
Beam-energy and centrality dependence of direct-photon emission from
ultra-relativistic heavy-ion collisions

A. Adare,14 S. Afanasiev,34 C. Aidala,15, 44, 49, 50 N.N. Ajitanand,70, ∗ Y. Akiba,64, 65, † R. Akimoto,13

H. Al-Bataineh,58 J. Alexander,70 M. Alfred,27 A. Al-Jamel,58 H. Al-Ta’ani,58 A. Angerami,15 K. Aoki,37, 40, 64

N. Apadula,32, 71 L. Aphecetche,72 Y. Aramaki,13, 64 R. Armendariz,58 S.H. Aronson,8 J. Asai,64, 65

H. Asano,40, 64 E.C. Aschenauer,8 E.T. Atomssa,41, 71 R. Averbeck,71 T.C. Awes,60 B. Azmoun,8 V. Babintsev,28

A. Bagoly,19 M. Bai,7 G. Baksay,22 L. Baksay,22 A. Baldisseri,17 B. Bannier,71 K.N. Barish,9 P.D. Barnes,44, ∗

B. Bassalleck,57 A.T. Basye,1 S. Bathe,6, 9, 65 S. Batsouli,15, 60 V. Baublis,63 F. Bauer,9 C. Baumann,51

S. Baumgart,64 A. Bazilevsky,8 S. Belikov,8, 32, ∗ R. Belmont,14, 77 R. Bennett,71 A. Berdnikov,67 Y. Berdnikov,67

J.H. Bhom,81 A.A. Bickley,14 M.T. Bjorndal,15 D.S. Blau,39, 56 M. Boer,44 J.G. Boissevain,44 J.S. Bok,57, 58, 81

H. Borel,17 K. Boyle,65, 71 M.L. Brooks,44 D.S. Brown,58 J. Bryslawskyj,6, 9 D. Bucher,51 H. Buesching,8

V. Bumazhnov,28 G. Bunce,8, 65 J.M. Burward-Hoy,44 S. Butsyk,44, 57, 71 C.M. Camacho,44 S. Campbell,15, 71

V. Canoa Roman,71 A. Caringi,52 P. Castera,71 J.-S. Chai,36, 73 B.S. Chang,81 W.C. Chang,2 J.-L. Charvet,17

C.-H. Chen,65, 71 S. Chernichenko,28 C.Y. Chi,15 J. Chiba,37 M. Chiu,8, 15, 29 I.J. Choi,29, 81 J.B. Choi,11, ∗

S. Choi,69 R.K. Choudhury,5 P. Christiansen,46 T. Chujo,76, 77 P. Chung,70 A. Churyn,28 O. Chvala,9

V. Cianciolo,60 Z. Citron,71, 79 C.R. Cleven,24 Y. Cobigo,17 B.A. Cole,15 M.P. Comets,61 Z. Conesa del Valle,41

M. Connors,24, 65, 71 P. Constantin,32, 44 M. Csanád,19 T. Csörgő,20, 80 T. Dahms,71 S. Dairaku,40, 64 I. Danchev,77
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The PHENIX collaboration presents first measurements of low-momentum (0.4 < pT < 3 GeV/c)
direct-photon yields from Au+Au collisions at

√
sNN =39 and 62.4 GeV. For both beam energies the

direct-photon yields are substantially enhanced with respect to expectations from prompt processes,
similar to the yields observed in Au+Au collisions at

√
sNN =200. Analyzing the photon yield as a

function of the experimental observable dNch/dη reveals that the low-momentum (>1 GeV/c) direct-
photon yield dNdir

γ /dη is a smooth function of dNch/dη and can be well described as proportional
to (dNch/dη)α with α≈1.25. This scaling behavior holds for a wide range of beam energies at the
Relativistic Heavy Ion Collider and the Large Hadron Collider, for centrality selected samples, as
well as for different, A+A collision systems. At a given beam energy the scaling also holds for
high pT (> 5 GeV/c) but when results from different collision energies are compared, an additional√
sNN -dependent multiplicative factor is needed to describe the integrated-direct-photon yield.

Measurements of direct photons provide information
about the strongly coupled quark-gluon plasma (QGP)
produced in heavy ion collisions and its “fireball” evolu-
tion to hadron resonance matter. Due to their long mean
free path photons do not interact with the matter and
thus their spectra provide information about all stages
of the collision integrated over space and time [1–3]. In
particular low pT photons in the momentum range up to
a few GeV/c are expected to carry information about the
hot and dense fireball.

In experiments direct photons are detected simultane-
ously with a much larger number of photons from hadron
decays, mostly from π0 and η mesons. The main chal-
lenge is to subtract these decay contributions from the
measurement to obtain the photons directly emitted from
the collision. In addition to photons from the hot fire-
ball, direct photons include those emitted from initial
hard scattering processes, such as quark-gluon Compton
scattering among the incoming partons [4]. Disentan-
gling this prompt component from the photons emitted
from the fireball is an additional challenge.

First evidence for direct photon emission from heavy
ion collisions came from WA98 [5, 6], with conclusive re-
sults only for pT > 1.5 GeV/c. PHENIX established
that a large number of low pT direct photons are ra-
diated from the fireball created in Au+Au collisions at√
s
NN

= 200 GeV [7] and that their yield increases with
a power of Npart while the inverse slopes of the spectra
are independent of the centrality of the collisions [8]. Si-
multaneously, low pT direct photon emission exhibits a
significant azimuthal anisotropy with respect to the re-

action plane [9, 10].
ALICE has published [11, 12] similar observations

of low pT direct photons from Pb+Pb collisions at√
s
NN

= 2760 GeV. STAR also reported a mea-
surement of the direct photon yields in Au+Au at√
s
NN

= 200 GeV [13], the published yields are signifi-
cantly lower compared to PHENIX results. The origin of
the discrepancy remains unresolved [14].

A large body of theoretical work on low pT direct
photon emission in A+A collisions exists in the litera-
ture. Many model calculations are qualitatively consis-
tent with the data, but a quantitative description remains
difficult, primarily due to the simultaneous observation
of large yields and large azimuthal anisotropies [15–38].

To provide further insights, PHENIX is investigat-
ing the system size dependence of direct photon emis-
sion from heavy ion collisions by varying beam energy,
centrality, and collision species. In this publication we
present low-pT direct photon data from Au+Au colli-
sions at

√
s
NN

= 39 GeV and 62.4 GeV taken with the
PHENIX experiment in 2010. We compare the central-
ity selected spectra and integrated yields from Au+Au
to those from p+p collisions at

√
s
NN

= 200 GeV [7, 8],
Cu+Cu collisions at

√
s
NN

= 200 GeV [39], and Pb+Pb
collisions at

√
s
NN

= 2760 GeV [11]. This study covers a
factor of 70 in

√
s
NN

and nearly two orders of magnitude
in system size.

The 39 and 62.4 GeV direct photon spectra are ob-
tained from two data samples of minimum-bias (MB)
Au+Au collisions that have a total of 7.79×107 and
2.12×108 events, respectively. The MB trigger and cen-
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trality selection is derived from data taken with the
PHENIX beam-beam counters [40]. The data analysis
uses the same techniques deployed for the analysis of the√
s
NN

= 200 GeV Au+Au data [8], which were taken in
the same year under nearly identical conditions. Here we
give a brief overview of the setup and data analysis, and
refer to our previous publication for more details [8].

Photons are reconstructed through their conversion to
e+e−pairs in the detector material, specifically the read-
out boards of the hadron blind detector (HBD) [41] that
are located at a radius of 60 cm from the beam axes. The
trajectories and momenta of the e+ and e− are deter-
mined by the central arm tracking detectors [42]. Each
of the two central arms covers 90◦ in azimuth and a
rapidity range of |η| < 0.35. A transverse momentum
cut, pT > 200 MeV/c, is applied to each trajectory. To
identify trajectories as e+ or e− candidates, we require a
minimum of three associated signals in the ring-imaging
Čerenkov detector [43] and that the energy measured in
the electromagnetic calorimeter (EMCal) [44] matches
the measured momentum (E/p > 0.5).

All e+ and e− reconstructed in the same arm are
matched to pairs. In the 2010 setup there is no track-
ing near the collision point, so the origin of an individual
track is unknown. Thus, for each e+e−pair the mass is
calculated twice: first assuming the pair originated at the
event vertex (mvtx), then assuming the e+e− is a conver-
sion pair from the HBD readout boards (mHBD). In the
latter case, mHBD will be consistent with zero, within
a mass resolution of a few MeV/c2, while mvtx will be
about 12 MeV/c2. With a cut on both masses a sample of
photon conversion is selected with a purity of about 99%.
The combinatorial background is negligible, because the
conversion material, in radiation length X/X0≈3%, is
about 10 times thicker than materials closer to the ver-
tex; and it is at a relatively large distance from the event
vertex. The 1% contamination is mostly from π0 Dalitz
decays, π0 → γe+e−, and from conversions in front of
the HBD readout boards.

The direct photon content in the photon sample is de-
termined by the ratio Rγ , which is the ratio of all emitted
photons (γincl) to those from hadron decays (γhadron).
The ratio Rγ is determined from a double ratio:

Rγ =
γincl

γhadron
=
〈εγf〉

(
N incl
γ /Nπ0,tag

γ

)
Data(

γhadron/γπ0
)
Sim

. (1)

All quantities in this double ratio are functions of the
conversion photon peeT . The measured quantities are the
number of detected conversion photonsN incl

γ and the sub-

set of those that are tagged as π0 decay photon Nπ0,tag
γ .

The tagged photons Nπ0,tag
γ are determined statistically

in bins of the peeT . Each conversion photon is paired
with all showers with E > 400 MeV measured in the
EMCal of the same arm. The invariant e+e−γ mass is

calculated and the counts above the combinatorial back-
ground in the π0 mass peak give Nπ0,tag

γ . To convert

the ratio N incl
γ /Nπ0,tag

γ to γincl/γπ
0

only Nπ0,tag
γ needs

to be corrected for the momentum averaged conditional
acceptance-efficiency 〈εγf〉 that the second decay photon
can be reconstructed in the EMCal. All other corrections
to the numerator and denominator cancel [8]. Because
rather loose cuts are applied to the EMCal showers, 〈εγf〉
is mostly determined by the π0 decay kinematics, the de-
tector geometry, and the energy cut. Thus, 〈εγf〉 can
be calculated to a few percent accuracy using a Monte-
Carlo simulation of π0 decays. Photons from pions are
determined from the measured π0 spectra [45] and two
body decay kinematics. The spectrum of decay photons
(γhadron) is derived from γπ

0

and the η/π0 ratio [46],
which is independent of collision system and energy, with
additional contribution from heavier mesons of about 4%.

Once Rγ is established, the direct photon spectrum
can be calculated as:

γdirect = (Rγ − 1) γhadron. (2)

The uncertainty on γhadron, approximately 10% [8],

cancels in Rγ (with that of γπ
0

in Eq. (1)) but has to
be applied to γdirect. The systematic uncertainties on
the 39 and 62.4 GeV data are similar in magnitude to
those for 200 GeV presented in [8]. For integrated yield
we treat every systematic uncertainty as pT -correlated in
the interest of consistency throughout the different data
sets.

Figure 1 shows the invariant yield of direct photons
normalized to (dNch/dη)1.25, this normalization is dis-
cussed below. Panel (a) shows Au+Au MB data at

√
s
NN

= 62.4 and 39 GeV, panel (b) gives Au+Au data in three
centrality classes at 200 GeV, and panel (c) compares
data from different beam energies and systems. Below 3
GeV/c the 62.4 and 39 GeV data show substantial direct
photon yields, which are comparable in magnitude and
spectral shape, albeit within large uncertainties. For 62.4
GeV we can also extract a direct photon signal for 0%–
20% and 20%–40% centrality selection and find that the
direct photon yield increases with centrality. All obser-
vations are similar to those already published for Au+Au
collisions at

√
s
NN

= 200 GeV [8].
To compare data from different beam energies, colli-

sions species, and collision centralities we use the mea-
sured charged particle multiplicity dNch/dη as measure of
the system size at hadronization. For a fixed beam energy
dNch/dη is roughly proportional Npart. However, unlike
Npart, dNch/dη does not saturate but increases monoton-
ically with beam energy for collisions of the same nuclei
at the same impact parameter.

Direct photon production at high pT results from hard
scattering, which at a fixed

√
s
NN

scales with the number
of binary collisions Ncoll. We find that Ncoll exhibits a
remarkably simple relation with the dNch/dη that takes
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FIG. 1. Direct photon spectra normalized by (dNch/dη)1.25 for Au+Au at 39 and 64.2 GeV (a) and (b) at 200 GeV [8]; panel
(c) compares for different A+A systems at different

√
sNN [11, 39]. Panels (a) and (b) also show p+p data [8, 47–49]. All

panels show pQCD calculations for the corresponding
√
s [20, 50]. The errors shown are the quadratic sum of systematic and

statistical uncertainties. Uncertainties on the dNch/dη are not included.

the form:

Ncoll =
1

SY (
√
s
NN

)
×
(dNch

dη

)α
(3)

This is shown in Fig. 2 where Ncoll is plotted versus
dNch/dη for different

√
s
NN

. PHENIX data are taken
from [51] and ALICE data at

√
s
NN

= 2760 GeV are from
[52]. The exponent α is determined through a simul-
taneous fit to all data shown in Fig. 2 and found to
be α = 1.25 ± 0.02. The specific yield SY increases
logarithmically with

√
s
NN

as SY (
√
s
NN

) = (0.976 ±
0.054) log (

√
s
NN

)− (1.827±0.253).
Figure 1 depicts the direct photon yield for dif-

ferent beam energies and centralities normalized by
(dNch/dη)1.25. In panel (b) three different centrality
selections of Au+Au collisions at

√
s
NN

= 200 GeV are
shown together with data from p+p at the same beam en-
ergy. The normalized spectra from Au+Au are very sim-
ilar for all three centrality selections. Above 3–4 GeV/c
the normalized yield is the same as for p+p collisions
and can be reproduced by perturbative quantum chro-
modynamics (pQCD) calculations with a renormalization
and factorization scale of µ = 0.5pT [50, 53]. Here the
pQCD calculation was normalized to the experimental
dNch/dη for

√
s = 200 GeV from [54]. Also shown on

(b) is an empirical fit to the p+p data [55] of the form

a(1 + p2T /b)
c [39]. Below 2–3 GeV/c the normalized yield

in Au+Au collisions is significantly enhanced compared
to that in p+p collisions, but follows the same scaling
behavior with (dNch/dη)1.25 independent of centrality.

Panels (a) and (c) of Fig. 1 show that for pT be-
low 2–3 GeV/c the same scaling with (dNch/dη)1.25 oc-
curs for different

√
s
NN

and collisions systems. Below 2
GeV/c the spectra have very similar shape. We note that
the apparent difference of the inverse slopes reported by
PHENIX [8] and ALICE [11] is largely due to the differ-
ent fit ranges used [56].

At higher pT the expected difference with
√
s
NN

is
observed. Like for

√
s
NN

= 200 GeV, at high pT the
2760 GeV data are well reproduced by the pQCD cal-
culation, though only above 5–6 GeV/c rather than 3–
4 GeV/c. Note that the extrapolated pQCD calculations
for p+p at different

√
s seem to converge to the same

normalized yield at low pT , but at a tenth of the A+A
yield.

We quantify direct photon emission by integrating the
invariant yield above pT =1.0 GeV/c and pT =5.0 GeV/c.
The integrals with the lower threshold will be dominated
by excess low pT photons unique to A+A collisions, while
the integrals with the higher threshold are more sensitive
to photons from initial hard scattering processes. The re-
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FIG. 2. Number of binary collisions, Ncoll, vs. dNch/dη,
for four beam energies. The errors shown reflect the uncer-
tainty of Ncoll from the Glauber calculation. Fitting Eq. (3)
simultaneously to all data with a common α results in α =
1.25 and a

√
sNN dependence SY as shown in the text below

Eq. (3).

sults are shown in Figs. 3 and 4 as a function of dNch/dη.
Also plotted are power-law functions A(dNch/dη)α with
fixed α = 1.25 and a normalization fitted to the data.

For A+A collisions the integrated yields for the 1.0
GeV/c threshold, shown in Fig. 3, scale as (7.140 ±
0.265) × 10−4 × (dNch/dη)1.250. We find the same scal-
ing if α is not constrained: (8.300 ± 1.680) × 10−4 ×
(dNch/dη)1.225±0.034. The A+A points are compared
to the integrated yield for

√
s = 200 GeV p+p obtained

from the fit to the data, which is scaled with Ncoll to the
corresponding dNch/dη for each

√
s
NN

= 200 GeV A+A
point. The width of the band is given by the combined
uncertainties on the fit function and Ncoll. It is parallel
to the A+A trend but lower by about an order of mag-
nitude. Also shown are the scaled integrated yields from
pQCD calculations for

√
s = 62.4, 200, and 2760 GeV,

consistent with the band independent of beam energy.

For the pT threshold of 5 GeV/c the integrated yields
from Au+Au and p+p at 200 GeV follow the same
(dNch/dη)1.25 trend, and are described by the pQCD cal-
culation. The 2760 GeV data are also consistent with
(dNch/dη)1.25 but show a significantly higher yield than
at 200 GeV data at the same dNch/dη. The Ncoll scaled
pQCD calculation is about 30% below the data, which
may not be significant considering the 25% systematic
uncertainty on the calculation.

While the functional form A(dNch/dη)α describes the
integrated direct photon yields well, it is not unique.
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FIG. 3. Integrated direct photon yield (pT > 1.0 GeV/c)
vs. dNch/dη, for data sets shown in Fig. 1. The dashed line
is a power law fit with a fixed slope of α = 1.25. The two
upper limits correspond to the data in 20%–40% and 40%–
80% Pb+Pb collisions at

√
sNN = 2760 GeV. The integrated

yields of the fit to p+p data and of the pQCD calculations
are shown as well, both scaled by Ncoll [20, 50].
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FIG. 4. Integrated direct photon yield (pT > 5.0 GeV/c) vs.
dNch/dη, for different data sets. The dashed lines show power
law fits to the data with fixed slope of α = 1.25. Integrated
yields from pQCD calculations scaled by Ncoll are also shown.

For instance the data can be equally well fitted by
A(dNch/dη)+B(dNch/dη)4/3 [57]. For the data in Fig. 3
this fit results in parameters A = (8.68±3.06) ·10−4 and
B = (3.09 ± 0.45) · 10−4. The important point is that
A+A data from different centralities and a wide range of
collision energies can be empirically described in terms
of dNch/dη with just two parameters, suggesting some
fundamental commonality in the underlying physics.

There are two main conclusions from the analyses pre-
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sented in this paper. (i) At a given beam energy the

direct photon yield scales with dNch/dη
1.25

or Ncoll for
all observed pT . There seems to be no qualitative change
in the photon sources and/or their relative contributions
for different collision centrality or system size. (ii) From√
s
NN

= 39 to 2760 GeV the same scaling is observed for
pT < 2 GeV/c. This suggests that the main sources con-
tributing to this pT range are very similar also across
beam energies.

If thermal radiation is the source of low pT direct pho-
tons, the similarity at the same dNch/dη across beam
energies and centralities for pT <∼ 2 GeV/c, suggests that
the bulk of the matter that emits the radiation is similar
in terms of temperature and space time evolution. This
would be natural, if most of the photons are emitted near
the transition from QGP to hadrons.

While at high pT the scaled yields in p+p and A+A
are identical, at low pT they differ by a factor of 10. This
implies that there must be a transition from the small
p+p yield to the enhanced A+A-like low pT yields in the
dNch/dη range of ≈2 to 20, which will be accessible with
the data taken by PHENIX with small systems p+Au,
d+Au, and 3He+Au.
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