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26

D. Kleinjan,8 P. Kline,67 Y. Komatsu,10, 32 B. Komkov,58 J. Koster,25 D. Kotchetkov,55 D. Kotov,58, 63 L. Kovacs,16
27

F. Krizek,31 A. Král,13 G.J. Kunde,39 B. Kurgyis,16, 67 K. Kurita,60, 62 M. Kurosawa,60, 61 Y. Kwon,76 G.S. Kyle,53
28

Y.S. Lai,12 J.G. Lajoie,28 D. Larionova,63 A. Lebedev,28 B. Lee,21 D.M. Lee,39 J. Lee,17, 68 K.B. Lee,33 K.S. Lee,33
29

S.H. Lee,28, 45, 67 S.R. Lee,30 M.J. Leitch,39 M.A.L. Leite,64 M. Leitgab,25 B. Lewis,67 N.A. Lewis,45 S.H. Lim,59, 76
30

L.A. Linden Levy,11 M.X. Liu,39 X. Li,39 D.A. Loomis,45 B. Love,73 S. Lökös,16 C.F. Maguire,73 T. Majoros,15
31

Y.I. Makdisi,6 M. Makek,74, 77 A. Manion,67 V.I. Manko,34 E. Mannel,7, 12 S. Masumoto,10, 32 M. McCumber,11, 39
32

P.L. McGaughey,39 D. McGlinchey,11, 19, 39 C. McKinney,25 M. Mendoza,8 B. Meredith,25 Y. Miake,72 T. Mibe,32
33

A.C. Mignerey,42 A. Milov,74 D.K. Mishra,4 J.T. Mitchell,7 M. Mitrankova,63 Iu. Mitrankov,63 Y. Miyachi,60, 71
34

S. Miyasaka,60, 71 A.K. Mohanty,4 S. Mohapatra,66 M.M. Mondal,67 H.J. Moon,48 T. Moon,33 D.P. Morrison,735

S. Motschwiller,47 T.V. Moukhanova,34 B. Mulilo,33, 60, 78 T. Murakami,35, 60 J. Murata,60, 62 A. Mwai,66 T. Nagae,35
36

S. Nagamiya,32, 60 J.L. Nagle,11 M.I. Nagy,16, 75 I. Nakagawa,60, 61 Y. Nakamiya,22 K.R. Nakamura,35, 60
37

T. Nakamura,60 K. Nakano,60, 71 C. Nattrass,69 A. Nederlof,47 S. Nelson,18 M. Nihashi,22, 60 R. Nouicer,7, 61
38

T. Novák,44, 75 N. Novitzky,31, 67, 72 G. Nukazuka,60, 61 A.S. Nyanin,34 E. O’Brien,7 C.A. Ogilvie,28 K. Okada,61
39

M. Orosz,15 J.D. Osborn,56 A. Oskarsson,41 M. Ouchida,22, 60 K. Ozawa,10, 32, 72 R. Pak,7 V. Pantuev,26
40

V. Papavassiliou,53 B.H. Park,21 I.H. Park,17, 68 J.S. Park,65 S. Park,46, 65, 67 S.K. Park,33 L. Patel,20 M. Patel,28
41

S.F. Pate,53 H. Pei,28 J.-C. Peng,25 W. Peng,73 H. Pereira,14 D.V. Perepelitsa,11, 12 D.Yu. Peressounko,34
42

C.E. PerezLara,67 R. Petti,7, 67 C. Pinkenburg,7 R.P. Pisani,7 M. Potekhin,7 M. Proissl,67 A. Pun,55 M.L. Purschke,743

H. Qu,1 P.V. Radzevich,63 J. Rak,31 N. Ramasubramanian,67 I. Ravinovich,74 K.F. Read,56, 69 D. Reynolds,66
44

V. Riabov,51, 58 Y. Riabov,58, 63 E. Richardson,42 D. Richford,5 D. Roach,73 G. Roche,40, ∗ S.D. Rolnick,845

M. Rosati,28 J. Runchey,28 B. Sahlmueller,67 N. Saito,32 T. Sakaguchi,7 H. Sako,29 V. Samsonov,51, 58 M. Sano,72
46

M. Sarsour,20 S. Sato,29 S. Sawada,32 K. Sedgwick,8 R. Seidl,60, 61 A. Sen,20, 28 R. Seto,8 D. Sharma,67, 74
47

I. Shein,24 Z. Shi,39 M. Shibata,50 T.-A. Shibata,60, 71 K. Shigaki,22 M. Shimomura,28, 50, 72 K. Shoji,35, 60
48

P. Shukla,4 A. Sickles,7, 25 C.L. Silva,28, 39 D. Silvermyr,41, 56 K.S. Sim,33 B.K. Singh,3 C.P. Singh,3 V. Singh,349
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The measurement of direct photons from Au+Au collisions at
√
sNN = 39 and 62.4 GeV in the143

transverse-momentum range 0.4 < pT < 3 Gev/c is presented by the PHENIX collaboration at144

the Relativistic Heavy Ion Collider. A significant direct-photon yield is observed in both collision145

systems. A universal scaling is observed when the direct-photon pT spectra for different center-of-146

mass energies and for different centrality selections at
√
sNN = 62.4 GeV is scaled with (dNch/dη)α147

for α = 1.21±0.04. This scaling also holds true for direct-photon spectra from Au+Au collisions at148 √
sNN = 200 GeV measured earlier by PHENIX, as well as the spectra from Pb+Pb at

√
sNN = 2760149

GeV published by ALICE. The scaling power α seems to be independent of pT , center of mass energy,150

and collision centrality. The spectra from different collision energies have a similar shape up to pT151

of 2 GeV/c. The spectra have a local inverse slope Teff increasing with pT of 0.174±0.018 GeV/c in152

the range 0.4 < pT < 1.3 GeV/c and increasing to 0.289± 0.024 GeV/c for 0.9 < pT < 2.1 GeV/c.153

The observed similarity of low-pT direct-photon production from
√
sNN = 39 to 2760 GeV suggests154

a common source of direct photons for the different collision energies and event centrality selections,155

and suggests a comparable space-time evolution of direct-photon emission.156

I. INTRODUCTION157

The measurement of direct-photon emission plays an important role in the study of collisions of heavy ions [1–4].158

Due to their very small interaction cross section with the strongly interacting matter, photons are likely to escape159

the collision region with almost no final-state interactions. Thus, they carry information about the properties and160

dynamics of the environment in which they are produced, such as the energy density, temperature, and collective161

motion, integrated over space and time.162

Direct photons with transverse momenta (pT ) of up to a few GeV/c are expected to be dominantly of thermal origin,163

radiated from a thermalized hot “fireball” of quark-gluon plasma (QGP), throughout its expansion and transition164

to a gas of hadrons, until the hadrons cease to interact. In addition to the fireball, hard-scattering processes in the165

initial phase of the collision also emit photons. These prompt photons typically have larger pT and dominate the166

direct-photon production at pT above several GeV/c. Experimentally, direct photons are measured together with a167

∗ Deceased
† PHENIX Spokesperson: akiba@rcf.rhic.bnl.gov
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much larger number of photons resulting from decays of unstable hadrons, such as π0 and η decays. The contribution168

of these decay photons to the total number of photons needs to be removed with an accuracy of a few percent, which169

is the main experimental challenge.170

The production of thermal photons has been extensively studied through a variety of models with different pro-171

duction processes and mechanisms, different photon rates, as well as a range of assumptions about the initial state172

of the matter and its space-time evolution. Some of the well-known examples include models developed with an173

“elliptic-fireball” expansion approach [5, 6], hydrodynamic simulations of the “fireball” evolution [7–10], the parton-174

hadron-string dynamics transport approach [11–13], the thermalizing Glasma [14–17] and the thermalizing Glasma175

plus bottom-up thermalization scenarios for calculations of the pre-equilibrium and equilibrium phases [18, 19], re-176

duced radiation from the QGP until the transition temperature is reached [20, 21], as well as calculations in the late177

hadron-gas phase using the spectral-function approach [21–26]. The strong magnetic fields emerging in heavy ion178

collisions have been considered as an additional, significant source of photons [27–30].179

The PHENIX experiment at the Relativistic Heavy Ion Collider (RHIC) was the first to detect a large yield of180

direct photons in heavy ion collisions at
√
s
NN

= 200 GeV [31]. Earlier evidence was presented by WA98 [32, 33] for181 √
s
NN

= 17.3 GeV, with mostly upper limits below 1.5 GeV/c in pT , except for two points obtained from interferometry182

in the 0.1–0.3 GeV/c pT range, which is below our pT threshold. Multiple subsequent publications from PHENIX183

established that at RHIC energies the direct-photon yield below transverse momenta of 2 GeV/c exceeded what184

was expected from hard processes by a factor of ≈10 [34], showed a stronger-than-linear increase with the collision185

volume [35], and a large anisotropy with respect to the reaction plane [36, 37]. The STAR collaboration also reported186

an enhanced yield of direct photons at low pT in Au+Au collisions at
√
s
NN

= 200 GeV [38]; for minimum bias (MB)187

events the yield measured by STAR is a factor of ≈3 lower for pT below 2 GeV/c, while it is consistent at higher188

pT
1. Observations consistent with the PHENIX Au+Au measurements at

√
s
NN

= 200 GeV were made by the ALICE189

Collaboration at the Large Hadron Collider (LHC) [39] in Pb+Pb collisions at
√
s
NN

= 2.76 TeV and, more recently,190

by PHENIX at the lower energies of 39 and 62.4 GeV [40]. The low transverse-momentum yield, for pT below 2191

GeV/c, shows a power-law dependence on dNch/dη|η≈0 with a power α ≈ 1.25 [40]. The power α is independent of192

centrality or collision energy2. These experimental findings are qualitatively consistent with thermal radiation being193

emitted from a rapidly expanding and cooling fireball. However, it is challenging for theoretical models to describe194

all data quantitatively.195

To further constrain the sources of low-momentum direct photons, PHENIX continues its program on such mea-196

surements in large- and small-system collisions. This paper extends a previous publication on Au+Au collisions at197 √
s
NN

= 39 and 62.4 GeV [40] and provides more detail about the measurement and the universal features exhibited198

by direct photons emitted from heavy ion collisions from RHIC to LHC energies, including inverse slopes and the199

scaling with dNch/dη, both as a function of pT .200

The paper is organized as follows: Section II presents the measurement and the results of low-momentum direct-201

photon production in Au+Au at
√
s
NN

= 39 and 62.4 GeV. Section III puts these results into context with other202

direct-photon measurements. Section IV gives the summary and conclusions.203

II. LOW-MOMENTUM DIRECT-PHOTON PRODUCTION AT
√
SNN = 39 AND 62.4 GEV204

A. Experimental method for measuring direct photons205

Figure 1 presents the direct-photon pT spectra measured by PHENIX in Au+Au collisions in the 0%–20% cen-206

trality bin at
√
s
NN

= 200 GeV, including data points from an analysis based on external conversions [35], internal207

conversions [34], and from calorimeter measurements [41]. Also shown are invariant yields of direct photons in p+p208

collisions at 200 GeV from internal conversions [34, 42], calorimeter measurements [43, 44], a fit to the combined set209

of p+p data, extrapolated below 1 GeV/c [40, 45–47], and an Ncoll-scaled p+p fit with Ncoll = 779.0 [35].210

The three techniques used for measuring direct photons deploy different detector systems within the PHENIX211

central arms3 (see Ref. [48]) and various strategies to extract the direct photons from the decay-photon background212

include measuring:213

(i) photons that directly deposit energy into electromagnetic calorimeters. This is the method of choice to mea-214

sure high momentum photons. At pT below a few GeV/c, the method suffers from significant background215

contamination from hadrons depositing energy in the calorimeter and the limited energy resolution [41].216

1 The persisting discrepancy between STAR and PHENIX measurements at low pT is noted, but can not be resolved by PHENIX alone
and thus is not further discussed in this paper.

2 Throughout the rest of the paper the subscript η≈0 will be dropped and dNch/dη will always imply density at midrapidity.
3 The PHENIX central arm acceptance is 0.7 units around midrapidity. Thus there is little difference between momentum and transverse

momentum, so the terms will be used interchangeably in the following discussion.
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(ii) virtual photons that internally convert into e+e− pairs and extrapolating their measured yield to zero mass.217

This technique was used for the original discovery of low-momentum direct photons at RHIC [34]. The pairs are218

measured in the mass region above the π0 mass, which eliminates more than 90% of the hadron-decay-photon219

background. The extrapolation to zero mass requires the pair mass to be much smaller than the pair momentum,220

and thus limits the measurement to pT > 1 GeV/c.221

(iii) photons that convert to e+e− pairs in the detector material (”external conversion method”). This method gives222

access to a nearly background-free sample of photons down to pT below 1 GeV/c [35].223
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PRL 109, 152302
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PRC 87, 054907
PRL 104, 132301
PRC 87, 054907
p+p fit: PRC 98, 054902

PHENIX

FIG. 1. The upper data points are the invariant yield of direct photons in Au+Au collisions in 0%–20% centrality bin at
200 GeV: the full square data are from an analysis based on external conversions [35], the full circle data are from an analysis
based on internal conversions [34], the full diamond data are from calorimeter measurements [41]. The lower data points
are the invariant yield of direct photons in p+p collisions at 200 GeV: the open square and open circle data are from internal
conversions [34, 42], the open diamond data are from calorimeter measurements [43, 44]. The lower curve is a fit to the combined
set of p+p data, extrapolated below 1 GeV/c [40, 45–47], and the upper curve is the Ncoll scaled p+p fit with Ncoll = 779.0 [35].

The external-conversion method is used for the analysis presented here, which is the identical method used to224

analyze direct-photon production from 2010 Au+Au collisions at
√
s
NN

= 200 GeV [35, 37]. Additional details can be225

found in Ref. [49]. The analysis proceeds in multiple steps. First established is N incl
γ , which is a sample of conversion226

photons measured in the PHENIX-detector acceptance. This is done in bins of conversion photon pT . For a given pT227

selection, the N incl
γ sample relates to the true number of photons γincl in that pT range as follows:228

N incl
γ = εeeaee pconv γ

incl, (1)
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where aee is the e+e− pair acceptance, εee is the pair reconstruction efficiency, and pconv is the conversion probability.229

In the next step a subsample Nπ0,tag
γ of N incl

γ is tagged as π0 decay photons; details of how the Nπ0,tag
γ subsample is230

determined are described in Sec. II C below. Because Nπ0,tag
γ is a subset of N incl

γ , it is related to the true number of231

π0 decay photons γπ
0

among γincl by:232

Nπ0,tag
γ = εeeaee pconv 〈εγf〉γπ

0

, (2)

with 〈εγf〉 being the average conditional probability of detecting the second photon in the PHENIX acceptance, given233

that one π0 decay photon converted and was reconstructed in the desired conversion photon pT range. Here the234

average is taken over all possible π0 pT . Taking the ratio of Eq. 1 and Eq. 2 gives:235

γincl

γπ0 = (〈εγf〉)Sim

(
N incl
γ

Nπ0,tag
γ

)
Data

. (3)

This ratio is constructed such that εeeaee pconv explicitly cancels, eliminating the need to determine these quantities236

and the related systematic uncertainties. The only correction necessary is the conditional probability 〈εγf〉, which is237

determined from a full Monte-Carlo simulation of the PHENIX detector indicated by the subscript Sim. The second238

factor is a ratio of directly measured quantities, indicated by Data. Finally, Eq. 3 can be divided by the fraction of239

hadron decay photons (γhadr) per π0 decay photon, which defines Rγ as a double ratio:240

Rγ =
γincl

γhadr
=

(〈εγf〉)Sim

(
N incl
γ /Nπ0,tag

γ

)
Data(

γhadr/γπ0
)

Gen

. (4)

where the ratio γhadr/γπ
0

was determined with a particle-decay generator, indicated by the subscript Gen.241

If direct photons are emitted from the collision system in a particular pT range, Rγ will be larger than unity.242

The denominator in Eq. 4 can be obtained from the PHENIX hadron-decay generator exodus [50], based on the243

measured π0 spectra. In the following sections, the determination of N incl
γ , Nπ0,tag

γ , 〈εγf〉, and γhadr/γπ
0

will be244

discussed separately.245

B. Determining the inclusive photon sample N incl
γ246

The 2010 data samples of 7.79× 107 (at 39 GeV) and 2.12×108 (at 62.4 GeV) MB Au+Au collisions were recorded247

with the two PHENIX central-arm spectrometers, each of which has an acceptance of π/2 in azimuthal angle and |η| <248

0.35 in pseudorapidity. For both collision energies, the MB data sets cover a range of 0%–86% of the interaction cross249

section. The data sample for 62.4 GeV is large enough so that two centrality classes (0%–20% central collisions, 20%–250

40% midcentral collisions) could be analyzed separately. The event centrality is categorized by the charge measured251

in the PHENIX beam-beam counters [51], which are located at a distance of 144 cm from the nominal interaction252

point in both beam directions, covering the pseudorapidity range of 3.1 < |η| < 3.9 and 2π in azimuth.253

The PHENIX central-arm drift chambers and pad chambers [52], located from 200 to 250 cm radially to the beam254

axis, are used to determine the trajectories and momenta of charged particles. The momenta are measured assuming255

the track originated at the event vertex (vtx) and traversed the full magnetic field. The tracks are identified as256

electrons or positrons by a combination of a minimum signal in the ring-imaging Čerenkov (RICH) detector [53] and a257

match of the track momentum with the energy measured in the electromagnetic calorimeter (EMCal) [54]. The RICH258

cut requires that a minimum of three RICH phototubes be matched to the charged track within a radius interval of259

3.4 cm < r < 8.4 cm at the expected ring location. For each electron candidate an associated energy measurement in260

the EMCal is required, with an energy/momentum ratio, E/p, greater than 0.5. Electrons and positrons are combined261

to e+e− pairs and further selection cuts are applied to establish a clean sample of photon conversions. Most photon262

conversions occur in the readout boards and electronics at the back plane of the hadron blind detector (HBD) [55],263

located at a radius of ≈60 cm from the nominal beam axis. The relative thickness in terms of radiation length is264

equal to X/X0 ≈ 2.5%; all other material between the beam axis and the drift chamber is significantly thinner.265

Electrons and positrons from these conversions do not traverse the full magnetic field4. Projecting the tracks back to266

4 A special field configuration was used in 2010 for the operation of the HBD. In this configuration there is a nearly field free region
around the beam axis out to 60 cm. Thus the field integral missed by tracks from photon conversions in the HBD back plane is rather
small.
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the interaction point results in a small distortion of the reconstructed momenta, both in magnitude and in direction,267

which in turn results in an artificial opening angle of the e+e− pair. This gives the pair an apparent mass (Mvtx),268

which depends monotonically on the radial location of the conversion point and is approximately 0.0125 GeV/c2 for269

conversions in the HBD back plane.270
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FIG. 2. Mass correlation of e+e− pairs measured in Au+Au collisions at
√
sNN = 62.4 GeV. Conversion photon e+e− pairs

are identified by the correlation between the mass calculated assuming the track originated at the interaction point (Mvtx) or
at the HBD back plane (MHBD).

To select photon conversions in the HBD back plane, the track momenta are re-evaluated assuming the tracks271

originated at the HBD back plane. For e+e− pair from conversions in the HBD back plane, a mass (MHBD) of below272

0.005 GeV/c2 is calculated with a distribution expected for an e+e− pair of zero mass measured with the PHENIX-273

detector resolution. Figure 2 shows the correlation between the two different masses calculated for each pair. Photon274

conversions in the HBD back plane are clearly separated from e+e− pairs from π0 Dalitz decays, π0 → γe+e−, which275

populate a region Mvtx < 0.005 GeV/c2 and MHBD around 0.012 GeV/c2. The region between the e+e− pairs from276

Dalitz decays and conversion in the HBD back plane is populated by conversions at radii smaller than 60 cm. To select277

a clean sample of photon conversions in the HBD back plane, N incl
γ , a two dimensional cut is applied: MHBD < 0.0045278

GeV/c2 and 0.01 < Mvtx < 0.015 GeV/c2. The purity of this photon sample was determined with a full Monte-Carlo279

simulation and is better than 99%. The sample sizes are 9.42× 104 and 3.28× 105, for 39 and 62.4 GeV, respectively.280

C. Tagging photons from π0 → γγ decays281

Once the conversion-photon sample N incl
γ is established, all e+e− pairs in a given pT bin are combined with showers282

reconstructed in the EMCal in the same event and then the invariant mass is calculated. A minimum-energy cut283

of 0.4 GeV is applied to remove charged particles that leave a minimum-ionizing signal in the EMCal and further284

reduce the hadron contamination by applying a shower-shape cut. Figure 3(a) shows one example of the resulting285

mass distributions for a pT bin around 1 GeV/c from the 62.4-GeV MB data set. The π0 peak is clearly visible above286

a combinatorial background, which results from combining e+e− pairs with all showers in the event, most of which287

are not correlated with the e+e− pair.288

A mixed-event technique is used to determine and subtract the mass distribution of these random combinations. In289

event mixing, all e+e− pairs in a given event are combined with the EMCal showers from several other events. These290

other events are chosen to be in the same 10% centrality selection and within 1 cm of the interaction point of the event291

with the e+e− pair. The ratio of the measured (foreground) mass distribution and mixed event (background) mass292

distribution is fitted with a 2nd-order polynomial, excluding the mass range 0.08 < meeγ < 0.19 GeV/c2, around the293

π0 peak. Figure 3(b) shows the ratio and the fit, which is used to normalize the mixed event background distribution294

over the full mass range; the result is included in Fig. 3(b).295
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FIG. 3. Illustration of the π0 peak extraction method for
one pT bin from 0.9 to 1.1 GeV/c in MB Au+Au collisions
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√
sNN = 64 GeV. Panel (a) shows the e+e− γ foreground

(FG) and the normalized mixed-event background (BG). The
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used to normalize the mixed event background. Panel (c)
presents the counts after subtracting the normalized mixed-
event background.

0 0.5 1 1.5 2 2.5

 [GeV/c]
T

p

6−10

5−10

4−10

3−10

]
-2

 [(
G

eV
/c

)
T

) 
dN

/d
p

ev
t

(1
/N

Au+Au 0-86%

 = 62.4 GeV
NN

s

 incl
γ    N

 
, tag0π

γ    N

 = 39 GeV
NN

s

 incl
γ     N

  
, tag0π

γ     N

FIG. 4. Raw counts of N incl
γ and its subsample Nπ0,tag

γ , which
was tagged as photons from π0 decays. Data for MB Au+Au
collisions from 39 and 62.4 GeV are given.

Figure 3(c) depicts the counts remaining after the mixed event background distribution is subtracted from the296

foreground distribution. The raw yield of tagged π0 is calculated as the sum of all counts in mass window 0.11 <297

meeγ < 0.165 GeV/c2. The counts in two side bands around the π0 peak are evaluated to account for any possible298

remaining mismatch of the shape of the combinatorial background from mixed events compared to the true shape.299

These side bands are 0.035 < meeγ < 0.110 GeV/c2 and 0.165 < meeγ < 0.240 GeV/c2. The average counts per mass300

bin in the side-bands is subtracted from the raw tagged π0 counts, the resulting counts are the number of tagged π0,301

Nπ0,tag
γ in the given pT bin.302

Figure 4 shows both N incl
γ and Nπ0,tag

γ for 39 and 62.4 GeV MB Au+Au data. Figure 5 gives the ratios,303

N incl
γ /Nπ0,tag

γ .304

The systematic uncertainties of the peak-extraction procedure were evaluated by choosing different-order polynomial305

function for the normalization and the various mass windows were varied in the procedure. It is found that Nπ0,tag
γ306

changes by less than 8% and 5% for 39 and 62.4 GeV data, respectively. These systematic uncertainties are mostly307

uncorrelated between pT bins and thus are added in quadrature to the statistical uncertainties on Nπ0,tag
γ .308
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γ of those photons tagged as π0 decay
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√
sNN = 39 and 62.4 GeV. The x-axis is the pT of the e+e− pair.
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FIG. 6. Simulated conditional probability, 〈εγf〉, to detect the second photon from a π0 decay in the MB data samples at√
sNN = 39 and 62.4 GeV. The x-axis is the pT of the e+e− pair.

D. The conditional π0 tagging probability309

The conditional probability 〈εγf〉, to tag an e+e− pair that resulted from a conversion of a π0 decay photon with the310

second decay photon, depends on the parent π0 pT spectrum, the π0 decay kinematics, the detector acceptance, and,311

the photon reconstruction efficiency. A Monte-Carlo method is used to calculate 〈εγf〉. The method was developed for312

the direct-photon measurement from Au+Au collisions at
√
s
NN

= 200 GeV, also recorded during 2010, as described313

in Ref. [35]. The calculation is done separately for MB and centrality selected Au+Au collisions at 39 and 62.4 GeV.314

Each calculation is based on an input π0 spectrum that was measured for the same data sample [56].315

Figure 6 shows the results for MB collisions. The conditional probability 〈εγf〉 is small; it increases from approx-316

imately 10% to 20% over the pT range from 0.8 to 2.5 GeV/c. The visible difference between 〈εγf〉 for 39 and 62.4317
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FIG. 7. Simulated ratio of photons from hadron decays to those from π0 decays in the MB data samples at
√
sNN = 39 and

62.4 GeV. The x-axis is the pT of the e+e− pair.

GeV is due to the
√
s dependence of the π0 pT spectra, which are much softer for the lower energies. Because 〈εγf〉318

is evaluated for a fixed pT range of the e+e− pair, it is averaged over all possible π0 pT . Thus the value of 〈εγf〉 at a319

fixed e+e− pair pT is sensitive to the parent π0 pT spectrum.320

The EMCal acceptance contributes a multiplicative factor of 0.35 to 〈εγf〉 at an e+e− pair pT = 0.8 GeV/c, the321

factor increases to 0.45 at 2.5 GeV/c. This includes the geometrical dimension and the location of the EMCal sectors,322

the fiducial cuts around the sector boundaries and any dead areas in the EMCal. The minimum-energy cut of 0.4323

GeV is the main contributor to the photon-reconstruction efficiency loss. This cut is equivalent to an asymmetry cut324

on the π0 decay photons; the effect being largest at the lowest π0 momenta that can contribute in a given e+e− pair325

pT bin. With additional, but small, contributions from the shower-shape cut and the conversion of the second photon,326

the reconstruction efficiency rises from ≈0.3 to 0.45 over the pT range of 0.8 to 2.5 GeV/c.327

Figure 6 also shows the systematic uncertainties on 〈εγf〉, which are 8% and 5% for 39 and 62.4 GeV, respectively.328

The uncertainty of the energy calibration and the accuracy of the π0 pT spectra are the two dominant sources of329

systematic uncertainties. A 2% change in the energy calibration, and with it a change of the actual energy cutoff,330

modifies 〈εγf〉 by 3% to 4%. For 62.4 GeV, the measured π0 pT spectra agree in shape within ±10% with the331

charged-pion data from STAR [57]. Possible shape variations within this range translate into an uncertainty of 3%332

on 〈εγf〉.333

For 39 GeV, STAR has published charged-pion data up to 2 GeV/c [58], these data agree in shape with the PHENIX334

π0 data within ±10%. However, due to the limited pT range, the systematic uncertainties on the shape of the π0
335

pT spectrum were determined from the systematic uncertainties of the PHENIX measurement alone, which is less336

restrictive and, thus, results in a larger uncertainty.337

E. Decay photons form hadron decays338

The ratio of all photons from hadron decays to those from π0 decays, γhadr/γπ
0

in the denominator of Eq. 3, is339

the final component that is needed to calculate Rγ . In addition to decays of π0, decays of the η, ω, and η′ mesons340

contribute to γhadr, with the η decay being the largest contributor. Any other decays emit a negligible number of341

photons.342

Photons from hadron decays are modeled based on the parent pT distributions. For each centrality class, the343

measured π0 pT spectrum is used to generate π0s, which are subsequently decayed to photons using the known344

branching ratios and decay kinematics. The decay photons from η, ω and η′ are modeled similarly, with a parent pT345



11

distribution derived from the measured π0 pT distributions, assuming mT scaling (see Refs. [34, 59] for details)5 The346

normalization of photons from η, ω, and η′ is set to η/π0 = 0.46±0.06, ω/π0 = 0.9±0.06 and η′/π0 = 0.25±0.075 all347

at pT = 5 GeV/c.348

Figure 7 shows the γhadr/γπ
0

ratio. The ratio increases with pT and saturates at high pT between 1.22 and 1.23.349

There is no appreciable
√
s dependence of γhadr/γπ

0

. Following Ref. [35], the systematic uncertainties from γhadr/γπ
0

350

on Rγ are estimated to be 2.4%.351

F. Direct-photon spectra352

After each factor in Eq. 4 is determined, Rγ can be calculated. Figure 8 shows the results for all centrality classes.353

Despite the significant statistical and systematic uncertainties, the majority of the data points are above unity at354

a value around Rγ ≈ 1.2. This indicates the presence of a direct-photon component of ≈20% relative to hadron-355

decay photons in Au+Au collisions at 39 and 62.4 GeV. There is no obvious pT dependence over the observed range;356

furthermore, the
√
s and centrality dependence, if any, must be small.357
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FIG. 8. Rγ (γincl/γhadr) for MB (0%–86%) Au+Au collision at
√
sNN = (a) 62.4 and (b) 39 GeV. Also shown for 62.4 GeV are

centrality bins (c) 0%–20% and (d) 20%–40%. Data points are shown with statistical (bar) and systematic (box) uncertainties.

To further analyze the data Rγ is converted to a direct-photon pT spectrum γdir using the hadron-decay-photon
spectra calculated in Sec. II E:

γdir = (Rγ − 1) γhadr. (5)

Figure 9 presents the calculated direct-photon pT spectra. In addition to the systematic uncertainty on Rγ ,358

the hadron-decay-photon spectra contribute ≈10% to the systematic uncertainties. These uncertainties cancel in359

γhadr/γπ
0
, but need to be considered here. Each centrality and energy selection is compared to the expected prompt-360

photon contribution from hard-scattering processes based on perturbative-quantum-chomodynamics (pQCD) calcula-361

tions from [10, 60]. Shown are the calculations at the scale µ = 0.5 pT , which were extrapolated down to pT = 1 GeV/c.362

The scale was selected as it typically gives a good description of prompt-photon measurements in p+p collisions (see363

also Fig. 10). To represent hard scattering in Au+Au collisions, the calculation is multiplied with the nuclear-overlap364

5 Ref. [59] recently noted that using mT scaling overestimates the η meson yield in p+p collisions for pT below 2 GeV/c. The same
work also shows that in Au+Au collisions at RHIC energies, this depletion is partially compensated by radial flow, which enhances the
yield of η in the same pT region. For this analysis, removing the mT scaling assumption, while including the effect of radial flow, will
reduce the number of photons from hadron decays by ≈2% for pT≈1 GeV/c, where the change is the largest. Correspondingly the

direct-photon yield would increase by 2%, which is within the systematic errors of 2.4% quoted on the contribution of γhadr/γπ
0

to Rγ
and much smaller than the overall statistical (>7%) and systematic (>5%) uncertainties of the Rγ measurement at pT of 1GeV/c.
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FIG. 9. Direct-photon pT -spectra in MB (0%–86%) Au+Au collisions at
√
sNN = (a) 62.4 and (b) 39 GeV. Also shown for

62.4 GeV are the centrality bins (c) 0%–20% and (d) 20%–40%. Data points are shown with statistical (bar) and systematic
(box) uncertainties, unless the central value is negative (arrows) or is consistent with zero within the statistical uncertainties
(arrows with data point). In these cases the upper limits are given with confidence levels of 95%.

function TAA for the given event selection [61], assuming an inelastic p+p cross sections of σinel = 33.8 mb at 39 GeV365

σinel = 35.61 mb at 62.4 GeV. Table I gives the values. Below 1.5 GeV/c, there is a clear enhancement of the data366

above the scaled pQCD calculation, consistent with the expectation of a significant thermal contribution.367

TABLE I. The values of TAA obtained from Ref. [61].

√
sNN Centrality-class TAA

(GeV) selection (mb−1)

62.4 0%–20% 18.44 ± 2.49

62.4 20%–40% 6.77 ± 0.82

62.4 0%–86% 6.59 ± 0.89

39 0%–86% 6.76 ± 1.08
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To characterize the enhancement, the data is fitted with a falling exponential function given by

1

2π

d2N

dpT dy
≈ exp

(
− pT
Teff

)
. (6)

The data sets were fitted below a pT of 1.3 GeV/c, where statistics are sufficient. Table II summarizes the results,368

which are also shown in Fig. 9. Systematic uncertainties were obtained with the conservative assumption that the369

uncertainties are anticorrelatated over the observed pT range. All values are consistent with a common inverse slope370

Teff of ≈0.170 GeV/c. For the MB and 0%–20% centrality Au+Au sample at 62.4 GeV, the data in the range from371

0.9 to 2.1 GeV/c is also fitted. The values are slightly above 0.24 GeV/c and are larger than the value extracted for372

the lower-pT range. A possible increase of Teff with pT is consistent with the values obtained from Au+Au at 200373

GeV [35] and Pb+Pb at 2.76 TeV [39], which were fitted in the higher-pT range. See a more detailed discussion in374

the next section.375

TABLE II. Inverse slopes fitted to the direct-photon spectra in different pT ranges.

pT
√
sNN Centrality Teff χ2/NDF

(GeV/c) (GeV) class (GeV/c)

pT < 1.3 62.4 0%–20% 0.163 ± 0.031 ±0.016
0.009 0.44/2

62.4 20%–40% 0.224 ± 0.067 ±0.034
0.018 0.01/2

62.4 0%–86% 0.172 ± 0.032 ±0.022
0.011 0.16/2

39 0%–86% 0.169 ± 0.035 ±0.020
0.011 0.41/2

0.9 < pT < 2.1 62.4 0%–20% 0.241 ± 0.048 ±0.024
0.012 6.96/4

62.4 0%–86% 0.245 ± 0.046 ±0.044
0.016 5.61/4

III. COMPARISON TO DIRECT-PHOTON MEASUREMENTS FROM HIGHER COLLISION376

ENERGIES377

In this section, the direct-photon results from Au+Au collisions at 39 and 62.4 GeV are discussed in the context of378

other direct-photon measurements from heavy ion collisions at higher collision energies, specifically Au+Au collisions379

at 200 GeV from RHIC and Pb+Pb collisions at 2.76 TeV from LHC. The discussion is divided into three parts. The380

first part recalls the already published scaling behavior of the direct photon yield with (dNch/dη)α [40]. The next381

part takes a closer look at the pT and
√
s
NN

dependence of the inverse slope Teff of the direct-photon pT spectra. The382

last part investigates the dependence or independence of the scaling variable α on the pT range.383

A. Scaling of the direct-photon yield with (dNch/dη)α384

It was shown in Ref. [40] that the direct-photon yield from heavy ion collisions is approximately proportional385

to (dNch/dη)α with common power α ≈ 1.25 across collision energies, systems, and centrality. Figure 10 presents386

the direct-photon yield normalized to (dNch/dη)1.25 for a large range of data sets6. Panel (a) shows the data sets387

that are derived from the Au+Au measurements at 39 and 62.4 GeV shown in Fig. 9. Panel (b) presents PHENIX388

measurements from Au+Au [34, 35, 41] and Cu+Cu [47] collisions at
√
s
NN

= 200 GeV. Panel (c) uses the ALICE389

measurement from Pb+Pb collisions at
√
s
NN

= 2760 GeV [39]. All panels show pQCD calculations for p+p collisions390

at the corresponding
√
s, extrapolated to pT = 1 GeV/c at the scale µ = 0.5 pT [10, 60].391

Table III gives the dNch/dη and Ncoll values, which are are used to normalize the integrated yields and are obtained392

from published experimental data. The values for p+p collisions at 62.4 are taken from Fig. 52.1 of Ref. [62], which was393

interpolated between UA5 data at
√
s = 53 GeV [63] and 200 GeV [64]. The values for p+p and heavy ion collisions394

6 The WA98 data are not shown here and in the following plots. The upper limits from WA98 for pT < 1.5 GeV/c are consistent with the
lower end of the uncertainties of the PHENIX 62.4 GeV and 39 GeV data, but they do not significantly constrain the scaling behavior at
low pT . The STAR data are also not shown as the tension with the PHENIX data remains unresolved, while the multiple publications
from PHENIX, based on different data sets and analysis methods, show self consistent results. If taken at face value, the STAR data
do demonstrate a similar scaling behavior with Nch for pT < 2 GeV/c, but at a factor-3-lower direct-photon yield.
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TABLE III. Values for dNch/dη and Ncoll obtained from published experimental data. The collaboration and Ref. numbers are
indicated in column six. See text for explanation of the extrapolation used for the p+p collision data at 62.4 GeV. The same
dNch/dη and Ncoll were used for the corresponding pQCD curves in Figs. 10 and 13–15.

Collision system
√
sNN (GeV) Centrality class dNch/dη Ncoll Collaboration [Ref.]

p+p 62.4 - 1.86± 0.08 1 UA5 [62–64]

200 - 2.38± 0.17 1 PHENIX [61]

2760 - 3.75± 0.26 1 ALICE [65]

Cu+Cu 200 0%–40% 109.3± 7.8 108.2± 12.0 PHENIX [61]

200 0%–94% 51.7± 3.6 51.8± 5.6 ”

Au+Au 39 0%–86% 104.3± 8.9 228.4± 36.5 PHENIX [61]

62.4 0%–86% 131.5± 11.2 228.5± 30.9 ”

62.4 0%–20% 341.2± 29.3 656.6± 88.7 ”

62.4 20%–40% 151.8± 12.7 241.1± 29.2 ”

200 0%–20% 519.2± 26.3 770.6± 79.9 ”

200 20%–40% 225.4± 13.2 241.1± 28.4 ”

200 40%–60% 85.5± 8.0 82.6± 9.3 ”

200 60%–92% 16.4± 2.8 12.1± 3.1 ”

Pb+Pb 2760 0%–20% 1206.8± 45.8 1210.9± 132.5 ALICE [66]

2760 20%–40% 537.5± 19.0 438.4± 42.0 ”

2760 40%–80% 130.3± 5.3 77.2± 18.0 ”

from
√
s
NN

= 7.7 GeV to 200 GeV are from PHENIX [61]; the values for 2760 GeV p+p data are from ALICE [65];395

and the values for Pb+Pb collision data at 2760 GeV are also from ALICE [66].396

Figure 10(b) also gives a fit to the p+p data at
√
s = 200 GeV [40, 47] with the empirical form:

d3N

d2pT dy
=

App
(1 + (pTp0 )2)n

, (7)

where the parameters are App = 1.60 ·10−4 (GeV/c)−2, p0 = 1.45 GeV/c and n = 3.3. The band represents the397

uncertainty of the fit.398

All three panels in Fig. 10 show that at a given
√
s
NN

the normalized direct-photon yield from A+A collisions399

is independent of the collision centrality. This is true both for low and high pT . Comparing the yield at pT below400

3–4 GeV/c across panels reveals that the yield is also remarkably independent of
√
s
NN

. Above pT of 4 to 5 GeV/c401

the normalized yield does show the expected
√
s
NN

dependence and is described by the pQCD calculations.402

In the high-pT range, hard-scattering processes dominate direct-photon production, and these direct-photon con-403

tributions are not altered significantly by final-state effects. Different centrality selections show the same normalized404

yield, which reflects that empirically Ncoll ∝ dNch/dη
1.25

[40]. It remains surprising that within uncertainties the405

same scaling also holds at lower pT where direct-photon emission should be dominated by thermal radiation from the406

fireball. In the following sections, the similarity of the low-pT direct-photon spectra, both in shape and in normalized407

yield, is analyzed more quantitatively.408

B. Direct-photon inverse slope Teff409

To better reveal the similarity of the low-pT direct-photon spectra across
√
s
NN

, the normalized yield from the410

most-central samples (0%–20%) for Pb+Pb at
√
s
NN

= 2760 GeV, Au+Au at 200 GeV, and Au+Au at 62.4 GeV are411

superimposed on Fig. 11(a). Below 2.5 GeV/c, the data agree very well, even though they span almost two orders412

of magnitude in
√
s
NN

. As already suggested earlier by exponential fits to the 39 and 62.4 GeV data, the low-pT413

direct-photon spectra cannot be described by a single inverse slope, but seem consistent with an inverse slope that414

increases with pT . Fitting all data shown in the pT range pT < 1.3 GeV/c and 0.9 < pT < 2.1 GeV/c results in415

inverse slopes of Teff = 0.174±0.018 GeV/c and 0.289±0.024 GeV/c, respectively. Here the statistical and systematic416
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FIG. 10. Direct-photon pT -spectra normalized by (dNch/dη)1.25 for (a) the MB Au+Au 39 and centrality selected 62.4 GeV
data sets from Fig. 9, (b) various centrality selected 200 GeV Au+Au [34, 35, 41] and Cu+Cu [47] data sets, and (c) various
centrality selected Pb+Pb 2760 GeV data sets [39]. Also shown in panel (c) is the p+p fit discussed in the text. The pQCD
curves in the three panels are from Refs. [10, 60]. The error bars shown are total uncertainties, i.e. the quadrature sum of
statistical and systematic uncertainties.

uncertainties were added in quadrature in the fitting procedure. The fits are also shown in Fig. 11, where the dashed417

lines extrapolate the fits over the full pT range.418

Figure 12 compares the inverse slopes from the common fit to the fits of the individual data sets. For
√
s
NN

= 62.4 GeV,419

the values are from Table II, for 200 GeV the data [34, 35] were fitted in the two pT ranges, and for 2760 GeV the420

value published in Ref. [66] is shown. For the lower-pT range a value for MB collisions at
√
s
NN

= 39 GeV is also421

included.422

Another way to illustrate the commonality of the spectra is to compare the ratio of the normalized yield divided423

by the extrapolated fit for 0.9 < pT < 2.1 GeV/c. The result is shown in Fig. 11(b). Within the uncertainties the424

ratios are consistent with unity over the fit range for all three
√
s
NN

. Below 1 GeV/c, where there is no data from425 √
s
NN

= 2760 GeV, the other two energies also agree very well.426

The similarity of the spectra in the pT range up to ≈2 GeV/c indicates that the source that emits these photons427

must be very similar, independent of
√
s
NN

, a finding that would be consistent with radiation from an expanding and428

cooling fireball evolving through the transition region from QGP to a hadron gas till kinetic freeze-out. This would429

naturally occur at the same temperature and similar expansion velocity, independent of the initial conditions created430

in the collisions.431

Above 2 GeV/c, the normalized direct-photon yield becomes
√
s
NN

dependent. The
√
s
NN

= 200 GeV Au+Au data432

remain consistent with the exponential fit until pT≈3 GeV/c, where prompt-photon production from hard-scattering433

processes starts to dominate (see Fig. 10). In contrast, the Pb+Pb data from
√
s
NN

= 2760 GeV begin to exceed the434

exponential pT≈2 GeV/c, while prompt-photon production only becomes the main photon source above 4 to 5 GeV/c,435

where the Ncoll-scaled pQCD calculation describes the heavy ion data well.436

This leaves room for additional contributions to the direct-photon spectrum in the range from 2 to 5 GeV/c437

beyond prompt-photon production, which are
√
s
NN

dependent. Such contributions could reflect the increasing initial438

temperature that would be expected with increasing collision energy.439
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FIG. 11. Direct-photon yield normalized to (dNch/dη)1.25 in the low-pT region for 0%–20% centrality in Pb+Pb at 2760 GeV,
Au+Au at 200 GeV, and Au+Au at 62.4 GeV. Panel (a) gives the normalized yield and two exponential fits to the data in the
pT region below 1.3 GeV/c and from 0.9 to 2.1 GeV/c. The dashed line extrapolates the fits beyond the fit ranges. Panel (b)
shows the ratio of the data sets to the fit in the range 0.9 to 2.1 GeV/c range.

C. pT dependence of the scaling variable α440

In this final section, the scaling behavior of the direct-photon yield with (dNch/dη)α will be revisited. So far, a fixed441

value of α = 1.25 was used to calculate the normalized inclusive direct-photon yield. This value was obtained from the442

scaling relation Ncoll∝(dNch/dη)α [40]. Here, α will be determined from the direct-photon data itself as a function of443

pT . For this purpose, the direct-photon pT spectra are integrated above a minimum pT value (pT,min) of 0.4 GeV/c,444

1.0 GeV/c, 1.5 GeV/c, and 2.0 GeV/c. Panels (a) to (d) of Fig. 13 show the integrated yields as a function of dNch/dη445

for all data sets shown in Fig. 10. The systematic uncertainties, shown as boxes, give the uncertainty on the integrated446

yield and the uncertainty on dNch/dη. The A+A data are compared to a band representing the integrated yields447

obtained from the fit to the p+p data at
√
s = 200 GeV, with the functional form given in Eq. 7, scaled by Ncoll. The448

width of the band is given by the uncertainties on the p+p fit and on Ncoll, combined quadratically. Panels (b) to (c)449
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FIG. 12. Inverse slopes, Teff , obtained from fitting the combined data from central collisions shown in Fig. 11 is compared to
the fit results of the individual data sets at 62.4, 200, and 2760 GeV. Also included is the value for

√
sNN = 39 GeV obtained

from fitting the MB data set in the lower-pT range.

also show the integrated yields from the Ncoll-scaled pQCD calculations for
√
s = 200 and 2760 GeV.450

TABLE IV. Fit values obtained from fitting all PHENIX data in panel (a) to (d) in Fig. 13 and (a) and (b) in Fig. 15 with
Ach(dNch/dη)α. The uncertainties on α are quoted separately as statistical and systematic uncertainties, with the latter includ-
ing uncertainties from the direct-photon measurements as well as the dNch/dη. For the normalization, Ach, total uncertainties
are given.

pTmin pTmax Ach α χ2/NDF

GeV/c GeV/c

0.4 5.0 (1.06± 0.59)·10−2 1.19± 0.09± 0.18 1.18/3

1.0 5.0 (8.16± 3.46)·10−4 1.23± 0.06± 0.18 5.27/8

1.5 5.0 (1.90± 0.87)·10−4 1.21± 0.07± 0.16 6.50/6

2.0 5.0 (5.55± 3.74)·10−5 1.16± 0.11± 0.08 8.85/5

5.0 14.0 (5.00± 1.08)·10−7 1.21± 0.02± 0.07 2.839/7

8.0 14.0 (7.83± 1.82)·10−8 1.17± 0.02± 0.06 2.362/7

It is clear from Fig. 10 that all A+A data follow a similar common trend. The PHENIX data in each panel of
Fig. 13 is fitted with the scaling relation:∫ pT,max

pT,min

1

2πpT

d2N

dpT dy
dpT = Ach

(
dNch

dη

)α
. (8)

The fit results for pT,max = 5GeV/c are shown as dashed lines in Fig. 10; the fit parameters are given in Table IV.451

Here the dominant systematic uncertainties are due to occupancy dependent differences in the energy scale calibra-452

tion and on dNch/dη. It is assumed that within a given data set these could be anti-correlated and that they are453

uncorrelated between different data sets. The α values are consistent with an average value of α = 1.21±0.04 (stat),454

with no evident dependence on pT,min. The value is consistent, but slightly lower, than α = 1.25± 0.02.455

Figure 14 shows the integrated yield from A+A collisions divided by the scaled p+p integrated yield normalized by456

((dNch/dη)pp/(dNch/dη)AA)1.21. In this representation, the p+p bands bracket unity with no visible slope. For high457

pT the vertical scale would be equivalent to the nuclear-modification factor of prompt photons. For pT,min = 0.4, 1.0,458

and 1.5 GeV/c all A+A data have the same absolute value, within statistical and systematic uncertainties, but are459

significantly enhanced compared to the p+p band. In particular, the Pb+Pb data at
√
s
NN

= 2760 GeV also shows460



18

10 210 310

3−10

2−10

1−10

1

10/d
y

γ
dN

(a)
 < 5.0 GeV/c

T
0.4 < p

PHENIX 
 Au+Au 39 GeV
 Au+Au 200 GeV

10 210 310

4−10

3−10

2−10

1−10

1

10

/d
y

γ
dN

(b)
 < 5.0 GeV/c

T
1.0 < p

PHENIX 
 Au+Au 62.4 GeV
 Cu+Cu 200 GeV

   ALICE 
 Pb+Pb 2760 GeV

10 210 310

4−10

3−10

2−10

1−10

1

/d
y

γ
dN

(c)
 < 5.0 GeV/c

T
1.5 < p

pQCD scaled by 
 200 GeV 
 2760 GeV 

collN

10 210 310

=0η
 |η/dchdN

4−10

3−10

2−10

1−10

1/d
y

γ
dN

(d)
 < 5.0 GeV/c

T
2.0 < p

 
 fit 
 fit p+p 200 GeV 
   scaled by 

α)η(dNch/d

collN
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that the legend for data points, calculations, and fits over
panels (a) to (d) are valid for all panels.
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the same value in panels (b) and (c), even though they were not included in the fit. The enhancement above p+p461

drops from nearly two orders of magnitude to a factor of ≈7 with increasing pT,min. In panel (d) for the 2 GeV/c462

threshold the
√
s
NN

= 200 GeV data also have the same value, with an enhancement of ≈3. The Pb+Pb data at463 √
s
NN

= 2760 GeV, while also being independent of dNch/dη, have a value roughly 30% higher than the 200 GeV464

data. This illustrates the breakdown of the scaling towards higher pT , at a pT for which prompt-photon production465

is not yet expected to be the dominant source. As can be seen from Fig. 13, in this pT region the Pb+Pb integrated466

yield exceeds by a factor of 4 to 5 what is calculated by pQCD for prompt-photon production.467
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FIG. 15. Integrated direct-photon yields from A+A collisions for pT,min of 5 GeV/c (a) and 8 GeV/c. The representation is
the same as in Fig. 13. Also shown are the results from pQCD calculations scaled by Ncoll.

With increasing pT,min the integrated yield becomes increasingly sensitive to the prompt-photon contribution.468

Integrated direct-photon yields for the ranges 5.0 < pT < 14 GeV/c and 8.0 < pT < 14 GeV/c are shown in panels (a)469

and (b) of Fig. 15, together with the corresponding values based on pQCD calculations for the same collision energies.470

For the integrated yields from Au+Au at 200 GeV, the enhancement compared to p+p has vanished and the measured471

yield is dominated by prompt-photon production, following closely the scaled and integrated yield calculated by pQCD.472

Fitting the data with Eq. 8 results in slope values of α = 1.213± 0.008 ± 0.070 and α = 1.172± 0.016± 0.063. The473

full set of fit parameters are given in Table. IV. Even though the direct-photon yield is dominated by prompt-photon474

production the slope values are consistent with those found at lower pT,min.475

The Pb+Pb data at 2760 GeV continue to be enhanced compared to the pQCD calculations even out to pT,min of476

8 GeV/c. The enhancement decreases with pT,min and is ≈50% at pT,min = 5 GeV/c and reduces to less than 30%477

for 8 GeV/c. Given the systematic uncertainties on the data and the pQCD calculation these values may already be478

consistent [39]. Irrespective of whether in addition to prompt-photon production another source is needed to account479

for the data, the Pb+Pb data can also be well described by a fit with Eq. 8 with α = 1.12 ± 0.05 and 1.21 ± 0.13,480

for pT > 5 GeV/c and 8 GeV/c, respectively. These values are consistent with values given in Table IV, within the481

quoted statistical errors.482

Figure 16 presents the values of α listed in Table IV, which were obtained from the PHENIX A+A data as function483
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FIG. 16. The α values extracted using fits to integrated direct-photon yields. The dashed line gives the average α value for the
four lower pT,min points. Also shown is a model calculation for α discussed in the text.

of pT,min. Also shown in Fig. 16 are α values from similar fits for several other values of pT,min > 4 GeV/c to integrated484

direct-photon yields from Au+Au data at
√
s
NN

= 200 GeV published in [35]. Within systematic uncertainties, all α485

values are consistent with an average value of 1.21 for the thresholds below 4 GeV/c, which is shown as a dashed line.486

There is no evidence for a dependence of α on pT,min.487

Figure 16 compares the data to α extracted from theoretical model calculations of direct-photon radiation [67, 68].488

The model calculation includes prompt-photon production, radiation from the pre-equilibrium phase, and thermal489

photons emitted during the evolution from QGP to hadron gas to freeze-out. As discussed in the introduction, in490

general these and similar calculations qualitatively reproduce the large direct-photon yield and the large anisotropy491

with respect to the reaction plane observed experimentally, but falls short of a simultaneous quantitative description.492

Similarly, the model calculation shown in Fig. 16 does not fully describe the dependence of α on pT . In the region493

where thermal radiation is expected to be significant, below pT = 2 GeV/c, the calculated α values are consistent494

with data, but the calculation predicts a pT dependence of α which is not seen in the data. In the model calculation,495

the thermal-photon contribution from the QGP phase depends on dNch/dη with a higher power of α ≈ 1.8 than the496

later stage contribution from the hadron gas α ≈ 1.2. The dNch/dη dependence of the prompt contribution is similar497

to the one from the hadron gas. The dominant sources of direct-photon emission change with increasing pT from498

hadron gas to QGP to prompt-photon production, and therefore α would be expected to depend on pT . While the499

data do not show such a dependence, the uncertainties, in particular systematic uncertainties, are too large to rule500

out that α does change with pT .501

IV. SUMMARY502

The PHENIX Collaboration presented the measurement of low pT direct-photon production in MB data samples503

of Au+Au collisions at 39 and 62.4 GeV recorded at RHIC in 2010. The measurements were performed using the504

PHENIX central arms to detect photon conversions to e+e− pairs in the back plane of the HBD, following the505

technique outlined in Ref. [35] for the analysis of low-momentum direct photons in Au+Au collisions at 200 GeV.506

In addition to the MB data samples, the 62.4 GeV/c data was subdivided into two centrality classes, 0%–20% and507

20%–40%. For all samples, the relative direct-photon yield, Rγ , was obtained through a double ratio in which many508

sources of systematic uncertainties cancel. In the pT range from 0.4 to 3 GeV/c, a clear direct-photon signal is found509

for all event selections, which significantly exceeds the expectations from prompt-photon production.510

The direct-photon pT spectra are not described by one exponential function, but are consistent with a local inverse511

slope increasing with pT . Comparing the 39 and 62.4 GeV data to direct-photon data from Au+Au collisions at512 √
s
NN

= 200 GeV, also measured by PHENIX, and Pb+Pb collisions at
√
s
NN

= 2760 GeV, published by ALICE,513

reveals that the local inverse slopes and the shape of the pT spectra below 2 GeV/c are independent of
√
s
NN

and514

centrality of the event sample. The combined data for central collisions were fitted with an exponential in the pT515
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range below 1.3 GeV/c. The inverse slope value found is Teff = 0.174±0.018 GeV/c. The pT range from 0.9 to516

2.1 GeV/c was also fitted with an exponential function. The inverse slope is significantly larger, with a value of517

Teff = 0.289±0.024 GeV/c.518

Furthermore, the invariant yield of low-pT direct photons emitted from heavy ion collisions shows a common scaling519

behavior with dNch/dη that takes the form Ach(dNch/dη)α. Up to pT of 2 to 2.5 GeV/c both parameters Ach and α520

are independent of
√
s
NN

and centrality of the event sample. The parameter Ach depends on pT , but α does not. To521

extend these observations, the Au+Au data at
√
s
NN

= 200 GeV and the Pb+Pb data at 2760 GeV were analyzed at522

larger pT . It was found that Ach does depend on
√
s
NN

even in the pT range from 2 to 5 GeV/c where direct-photon523

emission is not yet dominated by prompt-photon production. However, α remains remarkably insensitive to pT ,
√
s
NN

,524

and centrality.525

A possible scenario, consistent with the observations, is that direct-photon radiation at low pT originates from526

thermal processes while the collision system transitions from the QGP phase to a hadron gas. This would naturally527

be at similar temperature and expansion velocity independent of
√
s
NN

, collision centrality, and colliding species. In528

the range from 2 to 5 GeV/c there might be a contribution from the QGP phase earlier in the collision which is more529

pronounced at higher collision energies. While the data seem qualitatively consistent with this conjecture, model530

calculations suggest that the dNch/dη dependence of the direct-photon yield should vary with pT , as different photon531

sources are expected to scale differently with dNch/dη and would contribute to different pT regions. In contrast,532

within the experimental uncertainties, no evidence for such a pT dependence of α was detected.533
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