the number of constituents [23,40]. Because particle
production is approximately proportional to Npart one might
expect thermal photon emission to scale as N2

part times a
correction for the increasing reaction volume with centrality.
The increasing volume will reduce the centrality dependence,
so that one expects 1 < α < 2 for thermal photon emission,
just as observed.

Recent theoretical studies of the centrality dependence
confirm our finding that the yield of thermal photon emission
increases approximately with a power-law function of Npart.
In the PHSD transport approach the power α is approximately
1.5 [41], with no evident change in the shape of the spectra with
centrality, very similar to our data. A hydrodynamic model [42]
shows a power-law increase of the yield with a power α in the
range from 1.67 to 1.9, increasing monotonically as the lower
integration threshold increases from 0.4 to 1.4 GeV/c. Photon
production in a glasma phase [22] was predicted to scale with
Nα

part with 1.47 < α < 2.2. Other new production mechanisms,
proposed to address the large v2, have distinctly different cen-
trality dependence. The yield from enhanced thermal photon
emission in the strong magnetic field is expected to decrease
with centrality, as the strength of the field weakens with
decreasing impact parameter [19]. The thermal photon yield
should thus increase more slowly than expected from standard
processes, but a quantitative estimate is not yet available.

V. SUMMARY AND CONCLUSIONS

We have isolated the low-momentum direct photon yield
emitted in Au + Au collisions. The shape of the pT spectra
does not depend strongly on centrality, with an average inverse
slope of 240 MeV/c in the range from 0.6 to 2 GeV/c.
The yield increases with centrality as Nα

part with α ∼ 1.4.
In conclusion, these results will help distinguish between
different photon-production mechanisms and will constrain
models of the space-time evolution of heavy ion collisions.
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University College (Hungary), Department of Atomic Energy
and Department of Science and Technology (India), Israel
Science Foundation (Israel), National Research Foundation of
Korea of the Ministry of Science, ICT, and Future Planning
(Korea), Physics Department, Lahore University of Manage-
ment Sciences (Pakistan), Ministry of Education and Science,
Russian Academy of Sciences, Federal Agency of Atomic
Energy (Russia), VR and Wallenberg Foundation (Sweden),
the US Civilian Research and Development Foundation for the
Independent States of the Former Soviet Union, the Hungarian
American Enterprise Scholarship Fund, and the US-Israel
Binational Science Foundation.

[1] E. V. Shuryak, Quark-gluon plasma and hadronic produc-
tion of leptons, photons and psions, Phys. Lett. B 78, 150
(1978).

[2] A. Adare et al. (PHENIX Collaboration), Enhanced production
of direct photons in Au + Au collisions at

√
sNN

= 200 GeV
and implications for the initial temperature, Phys. Rev. Lett.
104, 132301 (2010).

[3] M. Wilde (ALICE Collaboration), Measurement of direct
photons in pp and pb-pb collisions with alice, Nucl. Phys. A
904, 573c (2013).

[4] A. Adare et al. (PHENIX Collaboration), Observation of
direct-photon collective flow in Au + Au collisions at

√
sNN

=
200 GeV, Phys. Rev. Lett. 109, 122302 (2012).

[5] D. Lohner (ALICE Collaboration), Measurement of direct-
photon elliptic flow in Pb-Pb collisions at

√
sNN

= 2.76 TeV,
J. Phys. Conf. Series 446, 012028 (2013).

[6] D. d’Enterria and D. Peressounko, Probing the QCD equation
of state with thermal photons in nucleus-nucleus collisions at
RHIC, Euro. Phys. J. 46, 451 (2006).

[7] S. Turbide, R. Rapp, and C. Gale, Hadronic production of
thermal photons, Phys. Rev. C 69, 014903 (2004).

[8] P. Huovinen, P. V. Ruuskanen, and S. S. Räsänen, Photon
emission in heavy ion collisions at the cern sps, Phys. Lett.
B 535, 109 (2002).

[9] D. K. Srivastava and B. Sinha, Radiation of single photons from
Pb + Pb collisions at relativistic energies and the quark-hadron
phase transition, Phys. Rev. C 64, 034902 (2001).

[10] J. Alam, S. Sarkar, T. Hatsuda, T. K. Nayak, and B. Sinha,
Photons from Pb-Pb collisions at ultrarelativistic energies, Phys.
Rev. C 63, 021901(R) (2001).

[11] F. M. Liu, T. Hirano, K. Werner, and Y. Zhu, Centrality-
dependent direct photon pt spectra in Au + Au colli-
sions at the BNL relativistic heavy ion collider (RHIC)
energy

√
sNN

= 200 GeV, Phys. Rev. C 79, 014905
(2009).

[12] K. Dusling and I. Zahed, Thermal photons from heavy ion
collisions: A spectral function approach, Phys. Rev. C 82,
054909 (2010).

064904-10

http://dx.doi.org/10.1016/0370-2693(78)90370-2
http://dx.doi.org/10.1016/0370-2693(78)90370-2
http://dx.doi.org/10.1016/0370-2693(78)90370-2
http://dx.doi.org/10.1016/0370-2693(78)90370-2
http://dx.doi.org/10.1103/PhysRevLett.104.132301
http://dx.doi.org/10.1103/PhysRevLett.104.132301
http://dx.doi.org/10.1103/PhysRevLett.104.132301
http://dx.doi.org/10.1103/PhysRevLett.104.132301
http://dx.doi.org/10.1016/j.nuclphysa.2013.02.079
http://dx.doi.org/10.1016/j.nuclphysa.2013.02.079
http://dx.doi.org/10.1016/j.nuclphysa.2013.02.079
http://dx.doi.org/10.1016/j.nuclphysa.2013.02.079
http://dx.doi.org/10.1103/PhysRevLett.109.122302
http://dx.doi.org/10.1103/PhysRevLett.109.122302
http://dx.doi.org/10.1103/PhysRevLett.109.122302
http://dx.doi.org/10.1103/PhysRevLett.109.122302
http://dx.doi.org/10.1088/1742-6596/446/1/012028
http://dx.doi.org/10.1088/1742-6596/446/1/012028
http://dx.doi.org/10.1088/1742-6596/446/1/012028
http://dx.doi.org/10.1088/1742-6596/446/1/012028
http://dx.doi.org/10.1140/epjc/s2006-02504-0
http://dx.doi.org/10.1140/epjc/s2006-02504-0
http://dx.doi.org/10.1140/epjc/s2006-02504-0
http://dx.doi.org/10.1140/epjc/s2006-02504-0
http://dx.doi.org/10.1103/PhysRevC.69.014903
http://dx.doi.org/10.1103/PhysRevC.69.014903
http://dx.doi.org/10.1103/PhysRevC.69.014903
http://dx.doi.org/10.1103/PhysRevC.69.014903
http://dx.doi.org/10.1016/S0370-2693(02)01721-5
http://dx.doi.org/10.1016/S0370-2693(02)01721-5
http://dx.doi.org/10.1016/S0370-2693(02)01721-5
http://dx.doi.org/10.1016/S0370-2693(02)01721-5
http://dx.doi.org/10.1103/PhysRevC.64.034902
http://dx.doi.org/10.1103/PhysRevC.64.034902
http://dx.doi.org/10.1103/PhysRevC.64.034902
http://dx.doi.org/10.1103/PhysRevC.64.034902
http://dx.doi.org/10.1103/PhysRevC.63.021901
http://dx.doi.org/10.1103/PhysRevC.63.021901
http://dx.doi.org/10.1103/PhysRevC.63.021901
http://dx.doi.org/10.1103/PhysRevC.63.021901
http://dx.doi.org/10.1103/PhysRevC.79.014905
http://dx.doi.org/10.1103/PhysRevC.79.014905
http://dx.doi.org/10.1103/PhysRevC.79.014905
http://dx.doi.org/10.1103/PhysRevC.79.014905
http://dx.doi.org/10.1103/PhysRevC.82.054909
http://dx.doi.org/10.1103/PhysRevC.82.054909
http://dx.doi.org/10.1103/PhysRevC.82.054909
http://dx.doi.org/10.1103/PhysRevC.82.054909


CENTRALITY DEPENDENCE OF LOW-MOMENTUM DIRECT- . . . PHYSICAL REVIEW C 91, 064904 (2015)

[13] T. Renk, γ -hadron correlations as a tool to trace the flow
of energy lost from hard partons in heavy-ion collisions,
Phys. Rev. C 80, 014901 (2009).

[14] H. Holopainen, S. S. Räsänen, and K. J. Eskola, Elliptic flow of
thermal photons in heavy-ion collisions at energies available at
the BNL relativistic heavy ion collider and at the CERN large
hadron collider, Phys. Rev. C 84, 064903 (2011).

[15] A. K. Chaudhuri and B. Sinha, Direct photon production
from viscous quark-gluon plasma, Phys. Rev. C 83, 034905
(2011).

[16] H. van Hees, C. Gale, and R. Rapp, Thermal photons and
collective flow at energies available at the bnl relativistic
heavy-ion collider, Phys. Rev. C 84, 054906 (2011).

[17] F.-M. Liu and S.-X. Liu, Quark-gluon plasma formation time
and direct photons from heavy ion collisions, Phys. Rev. C 89,
034906 (2014).

[18] K. Kajantie, J. Kapusta, L. McLerran, and A. Mekjian, Dilepton
emission and the QCD phase transition in ultrarelativistic
nuclear collisions, Phys. Rev. D 34, 2746 (1986).

[19] G. Basar, D. E. Kharzeev, and V. Skokov, Conformal anomaly
as a source of soft photons in heavy ion collisions, Phys. Rev.
Lett. 109, 202303 (2012).

[20] B. Müller, S.-Y. Wu, and D.-L. Yang, Elliptic flow from thermal
photons with magnetic field in holography, Phys. Rev. D 89,
026013 (2014).

[21] V. V. Goloviznin, A. M. Snigirev, and G. M. Zinovjev, Towards
azimuthal anisotropy of direct photons, J. Exp. Theor. Phys.
Lett. 98, 61 (2013).

[22] M. Chiu, T. K. Hemmick, V. Khachatryan, A. Leonidov, J. Liao,
and L. McLerran, Production of photons and dileptons in the
glasma, Nucl. Phys. A 900, 16 (2013).

[23] V. Cerny, P. Lichard, and J. Pisut, A clear cut test of low mass
dilepton production mechanism in hadronic collisions, Z. Phys.
C 31, 163 (1986).

[24] K. Adcox et al. (PHENIX Collaboration), PHENIX detector
overview, Nucl. Instrum. Methods Phys. Res., Sect. A 499, 469
(2003).

[25] W. Anderson et al. (PHENIX Collaboration), Design, construc-
tion, operation and performance of a hadron blind detector for
the PHENIX experiment, Nucl. Instrum. Methods Phys. Res.,
Sect. A 646, 35 (2011).

[26] R. Brun et al., GEANT detector description and simulation
tool, CERN Program Library Long Write-up W5013 (1994),
http://wwwasd.web.cern.ch/wwwasd/geant/.

[27] A. Adare et al. (PHENIX Collaboration), Detailed measurement
of the e+e− pair continuum in p + p and Au + Au collisions at√

sNN
= 200 GeV and implications for direct photon production,

Phys. Rev. C 81, 034911 (2010).

[28] S. S. Adler et al. (PHENIX Collaboration), Suppressed π0

production at large transverse momentum in central Au + Au
collisions at

√
sNN

= 200 GeV, Phys. Rev. Lett. 91, 072301
(2003).

[29] S. S. Adler et al. (PHENIX Collaboration), Identified charged
particle spectra and yields in Au + Au collisions at

√
sNN

=
200 GeV, Phys. Rev. C 69, 034909 (2004).

[30] J. Beringer et al. (Particle Data Group), Review of particle
physics, Phys. Rev. D 86, 010001 (2012).

[31] S. S. Adler et al. (PHENIX Collaboration), High transverse
momentum. meson production in p + p, d + Au, and Au + Au
collisions at

√
sNN

= 200 GeV, Phys. Rev. C 75, 024909 (2007).
[32] A. Adare et al. (PHENIX Collaboration), Production of mesons

in p + p, d + Au, Cu + Cu, and Au + Au collisions at
√

sNN
=

200 GeV, Phys. Rev. C 84, 044902 (2011).
[33] S. S. Adler et al. (PHENIX Collaboration), Common suppres-

sion pattern of η and π 0 mesons at high transverse momentum
in Au + Au collisions at

√
sNN

= 200 GeV, Phys. Rev. Lett. 96,
202301 (2006).

[34] A. Adare et al. (PHENIX Collaboration), Neutral pion produc-
tion with respect to centrality and reaction plane in Au + Au
collisions at

√
sNN

= 200 GeV, Phys. Rev. C 87, 034911 (2013).
[35] S. S. Adler et al. (PHENIX Collaboration), Measurement

of direct photon production in p + p collisions at
√

sNN
=

200 GeV, Phys. Rev. Lett. 98, 012002 (2007).
[36] A. Adare et al. (PHENIX Collaboration), Direct photon produc-

tion in p + p collisions at
√

s = 200 GeV at midrapidity, Phys.
Rev. D 86, 072008 (2012).

[37] S. Afanasiev et al. (PHENIX Collaboration), Measurement
of direct photons in Au + Au collisions at

√
sNN

= 200 GeV,
Phys. Rev. Lett. 109, 152302 (2012).

[38] M. L. Miller, K. Reygers, S. J. Sanders, and P. Stein-
berg, Glauber modeling in high energy nuclear collisions,
Annu. Rev. Nucl. Part. Sci. 57, 205 (2007).

[39] S. S. Adler et al. (PHENIX Collaboration), Transverse-energy
distributions at midrapidity in p + p, d + Au, and Au + Au
collisions at

√
sNN

= 62.4–200 GeV and implications for
particle-production models, Phys. Rev. C 89, 044905 (2014).

[40] D. Teaney and L. Yan, Second-order viscous corrections to the
harmonic spectrum in heavy-ion collisions, Phys. Rev. C 89,
014901 (2014).

[41] O. Linnyk, W. Cassing, and E. L. Bratkovskaya, Centrality
dependence of the direct photon yield and elliptic flow in
heavy-ion collisions at

√
sNN

= 200 GeV, Phys. Rev. C 89,
034908 (2014).

[42] C. Shen, U. W Heinz, J.-F. Paquet, and C. Gale, Ther-
mal photons as a quark-gluon plasma thermometer revisited,
Phys. Rev. C 89, 044910 (2014).

064904-11

http://dx.doi.org/10.1103/PhysRevC.80.014901
http://dx.doi.org/10.1103/PhysRevC.80.014901
http://dx.doi.org/10.1103/PhysRevC.80.014901
http://dx.doi.org/10.1103/PhysRevC.80.014901
http://dx.doi.org/10.1103/PhysRevC.84.064903
http://dx.doi.org/10.1103/PhysRevC.84.064903
http://dx.doi.org/10.1103/PhysRevC.84.064903
http://dx.doi.org/10.1103/PhysRevC.84.064903
http://dx.doi.org/10.1103/PhysRevC.83.034905
http://dx.doi.org/10.1103/PhysRevC.83.034905
http://dx.doi.org/10.1103/PhysRevC.83.034905
http://dx.doi.org/10.1103/PhysRevC.83.034905
http://dx.doi.org/10.1103/PhysRevC.84.054906
http://dx.doi.org/10.1103/PhysRevC.84.054906
http://dx.doi.org/10.1103/PhysRevC.84.054906
http://dx.doi.org/10.1103/PhysRevC.84.054906
http://dx.doi.org/10.1103/PhysRevC.89.034906
http://dx.doi.org/10.1103/PhysRevC.89.034906
http://dx.doi.org/10.1103/PhysRevC.89.034906
http://dx.doi.org/10.1103/PhysRevC.89.034906
http://dx.doi.org/10.1103/PhysRevD.34.2746
http://dx.doi.org/10.1103/PhysRevD.34.2746
http://dx.doi.org/10.1103/PhysRevD.34.2746
http://dx.doi.org/10.1103/PhysRevD.34.2746
http://dx.doi.org/10.1103/PhysRevLett.109.202303
http://dx.doi.org/10.1103/PhysRevLett.109.202303
http://dx.doi.org/10.1103/PhysRevLett.109.202303
http://dx.doi.org/10.1103/PhysRevLett.109.202303
http://dx.doi.org/10.1103/PhysRevD.89.026013
http://dx.doi.org/10.1103/PhysRevD.89.026013
http://dx.doi.org/10.1103/PhysRevD.89.026013
http://dx.doi.org/10.1103/PhysRevD.89.026013
http://dx.doi.org/10.1134/S0021364013150071
http://dx.doi.org/10.1134/S0021364013150071
http://dx.doi.org/10.1134/S0021364013150071
http://dx.doi.org/10.1134/S0021364013150071
http://dx.doi.org/10.1016/j.nuclphysa.2013.01.014
http://dx.doi.org/10.1016/j.nuclphysa.2013.01.014
http://dx.doi.org/10.1016/j.nuclphysa.2013.01.014
http://dx.doi.org/10.1016/j.nuclphysa.2013.01.014
http://dx.doi.org/10.1007/BF01559607
http://dx.doi.org/10.1007/BF01559607
http://dx.doi.org/10.1007/BF01559607
http://dx.doi.org/10.1007/BF01559607
http://dx.doi.org/10.1016/S0168-9002(02)01950-2
http://dx.doi.org/10.1016/S0168-9002(02)01950-2
http://dx.doi.org/10.1016/S0168-9002(02)01950-2
http://dx.doi.org/10.1016/S0168-9002(02)01950-2
http://dx.doi.org/10.1016/j.nima.2011.04.015
http://dx.doi.org/10.1016/j.nima.2011.04.015
http://dx.doi.org/10.1016/j.nima.2011.04.015
http://dx.doi.org/10.1016/j.nima.2011.04.015
http://wwwasd.web.cern.ch/wwwasd/geant/
http://dx.doi.org/10.1103/PhysRevC.81.034911
http://dx.doi.org/10.1103/PhysRevC.81.034911
http://dx.doi.org/10.1103/PhysRevC.81.034911
http://dx.doi.org/10.1103/PhysRevC.81.034911
http://dx.doi.org/10.1103/PhysRevLett.91.072301
http://dx.doi.org/10.1103/PhysRevLett.91.072301
http://dx.doi.org/10.1103/PhysRevLett.91.072301
http://dx.doi.org/10.1103/PhysRevLett.91.072301
http://dx.doi.org/10.1103/PhysRevC.69.034909
http://dx.doi.org/10.1103/PhysRevC.69.034909
http://dx.doi.org/10.1103/PhysRevC.69.034909
http://dx.doi.org/10.1103/PhysRevC.69.034909
http://dx.doi.org/10.1103/PhysRevD.86.010001
http://dx.doi.org/10.1103/PhysRevD.86.010001
http://dx.doi.org/10.1103/PhysRevD.86.010001
http://dx.doi.org/10.1103/PhysRevD.86.010001
http://dx.doi.org/10.1103/PhysRevC.75.024909
http://dx.doi.org/10.1103/PhysRevC.75.024909
http://dx.doi.org/10.1103/PhysRevC.75.024909
http://dx.doi.org/10.1103/PhysRevC.75.024909
http://dx.doi.org/10.1103/PhysRevC.84.044902
http://dx.doi.org/10.1103/PhysRevC.84.044902
http://dx.doi.org/10.1103/PhysRevC.84.044902
http://dx.doi.org/10.1103/PhysRevC.84.044902
http://dx.doi.org/10.1103/PhysRevLett.96.202301
http://dx.doi.org/10.1103/PhysRevLett.96.202301
http://dx.doi.org/10.1103/PhysRevLett.96.202301
http://dx.doi.org/10.1103/PhysRevLett.96.202301
http://dx.doi.org/10.1103/PhysRevC.87.034911
http://dx.doi.org/10.1103/PhysRevC.87.034911
http://dx.doi.org/10.1103/PhysRevC.87.034911
http://dx.doi.org/10.1103/PhysRevC.87.034911
http://dx.doi.org/10.1103/PhysRevLett.98.012002
http://dx.doi.org/10.1103/PhysRevLett.98.012002
http://dx.doi.org/10.1103/PhysRevLett.98.012002
http://dx.doi.org/10.1103/PhysRevLett.98.012002
http://dx.doi.org/10.1103/PhysRevD.86.072008
http://dx.doi.org/10.1103/PhysRevD.86.072008
http://dx.doi.org/10.1103/PhysRevD.86.072008
http://dx.doi.org/10.1103/PhysRevD.86.072008
http://dx.doi.org/10.1103/PhysRevLett.109.152302
http://dx.doi.org/10.1103/PhysRevLett.109.152302
http://dx.doi.org/10.1103/PhysRevLett.109.152302
http://dx.doi.org/10.1103/PhysRevLett.109.152302
http://dx.doi.org/10.1146/annurev.nucl.57.090506.123020
http://dx.doi.org/10.1146/annurev.nucl.57.090506.123020
http://dx.doi.org/10.1146/annurev.nucl.57.090506.123020
http://dx.doi.org/10.1146/annurev.nucl.57.090506.123020
http://dx.doi.org/10.1103/PhysRevC.89.044905
http://dx.doi.org/10.1103/PhysRevC.89.044905
http://dx.doi.org/10.1103/PhysRevC.89.044905
http://dx.doi.org/10.1103/PhysRevC.89.044905
http://dx.doi.org/10.1103/PhysRevC.89.014901
http://dx.doi.org/10.1103/PhysRevC.89.014901
http://dx.doi.org/10.1103/PhysRevC.89.014901
http://dx.doi.org/10.1103/PhysRevC.89.014901
http://dx.doi.org/10.1103/PhysRevC.89.034908
http://dx.doi.org/10.1103/PhysRevC.89.034908
http://dx.doi.org/10.1103/PhysRevC.89.034908
http://dx.doi.org/10.1103/PhysRevC.89.034908
http://dx.doi.org/10.1103/PhysRevC.89.044910
http://dx.doi.org/10.1103/PhysRevC.89.044910
http://dx.doi.org/10.1103/PhysRevC.89.044910
http://dx.doi.org/10.1103/PhysRevC.89.044910



