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DIRECT PHOTON
• Definition: photons NOT originating from hadron decays 

Glasma QGP Mixed phase HadronizationInitial collision

Thermal photonHard photon Hadron decay photon

• Produced throughout the collision history
ü gthermal yield：𝑁" = ∫ 𝑅"×𝑉𝑑𝑡

*+
*,

, Rg: rate, V: volume

• Penetrating probe w/o strong interaction in QCD medium
ü Carry the medium information at the production point

Major production processes:
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THERMAL PHOTON MEASUREMENT
• Experimental data = Integral of all photon production
→Need “pT-window” to measure target photons

ü Low pT region (pT<3-4GeV/c) for thermal photons

T

1
nphard:

/g-E Tethermal:
Decay photons (gdecay)
(p0→g+g, h→g+g, …) 

• gdecay always makes gdir measurements challenging 
ü ~80% from p0 & ~10% from h of inclusive photon yield
ü gdir = Reminder after gdecay subtraction

• Importance of p+p & p+A data as a baseline
ü Hard photon production & nuclear effects@low pT
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PHOTON MEASUREMENTS AT PHENIX

• 3 independent measurements at PHENIX
1. EMCal method: Suitable for high pT (>4GeV/c)
2. Conversion photon method: Utilizing photon 

conversions and covering a wide pT range from less 
than 1GeV/c 

3. Virtual photon method: Measuring gdir
*→e+e- with 

reduced BG and works for 1<pT<5-6GeV/c  
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BASELINE: p+p & d+Au AT 𝒔𝑵𝑵� =200GeV 
PRC87, 054907 (2013)

p+p

d+Au
MB

• Successful direct photon 
measurements for p+p & 
d+Au at PHENIX
ü p+p: 
Consistent with pQCD
calculations for 1-20GeV/c
→ binary scaled p+p result 

= hard photons in A+A
ü d+Au (MB):
Consistent with binary-
scaled p+p result
→ Very small nuclear effects
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• pT>4GeV/c: Consistent with the binary scaled p+p
• pT<4GeV/c: Enhanced yield over the binary scaled p+p

ü Thermal photons from the medium
• However, observation of a surprisingly large v2 as well

ü Sensitive to production process & production time

A. ADARE et al. PHYSICAL REVIEW C 91, 064904 (2015)
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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

064904-8

pT spectra

PRC91, 064904 (2015)

MB

AZIMUTHALLY ANISOTROPIC EMISSION OF LOW- . . . PHYSICAL REVIEW C 94, 064901 (2016)

 (GeV/c)
T

p

2v
3v

0.1

0.2

0.3

(a) 0-20%

n
Direct photon v
Conversion method
Calorimeter method

0 1 2 3 4
0

0.05

0.1

0.15 (d) 0-20%

(b) 20-40%
PHENIX 2007 and 2010
Au+Au 200 GeV

0 1 2 3 4

(e) 20-40%

(c) 40-60%

0 1 2 3 4

(f) 40-60%

FIG. 6. Direct photon v2 and v3 at midrapidity (|η| < 0.35), for different centralities, measured with the conversion method (solid circles,
green) and the calorimeter method (solid squares, black). The event plane was determined with the reaction plane detector (1 < |η| < 2.8).
The error bars (boxes) around the data points are statistical (systematic) uncertainties.

uncertainties agrees with the calculated central value to better
than the symbol size. From each distribution we calculate
the lower and upper bounds on the uncertainty by integrating
from ±∞ to a vn for which the integrated probability reaches
15.9%. These values bracket a 68% probability range for vn

and are quoted as upper and lower statistical and systematic
uncertainties on the final result.

The final results for the direct photon v2 and v3, including
statistical and systematic uncertainties as outlined above, are
shown in Fig. 6 for three centralities and separately for the
two analysis methods. For the conversion method v3 is shown
only for the highest centrality bin; the statistical fluctuations
preclude any meaningful measurement in the more peripheral
bins. The data and their uncertainties are shown in Tables II
and III.

The two analysis techniques are very different but the results
agree well in the overlap region, and they are also consistent
with the results published earlier [4]. The direct photon v2
centrality dependence, both in trend and magnitude, is quite
similar to the observed pion v2. The third-order coefficients v3
are consistent with no centrality dependence.

IV. COMPARISONS TO MODELS

As already mentioned, the essence of the “direct photon
puzzle” is that current theoretical scenarios have difficulties
explaining the large direct photon yield and azimuthal asym-
metries at the same time. This is illustrated by a recent state-
of-the-art calculation of viscous hydrodynamic calculation of
photon emission with fluctuating initial density profiles and
standard thermal rates [17], which falls significantly short in
describing yield and v2. Over the past few years many new
ideas have been proposed to resolve this puzzle, including
nonequilibrium effects [19,24,26,28], enhanced early emission

due to large magnetic fields [15,25,27], enhanced emission at
hadronization [31], and modifications of the formation time
and initial conditions [20,22,23].

In this subsection we compare our results to a subset of the
models which (i) consider thermal radiation from the quark-
gluon plasma (QGP) and HG (hadron gas) plus additional
proposed sources, (ii) have a complete model for the space-
time evolution, and (iii) calculate absolute yields and v2. For
the comparison we use the data for the 20%–40% centrality
class, and note that the comparison leads to similar conclusions
for the other centrality bins. While none of the models describe
all aspects of the available data, they are representative of how
different theories are trying to cope with the challenge.

First, we compare the data to the “fireball” scenario
originally calculated in Ref. [12]. The model includes per-
turbative quantum chromodynamics (pQCD), QGP, and HG
contributions, with the instantaneous rates convoluted with a
fireball expansion profile. The basic parameter is the initial
transverse acceleration of the fireball, aT . The prompt photon
component is estimated in two ways. The first variant is a
parametrization of the photon yields measured in p + p by
the PHENIX experiment [45] (labeled as “primordial 1”); the
second is an xt -scaling motivated parametrization (labeled as
“primordial 2”), modified with the empirical factor K = 2.5
to match the measured data at high pT (above 4 GeV/c). The
yield calculation includes thermal yields from the QGP with
T0 = 350 MeV and from the hadronic phase. Different from
an earlier version of the model, chemical equilibrium prior
to kinetic freeze-out is no longer assumed. This results in a
large enhancement in photon production in the later hadronic
stages via processes like meson annihilation (for instance, π +
ρ → π + γ ). With an initial transverse acceleration of aT =
0.12 c2/fm and τ ≈ 15 fm/c fireball lifetime, 100 MeV freeze-
out temperature, and βs = 0.77 surface velocity, the observed
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PRC94, 064901 (2016)

Direct photon v2 & v3

Au+Au AT 𝒔𝑵𝑵� =200GeV 
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DIRECT PHOTON PUZZLEDirect photon v2 puzzle

Feb. 10, 2017 Sarah Campbell 13

Fireball

Semi-QGP 
w.o viscous

PHSD

Yields/Theory

Difficult for theory to reproduce 
large low pT yields and large vn

vn is the weighted 
average of source vn’s

Need a large amount of photon production 
late in the collision after the anisotropic 

pressure gradients have developed 

Each theory curve has 
multiple contributing 
direct photon sources

• No simultaneous description for both large yield & v2
→Need more systematic study on photon production

ü Collision system & energy

PRC94, 064901 (2016)
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NEW RESULTS
• Cu+Cu 200GeV(MB, 0-40%)

ü Different collision species
ü Covering small Npart region

• Au+Au 39(MB) & 62.4GeV(0-20%, 20-40%, MB)
ü Study of 𝑠11� dependence

1. Direct photon yield
2. Inverse slope of exp. fit (Teff) 

5

Large Systems: Direct Photon pT Spectra

Vladimir Khachatryan, Quark Matter 2018,  Venice

➢ We have new direct photon data 
y from Au+Au at 62.4 GeV and 39 GeV 
y from Cu+Cu at 200 GeV

pT spectra in minbias
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TRANSLATION OF Ncoll TO dNch/dh
• dNch/dh: Useful measured observable for study of direct 

photon production across a wide range of 𝑠11� systems

• Observed Ncoll-scaling for 
high pT photons
ü Dominated by initial hard 

scatterings
• Attempt to translate Ncoll to 

dNch/dh for different energy 
systems
ü Introduction of 𝑠11� 	

dependent constant
→Ncoll( 𝒔𝑵𝑵� ) = (dNch/dh)1.25

6

the ratio N incl
� /N⇡0,tag

� to �incl/�⇡0

only N⇡0,tag
� needs

to be corrected for the momentum averaged conditional
acceptance-e�ciency h"�fi for the second decay photon
to be reconstructed in the EMCal. All other corrections
to the numerator and denominator cancel [5]. Because
rather loose cuts are applied to the EMCal showers, h"�fi
is mostly determined by the ⇡0 decay kinematics and the
detector geometry. Thus, h"�fi can be calculated to a
few percent accuracy using a Monte-Carlo simulation of
⇡0 decays in the acceptance. Photons from pions are de-
termined from the measured ⇡0 spectra [45] and the de-
cay kinematics. The spectrum of decay photons (�hadron)

is derived from �⇡0

and the ⌘/⇡0 ratio [46], which is inde-
pendent of collision system and energy, with additional
contribution from heavier mesons of about 4%.

Once R� is established the direct photon spectrum can
be calculated as:

�direct = (R� � 1) �hadron. (2)

The uncertainty on �hadron, approximately 10% [5],

cancels in R� (with that of �⇡0

in (1)) but has to be ap-
plied to �direct. The systematic uncertainties of the new
data at 39 and 62.4 GeV are similar in magnitude to those
for 200 GeV presented in [5]. For the integrated yield we
treat every systematic uncertainty as pT -correlated in the
interest of consistency throughout the di↵erent data sets.

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

p
sNN = 62.4 and 39 GeV, panel (b) gives Au+Au

data in three centrality classes at 200 GeV, and panel
(c) compares data from di↵erent beam energies and sys-
tems. Below 3 GeV/c the 62.4 and 39 GeV data show
a substantial direct photon yield, which are compara-
ble 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 selec-
tion and find that the direct photon yield increases with
centrality. All observations are similar to those already
published for Au+Au collisions at

p
sNN = 200GeV [5].

For the 200GeV data, the centrality dependence of
direct photons was analyzed in terms of the number of
nucleon participants N

part

. It was found that the inte-
grated photon yield increases as (N

part

)↵. This approach
is not useful for comparing results across

p
sNN , because

N
part

saturates at the same value for similar size systems
at di↵erent beam energies. Instead we choose dN

ch

/d⌘,
which is a measured observable, for the comparison.

Direct photon production at high pT is dominated by
hard scattering and scales with the number of binary col-
lisions N

coll

. To study the interplay of bulk and hard par-
ticle production, we plot N

coll

versus dN
ch

/d⌘ at midra-
pidity for several beam energies in Fig. 2. The PHENIX
data are taken from [47] and the

p
sNN = 2760GeV data

are from ALICE [48]. The data exhibit a remarkable scal-
ing between N

coll

and dN
ch

/d⌘, which takes the form:

N
coll

=
1

SY (
p
sNN )

⇥
⇣dN

ch

d⌘

⌘↵

(3)

η/dchdN
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co
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 [GeV]NNs
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α)η/d
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PHENIX

FIG. 2. Number of binary collisions, N
coll

, vs. dNch/d⌘|⌘=0

,
for four beam energies. All data are simultaneously fitted by a
power-law with ↵ = 1.25. The error bars show the uncertainty
from of N

coll

from the Glauber MC.

Here we introduce the specific yield SY , which in-
creases logarithmically with

p
sNN as SY (

p
sNN ) =

0.98 log (
p
sNN ) � 1.83. In contrast, the power ↵ is in-

dependent of
p
sNN . We fit all data simultaneously and

find ↵ = 1.25 ± 0.02. This finding combined with the
results of [49] imply that N

coll

⇠ (dNch/d⌘)1.25 ⇠ N1.25
qp ,

where Nqp is the number of quark participants.
Panel (b) of Fig. 1 shows that at high-pT the di-

rect photon yield normalized by (dNch/d⌘)1.25 is the
same for all Au+Au centrality selections and for p+p
at

p
sNN = 200GeV. This is expected, because at high

pT photons are predominantly produced in hard scat-
tering and there is no nuclear modification to the spec-
tra. Above 3–4GeV the data agree well with a per-
turbative quantum chromodynamics (pQCD) calcula-
tions for a normalization and factorization scale of µ =
0.5pT [40, 50], also shown in the figure. The pQCD cal-
culation was normalized to the experimental dN

ch

/d⌘ forp
s = 200GeV from [51]. The p+p data were fitted with

a modified power law function a(1 + p2T /b)
c [36]. Below

2GeV/c the Au+Au yield is significantly enhanced com-
pared to that from p+p . Surprisingly, the yield from
Au+Au continues to follow the N

coll

scaling behavior in-
dependent of centrality. We find a universal momentum
spectrum of direct photons after they are normalized to
N

coll

= (dNch/d⌘)1.25.

arXiv: 1805.04084
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• Normalization by (dNch/dh)1.25 for different centralities & 
𝑠11� data 
ü High pT: separation by 𝑠11�

ü Low pT: surprisingly consistent for all centralities & 𝑠11�
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FIG. 1. Direct photon spectra normalized by (dNch/d⌘)
1.25 for Au+Au at 39 and 64.2 GeV (a) and (b) at 200 GeV [6]; panel

(c) compares for di↵erent A+A systems at di↵erent
p
sNN [9, 36]. Panels (a) and (b) also show p+p data [5, 37–39]. All

panels show pQCD calculations for the corresponding
p
s [16, 40]. All error bars are quadratic sum systematic and statistical

uncertainties. Uncertainties on the dNch/d⌘ are not included.

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 collision point.
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 rapid-
ity range of |⌘| < 0.35. A transverse momentum cut, pT
> 200 MeV/c, is applied to each trajectory. To iden-
tify 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 the tracks
is assumed. For each e+e�pair the mass is calculated
twice: first assuming the pair originated at the event ver-
tex (m

vtx

), then assuming the e+e� is a conversion 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 m

vtx

will be about 12
MeV/c2. With a cut on both masses a sample of pho-
ton conversion is selected with a purity of about 99%.
The combinatorial background is negligible, because the

conversion material, in radiation length X/X
0

⇠ 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 ⇡0 Dalitz
decays, ⇡0 ! �e+e�, and from conversions in front of
the HBD readout boards.
The direct photon content in the inclusive photon sam-

ple is determined by the ratio R� , which is the ratio of
all emitted photons (�incl) to those from hadron decays
(�hadron). R� is determined using a double ratio method:

R� =
�incl

�hadron

=
h"�fi

⇣
N incl

� /N⇡0,tag
�

⌘

Data�
�hadron/�⇡0

�
Sim

. (1)

All quantities in this equation are functions of the
conversion photon peeT . The measured quantities are
the number of detected conversion photons N incl

� and
the subset of those that are tagged as ⇡0 decay photon
N⇡0,tag

� . The tagged photons N⇡0,tag
� are determined sta-

tistically 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�� mass is
calculated and the counts above the combinatorial back-
ground in the ⇡0 mass peak give N⇡0,tag

� . To convert

arXiv: 1805.04084

200GeV 
HI & p+p

39-63GeV 
HI & p+p

62.4-2760GeV 
HI & p+p
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dNg/dy FOR pT>5GeV/c

• Integrated yield for pT>5GeV/c
ü Dominated by hard photons
ü Larger yields with higher 𝑠11� , but same trend with 

dNch/dh

arXiv: 1805.04084
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FIG. 1. Direct photon spectra normalized by (dNch/d⌘)
1.25 for Au+Au at 39 and 64.2 GeV (a) and (b) at 200 GeV [6]; panel

(c) compares for di↵erent A+A systems at di↵erent
p
sNN [9, 36]. Panels (a) and (b) also show p+p data [5, 37–39]. All

panels show pQCD calculations for the corresponding
p
s [16, 40]. All error bars are quadratic sum systematic and statistical

uncertainties. Uncertainties on the dNch/d⌘ are not included.

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 collision point.
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 rapid-
ity range of |⌘| < 0.35. A transverse momentum cut, pT
> 200 MeV/c, is applied to each trajectory. To iden-
tify 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 the tracks
is assumed. For each e+e�pair the mass is calculated
twice: first assuming the pair originated at the event ver-
tex (m

vtx

), then assuming the e+e� is a conversion 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 m

vtx

will be about 12
MeV/c2. With a cut on both masses a sample of pho-
ton conversion is selected with a purity of about 99%.
The combinatorial background is negligible, because the

conversion material, in radiation length X/X
0

⇠ 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 ⇡0 Dalitz
decays, ⇡0 ! �e+e�, and from conversions in front of
the HBD readout boards.
The direct photon content in the inclusive photon sam-

ple is determined by the ratio R� , which is the ratio of
all emitted photons (�incl) to those from hadron decays
(�hadron). R� is determined using a double ratio method:

R� =
�incl

�hadron

=
h"�fi

⇣
N incl

� /N⇡0,tag
�

⌘

Data�
�hadron/�⇡0

�
Sim

. (1)

All quantities in this equation are functions of the
conversion photon peeT . The measured quantities are
the number of detected conversion photons N incl

� and
the subset of those that are tagged as ⇡0 decay photon
N⇡0,tag

� . The tagged photons N⇡0,tag
� are determined sta-

tistically 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�� mass is
calculated and the counts above the combinatorial back-
ground in the ⇡0 mass peak give N⇡0,tag

� . To convert
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FIG. 3. Integrated direct photon yield (pT > 1.0 GeV/c) vs.
dN

ch

/d⌘, for data sets shown in Fig. 1. The dashed line is a
power law fit with a fixed ↵ = 1.25 slope. Also shown is the
integrated yield of the fit to p+p data and from the pQCD
calculations, both scaled by N

coll

[16, 40].
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FIG. 4. Integrated direct photon yield (pT > 5.0 GeV/c) vs.
dN

ch

/d⌘, for di↵erent data sets. The dashed lines show power
law fits to the data with fixed slope of ↵ = 1.25. Integrated
yields from pQCD calculations scaled by N

coll

are also shown.

In panels (a) and (c) of Fig. 1 we see that for pT
<2GeV/c the same scaling occurs not only for di↵erent
centrality selections, but also for di↵erent

p
sNN and col-

lisions systems. At higher pT the expected di↵erence withp
sNN is observed. Like for

p
sNN = 200GeV, at high pT

the 2760GeV data are well described by the pQCD calcu-
lation, though only above 5–6GeV rather than 3–4GeV.
Note that the extrapolated pQCD calculations for p+p
at di↵erent

p
s seem to converge to the same normalized

yield at low pT as well, but at a tenth of the A+A yield.
We quantify direct photon emission by integrat-

ing the invariant yield above pT =1.0GeV/c and pT
=5.0GeV/c. The integrals with the lower threshold will
be dominated by excess low pT photons unique to A+A

collisions, while the higher threshold characterizes the
production in the pQCD region. The results are shown in
Figs. 3 and 4 as a function of dN

ch

/d⌘. Also plotted are
power-law functions A(dNch/d⌘)↵ with fixed ↵ = 1.25
and normalization fitted to the data.
For the lower pT threshold the integrated yields

from A+A (Fig. 3) show the scaling behavior with
(dN

ch

/d⌘)1.25 observed in Fig. 1. The A+A points
are compared to the integrated yield for

p
s = 200GeV

p+p obtained from the fit to the data, which is
scale with N

coll

to the corresponding dN
ch

/d⌘ for eachp
sNN = 200GeV A+A point. The width of the band

is given by the combined uncertainties of the fit func-
tion and N

coll

. It is parallel to the A+A trend but
lower by about an order of magnitude. Also shown are
the scaled integrated yields from pQCD calculations forp
s = 62.4, 200, and 2760GeV. They are consistent with

the shaded band independent of beam energy.
For the pT threshold of 5GeV/c the integrated yields

from Au+Au and p+p at 200 GeV follow the same trend
(Fig. 4), and are consistent with the pQCD calculation.
The 2760GeV data follow the same trend, but the yields
are significantly higher. The pQCD calculation is slightly
below the data.
While convenient and related to N

coll

, the functional
form A(dN

ch

/d⌘)↵ does not lend itself to an obvi-
ous interpretation. It is also not unique; for instance
the data can be equally well fitted by A(dN

ch

/d⌘) +
B(dN

ch

/d⌘)4/3. The important point is that A+A data
from di↵erent centralities and a wide range of collision en-
ergies can be empirically described in terms of dN

ch

/d⌘
with just two parameters, suggesting some fundamental
commonality in the underlying physics.
There are two main conclusions from the A+A data

and the analyses presented in this paper. (i) At a
given beam energy the direct photon yield scales with
dN

ch

/d⌘1.25 or N
coll

for all observed pT , independent of
centrality. There seems to be no qualitative change in
the photon sources and/or their relative contributions.
(ii) From

p
sNN = 39 to 2760GeV the same scaling is ob-

served for pT < 2 GeV/c. This suggests that the main
sources contributing 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 dN
ch

/d⌘ 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 hadronic gas.
While at high pT the scaled yields in p+p and A+A

are identical, they di↵er by a factor of 10 at low pT . 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
dN

ch

/d⌘ range of ⇡ 2 to 20, which will be accessible with
the data taken by PHENIX with small systems p+Au,
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dNg/dy FOR pT>1GeV/c

• Integrated yield for pT>1GeV/c
ü Dominated by thermal photons
ü Unique scaling with dNch/dh for all HI data
→Large contribution near phase transition to HG？
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power law fit with a fixed ↵ = 1.25 slope. Also shown is the
integrated yield of the fit to p+p data and from the pQCD
calculations, both scaled by N

coll

[16, 40].

0≈η
 |η/dchdN10 210 310

 >
 5

.0
 G

eV
/c

)
T

/d
y 

 (p
γ

dN

7−10

6−10

5−10

4−10

3−10

2−10

1−10  + X
dir
γ →A+A/p+p 

 = 2760 GeVNNsPb+Pb, 
 = 200 GeVNNsAu+Au, 

 = 200 GeVsp+p, 
 = 62.4 GeVsp+p, 

 scaled prompt photonscollN
 = 200 GeVsp+p fit, 
 = 2760 GeVspQCD, 
 = 200 GeVspQCD, 
 = 62 GeVspQCD, 

 = 1.25α
PHENIX

FIG. 4. Integrated direct photon yield (pT > 5.0 GeV/c) vs.
dN

ch

/d⌘, for di↵erent data sets. The dashed lines show power
law fits to the data with fixed slope of ↵ = 1.25. Integrated
yields from pQCD calculations scaled by N

coll

are also shown.

In panels (a) and (c) of Fig. 1 we see that for pT
<2GeV/c the same scaling occurs not only for di↵erent
centrality selections, but also for di↵erent

p
sNN and col-

lisions systems. At higher pT the expected di↵erence withp
sNN is observed. Like for

p
sNN = 200GeV, at high pT

the 2760GeV data are well described by the pQCD calcu-
lation, though only above 5–6GeV rather than 3–4GeV.
Note that the extrapolated pQCD calculations for p+p
at di↵erent

p
s seem to converge to the same normalized

yield at low pT as well, but at a tenth of the A+A yield.
We quantify direct photon emission by integrat-

ing the invariant yield above pT =1.0GeV/c and pT
=5.0GeV/c. The integrals with the lower threshold will
be dominated by excess low pT photons unique to A+A

collisions, while the higher threshold characterizes the
production in the pQCD region. The results are shown in
Figs. 3 and 4 as a function of dN

ch

/d⌘. Also plotted are
power-law functions A(dNch/d⌘)↵ with fixed ↵ = 1.25
and normalization fitted to the data.
For the lower pT threshold the integrated yields

from A+A (Fig. 3) show the scaling behavior with
(dN

ch

/d⌘)1.25 observed in Fig. 1. The A+A points
are compared to the integrated yield for

p
s = 200GeV

p+p obtained from the fit to the data, which is
scale with N

coll

to the corresponding dN
ch

/d⌘ for eachp
sNN = 200GeV A+A point. The width of the band

is given by the combined uncertainties of the fit func-
tion and N

coll

. It is parallel to the A+A trend but
lower by about an order of magnitude. Also shown are
the scaled integrated yields from pQCD calculations forp
s = 62.4, 200, and 2760GeV. They are consistent with

the shaded band independent of beam energy.
For the pT threshold of 5GeV/c the integrated yields

from Au+Au and p+p at 200 GeV follow the same trend
(Fig. 4), and are consistent with the pQCD calculation.
The 2760GeV data follow the same trend, but the yields
are significantly higher. The pQCD calculation is slightly
below the data.
While convenient and related to N

coll

, the functional
form A(dN

ch

/d⌘)↵ does not lend itself to an obvi-
ous interpretation. It is also not unique; for instance
the data can be equally well fitted by A(dN

ch

/d⌘) +
B(dN

ch

/d⌘)4/3. The important point is that A+A data
from di↵erent centralities and a wide range of collision en-
ergies can be empirically described in terms of dN

ch

/d⌘
with just two parameters, suggesting some fundamental
commonality in the underlying physics.
There are two main conclusions from the A+A data

and the analyses presented in this paper. (i) At a
given beam energy the direct photon yield scales with
dN

ch

/d⌘1.25 or N
coll

for all observed pT , independent of
centrality. There seems to be no qualitative change in
the photon sources and/or their relative contributions.
(ii) From

p
sNN = 39 to 2760GeV the same scaling is ob-

served for pT < 2 GeV/c. This suggests that the main
sources contributing 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 dN
ch

/d⌘ 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 hadronic gas.
While at high pT the scaled yields in p+p and A+A

are identical, they di↵er by a factor of 10 at low pT . 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
dN

ch

/d⌘ range of ⇡ 2 to 20, which will be accessible with
the data taken by PHENIX with small systems p+Au,
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FIG. 1. Direct photon spectra normalized by (dNch/d⌘)
1.25 for Au+Au at 39 and 64.2 GeV (a) and (b) at 200 GeV [6]; panel

(c) compares for di↵erent A+A systems at di↵erent
p
sNN [9, 36]. Panels (a) and (b) also show p+p data [5, 37–39]. All

panels show pQCD calculations for the corresponding
p
s [16, 40]. All error bars are quadratic sum systematic and statistical

uncertainties. Uncertainties on the dNch/d⌘ are not included.

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 collision point.
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 rapid-
ity range of |⌘| < 0.35. A transverse momentum cut, pT
> 200 MeV/c, is applied to each trajectory. To iden-
tify 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 the tracks
is assumed. For each e+e�pair the mass is calculated
twice: first assuming the pair originated at the event ver-
tex (m

vtx

), then assuming the e+e� is a conversion 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 m

vtx

will be about 12
MeV/c2. With a cut on both masses a sample of pho-
ton conversion is selected with a purity of about 99%.
The combinatorial background is negligible, because the

conversion material, in radiation length X/X
0

⇠ 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 ⇡0 Dalitz
decays, ⇡0 ! �e+e�, and from conversions in front of
the HBD readout boards.
The direct photon content in the inclusive photon sam-

ple is determined by the ratio R� , which is the ratio of
all emitted photons (�incl) to those from hadron decays
(�hadron). R� is determined using a double ratio method:

R� =
�incl

�hadron

=
h"�fi

⇣
N incl

� /N⇡0,tag
�

⌘

Data�
�hadron/�⇡0

�
Sim

. (1)

All quantities in this equation are functions of the
conversion photon peeT . The measured quantities are
the number of detected conversion photons N incl

� and
the subset of those that are tagged as ⇡0 decay photon
N⇡0,tag

� . The tagged photons N⇡0,tag
� are determined sta-

tistically 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�� mass is
calculated and the counts above the combinatorial back-
ground in the ⇡0 mass peak give N⇡0,tag

� . To convert

Integration
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DOES TRANSITION POINT EXIST?

• Theory calculation predicts unique multiplicity scaling of 
thermal photons as well.
ü Expected transition at Np<20
－No data point so far

ü Different slopes for thermal and hard photons
－ Same slope in data
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FIG. 3. Integrated direct photon yield (pT > 1.0 GeV/c) vs.
dN

ch

/d⌘, for data sets shown in Fig. 1. The dashed line is a
power law fit with a fixed ↵ = 1.25 slope. Also shown is the
integrated yield of the fit to p+p data and from the pQCD
calculations, both scaled by N

coll

[16, 40].

0≈η
 |η/dchdN10 210 310

 >
 5

.0
 G

eV
/c

)
T

/d
y 

 (p
γ

dN

7−10

6−10

5−10

4−10

3−10

2−10

1−10  + X
dir
γ →A+A/p+p 

 = 2760 GeVNNsPb+Pb, 
 = 200 GeVNNsAu+Au, 

 = 200 GeVsp+p, 
 = 62.4 GeVsp+p, 

 scaled prompt photonscollN
 = 200 GeVsp+p fit, 
 = 2760 GeVspQCD, 
 = 200 GeVspQCD, 
 = 62 GeVspQCD, 

 = 1.25α
PHENIX

FIG. 4. Integrated direct photon yield (pT > 5.0 GeV/c) vs.
dN

ch

/d⌘, for di↵erent data sets. The dashed lines show power
law fits to the data with fixed slope of ↵ = 1.25. Integrated
yields from pQCD calculations scaled by N

coll

are also shown.

In panels (a) and (c) of Fig. 1 we see that for pT
<2GeV/c the same scaling occurs not only for di↵erent
centrality selections, but also for di↵erent

p
sNN and col-

lisions systems. At higher pT the expected di↵erence withp
sNN is observed. Like for

p
sNN = 200GeV, at high pT

the 2760GeV data are well described by the pQCD calcu-
lation, though only above 5–6GeV rather than 3–4GeV.
Note that the extrapolated pQCD calculations for p+p
at di↵erent

p
s seem to converge to the same normalized

yield at low pT as well, but at a tenth of the A+A yield.
We quantify direct photon emission by integrat-

ing the invariant yield above pT =1.0GeV/c and pT
=5.0GeV/c. The integrals with the lower threshold will
be dominated by excess low pT photons unique to A+A

collisions, while the higher threshold characterizes the
production in the pQCD region. The results are shown in
Figs. 3 and 4 as a function of dN

ch

/d⌘. Also plotted are
power-law functions A(dNch/d⌘)↵ with fixed ↵ = 1.25
and normalization fitted to the data.
For the lower pT threshold the integrated yields

from A+A (Fig. 3) show the scaling behavior with
(dN

ch

/d⌘)1.25 observed in Fig. 1. The A+A points
are compared to the integrated yield for

p
s = 200GeV

p+p obtained from the fit to the data, which is
scale with N

coll

to the corresponding dN
ch

/d⌘ for eachp
sNN = 200GeV A+A point. The width of the band

is given by the combined uncertainties of the fit func-
tion and N

coll

. It is parallel to the A+A trend but
lower by about an order of magnitude. Also shown are
the scaled integrated yields from pQCD calculations forp
s = 62.4, 200, and 2760GeV. They are consistent with

the shaded band independent of beam energy.
For the pT threshold of 5GeV/c the integrated yields

from Au+Au and p+p at 200 GeV follow the same trend
(Fig. 4), and are consistent with the pQCD calculation.
The 2760GeV data follow the same trend, but the yields
are significantly higher. The pQCD calculation is slightly
below the data.
While convenient and related to N

coll

, the functional
form A(dN

ch

/d⌘)↵ does not lend itself to an obvi-
ous interpretation. It is also not unique; for instance
the data can be equally well fitted by A(dN

ch

/d⌘) +
B(dN

ch

/d⌘)4/3. The important point is that A+A data
from di↵erent centralities and a wide range of collision en-
ergies can be empirically described in terms of dN

ch

/d⌘
with just two parameters, suggesting some fundamental
commonality in the underlying physics.
There are two main conclusions from the A+A data

and the analyses presented in this paper. (i) At a
given beam energy the direct photon yield scales with
dN

ch

/d⌘1.25 or N
coll

for all observed pT , independent of
centrality. There seems to be no qualitative change in
the photon sources and/or their relative contributions.
(ii) From

p
sNN = 39 to 2760GeV the same scaling is ob-

served for pT < 2 GeV/c. This suggests that the main
sources contributing 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 dN
ch

/d⌘ 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 hadronic gas.
While at high pT the scaled yields in p+p and A+A

are identical, they di↵er by a factor of 10 at low pT . 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
dN

ch

/d⌘ range of ⇡ 2 to 20, which will be accessible with
the data taken by PHENIX with small systems p+Au,
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FIG. 13. (a)–(d) Direct photon v2,3 in 0%–5% and 0%–20%
centralities of the small collision systems. The shaded bands represent
statistical uncertainty.

photon multiplicity increases approximately with N1.45
π+ , while

the prompt photon multiplicity goes much more slowly as
N

γ
prompt ∝ N0.67

π+ . The increase of thermal photons can be
understood as a combination of changes in the systems’
spacetime volume, average temperature, and blueshift effect.
First note that the thermal photon multiplicity shown in
Fig. 14 is not independent of the blueshift, because of the
limited integration range used in p

γ
T (1 < p

γ
T < 3 GeV). This

effect can be quantified by evaluating the photon multiplicity
without including blueshift, shown in Fig. 14. This results in a
slightly smaller slope of N1.40

π+ , implying that the contribution
of the blueshift to the centrality dependence of the thermal
photon multiplicity is small. The growth of the spacetime
volume V4 as a function of centrality is slower compared
with N

γ
th, with a scaling exponent 1.11 shown in Fig. 14. The

remaining difference between N1.40
π+ and N1.11

π+ can be attributed
to the increase of systems’ average temperature, which is thus
the dominant factor in the centrality dependence of thermal
photons in small systems (as verified by a direct calculation).
It is found that thermal and prompt photon production in small
systems at RHIC show a similar centrality dependence as found
above for p + Pb collisions at 5.02 TeV.

A slightly different picture emerges when investigating
the overall centrality, system size and center-of-mass energy
dependence of all systems studied in this work, along with

FIG. 14. The centrality dependence of pT -integrated thermal and
prompt photon yields compared with charged-pion multiplicity Nπ+

in p + Pb collisions at 5.02 TeV in the midrapidity region, |y| < 0.5.
The meaning of the ordinate is specified in the legend.

the calculation for Au + Au collisions at RHIC (
√

sNN =
200 GeV) and Pb + Pb collisions at the LHC (

√
sNN =

2760 GeV) [58]. Figure 15 provides an overview for all these
systems. Thermal photons are found to grow as N1.42

π+ , which
is very similar to the power found above for the centrality
dependence at a fixed center-of-mass energy (see Fig. 14).
The prompt photon multiplicity is found to go as N1.12

π+ , which
is slower than thermal photons but significantly larger than
the N

γ
prompt ∝ N0.67

π+ observed in Fig. 14 for the centrality
dependence in p + Pb collisions. This difference in the scaling
of prompt photons is not expected: at a fixed center-of-mass
energy, the centrality and system-size dependence of prompt
photons originates mainly from the number of binary collisions

FIG. 15. Multiplicity of thermal and prompt photons (1 < p
γ
T <

3 GeV) as a function of the multiplicity of pions for all collision
systems and centralities investigated in this work, along with the
results from Au + Au collisions at RHIC and Pb + Pb collisions at
the LHC from Ref. [58].
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contribution. Decay photons coming from the short-lived
resonances contribute only about 10% to the direct photon
yield. In the thermal photon signal, almost 80% of the
photons come from T > 180 MeV region: indeed, radiation
from the QCD phase diagram at temperatures above that of
the crossover is observed. Contribution of thermal photons
from spacetime regions with T < 180 MeV is as small as
decay photons coming from the short-lived resonances. The
relative importance of photons originating from the low- and
high-temperature regions of the plasma is an important feature
of the calculation that we discuss in more details in the next
section.

In Fig. 11(b), the net pT -differential elliptic flow coefficient
of direct photons is shown together with the contributions from
individual channels. Prompt photons are assumed to carry zero
anisotropy. The direct photon elliptic flow in 0%–5% p + Pb
collisions reaches its maximum ∼0.05 at pT ∼ 1.7 GeV. The
strength of this signal is comparable to that of the direct
photon v2 measured in 0%–40% Pb + Pb collisions [69]. The
rise and fall in the direct photon elliptic flow reflects the
competition between thermal and prompt sources at different
pT [70]. Although the elliptic flow of hadronic photons and
decay photons from short-lived resonances are large, their
contribution to the total direct photon elliptic flow is limited,
owing to their small yield as shown in Fig. 11(a).

We summarize the thermal photon enhancement in all four
small collision systems as the nuclear modification factor R

γ
pA

in Fig. 12. From Figs. 12(a) to 12(d), one sees that collision
systems at RHIC and the LHC exhibit qualitatively similar
behavior. We find sizable enhancements in the direct photon
signals from thermal radiation with respect to the prompt
production for pT < 3 GeV. The prompt photon R

γ
pA is below

1 in the low-pT region because of nuclear shadowing effects
(see Sec. IV A). The thermal enhancement over this baseline is
the largest in p + Pb collisions at 5.02 TeV. At the top RHIC
energy, we find that direct photons R

γ
pAu > R

γ
dAu > R

γ
3HeAu.

This is because the number of binary collisions from p + Au to
3He +Au collisions (see Table II) increases more rapidly than
the thermal radiation; this makes for a larger relative weight
of the prompt photon production. As a function of centrality,
direct photon R

γ
pA is larger in more-central collisions. In 0%–

5% most central collisions, direct photon R
γ
pA are predicted to

reach up to 2 at pT ∼ 1.2 GeV for all four systems. Although
this thermal enhancement is smaller than what it is in Au + Au
or Pb + Pb collisions [72–74], it still can serve as a precious
signature of the hot medium in small collision systems. In
Fig. 12(c), our result in minimum-bias d + Au collisions is
compared with the available PHENIX measurement [71]. The
current experimental uncertainty does not permit a distinc-
tion between the scenarios with, and without, the thermal
signal.

The direct photon anisotropic flow coefficients v2,3{SP} are
shown in Figs. 13 for all four systems investigated. Direct
photons from p + Pb collisions at 5.02 TeV carry the largest
anisotropic flow, owing to the combined effects of higher
temperatures achieved and larger pressure gradients. The direct
photon anisotropic coefficients at top RHIC energy are similar,
for p + Au, d + Au, and 3He +Au collisions despite the initial
eccentricities εn being quite different [12]. This similarity

FIG. 12. (a)–(d) Thermal photon enhancement in 0%–5%, 0%–
20%, and minimum bias p + Pb collisions at 5.02 TeV and (p,d,3He)
collisions at 200 GeV. In panel (c), the PHENIX measurement is from
Ref. [71].

in the momentum anisotropy of these three small systems
was observed previously in hadrons (see Fig. 9), and the
considerable damping effect of nonflowing prompt photons
makes it even harder to distinguish differences in the direct
photon vn of these systems.

C. Centrality, system size, and center-of-mass
energy dependence

In this section, we take a closer look at the centrality,
system size, and center-of-mass energy dependence of photon
production in relativistic nuclear collisions. All three of
these parameters can be mapped reasonably well to the pion
multiplicity Nπ+ : more central collisions, larger system size,
and higher center-of-mass energy all translate into larger pion
production. The pion multiplicity is thus used as a proxy for
these quantities. To facilitate comparisons of different systems,
the photon spectra is integrated in transverse momentum to
obtain the photon multiplicity, which we evaluate in this
section with the cuts 1 < p

γ
T < 3 GeV.

As observed in Fig. 12, the thermal photon enhancement
is more pronounced in central collisions than at minimum
bias. This can also be seen in Fig. 14, which shows the
centrality dependence of the thermal and prompt photon
multiplicities in p + Pb collisions at 5.02 TeV: the thermal
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• Experimental results suggesting collective motion in 
small systems with high multiplicity

→Possible formation of QGP even in small systems

• Thermal photons as an evidence 
of QGP formation in small systems

• Theoretical prediction of thermal 
enhancement: 
ü Rg

XX=gdir
XX/(Ncoll x ghard)

ü Less visibility at larger systems
－ Rg

pPb>Rg
pAu>Rg

dAu>Rg
HeAu

→Available 0-5% & MB p+Au data 
at RHIC energy
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DIRECT PHOTONS IN p+Au

• Successful measurement for MB & 0-5% in p+Au
ü MB: consistent with binary-scaled p+p baseline 
－ Same for d+Au MB

ü 0-5%: enhancement over binary-scaled p+p baseline

PHENIX measurement in small systems 

May 18, 2018 Norbert Novitzky 32 

PHENIX measured the direct 
photon yield in p+Au 
collision. 

Vladimir Khachatryan, Mon 16:50 
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PHENIX measurement in small systems 

May 18, 2018 Norbert Novitzky 33 
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PHENIX measured the direct 
photon yield in p+Au 
collision. 
 
•  Min. bias is consistent 

with enhancement or 
unity – similar as in d+Au 
collisions 

•  The 0-5% centrality is 
indicating beyond 1σ 
enhancement from 
scaled p+p collisions. 

Are there really thermal photons in p+Au? 
•  Not yet conclusive, but very suggestive 

Vladimir Khachatryan, Mon 16:50 THEORY COMPARISON OF p+Au PHOTONS

p+Au
MB

p+Au
0-5%

• Consistent with theory calculations for both MB & 0-5%, 
but not conclusive.
ü Need more data for systematic study in small systems
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SUMMARY
• Enhanced yield and a large v2 of the direct photon in the 

low pT region
ü Photon puzzle: no model can reproduce both yield & 

v2 simultaneously so far
• Unique scaling with respect to dNch/dh for all HI results 

with a wide range of 𝑠11�

ü Possible explanation by a large photon production 
near the phase transition to Hadron 

• Observation of enhanced photons in 0-5% p+Au
ü Positive indication for QGP formation in small system
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