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The measurement of the direct-photon spectrum from Au+Au collisions at /5., = 200 GeV is presented
by the PHENIX Collaboration using the external-photon-conversion technique for 0%-93% central collisions
in a transverse-momentum (pr) range of 0.8—-10 GeV/c. An excess of direct photons, above prompt-photon
production from hard-scattering processes, is observed for py < 6 GeV/c. Nonprompt direct photons are
measured by subtracting the prompt component, which is estimated as N,oy-scaled direct photons from p + p
collisions at 200 GeV, from the direct-photon spectrum. Results are obtained for 0.8 < py < 6.0 GeV/c and
suggest that the spectrum has an increasing inverse slope from ~0.2 to 0.4 GeV/c with increasing pr, which
indicates a possible sensitivity of the measurement to photons from earlier stages of the evolution of the
collision. In addition, like the direct-photon production, the pr-integrated nonprompt direct-photon yields also
follow a power-law scaling behavior as a function of collision-system size. The exponent, «, for the nonprompt
component is found to be consistent with 1.1 with no apparent py dependence.

DOI: 10.1103/PhysRevC.109.044912

I. INTRODUCTION

Direct photons, defined as those not coming from hadron
decays, have long been considered a golden probe towards
our understanding of the evolution of relativistic heavy-ion
collisions, from the quark-gluon plasma (QGP) phase to
the hadron-gas (HG) phase [1]. Unlike strongly interacting
probes, such as identified particles and jets, direct photons
traverse the medium unmodified due to the small cross sec-
tion of electromagnetic interaction. These penetrating photons
encode information about the environment in which they were
created, including the temperature and the collective motion
of the medium. While the direct photons at high transverse
momentum, pr, are dominated by photons created from hard-
scattering processes, such as quark-gluon Compton scattering,
in the low-pr regime, they were initially predicted to be of a
thermal origin, being emitted from the QGP and HG phase
(see Ref. [2] for a recent review).

The pr spectrum of low-pr direct photons from Au+Au
collisions at ,/syxy = 200 GeV, first measured by PHENIX
[3], shows a clear excess above the hard-scattering contri-
bution estimated from p 4 p measurements for pr below
3 GeV/c. Followup measurements by PHENIX have estab-
lished that low-p7 direct-photon emission also shows a large
anisotropy with respect to the reaction plane [4,5], and that
the yield increases faster than Ny or dNep/dn as a function
of the centrality of the collision [6]. Low-py direct photons
in Au+Au collisions at 200 GeV have also been measured
by STAR [7] using the same basic method as [3], but differ-
ent detection techniques, which leads to different systematic
uncertainties between STAR and PHENIX measurements.

Quantitatively, STAR results appear to be a factor 3 smaller
than those from PHENIX. This tension has not yet been re-
solved. Furthermore, low-pr photons have been measured in
Au+Au at lower /syy of 39 and 62.9 GeV by PHENIX [8],
and in Pb+Pb at /syy = 2760 GeV by ALICE [9].

The excess of direct photons in A + A collisions, in the
low-p7 regime, is usually interpreted as the contribution of
thermal radiation emitted from the expanding and cooling
QGP and HG phase. Due to the rapid anisotropic expansion
of the system, the radiation is Doppler shifted. Over the years,
several theoretical models have been developed and refined
to describe the production rates and space-time evolution of
thermal photons in relativistic heavy-ion collisions [10-17].
While most of these state-of-the-art models describe the data
qualitatively, they fall short of simultaneously describing all
the features of the data quantitatively. To describe the large
yield, early emission at high temperatures is favored, while
sufficient buildup of collective motion is required to explain
the large anisotropy, thereby favoring late-stage emission.
This tension, often termed the “direct-photon puzzle,” hints
at an incomplete understanding of the different sources and
mechanisms of direct-photon production. This has triggered
more thoughts on other unconventional photon sources, such
as emission from the preequilibrium stage, strong magnetic
field effects, etc. [10,18-24]. For that very reason this paper
refers to the low-pr-excess direct photons as “nonprompt”
instead of “thermal.”

To provide new insights and further understandings,
the PHENIX Collaboration presents results from the high-
statistics 2014 Au 4 Au data at ,/syy =200 GeV. With a
tenfold increase in statistics compared to previously published
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results, differential direct-photon measurements as functions
of pr and system size over a broad p7y range from 0.8 to 10
GeV/c and in 10% centrality classes are discussed. A new
algorithm, which utilizes the silicon-vertex detector (VTX)
as the conversion material for photons, is developed for this
analysis.

The paper is organized as follows: Section II presents
the experimental setup relevant to this measurement and the
algorithm to reconstruct the conversion photons. Section III
describes the double-ratio method to determine the direct-
photon excess ratio, R,,, and gives details of the experimental
measurement. Section IV investigates the systematic uncer-
tainties. Section V discusses the results. Section VI presents
the summary and conclusions. Finally, there are two Ap-
pendixes: Appendix A discusses the event mixing procedures
and their validity, while Appendix B describes the Monte
Carlo (MC) sampling method used to derive the final system-
atic uncertainties on the direct-photon yield.

II. EXPERIMENTAL SETUP AND PHOTON
MEASUREMENTS

A. PHENIX 2014 Au+Au ./syy = 200 GeV data set

In 2014, a total of 1.9x 10'% Au+Au collisions at SN =
200 GeV were recorded by the PHENIX detector at the Rel-
ativistic Heavy Ion Collider (RHIC) with a minimum-bias
(MB) trigger, based on the response of two beam-beam coun-
ters (BBCs) [25]. The BBCs are located on either side of
the interaction point along the beam axis at z = +1.44 m
with a pseudorapidity coverage of 3.1 < |n| < 3.9 and full
2m azimuthal acceptance. The MB trigger requires a co-
incident signal in both BBCs. Each BBC, comprising 64
Cerenkov counters, measures the total number of charged par-
ticles produced during the collision within its acceptance. The
charged-particle multiplicity is used to divide the MB events
into different centrality classes; 0%—10% corresponds to the
most central collisions which produces the largest number of
charged particles, while 80%—-93% corresponds to peripheral
collisions with only a small number of charged particles. The
BBCs also utilize the arrival time of the produced particles
on each side to determine the collision vertex along the beam
direction.

The direct-photon measurement presented here is based on
the tracking and identification of electrons and positrons from
photon conversions in the detector material and the direct
calorimetric measurement of photons in the two PHENIX
central arm spectrometers shown in Fig. 1 [26]. The VTX
[27] comprises four silicon layers at nominal radii of 2.6,
5.1, 11.8, and 16.7 cm. In the beam direction, the active
area covers approximately 11 cm for the innermost layer
and %19 cm for the outer layer. The VTX is not used as an
active detector in the measurement. However, it acts as the
photon converter, which is critical for this analysis. The total
material thickness of the VTX in terms of radiation length,
Xo, is ~13%X,. Events are selected with a z vertex within
£+10 cm of the nominal interaction point. After applying
quality assurance criteria, a total of 1.25x10'° events are
analyzed.
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FIG. 1. (a) The beam view of the PHENIX central-arm spectrom-
eter for the year 2014. (b) A magnified view of the silicon-vertex
detector. The solid curves correspond to the electron and positron
tracks from photon conversion.

The central-arm spectrometers have three major parts:
A charged-particle tracking system [28,29], particle-
identification detectors [30], and electromagnetic calorimeters
(EMCal) [31]. Each arm covers 90° in the azimuthal direction
with |n| < 0.35. The tracking system is located ~2.2 m
from the beam axis outside of an axial magnetic field. The
main tracking detectors are drift chambers (DC) and pad
chambers (PC1). The DC provides a precise measurement
of the transverse momentum for charged particles with
pr > 0.2 GeV/c. The PC1 measures the momentum along
beam direction, p,. The effective momentum resolution
of the central-arm tracking system, for this analysis, is
0,/p=0.8%®2% p [GeV/c], where p is the transverse
momentum of the track.

Charged tracks are identified as electrons or positrons with
a ring-imaging Cerenkov detector (RICH). The RICH has a
CO,; gas radiator with a low radiation threshold for electrons
(0.018 GeV/c) and a relatively high threshold for charged
pions (>4.87 GeV/c). Requiring a signal in at least two
phototubes in the focal plane of the RICH at the expected
ring location effectively separates electrons below 5 GeV/c
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from charged hadrons. A further matching of the momen-
tum, p, of the charged track to the energy, E, as measured
in the EMCal within —20g,, < E/p < 50, removes most
hadrons remaining in the sample. Here o/, is the momentum-
dependent resolution of the energy to momentum ratio, E/p.

For the calorimetric identification of photons, two types
of calorimeters are used, lead-scintillator (PbSc) and lead-
glass (PbGl). The PbSc EMCal, which covers 3/4 of the
acceptance, is a sandwich sampling detector, also referred
to as a Shashlik type calorimeter. Based on the widths
of reconstructed m° mass through the 7% — yy decay,
the effective photon-energy resolution in this analysis is
or/E = 8.1%/vE [GeV]®5.0%. The remaining 1/4 of the
acceptance is covered by the PbGl EMCal, which is a homo-
geneous Cerenkov-type detector with an effective resolution
of og /E = 8.7%/~/E [GeV]®5.8%. Nominal cuts on the en-
ergy threshold (E > 500 MeV) and shower shape ( x2 <3)
are applied to identify photons.

B. External photon conversions in the VTX

Earlier measurements of direct photons from PHENIX are
based on three different strategies to measure photons in
A + A collisions. The calorimeter method is used to measure
photons with pr of several GeV/c via their energy deposited
in the EMCal [4]. To access lower pr, eTe™ pairs from photon
conversions are reconstructed with the tracking system. These
ete” pairs are either from “internal” conversions of virtual
photons emitted from the collision [3] or “external” conver-
sions of photons in the detector material [6].

Here, external photon conversions at the VTX detector
are reconstructed from e"e~ pairs. The VTX material is
distributed between 2 and 25 cm along the radial direction.
Depending on the conversion point, a different amount of
magnetic field is traversed by the ete™ pair. In the standard
PHENIX track-reconstruction algorithm, the tracking system
measures a part of the trajectory outside of the magnetic field
at a radial position of A2.2 m. The momentum vector is de-
termined by assuming that the particle originates at the event
vertex. This assumption is incorrect for the e*e™ pairs from
conversions in the VTX material. Both e* and e~ traverse a
smaller f Bd! than tracks from the vertex, and thus the az-
imuthal component of the momentum vector is mismeasured
in opposing directions, leading to an artificial opening angle
and mismeasured mass of the e*e™ pair. Because the mag-
netic field in the region of the VTX detector is approximately
constant at 0.9 T, the artificial mass acquired is proportional
to the radial location of the conversion point. Figure 2 shows
the mass of e™e™ pairs simulated with the GEANT3 PHENIX-
detector simulation [32]; different curves represent photon
conversions in different VTX layers. The m,+.- is larger for
conversions at larger radii, with most conversions occurring
in the third and fourth layers of the VTX, where the material
budget is the largest.

To correctly reconstruct and identify photon conversions
at different VTX layers, a new track-reconstruction algorithm
is developed. The new algorithm relies on the fact that the
et and e~ from a conversion have the same origin and that
their momenta were initially parallel in radial direction. This

L B 1 e B B ) B B B B B B

i i Beam pipe (2.2 cm)
PHENIX MC simulation VTX BO (2.6 cm)

—— VTXB1 (5.1 cm)

—— VTXB2(11.8 cm)
—— VTX B3 (16.7 cm)
—— CF enclosure (21.7 cm

\H‘\H\‘\\H‘HH‘HH‘HH‘H\W

H\\‘\\\\‘\H\‘HH‘HHTTH\‘HH“H
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Y

- . P .
0.02 0.04 0.06 008 0.1 0.12
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0.14 0.16

o

mge [GeV/c?]

FIG. 2. Attificial ete™ pair mass for external photon conver-
sions. Each curve corresponds to a different radius region, which
roughly maps to the locations of beam pipe, layers 1 (BO) through
4 (B3) of the VTX, and the VTX (CF) carbon-fiber enclosure.

additional constraint eliminates the need to assume the origin
of the track.

The algorithm is illustrated in Fig. 3. For all radii between 0
and 30 cm, all possible momenta of the e and e~ are scanned
to identify the azimuthal location ¢+ at which the track is
perpendicular to the circle of the given radius, or in other
words points back radially to the event vertex. The conversion
point is determined by finding the radius for which the differ-
ence of the azimuthal angles of the eTe™ pair, §¢ = ¢ —¢_,
becomes zero. If such radius exists, the pair is identified as a

* L, Pbe)

refergnce circle
of fadius r
B

FIG. 3. Schematic view of the conversion-reconstruction algo-
rithm. The two tracks are reconstructed to the same radius r. §¢ is
the azimuthal-angular difference between the two tracks for a given
reconstruction radius. §¢ is zero at the conversion point.
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conversion candidate at the location (¢cony, conv)> Where ¢cony
is the azimuthal angle of the conversion point, reconstructed
with a resolution of ~4 mrad, and r.o,y is the radial position
reconstructed with a resolution of &2 cm.

III. DATA ANALYSIS

A. Double-ratio tagging method

The number of direct photons emitted in a Au+Au colli-
sion is small compared to the number of photons from hadron
decays. To make a precise measurement of the direct-photon
yield, a tagging method is employed [6], which measures the
ratio, R, , of all photons, referred to as inclusive photons, y“‘“l,
to the photons from hadron decays, ", The ratio R,, is eval-
uated as double ratio, such that most systematic uncertainties
cancel explicitly. The R, given in Eq. (1) features three main
terms:

incl
NV

& )/inC] _ ())//‘:;]) _ (Gyf>(W)Dala )
S S T T

(i) The ratio of measured photon yields N,"!/Ny hag g
the number of measured conversion photons in a
given pr bin, divided by the subsample of those con-
version photons that are tagged by a second photon
as resulting from a 7% — yy decay. This quantity is
measured in bins of fixed conversion photon py.

(i1) The conditional acceptance and efficiency (€, f) is the
conditional probability to detect and reconstruct the
second 7° decay photon with the EMCal, given that
the first decay photon was reconstructed as e*e™ pair
from a photon conversion. The probability is averaged
over all parent 7° py that can contribute to the given
conversion photon pr.

(iii) The cocktail ratio y™9r /™" s the ratio of all photons
from hadron decays over only those photons from 7°
decays.

The following sections discuss how each term is deter-
mined.

B. Ratio of the measured photon yields N;"! /N;,'o’tag

Electrons and positrons in a given event are combined
to ete™ pairs and conversion candidates are selected with
appropriate cuts, which results in a foreground sample of
ete™ pair FG®*. All conversion candidates in a conversion
photon pr bin, are combined with all photon showers in the
EMCal above an energy threshold, E.,. The invariant mass
Mg, 18 calculated and all combinations that lie in a mass
window around the 7° mass are considered as candidates for
tagged photons FG*?. Due to the large particle multiplicity in
Au-+Au collisions, there are many false combinations where
the electron, positron, or photon are not from the same source.
These background pairs must be subtracted statistically to
obtain the signals of interest SG*® and SG**”.

For ete™ pairs, there are two possible combinations, signal
pairs of interest SG*® and uncorrelated background BG*® pairs
where the electron and positron are from different sources.

Their sum constitutes the foreground FG**:
FG®* = SG** + BG*. 2)

When the e e™ pairs are combined with photons to ete™y
combinations, both types of ete™ pairs are combined with
photons that are either correlated or uncorrelated with the pair:

FG*” = SG*” 4+ BG{:Y .. +BGL. 3)

Introducing i, j, k as the source of the positron, electron,
and photon, respectively, the terms in Eq. (3) are the follow-
ing:

(1) The first term is the signal of interest with
positron, electron, and photon from the same source
(i=j=k).

(2) The second term represents the cases where the ete™
pair is combined with uncorrelated photons. This in-
cludes the case (i = j # k), where the eTe™ pair is
correlated and randomly combined with a y, as well as
the case (i # j # k), where all three are from different
sources.

(3) The third term represents cases [(i # j=k)V (j #
i = k)], where the eTe™ pair is not from the same
source but the y is correlated with either the et or
the e™.

Each of the background terms is determined with different
event-mixing procedures, which were developed using the
MC method. The event-mixing procedures and their validity
are discussed in detail in Appendix A.

1. Determination of the inclusive photon yield N}

Photons that convert at the VTX detector are selected by
pairing electron and positron tracks to ete™ pairs. All pairs
are required to have a valid conversion point at a radial lo-
cation within the VTX detector, between 1 and 29 cm. In
addition, both tracks need to match in the beam direction
within |Az| < 4 cm. The invariant mass distribution of the
selected eTe™ conversion pairs is shown in Fig. 4 for the
pr range 1.0 < pr < 1.2 GeV/c. The four panels correspond
to four different centrality selections. Each panel shows the
same peak structure, which is characteristic of the multilayer
structure of the VTX detector.

The ete™ pairs passing the conversion selection criteria
contain uncorrelated e*e™ pairs, where the et and e are from
different sources. These backgrounds are also shown in Fig. 4.
Because of its combinatorial nature, the background to fore-
ground ratio increases towards more central-event selections.
An event-mixing technique is used to estimate and subtract
this background (see Appendix A for details). In this tech-
nique, an e from event A is paired with an e~ from another
event B to produce the random ee™ pair sample. To assure
the events A and B have similar topological characteristics, it
is required that both events

(a) are from the same 10% centrality selection,
(b) have their interaction vertex within Az = 2.5 cm,
(c) have their reaction planes aligned within A¢ = 7 /6.
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T T 120 — about 90% of theses internal conversions, rendering the re-
:Zg;fﬂ?o/;fgz; Gev : 10 O;(:’_Lios/‘i’;j 01%2 Gevic 7 mainder negligible. Finally, N;,“Cl is calculated by integratinzg
@ 5 o ] the counts in the mass range from 0.04 to 0.12 GeV/c,
§ 100¢ T 8o ] corresponding to layers 3 and 4 of the VTX. The analysis is
O BGIFG=6.8% - 6o BGIFG =3.0% repeated for bins in pr and in centrality.
5 i ]
T 2. Tagged photon raw yield N;’o"“g
Next, the subset of ete™ pairs in the N}*! sample that
Coaoneon T 18Fg eonasn BARE can be tagged as photons from a no_decay, Nf,.r g g deter-
50F —FG - 16fF E mined. For a given event, each eTe™ conversion candidate,
w a0k - 14f 3 in the mass window in which N;/"Cl is counted, is paired with
5 1 12p E all reconstructed showers in the EMCal with shower shape
8 3 BG/FG =1.3% - 12? BG/FG = 0.4% 1 x% <3 and energy larger than E., = 0.5 GeV, excluding
2 20f S ] those matched to the e*e™ pair itself. The energy cut, together
A F aF E with the pr cut of 0.2 GeV/c on the e™ and e™, constitutes an
10? 1 oof E implicit asymmetry cut on the 7° decay photons that depends
Y R X o T 0(; TR TS ] on the pr of th§ 0. For all e+e._y combinations, the invari-
Mee [GEV/C?] Mee [GEV/C?] ant mass mi,,, is calculated. This constitutes the foreground
FG*®”, for which an example is given in Fig. 5 for the ete™
FIG. 4. Mass distribution, m,+.-, of the eTe™ pairs after con- pair in the py range 1.0 < pr < 1.2 GeV/c. The four panels

version selection cuts are applied. All four panels are for the same (a) to (d) correspond to four centrality selections 0%—20%,

pr range 1.0 < pr < 1.2 GeV/c for four different centrality selec- 20%-40%, 40%—60%, and 60%—-93%, respectively.

tions (a) 0%-20%, (b) 20%—-40%, (c¢) 40%—-60%, and (d) 60%—-93%. Despite the large background, the signal, SG*?, is clearly

Shown are the foreground FG*, background BG*, and signal SG*. visible as a peak around the 70 mass, even in panel (a), which
is the most central event selection. As discussed above, the
background BG*” has two components:

After the subtra(':tlon of the uncorrelated bagkgrf)und, more BG*” = BG'”._+ BG, @)
than 99% of the pairs are from photon conversion in the VTX
materials. The remaining pairs are from internal virtual pho- for which the shape and normalization are obtained from
ton conversions that passed the conversion selection criteria. the event-mixing procedures described in Appendix A. The

The sources of these pairs are similar to those of the photon results are also shown in Fig. 5. The uncorrelated background,
conversion pairs, with the majority resulting from 7° Dalitz BG{Y ... is given in panels (a) to (d). The much smaller
eey

decays. An additional lower mass cut at 0.04 GeV/c? removes  correlated background, BG%Y, is only revealed after BG®Y,

100 [ (a) 0%-20% 40[ (b) 20%-40% {10 " (c) 40%-60% T T (d)60%-93%
| Au + Au 200 GeV | [10<p¥<1.2GeVic ok ]
{30 S \h
[%2]
c
=}
[e]
o
& 50 J20 5y - FG
‘o_ - BGUI’\CO" 1 B T
A 10 —o- FG'BGuncorr
e — ' o of
: 3 4 _
g’ °
12 ]
‘?o 0 NV e Tl S S SRR SS S e S TS S S SR 0 Foaih-—90ea00 ectcac o] O Sty —NEmEecrae0eee0ac0 o 0 Rocih—CREReees eeoeesia
2 BGeo, / (FG-BG, ) =8.6% BGe,, /(FG-BG _ )=4.3% BGeor, / (FG-BG,  )=1.7% BGeo, / (FG-BG, ) =0.5%
0 0.2 0.4 06 O 0.2 0.4 06 O 0.2 0.4 06 0 0.2 0.4 0.6
Mee, [GEV/C?] Mee, [GEV/C] My, [GEV/C] Mee, [GEV/C?]

FIG. 5. Mass distribution, m,,,, for ete™ pairs with py from 1.0 to 1.2 GeV/c, for four centrality selection (a), (e) 0%—20%, (b), (f)
20%-40% (c), (g) 40%—60%, and (d), (h) 60%—-93%. Panels (a) through (d) show the foreground FG*” and the uncorrelated background
BG{;Y ... Panels (e) through (h) show the difference FG*” — BG¢;’ , together with the correlated background BG{) .

uncorr * uncorr ?
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FIG. 6. Mass distribution, 7, , for e*e™ pairs from the 0%—20% centrality selection for four different e*e™ pair pr regions, (a), () 0.8 to
1.0, (b), (f) 1.4 to 1.6, (c), (g) 2.0 to 2.5, and (d), (h) 3.5 to 4 GeV/c. Panels (a) through (d) show the foreground FG*” and the uncorrelated

background BG”

uncorr *

is subtracted from the foreground, FG*”. The differences are
given in panels (e) to (h) for central to peripheral events,
respectively. Figure 5 indicates that the correlated background
decreases with centrality from BGCE(‘;}[; J/(FG*Y —BG{Y ) =
8.6% in central collisions to 0.5% in the most-peripheral col-
lisions.

For the 0%—20% centrality selection, Fig. 6 shows the mass
distributions m,,, for four different ete” pair pr ranges. The
representation is the same as for Fig. 5. Panels (a) through (d)
all show a clear peak around the 7° mass. The backgrounds
are the largest for low py and the most central events. As
pr increases and the event multiplicity decreases, the back-
grounds are significantly reduced. Because of the complexity
of the particle correlations present in the real Au + Au col-
lision events, including effects of collective expansion, jet
production, hadron decays, etc., there is a small residual back-
ground that is not captured by the event-mixing procedure.
To remove this background, a low-order polynomial, f..,, is
fitted to the ratio (FG*” — BG*?")/BG{. . in the mass range
0.05-0.08 and 0.23-0.45 GeV/c?. This function is used to
correct BG{Y before it is finally subtracted. Thus, the final

distribution for Ny '’ tag §

NJT tag Gee}/ GEe}/ _ (1 + fee)/) X BGeey (5)

corr uncorr *

An example of the residual background is given in Fig. 7
for the ete™ pair pr range of 1 to 1.2 GeV/c and 0%—-20%
centrality selection. In panel (a), FG*Y with all the back-
ground components are shown. Panel (b) gives a second-order
polynomial fit to the ratio (FG*” — BG*?)/BG}:’ . ratio,
feey, which is used to determine the residual background. Due
to the unfavorably small signal-to-background ratio in this
case, the residual background in the 77° mass region is ~9.4%.
The residual background quickly drops with pr and centrality

Panels (e) through (h) show the difference FG*” —

BG<

uncorr?

together with the correlated background BGS” .

corr*

bins, for example as pr increases to 3 GeV/c, the residual
background reduces to 2.7%. For each pr-centrality bin com-
bination, NJ "*¢ is extracted by integrating the number of

600 g9, 20% Au+Au 200GeV _ FG
71 0< p:e < 1.2GeV/c - BGuncorr
L(a) — BGion+BGiyy
—_BG
400 — comb
l:l BGcorr

103 Counts

side band for normalization

—(FG-BG)/BG - 2 order pol fitting

o

— ¥ i T

(0] O L ‘lk hdi L

o ' M""ﬁ‘r‘v‘#‘“
resndual / sig: 9.

0 02 04 06 08 1
Mee, [GEV/C?]

""“"!'“"H

FIG. 7. (a) An example for FG*” and the various background
components after normalization in the indicated regions. (b) The ratio
(FG*” — BG*")/BG;Y, .. and the polynomial fit to determine the
residual-background correction f., .
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entries in a window around the 7° peak (0.09 < Meey < 0.19)
GeV/c? after all background subtractions are applied.

Note that the extracted N7 "*¢ described in the this sec-
tion can also be used to measure the 7° invariant yield
once corrected with detector acceptance and efficiency, which
can potentially extend the previous PHENIX 7° measure-
ments [33] to lower pr regions. However, to establish such
a measurement, in particular the evaluation of systematic un-
certainties requires significant additional work that is beyond
the scope of this paper.

C. Conditional probability (e, f)

The probability, (€, f), that the second photon is in the
acceptance and is reconstructed, given a conversion e e pair
from a 7° decay, is extracted from the single 7 simula-
tion. In this simulation, individual 7° are tracked through the
PHENIX MC-simulation framework. The 7° are generated
with d?N/d prdy spectra that were fitted to 7+ and 7° data
measured by PHENIX (see Sec. III D), uniform in the rapidity
range |y| < 0.5, and uniform over 27 in azimuthal angle, ¢.

The energy scale and resolution of the EMCal in the MC
simulation is tuned as closely as possible to resemble the
one observed in data by comparing the mean and width of
the measured and simulated 77° mass distribution. The 7° are
reconstructed through the 7° — yy decay channel. For this
purpose an asymmetry of less than 20% between the energies
of the two decay photons was applied to keep the two-photon
energies similar.

In the single 79 MC simulation, ete™ pairs in the mass
window 0.04 < me+.- < 0.12 GeV/c2 are counted to deter-
mine Ngzo, the number of reconstructed ete™ pairs in a given
et e pair pr bin. The subsample for which the second photon
of the 7° decay is reconstructed as a shower in the EMCal is

0
counted as N, "“®. The value of (e, f) is then determined as

N(_Z_,O’mg

€f) = ——. 6
(€)= ©)
For the extraction of N,feo’tag the presence of other showers
in the EMCal needs to be taken into account. This is done by
embedding the showers from the simulated single 7° into the
EMCal response from Au+Au collisions at the tower level.
The combined EMCal information is then reclustered to form
new showers. All of the showers that contain energy deposited
by the embedded singe 7° (identified by the MC ancestry
information) are combined with the ete™ pair.

Similar to the N,/ *.ag o traction from data, a residual back-
ground subtraction is applied. This eliminates any remaining
background inside the 7° counting window. The residual
background is estimated by a second-order polynomial func-
tion fit in the mass range 0.05-0.08 and 0.23-0.45 GeV/c?.
This residual background mainly comes from events where
both decay photon convert to ete™ pairs, and the recon-
structed conversion photon gets paired with the EMCal cluster
of the e™ or e~ from the other conversion. The extracted (e, f)
is shown in Fig. 8 as a function of the ete™ pair pr for the four
centrality selections.

0_5 T T T ‘ T T T ‘ T ‘
+ PHENIX embedding simulation g
0.4 i
A 03[ g
S~ L J
?—
¥ I ]
0.2~ —0%-20% |
L —20%-40% |
0.1 L — 40%-60%  _|
L —60%-93% |
0 L 1 1 | 1 1 | 1 1 | 1 1 | 1 1 ]
0 2 4 6 8 10

P, [GeV/c]

FIG. 8. Conditional probability (€, f) as a function of pr in 0%—
20%, 20%—-40%, 40%—60%, and 60%—93% centrality classes.

The increasing trend of (€, f) with increasing conversion
photon pr is partly due to the decrease in the opening angle
between the conversion photon and the second photon so that
the second photon is more likely to fall into the acceptance
of the EMCal. Another important factor is that the average
energy of the second photon increases with increasing con-
version photon pr, and hence the efficiency of the energy
threshold cut increases towards higher py. The difference in
(€, f) between different centrality classes is mainly related to
the shower shape ( x2) selection, because the showers are more
distorted in central Au + Au collisions due to the larger detec-
tor occupancy, resulting in more accidental overlaps from the
underlying event, and the centrality dependent parent 7° py
distributions.

D. Cocktail ratio yhadr /y=’

The last ingredient to calculate R, is the cocktail ratio

yhadr/y”() of photons from 7°, 1, w, and 1’ decays over
those from 7° decays. The cocktail ratio is obtained using the
PHENIX meson decay generator EXODUS, which simulates
mesons according to given input pr spectra, decays them
based on the known decay kinematics and branching ratios,
and aggregates the decay photons in the PHENIX detector
acceptance.

The photons from 7° decays are generated from distri-
butions obtained by fitting a modified Hagedorn function
[Eq. (7)] to charged pion [34] and neutral pion [33,35] data
measured by PHENIX for the rapidity range |y| < 0.5:

d*N? -
E—F :A(ﬂapﬁbpzf) + p—T) : )
dp Po

The fit parameters are summarized in Table I for MB col-
lisions, as well as for nine centrality bins. The n meson pr
spectra are obtained by multiplying the 7° spectrum with the
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TABLE 1. Parameters for the modified Hagedorn function Eq. (7) to PHENIX data [33-35] from Au+Au collisions at /syxy = 200 GeV.

A a b Po

Centrality [(GeV/c)™2] [(GeV/e)™] [(GeV/c)2] (GeV/c) n

min. bias 504.5 0.5169 0.1626 0.7366 8.274
0%-10% 1331.0 0.5654 0.1945 0.7429 8.361
10%-20% 1001.0 0.5260 0.1628 0.7511 8.348
20%-30% 750.7 0.4900 0.1506 0.7478 8.229
30%—40% 535.3 0.4534 0.1325 0.7525 8.333
40%-50% 364.5 0.4333 0.1221 0.7385 8.261
50%-60% 231.2 0.4220 0.1027 0.7258 8.220
60%—-70% 118.1 0.4416 0.0559 0.7230 8.163
70%—-80% 69.2 0.2850 0.0347 0.7787 8.532
80%—-93% 51.1 0.2470 0.0619 0.7101 8.453

n/m° ratio, following the procedure suggested in [36]:

AN, _d3N® o

where Ry is the ratio of K* /7 * for a given centrality over
K*/m* in p + p collisions. This procedure makes use of the
world data for n/7° from p + p and small system collisions
(see [36] for references), and it avoids the assumption of
my scaling used in earlier work [6], which has been shown
to overestimate the number of n mesons produced below 2
GeV/c in pr in p+ p and small system collisions. It also
includes the centrality dependent modification, Rygoy, Of the
n pr spectra in Au+Au collision due to radial flow, which
was not taken into account in earlier work [6]. The modifica-
tion Rpoyw is estimated using measured kaon spectra [37]. For
peripheral Au+Au collisions, the new approach to determine
the 1 yield results in a few percent reduction of the number of
predicted decay photons in the range 1-2 GeV/c, compared
to the mr scaling approach based on Eq. (7) that was taken
in earlier work [6]. The difference is within the systematic
uncertainties quoted in that work. For central and semicen-
tral collisions the new and old approach agree better in the
sense that they predict very similar decay photon yields above
1 GeV/c, with any differences being much smaller than the
quoted systematic uncertainties. This agreement arises when
accounting for the modification of the n meson spectrum due
to radial flow, which shifts n mesons from low to mid pr.
This shift results in more decay photons above 1 GeV/c in the
presence of radial flow, and moving the predicted yield closer
to the one derived from my scaling. At high pr, the /7 ratio
demonstrates a universal value at high pr, consistent with
0.487 £ 0.024, independent of collision energy, system size,
or centrality. The values for dN/dy for n/m°, K*/m* and
Ryow are summarized in Table II for 1.0 < p7 < 2.0 GeV/c,
where the effects of flow are expected to be the largest for
different centralities for Au+Au collisions at 200 GeV.

The contribution from @ and 5’ decays are based on
pr distributions using the 7w° spectrum and replacing by
fNpE+me.o, — mjzr0 ). The normalization of w and n’ are
fixed at pr = 5 GeV/c to 0.9 £ 0.06 and 0.25 £ 0.075, re-
spectively [6]. The cocktail ratio "/ y”o is shown in Fig. 9.

IV. SYSTEMATIC UNCERTAINTIES

This section describes the sources of systematic uncertain-
ties for each of the three components for the calculation of R,, .
The systematic uncertainties are categorized into three types
according to the correlation between the measured data points:

(i) Type A: No (or unknown) correlation between data
points. Uncertainties on the individual data points
can fluctuate independently, in the same way as the
statistical uncertainties.

(i) Type B: The uncertainties are correlated between data
points. The fluctuation of each data point can be de-
termined by the fluctuation of the neighboring points.

(iii) Type C: A special form of type B uncertainty. every
data point fluctuates with the exact same fraction.

In the final results, Type A systematic uncertainties are
combined with the statistical uncertainties, and Types B and
C are combined to obtain the total systematic uncertainty.

The following subsections discuss the major individual
sources contributing to the systematic uncertainties on R, and
on the direct-photon yield. All contributions are summarized
in Table III and depicted in Figs. 10 and 11 as functions of pr
for R, and y%". The final systematic uncertainties on y %" and
on all quantities derived from y 9" are determined using the
error-sampling method discussed in Appendix B

A. Systematic uncertainties on N:,"“‘ /N;’o’tag
1. Purity of the conversion photon sample

Due to the high multiplicity of photons produced in
Au+Au collisions, the background in the conversion sample

TABLE II. dN/dy for n/m°, K*/m*, and Ry, for 1 < pr <2
GeV/c for Au+Au collisions at ./syy = 200 GeV. There is an over-
all scale uncertainty of 0.03 on Ryow X (1/7*)universal-

Centrality [(i /7'['i Rﬂow Rﬁow X (n/”o)universu]
0%—-20% 0.411 £0.003 1.20£0.02 0.250 £ 0.004
20%-40%  0.396 +0.002 1.15 £0.02 0.237 £ 0.004
40%-60% 0371 £0.002 1.08 £0.02 0.220 £ 0.004
60%-93%  0.337 £0.002 0.98 £ 0.02 0.199 £ 0.004
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FIG. 9. Cocktail ratio as a function of pr in the most central
(0%—-20%) and the most peripheral (60%—93%) centrality classes.

from uncorrelated ete™ pairs can be as large as 10% for
the most central collisions and the lowest pr from 0.8 to
1.0 GeV/c. This background is subtracted statistically with
a certain accuracy. To estimate the effect on the final results,
significantly more and less stringent conversion selection cuts
were applied, hence, increasing or reducing the purity. The

. 0
value of (e, f) N /Ny 2 obtained from the different cuts,
varies by less than 1%. This range is quoted as systematic
uncertainty due to the limited purity of the conversion sample.

2. n° yield extraction

One of the main sources of systematic uncertainty on the
R, measurement is the tagged photon or 7 yield extrac-
tion. The uncertainty of 7° yield extraction arises from two
sources: (i) from the residual background subtraction, which
is highly correlated with the statistical accuracy of the mixed
event background normalization, and (ii) imperfect descrip-
tion of the large backgrounds using event-mixing techniques.

TABLE III. Summary of systematic uncertainties for R, and y %"
Figs. 10 and 11.

To evaluate the size of the uncertainty from the resid-
ual background subtraction, different estimates are compared.
These include using different functional forms for the fit and
different fit ranges to anchor the residual background fit. In
addition, the counting window for 7° signal extraction is

varied. This gives a spread of (e, f) NI™/Ny "¢ values in
each pr and centrality bin. The standard deviation of the
spread is quoted as the uncertainty. Due to the correlation with
the statistical accuracy of the foreground in the background
region, this uncertainty depends on pr and centrality.

To test the validity of the event-mixing techniques, an
MC simulation with high multiplicity 7° events is performed.
Details are discussed in Appendix A. The simulation shows

that N7 "% /(e,, f) can be determined with the event-mixing
technique to better than 1.5%.

B. Systematic uncertainty on (¢, f)
1. Energy scale

The accuracy of the energy scale of the EMCal is the
main source of systematic uncertainties in the (¢, f) evalua-
tion. Because of the energy threshold cut, the second photon
is reconstructed only for ~25% of the ete™ pairs with the
lowest pr, even though the photon was in the EMCal accep-
tance. Any potential mismatch of the energy scale between
the simulation and real data will cause (€, f) to be off; a
higher (lower) energy scale in simulation will lead to an un-
derestimate (overestimate) of (€, f). As mentioned earlier, to
improve the accuracy, the EMCal response in the simulation
is carefully tuned to the data using the 7° mass measurement
in the 7% — yy decay channel. The tuning includes scaling
the MC energy scale by 0.3% and 2.2% for the PbSc and
PbGI calorimeters, respectively. In addition, the nonlinearity
of the energy response is adjusted by up to 5% at the lowest
measured energies. After the tuning, the 7° peak positions in
data and MC are consistent to better than 1%. Considering the
additional uncertainty due to the adjustment of the nonlinear-
ity, the energy scale is known to better than 2%. Changing the
energy scale by £2% introduces a systematic uncertainty on

. Uncertainties for which ranges are given vary with pr. For details see

Correlation  Correlation
Observable Factor Source in pr in centrality  0%-20%  20%-40% 40%-60% 60%—-93%
R, N;,“Cl /Ny O tag N;“C] purity Type B Type B <1% <1% <1% <1%
N;U"ag residual background Type A Type A 1.5%-4.5% 0.5%-4% 05%4% 0.5%—4%
N;Tn"“g event mixing Type B Type B 1.5% 1.5% 1.5% 1.5%
(e, 1) Energy scale Type B Type B 3% 3% 3% 3%
Conversion loss Type C Type C 3% 3% 3% 3%
y efficiency Type B Type A <1.4% <1% <1% <1%
Active area & acceptance Type C Type C 1% 1% 1% 1%
Input 7° py spectra Type B Type A 1% 1% 1% 1%
)/'“‘dr/)/”0 n/m° Type B Type C 1-1.5% 1-1.5% 1-1.5% 1-1.5%
w,n Type B Type C <1% <1% <1% <1%
yhadr Input 7° p; spectrum Type B Type A 10%-24%  10%-24% 10%-25% 10%-24%
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FIG. 10. Systematic uncertainties of R, as a function of conver-
sion photon pr in 0%-20%, 20%—-40%, 40%—60%, and 60%—-93%
centrality bins. The black curve corresponds to total uncertainty, and
colored curves correspond to individual sources. The lines repre-
senting uncertainties from the energy scale and the conversion loss
overlap at 3%, as do the lines representing uncertainties from the y
reconstruction efficiency, acceptance, and input pr spectra.

(€, f) of 3% at low pr and decrease towards high pr. The
uncertainty on the energy resolution has a negligible effect.

2. Conversion photon loss

Another important source of systematic uncertainty on
(€, f) is related to the probability that the second photon

30 oo
r Total b
r Data set consistency b
r Pion spectra 7
_— n/no ratio
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[%]

,Yhadr
Sys

10
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\/ Sy = 200 GeV i

I
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FIG. 11. Systematic uncertainties of "

pPr-

as a function of photon

converts to an ete” pair before reaching the EMCal. De-

pending on the location of the conversion point, the second
photon may not be properly reconstructed, thereby reducing
(€, f). To account for the “conversion loss,” the material bud-
get, i.e., thickness and location of material, implemented in
the simulation framework must accurately reflect reality. If
there is a mismatch, the probability for conversions to occur
will be different and, hence, (€, f) will by systematically off.
As there is essentially no magnetic field after the DC exit
window, the e*e™ pair from conversions between the DC and
the EMCal will likely merge into one shower in the EMCal.
Therefore, the value of (e, f) is most sensitive to differences
in the material budget of the VTX. Comparison of the avail-
able information about the materials and their thicknesses for
all detector subsystems reveals that the conversion probability
in material within the magnetic field is known to better than
3%, which directly translates into and uncertainty of 3% on
R,.

3. Photon efficiency

An EMCal shower shape, x2, cut is used to identify photon
candidates among the EMCal energy clusters and to reduce
the number of hadrons in the sample. Similar to the energy
scale uncertainty, a difference between the shower shape in
simulation and the data will translate directly into a system-
atic shift of (e, f). To evaluate this uncertainty, the X2
varied simultaneously in both data and simulation and (e, f)

Nyl /N” % s recalculated. It changes by 1.4% for 0.8-2
GeV/c in the 0%—-20% centrality bin and by less than 1% for
all the other cases.

4. Active area and geometric acceptance

Due to the limited geometrical acceptance of EMCal and
some inactive areas, the second photon is registered only for
~35% of the e"e™ pairs at the lowest pr. Therefore, the
accuracy with which the acceptance and dead areas are known
will contribute to the systematic uncertainties on (€, f). The
uncertainty of the acceptance is the result of the accuracy
with which the radial location of the EMCal sectors can be
determined. The possible remaining offset leads to <0.3%
difference in acceptance along the ¢ direction and <0.9%
in the z direction. The dead areas in the real EMCal are
carefully matched to the MC simulation, and the accuracy of
the dead area determination is found to be better than 0.6%. It
is due to the cases when a tower malfunctioned only in a very
small number of events, and not masked out in the simulation.
Combining all these effects, the systematic uncertainty on R,
from the acceptance is set to 1%.

5. Input n° distribution

Because (e, f) is averaged over all parent 70 pr that
contribute to a given ete™ pair pr bin, the pr dependence
of (e, f) is sensitive to the shape of the 70 distribution.
The 79 parent distribution was determined for each centrality
selection by a fit to the best available data from Au+Au colli-
sions at /sy = 200 GeV measured by the same experiment
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[33-35]. The remaining uncertainty on (€, f) is smaller than
1%.

6. Weak decays and secondary interactions

The tagged photon samples include decay photons from 7°

from weak decays and ° produced in secondary interactions.
Because these 7° do not originate from the event vertex,
(€, f) may be modified. Secondary interactions contribute less
than 0.1% of the 7° yield above pr of 1 GeV/c and thus
any distortions of (e, f) are negligible. Decays of K? are the
predominate source of 7° from weak decays. They contribute
between 5.8% to 3% of the inclusive 7° yield above 1 GeV/c.
With ¢t = 2.68 cm, a fraction of 20% to 25% of those decays
occur after the third but before the fourth layer of the VTX,
which corresponds to the conversion photon sample used in
this measurement. Therefore, in the data there are 1-2% more
conversions in the fourth relative to the third layer compared
to the MC simulation of primary 7°. The potential difference
of (e, f) was estimated to be smaller than 1%.

C. Systematic uncertainty on y"dr /=’

The ratio " /37" accounts for photons from hadron de-
cays that occur after the kinematic freeze, other than those
from 7°. The three largest contributors are decays of 1, w,
and 1’ mesons, which contribute ~23% of the decay photons
at high pr. All other contributions to " are negligible. Of
the additional decay photons more than 80% are from the
n — vy decay, hence the accuracy with which /7° is known
will determine the systematic uncertainties on R, from this
source. The pr and centrality dependent upper and lower
bounds on 1/7° for Au+Au collisions at A/Svy = 200 GeV
are taken from [36]. Together with the much smaller uncer-
tainty on the contribution from w and n’ decays, the systematic
uncertainty on R, is below 2% for the entire pr range.

D. Systematic uncertainties on y9ir

Once R, is determined, the direct-photon yield " is cal-

culated as
Vdir — (Ry _ 1) J/hadr. (9)

In addition to the uncertainties on R,,, the uncertainty on
yPr needs to be determined. These systematic uncertain-
ties have been studied in detail in [6]. The main sources of
uncertainty come from the accuracy with which the 7° pr
spectrum can be determined. These largely cancel in R,,, but
propagate directly to "% The input 7° spectrum is based on
measurements of charged pions and 7° from different data-
taking periods (see Sec. III D). Each data set comes with its
own systematic uncertainties, and, in addition, the differences
between different measurements are of the order of 10% [38].
The latter is the dominant uncertainty. The uncertainty on
the spectra of other mesons (7, ', w) also contributes to the
uncertainty on yhadr , but to a much smaller extent.
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FIG. 12. The ratio R, = y™/ymd a5 a function of conver-
sion photon pr in 0%—20%, 20%—-40%, 40%—60% and 60%-93%
centrality bins. The 2014 Au+Au data at . /syy =200 GeV
are compared to results from previous PHENIX publications
(see Refs. [3,6,39]).

V. RESULTS
A. Direct photon R,

Figure 12 shows R, as function of photon pr for every
20% centrality class. The vertical error bar on each point cor-
responds to the statistical uncertainty, while the box gives the
systematic uncertainty. The new results are compared with all
other published PHENIX results for Au+Au at \/syy = 200
GeV; these were obtained with different methods and have
largely independent systematic uncertainties. The open circles
were determined using the external conversion method de-
ploying the HBD detector as converter [6], the full squares are
from a virtual photon internal conversion measurement [4],
and the open squares were measured with the EMCal alone
[39]. All measurements agree well within their independent
systematic uncertainties.

The 2014 data presented here have smaller statistical un-
certainties than in previous publications at RHIC due to
the increased luminosity and significantly larger amount of
conversion material. The new results provide a continuous
measurement across a wide range of py from 0.8 to 10 GeV/c.
This range has previously been covered by measurements
done with different techniques with different systematics. Up
to 3 to 4 GeV/c internal or external photon conversions to
ete” pairs have been used, while above 4 GeV/c photons
were measured in the EMCal. For all centrality selections,
R, shows a significant excess that is rather constant below
~3 GeV/c. Beyond that, R, increases with pr, the increase
being most pronounced for central collisions, and R, con-
tinuously decreases towards more peripheral collisions. This
is expected as phenomena such as jet quenching reduce the
number of decay photons from hadron decays in more central
collisions, which in turn increases R, [33,35].

The high statistics of the 2014 data set allows one to divide
the data sample into nine centrality bins, from 0%—-10% to
80%-93%, 10% bins each, except for the last one which is
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FIG. 13. R, of direct photons as a function of conversion photon
pr in 0%—10% to 80%—93% centrality bins. The 2014 Au+Au data
at \/syy = 200 GeV are compared to results from previous PHENIX
publications (see Refs. [3,39]).

slightly larger. The resulting R, are shown in Fig. 13. Up to
50%—-60% centrality, data from the earlier calorimeter mea-
surement [39] are also shown.

For most bins the overall shape of R, as a function of
pr is similar to what is observed in Fig. 12, with a notable
difference for panel (i), which is the most-peripheral centrality
80%—-93%. Below 5 GeV /c, the most-peripheral Au+4-Au data
show no significant excess above unity and are very consistent
with the direct-photon result from p + p collisions, which is
also shown in panel (i).

The MC sampling method is used to calculate both the
statistical and systematic uncertainties on y%" and all quan-
tities derived from the direct photon p7 spectra. This method
propagates the error correctly in the presence of unphysical
values of R, < 1and pr and centrality dependent correlations
of uncertainties; it is discussed in detail in Appendix B.

B. Direct-photon invariant yield

The direct-photon spectra are calculated from R,, and yhadr

using Eq. (9). The results for all 10% centrality selections
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FIG. 14. Invariant yield of direct photons as a function of con-
version photon pr in 0%—10% to 80%—93% centrality bins.

are given in Fig. 14.! Figure 15 compares the direct-photon
spectra with previous measurements, as shown in broader
centrality bins (a) 0-20%, (b) 20-40%, (c) 40-60%, and (d)
60-93%. Each panel also presents the N.oj-scaled perturbative
quantum chromodynamics (pQCD) calculation [12] and a fit
to direct-photon data from p + p collisions at 4/s = 200 GeV
[40-42]. The p + p fit is performed with a pQCD-inspired
functional form [43]:

d°N Ay
Eprdy (14 (5))"

Po

(10)

where the parameters are A, = 1.60x 1074 (GeV/c) 2, pp =
1.45 GeV/c and n = 3.3. The error band around the central fit
function represents the uncertainty propagated from both the
data and the unknown true functional form of the spectrum
down to very low pr. The p + p fit and the pQCD calculation
agree well above 2 GeV/c, and can be used as an estimate for
the prompt-photon contribution.

Figure 15 also shows that the direct-photon yield for pr
larger than 5 GeV/c is well described by the Ny -scaled
p + p result and pQCD calculations, which confirms that the
high-pr direct photons are predominately from initial hard-
scattering processes. Below 4-5 GeV/c a clear direct-photon
excess develops above the prompt component, gradually be-
coming larger towards lower pr.

IAs the yields in the most-peripheral bin, 80%-93%, are mostly
upper limits on the measurement, this bin will not be included for
estimation of any further derived quantities in every 10% centrality
selection.
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FIG. 15. Invariant yield of direct photons as a function of con-
version photon py in (a) 0%—20%, (b) 20%—40%, (c) 40%—-60%, and
(d) 60%—-93% centrality bins. The 2014 Au+Au data at \/syy = 200
GeV are compared to results from previous PHENIX publications
(see Refs. [3,6,39]).

C. Nonprompt direct-photon excess

To extract the direct-photon excess above the prompt-
photon contribution, the N, scaled p + p fit is subtracted
from the Au+Au data. This excess is thought to be mostly
the radiation that is emitted during the collision from the hot-
expanding fireball, and will be referred to here as nonprompt
direct-photon spectra. Figure 16 compares the nonprompt
direct-photon spectra to previously published results from
Au+-Au collisions at /syy = 200 GeV [6], which had sig-
nificantly lower statistics. The new 2014 data extend the
coverage, both in py and centrality.

The data are very consistent in the region of overlap. In the
range 0.8 to 1.9 GeV/c, the data are fitted with an exponen-
tial function and the results are also shown on the panels of
Fig. 16. The slope values are given in Table IV. All centrality
selections are consistent with an average inverse slope, T,
of ~0.260+0.011 GeV/c. However, it is evident from Fig. 16
that the nonprompt direct-photon spectra are not described by
a single exponential but rather have an inverse slope T that
is continually increasing with py . Figure 17 brings this out
more clearly where each nonprompt direct-photon spectrum
is divided by a fit with a fixed slope, Teir = 0.260 GeV /c. All
centrality selections follow the same trend. Over the pr range
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FIG. 16. Nonprompt direct-photon yield as a function of conver-
sion photon pr in (a) 0%—20%, (b) 20%—-40%, (c) 40%—60%, and
(d) 60%—93% centrality bins are compared to results from previous
PHENIX publications (see Ref. [6]).

of up to 2 GeV/c the ratios are consistent with unity, but above
2 GeV/c they start to rise monotonically.

To quantify this changing slope, the nonprompt direct-
photon spectra are fitted with a second exponential function
in the pr range from 2 to 4 GeV/c; the results are also
included in Fig. 16. All data are consistent with an average
inverse slope of 0.376 4 0.037 GeV/c, which is significantly
larger than the slope observed below p;y = 2 GeV/c. Above 4
GeV/c, the statistical and systematic uncertainties from the
prompt-photon subtraction become too large for a detailed
analysis.

To establish any dependence on the system size, the non-
prompt direct photon spectra are determined for each 10%
centrality bin, and subsequently fitted by two exponential
functions in the pr ranges 0.8 < pr < 1.9 GeV/c and 2 <
pr <4 GeV/c. The resulting T values are tabulated in
Table I'V and depicted in Fig. 18 as a function of d N, /dn. The
figure also shows the average of the inverse slope values from
fitting Fig. 16. The T values are consistent with a constant
value, independent of d V., /dn. However, given the uncertain-
ties on the data, a possible increase of Toi with dNy,/dn can
not be excluded.

In addition to investigating the pr and system-size depen-
dence of the shape of the nonprompt direct-photon spectra,
one can also look at the dependence of the yield on system size
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TABLEIV. Inverse slopes fitted to the direct-photon spectra in different py ranges, and for different centrality selections. For each centrality
range, N and dN.,/dn values are quoted from previous work [44,45], except for the d N, /dn values for the two most peripheral bins. Those

were extrapolated using a fit of the form dN,,/dn = B(Neon)?.

Ter (GeV/c) Tt (GeV/c)

Centrality dNyw/dn Neon 0.8 < pr <19GeV/c 2<pr<4
0%-20% 519.2+26.3 770.6 £79.9 0.277 +£0.017 *5:93%¢ 0.428 £0.031 *5:95}
20%—-40% 22544132 282.4428.4 0.264 £0.010 054 0.3544£0.019 002
40%-60% 85.5+8.0 82.6+9.3 0.247 £0.007 0503 0.392 +0.023 002
60%-93% 164428 12.1£3.1 0.253£0.011 052 0.33140.036 F053!
0%-10% 623.9+32.2 951 +98.5 0.268 +0.024 +0:02¢ 0.514 £0.061 *5:9¢
10%-20% 414.2420.2 590.1+61.1 0.303 +0.024 +5:0¢2 0.358 +0.033 +0:02¢
20%-30% 274+ 14.8 357.2+35.5 0.263+0.011 *914 0.35140.024 +5:020
30%-40% 176.8 £ 11.6 207.54+21.2 0.256 +0.011 *5:009 0.333 +£0.024 +5:92
40%-50% 109.4+9.1 111.1+£10.8 0.244 £ 0.009 +5:903 0.389 +0.029 +5:020
50%-60% 61.6+7.1 54.147.9 0.246 +0.010 +:995 0.345+0.031 *5:91
60%-70% 3245 2446 0.261 +£0.015 *5:020 0.319 +£0.049 *5:057
70%-80% 16+4 10£3 0.263 +£0.016 *501¢ 0.33540.044 +0:020
80%-93% 742 441

and pr. As reported previously, the integrated direct-photon
yield scales with d N, /dn to a power « [8]:

ANy \*
dezAx( °“> , an
dn

dN, /pr,.mx dN;jir
dy PT,min dprdy

where all rapidity densities are densities at midrapidity. The
direct-photon spectra shown in Fig. 14 are integrated from
Pr.min = 1 GeV/c to prmax = 5 GeV/c and plotted as a func-
tion of dN.,/dn in Fig. 19. They are in reasonable agreement
with a compilation of other direct-photon results [8,46], also
shown in the figure. All data follow a trend similar to the N oy
scaled p + p fit, shown as band, but at a roughly ten times
larger yield. Scaling with N corresponds to o = 1.25 &
0.02 [8]. The current high statistics data allow for finer central-
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FIG. 17. Ratio of the yield of nonprompt direct photons over
the exponential fit result (7. fixed to 0.26 GeV/c) as a function of
photon pr.

ity binning and changes this picture somewhat at the lowest
and highest dN,/dn. Fitting only the new results in Fig. 19
gives a value of @ = 1.11 £ 0.02(stat) T30%(sys). This value
is lower, but consistent within systematic uncertainties with
a =1.23 £0.06 £ 0.18, found by fitting all previously pub-
lished PHENIX A + A data [46].

Note that the previous PHENIX measurements obtained
the 7 spectrum by my scaling the 7° spectrum, while in the
current measurement the 1 spectrum is obtained from the
n/m° ratio using the world data. There are significant differ-
ences between the two approaches in the low-pr region [36].
Because the integration range starts at low pr and is wide
(1-5 GeV/c), the power o is smaller than previously

I I
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FIG. 18. T.¢ as a function of charged-particle multiplicity at
midrapidity.
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FIG. 19. Integrated direct-photon yield (1-5 GeV/c) versus
charged-particle multiplicity at midrapidity. The present data are
compared to a previous compilation of data from [8,46] and the
Neon scaled fit to p + p data. Also given are fits with Eq. (11) to
different data; the solid line is a fit to the present data resulting in
o = 1.11 £ 0.02(stat) T5-9(sys), and the dashed line is from fitting
previously published PHENIX data [46] that gave o = 1.23 £ 0.06
+ 0.18. The ALICE data are from Ref. [9].

published values, but is consistent within stated systematic
uncertainties. However, it is also consistent with unity within
uncertainties.
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FIG. 20. Integrated nonprompt direct-photon yield versus
charged particle multiplicity at midrapidity for different p;
integration ranges.

TABLE V. Scaling power, «, of the dNy,/dn dependence of
nonprompt and direct-photon yields in various integration ranges.

Pr (GGV/C) 0[(Vnonpmmpt) O[()/dir)

0.8-1.2 1.119 40.038 *0:116 1,124 £0.036 {55
1.2-1.6 1.107 £0.029 *0.1% 1.118 £0.027 £5.977
1.6-2.0 1.136 +£0.034 +3.120 1.152£0.029 0012
2.0-3.0 1.087 +£0.032 *.198 1.120£0.025 093
3.0-4.0 1.119 £0.078 7020 1.171£0.048 *047¢
4.0-5.0 0.950+£0.176 9313 1.137£0.077 =540
5.0-10.0 1.296 4 0.078 0,129

To better understand the behavior of the scaling power,
«, in more detail, the direct-photon yield and its nonprompt
component are integrated for six different nonoverlapping
finer pr regions and for 10% centrality classes. The integrated
nonprompt yields are shown in Fig. 20. The « values are deter-
mined for each pr selection by fitting the data with Eq. (11).
The fits are also shown in the figure. All o values, for both
the direct photon yield and the nonprompt component, are
tabulated in Table V and shown in Fig. 21. It is evident that
the values for the direct component, for higher pr ranges, are
consistent with the prompt component, ¢ = 1.25 4 0.02, cor-
responding to Ny scaling. However, they tend to be smaller,
but still consistent within systematic uncertainties, with previ-
ous measurements [8] for the lower py ranges.

With increasing pr, the o values for the nonprompt com-
ponent are slightly lower than those from direct photons. The
systematic uncertainties are larger due to the subtraction. The
values of « for the nonprompt component, as shown in Fig. 21,
are remarkably constant with no evident py dependence.

VI. CONCLUDING DISCUSSION OF THE RESULTS

The PHENIX Collaboration has measured direct-photon
production in Au+Au collisions at ,/syy = 200 GeV using

1.6y
1 5; Au+Au,\/sTN:2OO GeV E
*~“E 0O Directy E
1.4 e Nonprompty -
1.30 | {3 -
- 1.2; _E
1.6 =
1 .
0.9" PHENIX
0.8F E
S U T DU PR R P S P
01 2 3 45 6 7 8 9 10

P, [GeV/c]

FIG. 21. Scaling factors, «, extracted from fitting Eq. (11) to
integrated direct and nonprompt-photon yields as a function of
dNg/dn. Values were obtained for different py integration ranges
tabulated in Table V.
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photon conversions to eTe™ pairs. A large yield of direct
photons below a pr of 3 GeV/c is observed for all centrality
bins except for the most peripheral bin of 80%-93% with
dNew/dn = 7.4, where it seems to be consistent with the
prompt-photon production. The next centrality bin from 70%—
80% with dN.,/dn = 15.5 already shows a significant yield
with properties very similar to that of the radiation from the
more central bins.

The nonprompt direct-photon spectra are isolated by sub-
tracting the prompt-photon contribution, which is estimated
through a fit to the direct-photon data from p 4+ p collisions
at 4/s = 200 GeV, measured by PHENIX, and scaled by Nj.
Results are obtained for the pr range from 0.8 to 5 GeV/c
and for 0%-93% central collisions, covering a system size
spanning two orders of magnitude in dNg,/dn from =7 to
620. The wealth of data enabled PHENIX to carry out double-
differential analyses of the shape of the momentum spectra
and the rapidity density dN,, /dy in pr and dNy,/dn.

For the centrality selections from 0%—10% to 70%—-80%,
all nonprompt direct-photon spectra are very similar in shape,
exhibiting increasing T from 0.2 to 0.4 GeV/c over the
pr range from 0.8 to 4 GeV/c. The changing T. is not
surprising, because the spectra are time integrated over the full
evolution of the expanding fireball, from its earliest preequi-
librium state, through the QGP phase, crossing over to a HG,
and further expanding and cooling until hadrons eventually
stop interacting. Throughout the evolution the system cools,
and thus earlier phases are characterized by higher tempera-
tures. In turn, the contributions from the earliest times of the
evolution are likely to dominate the emission at higher pr,
consistent with the observation of an increasing Te with pr.

In the lower pr range from 0.8 to 1.9 GeV/c, the spectra
are well described by a Tiir = 0.26 GeV/c. This is consistent
with what is expected for radiation from the late QGP stage
until freeze-out [14]. During this period of the evolution,
the temperature drops from ~170 MeV near the transition
to ~110 MeV when the system freezes out. At the same
time the system is rapidly expanding and thus, the radiation
is blueshifted. This compensates the temperature drop and
results in an average 7o ~ 0.26 GeV /¢, with only minor vari-
ations with centrality of the collision. In Ref. [14], a moderate
increase of T with centrality was predicted. While the data
favors a T independent of centrality, they are not precise
enough to exclude a moderate change.

Above a pr of 2 GeV/c, the inverse slope of the spectra
continues to increase with pr. Between pr = 2 and 4 GeV/c
the average inverse slope is Tor ~0.376 GeV/c. This Tof is
larger than what model calculations for a rapidly expanding
HG can accommodate, thus suggesting that emissions from
the QGP phase and earlier times in the evolution starts to
dominate the spectra. Expected initial temperatures at RHIC
are ~375 MeV with maximum T in the range of 0.35 to 0.4
GeV/c, depending on viscosity [14]. Thus, it is likely that,
in addition to photons from the QGP phase, photons from
the pre-equilibrium stage are also needed to account for the
measured Tug.

In Fig. 22, the measured nonprompt direct-photon spectra
are compared to a recent calculation including contributions
from the preequilibrium phase [10,47]. These calculations
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FIG. 22. Nonprompt direct-photon yields for (a) 0%-20% and
(b) 20%—-40% compared with model predictions from Refs. [10,47].
(c), (d) Ratios of the yields from data to the sum of yields from
thermal and preequilibrium contributions. The 2014 Au+Au data at
/Sy = 200 GeV are compared to results from a previous PHENIX
publications (see Ref. [6]).

predicted that the preequilibrium radiation becomes the dom-
inant source above a py of 3 GeV/c. Intherange 2 < pr < 4
GeV/c, a fit of the thermal contribution with an exponential
function results in an inverse slope of ~0.36 GeV/c, while
for the preequilibrium contribution a larger inverse slope of
~0.52 GeV /c is found, for the more central collisions. Fitting
the same pr range for the combined thermal and preequilib-
rium spectra from the model gives an inverse slope of ~0.425
GeV/c. While the shape is reproduced well, the overall yield
predicted by the calculations falls short compared to the data,
in particular, below 2 GeV/c where the nonprompt-photon
yield appears to be a factor of 2 to 3 larger.

The integrated nonprompt direct-photon yield exhibits a
power-law relation with (dN.,/dn)® [8]. Fitting the power
a for multiple nonoverlapping pr ranges results in values
consistent with o = 1.12 4 0.06(stat) &= 0.14(sys) with no
apparent dependence on py. The model calculations in [14]
predict that the radiation from the HG phase scale with o
close to 1.2, while those from the hot and dense QGP phase
exhibit closer to a (d N, /d n)? dependence. Because the QGP
phase has a larger relative contribution to the py spectrum
with increasing pr, it is expected that « increases with py.
However, the pr dependence of « from the preequilibrium
phase needs further theoretical understanding.
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In conclusion, the tenfold increase in statistics compared to
previous samples of Au+Au collisions recorded by PHENIX
enabled detailed measurements of the radiation from the
hot and expanding fireball. The experimentally observed in-
verse slopes of the pr spectra are qualitatively consistent
with predictions for thermal and preequilibrium radiation.
However, there seem to be more photons emitted from
Au+Au collisions than can be accounted for in model cal-
culations. Furthermore, although this work presents no new
data on the azimuthal anisotropy, maximum anisotropy is
observed for photons ~2-3 GeV/c. In this pr range, the
yield is larger than what would be expected from a rapidly
but anisotropically expanding hadronic fireball. Finally, the
centrality dependence of the nonprompt direct-photon yield,
expressed in terms of the scaling power a(pr), shows no
indication of changing with pr.
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APPENDIX A: EVENT-MIXING PROCEDURES
AND VALIDATION

In this analysis, e*e™ pairs and eTe™y combinations result
from combining positrons, electrons, and photons measured
in the same event. Given the large multiplicity of produced

particles in Au+Au collisions, the combinations include a
significant background from particles of different physical
origin, for example different 7% decays. For e*e™ pairs there
are two possible combinations: signal pairs, SG*¢, that have
the same source and background pairs, BG®, that have dif-
ferent sources. Both types will be combined with photons
to get ete”y combinations. There are three possibilities: A
correlated ete™ pair is combined with a photon from the
same source (SG*?); the etTe™ pair is not correlated, but the
photon is correlated to the et or e~ (BGESX); or the photon is
uncorrelated to the ete™ pair, irrespective whether it is SG*
or BG* (BGY ).

All backgrounds are determined using event-mixing tech-
niques that were developed and validated with MC studies
of high-multiplicity events, for which a large sample of
simulated 7° events was generated. These events serve as
pseudodata. The 7 are generated according to the experimen-
tally observed pr spectrum, uniform in azimuthal angle, and
with a constant rapidity density of 280m°, which corresponds
to the typical 7° multiplicity in the most central Au+Au
collisions at ,/syy = 200 GeV.

From these pseudodata, N;“Cl and N, g are extracted
using the cuts and event-mixing schemes developed for the
analysis of real data. They are corrected by (e, f), resulting
in R,. Because in the pseudodata there are no other hadronic
decay channels contributing to y™% other than 7°, the R,
from these pseudodata is given by

incl
d Y
R}eseu (o} — X <€yf>~

70, tag
NV

(AD)

As there are no direct photons in the pseudodata, the expected
result would be R, = 1, within the statistical uncertainties of
the simulation. The rest of this sections details each step of
the R, determination from the pseudodata. The exact same
procedure is also applied to the real data.

1. Determination of the inclusive photon yield Ni,"“'

Photon conversion candidates are created by combining e
and e~ from the same pseudodata event by requiring a valid
conversion point within 1 < R < 29 cm. This results in a fore-
ground, FG®®, containing a signal, SG®, that is, conversions of
70 decay photons, and a background, BG®®, where the e and
e~ come from conversion of two different 7° decay photons.
The background is determined by combining electrons and
positrons from different pseudodata events, which are paired
and subjected to the same cuts and conversion selection cri-
teria. The mixed event background thus obtained, MBG*®®,
is normalized to the foreground, FG®*¢, in the mass region
0.16 < mg+o- < 0.3 GeV/c?, which does not contain ete™
pairs from conversions (see Fig. 2 for reference).

Figure 23(a) shows the background, MBG®®, obtained from
the mixed event technique together with the true background,
BG®®, which was obtained from the MC ancestry information.
Figure 23(b) shows the results (solid curve) after subtracting
the mixed-event background from the foreground and (open
symbols) subtracting the true background. Note that the two
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FIG. 23. Invariant mass distributions of e*e™ pairs reconstructed
from the high-multiplicity 7° pseudodata in the p; range 0.8 <
pr < 1.0 GeV/c. The least-restrictive conversion selection cuts
are applied, which only require that the reconstruction algorithm
has identified the ete™ pair as a conversion candidate. Panel
(a) compares foreground, FG®*, the true background, BG*, and the
background determined from the mixed event technique, MBG®®.
Panel (b) gives the extracted conversion photon signal.

are practically indistinguishable, which means that BG®*® is
equal to MBG®*.

Even though the background can be subtracted accurately
with the mixed-event technique to obtain N;,“Cl, the subtraction
can only be done statistically. Thus in the next step, where
conversion photons from 7° decays are tagged, the back-
ground pairs also need to be matched with EMCal showers.
This substantially increases the background in the m1,,,, distri-
bution. To reduce this background, additional cuts are applied
in the conversion-photon selection.

The magnetic field deflects electrons and positrons in a
plane perpendicular to the beam direction (z). Thus, ete”
pairs from a conversion can be constrained by requiring a
match in the beam direction using the PCI information. A
cut of |Az| < 4 cm is applied. Because the conversion recon-
struction algorithm uses the projection of the tracks in the
plane perpendicular to the beam axis, the additional match
reduces the number of possible random-track combinations
significantly. The z cut effectively truncates the mass distri-
bution as the e*e™ pairs are required to have the possible
conversion point at radii below 29 cm and only the pairs
with an opening angle in the beam direction will create larger
masses. The background rejection is clearly visible in Fig. 24.
The background normalization for the mixed events is given
by the less restrictive cuts shown in Fig. 23, and applied here.
For the lowest pr and the highest-multiplicity bin, the back-
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S i 2 o BG 1
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FIG. 24. Invariant mass distributions of e*e™ pairs reconstructed
from the high-multiplicity 7° pseudodata. Same as Fig. 23, but with
an additional constraint that the et and e~ match in beam direction.
Panel (a) compares foreground, FG*, the true background, BG*®, and
the background determined from the mixed event technique, MBG®*.
Panel (b) gives the extracted conversion photon signal.

ground rejection is approximately a factor of 8 with a signal
efficiency of more than 85%. The background to foreground
ratio, BG* /FG*®¢, is 12.1%. As pr increases, the multiplicity
decreases and the BG*® /FG®® ratio decreases to 0.3% at the
pr above 7 GeV/c.

The analysis is repeated for the entire accessible pr range,
and N}i}‘d is calculated in the mass range from 0.04 to 0.12
GeV/c? by subtracting the background obtained from the
mixed-event technique, MBG®®, from the foreground, FG®°.
The result is compared to the true number of photon con-
versions determined from the MC-ancestry information in
Fig. 25. Panel (b) shows that the difference is less than 1%
for all pr.

2. The tagged photon yield N;,'O"ag

Next, the subset NI "“¢ of e*e~ pairs in the N sample
that can be tagged as photons from a 7° decay is determined.
For a given pseudodata event, each ete™ conversion candi-
date is paired with all reconstructed showers in the EMCal,
excluding the showers matched to the e™e™ pair itself. For
each combination the invariant mass m,., is calculated. This
constitutes the foreground, FG*?, for which an example is
given in panel (a) of Fig. 26. Despite the large background the
signal N,/ g g clearly visible as peak around the 7° mass.
The background has two components: (i) combinations of
et e pairs with an EMCal shower from another unrelated 7°
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FIG. 25. Extracted N, after the background subtraction, as a
function of conversion photon pr. The diamonds are obtained by
subtracting the background from the mixed event technique; they are
compared to the open symbols for which the true background was
subtracted. Panel (b) shows the ratio of the event-mixing result over
the true information result.

decay denoted as BG;” ., and (ii) a correlated background,

BG{., where the shower in the EMCal and the electron or
positron are from the same 7% decay, but the eTe™ pair itself
is a combination of an ¢t and e~ from different 7° decay
photons.

The uncorrelated background can be determined with
an event mixing technique similar to that used for the
extraction of Ni"!: an e*e™ pair from one event is mixed
with the EMCal showers from a different event, resulting
in mixed combinations MBG{;” . These are normalized to
the foreground, FG*?, in the mass region from 0.25 to 0.45
GeV/c?, where no signal is expected. Figure 26(a) shows
the corresponding distribution. There is almost no visible
difference between the mixed-event background, MBG{’Y .
and the true background, BG{Y ., which is obtained using
the MC-ancestry information. Figure 26(b) shows the signal
and remaining correlated background after the uncorrelated
mixed-event background is subtracted (FG*” — MBG{.” ),
as well as after subtracting the true uncorrelated background
(FG*” — BG{Y ). Again they are indistinguishable.

The correlated background, BG{(”, is determined with a
second event-mixing scheme. An et from a given event is
combined with an e~ from a different event, and the resulting

ete” pair is then combined with the showers in the EMCal

§ High multiplicity ° simulation

12010 < p° < 1.2GeV/c

100

—_
[
~—

&
L2
> S
(O] ]
(O] i
= 80 ]
o i
3 ]
S 60 ’
= ° FG 1
uPO 40 ° BGnoorr ]
- MBGuncorr ]
20 ° BGeoy ]
q — MBGg,, 7
of ]
. 1 1 1 1 1 1 1 1 1 1 1 1 ‘ 1 1 1 1 I 1 1 1 1]
O} o FG-BGyneorr 1
o 2 - I:G'MBGunmrr B
3 ]
= E
E | e
K? 0 C 1 1 1 ] f' "
© o0 0.1 0.2 0.3 0.4
Mg, [GEV/C?]

FIG. 26. Invariant mass distributions of e™e™y pairs.

from both events; again excluding the showers from the e™
and e~. The ete™y combinations contain the correlated back-
ground, MBGZ, plus the random background in which the
et, e, and y are from three different 7° decays, MBGr, .
The normalization is per generated e™e™ pair, multiplied by
FG*, i.e., the number of background pairs in the e*e™ pair
foreground.

The random background, MBGc" ., can easily be deter-
mined in a third event-mixing step, where e*, 7, and y
are from three different events. The MBG{./ . is normalized

to (MBG?Y +MBG?” ) in the mass range from 0.65 to

cor comb

1.0 GeV/c? and subtracted. Figure 27(a) shows the result,
MBG{, together with the foreground and the other back-
ground components.

Last but not least, to account for any possible mismatch
between the true background and the one obtained from
our multistep event-mixing procedure, the ratio (FG*? —
MBG{ — MBG{Y  )/MBGY  is fit with a second-order

polynomial, f,,, excluding the " peak regions. The fit result

is shown as a line on Fig. 27(b). This fit is used to correct

0 ¢,
MBG??, . before subtraction. The final distribution for N, "¢
is thus

NJ;/'[U,tag = FG*Y — MBG*Y — (1 + fee]/) MBG;;”

cor uncorr *

(A2)
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FIG. 27. Invariant mass distributions of eTe™y pairs from the
same event (FG) and different event-mixing setups.

0t 0 . .
For each pr bin, N " is extracted by counting the num-
ber of entries in a window around the 7° peak, (0.09 <

Meey < 0.19) GeV/c?. Figure 28 shows N, 42 as func-
tion of pr using the true MC-ancestry information and the
event-mixing technique. Overall the agreement is very good;
however, the result from the event-mixing technique is on av-
erage lower. This mismatch is accounted for in the systematic
uncertainties on R,,, which is discussed in more detail in the
next section.

3. Completing the validation by determining R,

With N and Ny "2 established from the pseudodata,
the conditional probability (€, f) remains to be determined to
calculate R, and to fully validate the background-subtraction
procedure. In the same way as for the data, a single 79 sim-
ulation is embedded into pseudodata events. The ete™ pairs
and eTe”y combinations are reconstructed and counted as
discussed in Sec. Il C. The extracted (€, f) is shown in Fig. 29
as a function of the conversion photon pr.

With N /Ny, "2 from the pseudodata and (e, f) from the
embedded single 7° simulation in hand, R,, is calculated using
Eq. (A1). The result is shown in Fig. 30; all points are close to
unity, indicating that the analysis procedure is self-consistent.
There may be a 1.5% enhancement above unity, which is con-
sistent with the slightly lower-than-expected value found for
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FIG. 28. Extracted Ny *ag g5 a function of conversion-photon pr
using the (red) true information and (blue) event-mixing technique.
The bottom panel shows the ratio of the event-mixing result over the
true information result.

0
N, . This difference is taken into account in the estimate of
the systematic uncertainty.
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FIG. 29. Average conditional probability (e, f) as a function of
conversion photon pr.
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FIG. 30. Ratio R';Sé”d" as a function of conversion photon pr. The
dashed line gives a constant offset of 1.3% fit to the points, and the
dashed band represents a £1.5% range around unity.

APPENDIX B: UNCERTAINTY PROPAGATION
WITH A MC-SAMPLING METHOD

The uncertainties on %" and any other quantity derived
from y9r, such as Tu or «, are determined using a MC-
sampling method, which allows taking into account the pr
and centrality dependent correlations of individual sources of
systematic uncertainties, as well as the fact that the region

R, <1 is unphysical.

1. Systematic uncertainties

In the MC-sampling method, for each source of uncer-
tainty, i, a variation §; of R, or Yy is sampled from a
Gaussian distribution centered at zero with a width corre-
sponding to the associated uncertainty, o;. The size of §;
depends not only on o;, but also on whether the adjacent bins
in pr and centrality have uncorrelated (Type A) or correlated
(Type B/C) uncertainties due to the source i. The values of o;
and classification of each source is summarized in Table III.

If source i is classified as uncorrelated, §; is calculated
independently for neighboring bins from Gaussian distribu-
tions of width o;. For correlated uncertainties of Type C in
pr or centrality, §; is calculated with one common fraction w
so that §; = wo; for all points. The fraction w is determined
randomly from a Gaussian distribution of width 1. And finally,
for Type B uncertainties, §; is determined separately for the
minimum and maximum of the pr or centrality range using
the same procedure as Type C. All intermediate points are
varied proportionally to create a smooth transition from the
minimum to the maximum of the range. Uncertainties on
the input 7° p; distribution are a special case of Type B
uncertainties, as it is known that the systematic uncertainties
move simultaneously either up or down. In this case, §; at the
minimum and maximum of the range are chosen to have the
same sign.

After applying all variations §; to recalculate R, and y
new values of 9", T, and o are determined. This process
is repeated multiple times, taking into account the different
sources of uncertainties, to obtain a distributions of y , Toge,
and «. The width of each distribution is quoted as their sys-
tematic uncertainty. For individual y %" points, it is possible
that (y9") — o is less than 0, that is, unphysical. In such cases,
an upper limit of 90% confidence level (CL) is quoted based
on the part of the probability distribution in the physical region
fupper/j;Jroo — 90%.

hadr

2. Statistical uncertainties

The statistical uncertainties on R, are assumed to have

a Gaussian probability distribution, and for most cases the

statistical uncertainty on y %" can be calculated with the usual

error propagation. However, there are two cases that need to
be treated separately:

(i) R, < 1: In this case ¥ is unphysical, and hence an
upper limit at 90% CL is quoted, based on the physi-
cal part of the probability distribution [j™*" / f0+oo =
90%.

(ii) R, — oy < 1: In this case y® is in the physical
region, but is consistent with zero within less than
one standard deviation. For these situations the central
value is shown, but the uncertainty is given as 90% CL,
calculated as above.
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