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Abstract

Direct photon production at mid-rapidity in Pb-Pb collisgat, /5, = 2.76 TeV was studied in the
transverse momentum rang®&: pr < 14 GeV/c. Photons were detected with the highly segmented
electromagnetic calorimeter PHOS and via conversionsidtt CE detector material with the" e~

pair reconstructed in the central tracking system. Thdteefithe two methods were combined and
direct photon spectra were measured for the 0—20%, 20—-408#@&-80% centrality classes. For all
three classes, agreement was found with perturbative Q@Dlations forpr = 5 GeV/c. Direct
photon spectra down tpr =~ 1 GeV/c could be extracted for the 20—40% and 0-20% centrality
classes. The significance of the direct photon signal <0prt < 2.1 GeV/c is 2.60 for the 0—
20% class. The spectrum in thig range and centrality class can be described by an expohentia
with an inverse slope parameter @97+ 125+ 41%Ys) MeV. State-of-the-art models for photon
production in heavy-ion collisions agree with the data witlncertainties.

(© 2015 CERN for the benefit of the ALICE Collaboration.
Reproduction of this article or parts of it is allowed as sfied in the CC-BY-4.0 license.

*See AppendikA for the list of collaboration members


http://arxiv.org/abs/1509.07324v2
http://creativecommons.org/licenses/by/4.0
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1 Introduction

The theory of the strong interaction, Quantum ChromoDyran@CD), predicts a transition from or-
dinary nuclear matter to a state where quarks and gluonscalenger confined to hadrons [1, 2]. The
creation and study of this deconfined partonic state, thek@hion Plasma (QGP), is the major objec-
tive in the experimental program of heavy-ion collisionghat Relativistic Heavy lon Collider (RHIC)
[3-6] and the Large Hadron Collider (LHC) |7-15].

Direct photons, defined as photons not originating from tiadtecays, are a valuable tool to study de-
tails of the evolution of the medium created in heavy-ionlisioins. Unlike hadrons, direct photons
are produced at all stages of the collision and escape frenmah nuclear matter basically unaffected
[1€], delivering direct information on the conditions aetlime of production:prompt direct photons
produced in hard scatterings of incoming partons proviflerination on parton distributions in nuclei;
deconfined quark-gluon matter as well as hadronic mattetexdn the course of the collision erttier-

mal direct photons, carrying information about the tempergtoollective flow and space-time evolution
of the medium|([17]. Different transverse momentupg)(regions are dominated by photons emitted
at different stages of the collision. Prompt direct phottoibw a power law spectrum and dominate
at high transverse momenturpr(2> 5 GeV/c). At lower transverse momentg( < 4 GeV/c) one
expects contributions from the thermalized partonic ardfdric phases with an approximately expo-
nential spectrum_[18, 19]. In addition, other direct phopsaduction mechanisms, like the interaction
of hard scattered partons with the medium ("jet-photon eosion”) [20,/ 21], may be important for
pr < 10 GeV/ce.

The direct photon spectrum at lopt, therefore, contains information on the initial temperatand
space-time evolution of the thermalized medium createceavirion collisions. The observed thermal
direct photon spectrum is a sum of contributions from alystaof the collision after thermalization,
where the earliest, hottest stage and later, cooler stagemeke comparable contributions|[22]. High
photon emission rates at the largest temperatures in tie stage are compensated by an expanded
space-time volume and blue-shift due to radial flow in therlatage. This complicates the interpretation
of inverse slope parameters of direct photon spectra, batralation between the slope and the initial
temperature still exists [23].

The first measurement of a direct photon spectrum in refiiviA-A collisions was presented by the
WAO98 collaboration([24]. The direct photon yield was measuat the CERN SPS in central Pb-Pb
collisions at,/s,, = 17.3 GeV in the range .5 < pr < 4 GeV/c. The signal can be interpreted either
as thermal photon radiation from a quark-gluon plasma amlloméc gas or as the effect of multiple
soft scatterings of the incoming partons without the foiorabf a QGP|([19]. The PHENIX experiment
measured the direct photon spectrum in Au-Au collisiong/gf; = 200 GeV in the range £ pr <

20 GeV/c [25,126]. It was found that at higlpr (5 < pr < 21 GeV/c) the direct photon spectrum
measured in Au-Au collisions agrees with the one measurgap inollisions at the same energy after
scaling with the number of binary nucleon-nucleon colsid\c.). Scaling of highpr direct photon
production withN¢g in Pb-Pb collisions at LHC energy was confirmed by the ATLAZ][@nd CMS
[2€] experiments in the measurementisdiated photons, i.e., photons with little hadronic energy in a
cone around them, in the ranges 221 < 280 GeV/c and 20< pr < 80 GeV/c, respectively. The
absence of suppression of high isolated photons in A-A collisions with respect o scaled pp
collisions, in contrast to the observed suppression ofdra]ris consistent with the latter being due to
energy loss of hard scattered quarks and gluons in the medium

Direct photon production at lowy (< 3 GeV/c) in Au-Au collisions at, /5, = 200 GeV was studied by
the PHENIX experiment in the measurement of virtual phot@ig ™ pairs from internal conversions)
[29] and with real photons [30]. A clear excess of direct pinstabove the expectation from scaled
pp collisions was observed. The excess was parameterizesh ®xponential function with inverse
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slope parameterfy = 221+ 1951814 19t MeV (virtual photon method [29]) anfy = 239+ 255+
7St MeV (real photon method [30]) for the 0-20% most centralisiwhs. The measured spectrum
can be described by models assuming thermal photon emissionhydrodynamically expanding hot
matter with initial temperatures in the range 30600 MeV [31]. The measurement of a direct-photon
azimuthal anisotropy (elliptic flow), which was found to hendar in magnitude to the pion elliptic
flow at low pr in Au-Au collisions at, /S = 200 GeV [32], provides a further important constraint for
models. The simultaneous description of the spectra aiptielllow of direct photons currently poses a
challenge for hydrodynamic models [33].

In this letter, the first measurement of direct photon préidacfor pr < 14 GeV/c in Pb-Pb collisions
at,/s,, = 2.76 TeV is presented.

2 Detector setup

Photons were measured using two independent methods: byhth®n Conversion Method (PCM)
and with the electromagnetic calorimeter PHOS. In the cmiwe method, the electron and positron
tracks from a photon conversion were measured with the Ifireking System (ITS) and/or the Time
Projection Chamber (TPC).

The ITS [34] consists of two layers of Silicon Pixel Detestd6PD) positioned at a radial distance of
3.9cmand 7.6 cm, two layers of Silicon Drift Detectors (S2D)5.0 cm and 23.9 cm, and two layers of
Silicon Strip Detectors (SSD) at 38.0 cm and 43.0 cm. The twmelimost layers cover a pseudorapidity
range of|n| < 2 and|n| < 1.4, respectively. The TPC [35] is a large (8%)aylindrical drift detector
filled with a Ne-CQ-N; (90-10-5) gas mixture. It covers the pseudorapidity rgmgec 0.9 over the full
azimuthal angle with a maximum track length of 159 recomséu space points. With the magnetic field
of B=0.5T,e" ande™ tracks can be reconstructed dowrpto~ 50 MeV/c, depending on the position
of the conversion point. The TPC provides patrticle iderdtfn via the measurement of the specific
energy loss (B/dx) with a resolution of 5.2% in pp collisions and 6.5% in cehBh-Pb collisions|[36].
The ITS and the TPC were aligned with respect to each othdretdetvel of less than 10Qm using
cosmic-ray and pp collision data [37]. Particle identificatis furthermore provided by the Time-of-
Flight (TOF) detector| [38] located at a radial distance dd 37r < 399 cm. This detector consists of
Multigap Resistive Plate Chambers (MRPC) and providesignmformation with an intrinsic resolution
of 50 ps.

PHOS [39] is an electromagnetic calorimeter which congiStiree modules installed at a distance of
4.6 m from the interaction point. It subtends 260 ¢ < 320° in azimuth andn| < 0.13 in pseudo-
rapidity. Each module consists of 3584 detector cells gednn a matrix of 64< 56 lead tungstate
crystals each of size2x 2.2 x 18 cn?. The signal from each cell is measured by an avalanche photod
ode (APD) associated with a low-noise charge-sensitivarppdifier. To increase the light yield, reduce
electronic noise, and improve energy resolution, the atysAPDs, and preamplifiers are cooled to a
temperature of-25 °C. The resulting energy resolution @& /E = (1.3%/E) @ (3.3%/vE) @ 1.12%,
whereE is in GeV. The PHOS channels were calibrated in pp collismnaligning ther® peak position

in the two-photon invariant mass distribution.

Two scintillator hodoscopes (VO-A and VO0-C) [40] subtergdid8 < n < 5.1 and—3.7< n < —1.7,
respectively, were used in the minimum bias trigger in theFbrun. The sum of the amplitudes of
VO0-A and VO-C served as a measure of centrality in the Pb—Hisioas.

3 Data analysis

This analysis is based on data recorded by the ALICE expetiinghe first LHC heavy-ion run in the
fall of 2010. The detector readout was triggered by the mimmipias interaction trigger based on trigger
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signals from the VO-A, VO-C, and SPD detectors. The effigjefar triggering on a Pb—Pb hadronic
interaction ranged between 98.4% and 99.7%, dependingeanitiimum bias trigger configuration. The
events were divided into centrality classes according éovB-A and VO-C summed amplitudes. Only
events in the centrality range 0—-80% were used in this aisalyi® ensure a uniform track acceptance
in pseudorapidityn, only events with a primary vertex withig:t10 cm from the nominal interaction
point along the beam linedirection) were used. After offline event selection,6l8 10° events were
available for the PCM analysis and.T% 1P events for the PHOS analysis.

The direct photon yield is extracted on a statistical basimfthe inclusive photon spectrum by com-
paring the measured photon spectrum to the spectrum of phdtom hadron decays. The yield of
m°s, which contribute about 8085% of the decay photons (cf. FIg. 1), was measured simulteshe
with the inclusive photon yield. Besides photons frathdecays, the second and third most important
contributions to the decay photon spectrum come frpamdw decays.

An excess of direct photons above the decay photon spectannbe quantified by ther dependent
double ratio
R, — Yincl Ydecay  Vincl 1)

e ngaram ngaram B Vdecay7

where yinq is the measured inclusive photon spectrunﬁarama parameterization of the measurg¥
spectrum, andgecaythe calculated decay photon spectrum. The PCM and PHOBeasurements are
described inl[41]. The double ratio has the advantage thaegaf the largest systematic uncertainties
cancel partially or completely. Using the double ratio, direct photon yield can be calculated from the
inclusive photon yield as

1
Ydirect = Yincl — Ydecay= (1 — E) * Yincl- (2
4

The PCM and PHOS analyses were performed independently. bidethdirect photon spectra were
determined based on combined double ratios and combindasive photon spectra. In contrast to
taking the average of the PCM and PHOS direct-photon spetiisaapproach allowed us to use the
information from both measurements also when one measuteshB, fluctuated below unity.

In the PCM analysis, photons are reconstructed via a sepprdeex finding algorithm which provides
displaced vertices with two opposite-charge daughters pidsitively and negatively charged daughter
tracks are required to contain reconstructed clustersimBC. Only tracks with a transverse momentum
above 50 MeW¢ and a ratio of the number of reconstructed TPC clusters bearamber of findable TPC
clusters (accounting for track length, spatial locatiod amomentum) larger than 0.6 were considered.
To identify et and e, the specific energy loss in the TPCI[36] was required to baimia band of
[-30,50] around the average electroii (Hx, and be more thand above the average piorEddx
(where the second condition is only applied for tracks vath> 0.4 GeV/c). Tracks with an associated
signal in the TOF detector were only accepted as electrodidates if they were consistent with the
electron hypothesis within &5¢ band. The vertex finding algorithm uses the Kalman filter mégpine

for the decay/conversion point and four momentum detertiinaf the neutral parent particle ) [42].
V9 result fromy conversions but also from strange particle dec#s (\ or A). Further selection was
performed on the level of the reconstruct€ V°s with a decay point with radius< 5 cm were rejected
to remover® andn Dalitz decays. The transverse momentum compogent PeSinByoe [43] of the
electron momentumpe, with respect to th&/° momentum was restricted tg < 0.05 GeV/c. Based
on the invariant mass of thef' e~ pair and the pointing of the° to the primary vertex, the vertex finder
calculates g?(y) value which reflects the level of consistency with the hypsth that the/° comes
from a photon originating from the primary vertex. A seleatbased on thig?(y) value was used to
further reduce contamination in the photon sample. Randwswocgations of electrons and positrons were
further reduced by making use of the small opening angleeeétle™ pair from photon conversions at
the conversion point.
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The raw photon spectrum, constructed from the secondatgxeandidates passing the selection de-
scribed above, was corrected for the reconstruction dfiigiehe acceptance and the contamination. The
detector response was simulated for Pb—Pb collisions WHiIgNG [44] together with the GEANT 3.21
transport code [45]. The resulting efficiency correctiomdsninated by the conversion probability of
photons in the ALICE material. The integrated material leidyf the beam pipe, the ITS and the TPC
for r < 1.8 m corresponds t¢11.4+ 0.5)% of a radiation lengttXo, resulting in a photon conversion
probability that saturates at about 8.5% far > 2 GeV/c [36,/42]. The photon finding efficiency for
converted photons is of the order of 50-65% over the meagurednge for all centralities. The purity
of the photon candidate sample fpf < 3 GeV/c extracted from simulation is 98-99% in peripheral
and 91-97% in the most central collisions. Furthermorepsgary photon candidates, mainly photons
from the decay? — 2m° — 4y, not removed by thg?(y) selection, were subtracted statistically based
on the measurel? spectrum|[46]. A correction of less than 2% for photons fral-pp collisions was
applied for the 40-80% class fpf < 2 GeV/c. Athigherpr and for more central classes this correction
is negligible.

Centrality 0-20% 20-40% 40-80%
pr (GeVi) 1.2 50 1.2 50 1.2 50
¥inal Yield

Track quality (A) 0.6 06 02 02 02 0.7

Electron PID (A,B) 15 69 09 48 0.7 4.0
Photon selection (A,B) 40 18 24 21 15 1.3

Material (C) 45 45 45 45 45 45
Yinet/T°
Track quality (A) 07 1.7 08 04 06 1.3

Electron PID (A,B) 1.2 48 09 38 09 40
Photon selection (A,B) 3.2 3.2 3.0 15 25 24

™ yield (A) 1.6 29 1.7 27 05 3.0
Material (C) 45 45 45 45 45 45
Yoecay T

m° spectrum (B) 05 12 08 18 05 3.2
n yield (C) 14 14 14 14 14 14
n shape (B) 16 05 12 02 10 0.2
Total Ry 62 81 57 70 57 83
Total ying 62 85 52 69 48 6.2

Table 1: Summary of the systematic uncertainties of the PCM anailygisrcentage. Uncertainties are character-
ized according to three categories: point-by-point ureated (A), correlated ipr with magnitude of the relative
uncertainty varying point-by-point (B), and constant fracal uncertainty (C). Items in the table with categories
(A,B) summarize sources of uncertainties which are eithigype A or B.

In the PHOS analysis, clusters (each cell of the cluster st at least one common edge with another
cell of the cluster) were used as photon candidates. To aithe photon energy, the energies of cells
with centers within a radiuB.qre = 3.5 cm from the cluster center of gravity were summed. Compared
to the full cluster energy, thisore energy (Ecore) is less sensitive to overlaps with low-energy clusters in a
high multiplicity environment. The non-linearity in therogersion of the reconstructed to the true photon
energy introduced by this approach is reproduced by GEAN D&t Carlo simulations. The contribu-
tion of hadronic clusters was reduced by requirgsier > 0.3 GeV, Nees > 2 and by accepting only
clusters above a minimum lateral cluster dispersion [41ie Tatter selection rejects hadrons punching
though the crystal and producing a large signal in the phiottedof a single cell. With a minimum time
between bunch crossings of 525 ns, possible pile-up camiritts from other bunch crossings is removed
by a loose cut on the cluster arrival tinte < 150 ns. For systematic uncertainty studies, photons were
also reconstructed with pr-dependent dispersion cut and with a charged particle ¥&®y/{ cut on the

5
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Centrality 0-20% 20-40%  40-80%
pr (GeVi) 2 10 2 10 2 10
¥inal Yield

Efficiency (B) 30 3.0 0.7 07 25 25
Contamination (B) 20 20 13 13 29 05
Conversion (C) 1.7 17 17 17 17 17
Acceptance (C) 10 10 10 10 10 10

*GlobalEscale(B) 96 9.0 6.1 59 58 6.3
*Non-linearity (B) 22 01 21 01 20 01

P yield

Yield extraction (A) 2.7 40 31 52 18 29
Efficiency (B) 1.8 18 27 22 25 25
Acceptance (C) 10 10 10 10 10 1.0
Pileup (C) 1.0 10 10 10 1.0 1.0
Feed-down (B) 20 20 20 20 20 20
Yoecay T

m° spectrum (B) 1.3 43 18 18 18 138
n contribution (B) 22 17 22 16 21 16
Total Ry, 68 79 59 65 6.1 6.0
Total yinc 124 127 9.7 100 9.8 9.6

Table 2: Summary of systematic uncertainties of the PHOS analygisiicentage. Uncertainties are characterized
according to three categories: point-by-point uncoreslgid), correlated inpr with magnitude of the relative
uncertainty varying point-by-point (B), and constant fracal uncertainty (C). Uncertainties marked with * cancel
in the double ratidry.

distance between the PHOS cluster position and the positiextrapolated charged tracks on the PHOS
surface to suppress clusters from charged particles [4dth &ispersion and CPV cuts were tuned using
pp collision data to provide a photon efficiency at the lefe&d&-99%.

The product of acceptance and efficiengy £) was estimated by embedding simulated photon clus-
ters into real events and applying the standard reconginucPHOS properties (energy and position
resolutions, residual de-calibration, absolute calibratnon-linear energy response) were tuned in the
simulation to reproduce ther dependence of tha® peak position and width [41]. In peripheral events,
A- ¢ for the default selection (no dispersion cut, no CPV cut)daalue of about 0.022 @ir =1 GeV/c.

For higherpr, A- € decreases and saturates at about 0.018fgr 5 GeV/c. The decrease & - € with

pr results from the use dEqqre. In central collisionsA- € increases by up to about 10% due to clus-
ter overlaps. Applying the dispersion and CPV cuts, theiefity is reduced by 5-10% in peripheral
collisions and the centrality dependence becomes nelgigib

The contamination of the photon spectrum measured with Pet@®ates mainly fronrt™ and p, nan-
nihilation in PHOS, with other contributions being much #iera Application of the dispersion and CPV
cuts reduces the overall contaminatiorpate 1.5 GeVE from about 15% to 2—-3% and down to 1-2% at
pr ~ 3—4 GeV/c. The subtraction of contamination is based on a data dripproach: the probability to
pass the CPV and dispersion cuts and the calorimeter respohsidrons are estimated using identified
T, p tracks; the photon candidate spectra, measured with @iff@uts (default, dispersion, CPV, both)
were decomposed intg 75, p andn contributions, assuming equal contamination frprandn. The
contamination calculated in this way agrees with that esttéah from a HIJING simulation. Finally, the
photon contribution fronK? — 2 — 4y decays was subtracted based on the mead(fexpectrum
[4€] as in the PCM analysis.

To calculate theuecay/ T° ratio, a Monte Carlo approach was used to simulate parteays into photons
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both for the PCM and the PHOS analysis. The largest conimibsitcome fromv®, n, and w decays.
Contributions of other hadrons were also included but wertend to be negligible. To allow for a
cancellation of some uncertainties common to the photonréndeld in Eq. [1), each analysis (PCM,
PHOS) used the® spectrum measured with the respective method.
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Fig. 1. (Color online) Relative contributions of different hadstio the total decay photon spectrum as a function
of the decay photon transverse momentum (PCM case).

Then meson contribution is estimated by using two approacheshwdssume: (i) transverse massg )
scaling of ther® and then spectrum which is consistent with measurements at RHIC43]Lor (i) that

the pr spectrum of the) has the same shape as Kfespectrum|[46] as both particles should be affected
by radial flow in the same way due to their similar masses. Thgimmum deviation between these two
cases occurs air ~ 2.5 GeV/c where (i) corresponds tora/m° ratio of about 0.4 whereas (i) gives a
ratio of about 0.5. The absolute yield pfmesons in both cases was fixecpat> 5 GeV/c to reproduce
the measureq /° ratio at,/S,y = 200 GeV: 046+ 0.05 [48]. The statistical precision of thgsignal

in the 2010 and 2011 data sets is too low to further constrage two assumptions with a measurement
of the n spectrum. The average of these two cases is used for the geotyn calculation, while half
the difference is taken as a contribution to the systemat@erainty of then meson contribution in
addition to the normalization uncertainty quoted abovee Gbntribution ofco meson decay photons is
below ~ 3% andmy scaling of the measured® spectrum with(dN,,/dmy) /(dN,o /dmy) = 0.9 is used
[49]. The relative contributions of the different hadronghie total decay photon spectrum are shown in
Fig.[1.

The main sources of systematic uncertainties in the detation of the inclusive photon spectrum and
Ry for the PCM analysis are listed in Talple 1. The two largeseuainties are related to the material
budget of the ALICE detector and the Monte Carlo-based efiiy corrections to the inclusive pho-
ton andr® spectra. The material budget uncertainty was estimateg icopisions by comparing the
measured number of converted photons (normalized to theurezh charged particle multiplicity) with

7
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GEANT simulation results in which particle yields from PYTAdand PHOJET were used as input. Un-
certainties related to track selection and electron ifieation were estimated by variation of the cuts.
For instance, we observe a small variation in results ddpgrah the minimum threshold for electron
tracks. This is most likely related to different trackingfoemance for real data and in the Monte Carlo
simulation for lowpr particles pr < 50 MeV/c). The uncertainty related to the choice of this threshold
was estimated by increasing the minimynfrom 50 MeV/c up to 100 MeV/c. Uncertainties related

to falsely reconstructed electron-positron pairs fromit2alecays as conversion pairs were obtained by
varying the minimum radial distand&,i, of reconstructed electron tracks from the standard value of
Rmin = 5 cm up toRmin = 10 cm. The estimation of the systematic uncertainty of tkeetabn selection
includes a contribution estimated by the variation of tBédt cuts.

In the double ratidR,, many uncertainties partially cancel. The uncertaintiefRRpwere therefore ob-
tained by evaluating the effect of cut variations directiyRy. Uncertainties related to the decay photon
spectrum are similar for PCM and PHOS analyses: they indlb@@ncertainty due to the” spectrum
parameterization, difference of shapes®ipectra measured by PCM and PHOS, and uncertainties due
to the shape and absolute normalization of gfhgpectrum. Uncertainties due to contributions of other
hadrons are negligible.

The main systematic uncertainties of the PHOS analysistamenarized in Table]2. For the inclusive
photon spectrum, the uncertainty of the efficiency caltmtais estimated comparing the PID cut effi-
ciency in Monte Carlo and real data. The contamination uai#y is estimated comparing the photon
purity calculated with a data driven approach and with M&aglo HIJING simulations. The conversion
probability is estimated comparing yields in pp collisions with and without magnetic field. THelgpl
energy and non-linearity uncertainties, which mostly eantR,, are estimated comparing calibrations
based on ther peak position and on the electr@y p peak position. The centrality dependence of
the energy scale uncertainty results from the larger backgt under the® peak in central events and
therefore larger uncertainties in the peak position.

A more detailed description of the single photon selectioth @specially of the additionat® uncertain-
ties for both the PCM and PHOS analyses can be found in Réf. [41

The comparison of the individual PHOS and PCM inclusive phapectra, normalized to the averaged
spectrum, is shown in Fig] 2. Statistical and point-to-paimcorrelated systematic uncertainties (type A)
are combined and presented as error bars, point-to-pairdglated systematic uncertainties (type B) are
shown as boxes, and common normalization systematic @it (type C) are shown as bands around
unity. The uncertainties are dominated fpy-correlated contributions. The individual PHOS and PCM
double ratios are shown in Fig. 3. The partial cancellatibthe energy scale uncertainties (PHOS) and
the material budget uncertainties (PCM) is taken into agtouthe shown uncertainties.

The level of agreement between the PHOS and PCM inclusiveoplspectra and double rati& was
guantified taking into account the correlation of the uraiaties inpr and centrality. To this end, pseudo
data points for the ratio of the PHOS and PCM inclusive phefmettra and double ratios were generated
simultaneously for all three centrality classes under #sumption of the null hypothesis that the ratio
is unity for all points, i.e., that both measurements refsaith the same original distribution. The type B
and C systematic uncertainties give rise to a shifted basetiround which the pseudo data points are
drawn from a Gaussian with a standard deviation given by thigsscal and type A uncertainties. A
test statistia was defined as the sum of the squared differences of the psitaqoints with respect
to the null hypothesis in units of the type A and statisticatertainties. Ap-value was calculated
as the fraction of pseudo experiments with values lairger than observed in the real datal [50]. The
corresponding significance in units of the standard dexnatif a one-dimensional normal distribution
was calculated based on a two-tailed test. The PHOS and P€lvsive photon spectra were found
to agree within 1.2 standard deviations, the PHOS and PCNbldaatios agree within 0.4 standard
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Fig. 2: (Color online) Comparison of inclusive photon spectra meas with PCM and PHOS in the 0—20%, 20—

40%, and 40-80% centrality classes. The individual speetiz divided by the corresponding combined PCM
and PHOS spectrum. The shown errors only reflect the unngesiof the individual measurements. The boxes
around unity indicate normalization uncertainties (type C

deviations.

4 Results

The inclusive photon spectra and double ratios of the PCMRIHOS analyses are combined as two
independent measurements to obtain the error-weighteggee The uncertainties common to both
measurements (trigger efficiency, centrality determamgtietc.) are negligible in comparison to the
uncorrelated, analysis-specific uncertainties. For eaalrality selection the average double rd®pis
used together with the averaged inclusive photon spectouabtain the final direct photon spectrum,
according to Ed.]2. For the 0-20% centrality class ppd= 2 GeV/c, this results in type A, B, and C
systematic uncertainties afyx = 2.5%, gg = 2.3%, andoc = 3.0% for the combined double ratio and
of ap = 20%, og = 18% gc = 24% for the combined direct photon spectrum.

The combined PCM and PHOS double ratRg measured for three centrality classes are shown in
Fig.[4. A direct photon excess is observed for all centratigsses fopr > 4 GeV/c, and also for
1< pr £4 GeV/cin the most central class. The measurements are comparedheitexpectedr,

for the prompt photon contribution as calculated with nexteading-order (NLO) perturbative QCD
calculations. The prompt photon expectations in Eig. 4 vdetermined as 4 Ncoil Ypocp/ YdecayWhere
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Fig. 3: (Color online) Comparison of double ratiBg measured with PCM and PHOS for the 0-20%, 20—40%, and
40-80% centrality classes. Error bars reflect the stadistiod type A systematic uncertainty, the boxes represent
the type B and C systematic uncertainties. The cancellafiamcertainties (energy scale, material budget) in the

double ratioRy, is taken into account in the shown systematic uncertainties

the number of binary nucleon-nucleon collisiohgd; = 12108+ 1325, 4384442, and 772+ 18 for
the 0-20%, 20-40%, and 40-80% class, respectively) waslatdd with a Monte Carlo Glauber code
[5€] using an inelastic nucleon-nucleon cross sectiou,im' = 64+5 mb. The decay photon spectra
YdecayWere calculated as the product of th@ecay/ ) |mc ratio from the decay photon calculation and
the combined PHOS and PCIlf spectra. Three different direct photon calculations amvst) two
based on JETPHOX (with different parton distribution fuocs) [54], and one from Refs. [51,/52].
The band around the latter reflects the factorization, reatrzation, and fragmentation scale uncer-
tainty whereas the bands around the JETPHOX calculati@tsiatiude the uncertainty of the parton
distribution functions. In all three centrality classdse £xcess agrees with the calculated prompt di-
rect photon contributions at highr > 5 GeV/c. The contribution of prompt direct photons cannot be
calculated straightforwardly fopr < 2 GeV/c; their contribution relative to the decay photons, how-
ever, is expected to be small. The excess of about 10-15%éd-t20% centrality class in the range
0.9 < pr < 2.1 GeV/c indicates the presence of another source of direct photoosritral collisions.
The significance of the excess at each data point inghisange in the 0-20% centrality class is about
20. Considering all data points in®< pr < 2.1 GeV/c, the significance of the direct photon ex-
cess is about.Bo which is only slightly larger than the significance of theiindual points due to the
correlation of systematic uncertaintiesps.
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Fig. 4: (Color online) Combined PCM and PHOS double r&ijoin the 0-20%, 20—40%, and 40—80% centrality
classes compared with pQCD calculations for nucleon-munatellisions scaled by the number of binary collisions
for the corresponding Pb-Pb centrality class. The dark bluree is a calculation from Refs. [51,/52] which uses
the GRV photon fragmentation functian [53]. The JETPHOXco#dtions|[54] were performed with two different
parton distribution functions, CT10 [55] and EPSQ9 [56]] &me BFG Il fragmentation function [57].

The resulting direct photon spectra are shown in[Big. 5. wsrocepresent 90% upper confidence limits.
The same NLO pQCD calculations that were used in [Hig. 4 aexitjr compared with the measured
direct-photon spectra. In addition, the pQCD calculatieediin the Pb-Pb direct photon prediction
by Paquet et al. [59] is shown as a dashed line in Big. 5. THmulkedion was performed down to
pr ~ 1 GeV/cby using large scalgs (> 2p¥) and rescaling the result so that it agrees with a calculation
done with smaller scales at highpf. The systematic uncertainty of this calculation is estadab be
about 25% forpr 2 5 GeV/c, growing to about 60% apr ~ 1 GeV/c. All calculations were scaled
with the corresponding number of nucleon-nucleon coltision the centrality class. Similar ®,, an
agreement with these theoretical estimates of pQCD phatwmduption in peripheral, mid-central, and
central collisions fopr = 5 GeV/cis found. An agreement betwedly-scaled pQCD calculation and
data forisolated direct photon yields was also found at highmr (> 20 GeV/c) by ATLAS [27] and
CMS [28].

In mid-central and more clearly in central collisions anesof direct photons at lowr < 4 GeV/c
with respect to the pQCD photon predictions is observed clviniight be related to the production
of thermal photons. In models in which thermal photon praiducin the early phase dominates, the
inverse slope parameter reflects an effective temperateraged over the different temperatures during

11
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Fig. 5: (Color online) Direct photon spectra in Pb—Pb collisiong/gf, = 2.76 TeV for the 0-20% (scaled by a
factor 100), the 20-40% (scaled by a factor 10) and 40-80%a&kty classes compared to NLO pQCD predictions
for the direct photon yield in pp collisions at the same epesgaled by the number of binary nucleon collisions
for each centrality class.

the space-time evolution of the medium. In order to extlaetdlope parameter, @ region is selected
where the contribution of prompt direct photons is smalle PQCD contribution from the calculation
by Paquet et all [59], shown as a dashed line in Big. 5, is actefl and the remaining excess yield
is fit with an exponential functio] exp(—pr/Tet). The extracted inverse slope parametelds =
(2974 1254 41V MeV in the range ® < pr < 2.1 GeV/c for the 0-20% class anths = (410+
84statL 140%sY MeV in the range 1 < pr < 2.1 GeV/c for the 20-40% class. Alternatively, to estimate
the sensitivity to the pQCD photon contribution, the slo@swxtracted without the subtraction of pQCD
photons. This yields inverse slopes TSP = (3044 1154 40%sY) MeV for the 0-20% class and
Thosubl— (407 61518+ 96%SY) MeV for the 20-40% class. The dominant contribution to treteyiatic
uncertainty of the inverse slopes is due to the type B unicgiga.

A significant contribution of blueshifted photons from tlagel stages of the collision evolution with high
radial flow velocities has to be taken into account [22, 63jisTnmakes the relation between the medium
temperature and the inverse slope parameter less direa anthparison to full direct photon calcu-
lations including the photons emitted during the QGP anddradas phase is necessary to extract the
initial temperature. A comparison to state-of-the-aredimphoton calculations is shown in Fig. 6. All
shown models assume the formation of a QGP. The hydrodynarodels, which fold the space-time
evolution with photon production rates, use QGP rates fraf [84] and equations of state from lattice

12
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Fig. 6: (Color online) Comparison of model calculations from R§&€-62] with the direct photon spectra in
Pb—Pb collisions at/s,, = 2.76 TeV for the 0—20% (scaled by a factor 100), the 20-40% ¢schy a factor
10) and 40-80% centrality classes. All models include ardmrtion from pQCD photons. For the 0-20% and
20-40% classes the fit with an exponential function is shavaddition.

QCD. All models include the contribution from pQCD photohewever, different parameterizations are
used. The model of van Hees et al.|[60] is based on ideal hydesdics with initial flow (prior to ther-
malization) [65]. The photon production rates in the hadrquinase are based on a massive Yang-Mills
description of gas oft, K, p, K*, anda; mesons, along with additional production channels (inclgd
anti-/baryons) evaluated with the in-mediynspectral function [19]. Bremsstrahlung fram-t andK—

K is also included [€6], in the calculation shown here togethigh 7—p—w channels recently described
in Ref. [67]. The space-time evolution startg@t= 0.2 fm/c with temperature3, = 682, 641, 461 MeV
for the 0-20%, 20-40%, and 40-80% classes, respectivelye atenter of the fireball. The calculation
by Chatterjee et all_[61, 68] is based on an event-by-everit[§2 longitudinally boost invariant ideal
hydrodynamic model with fluctuating initial conditions. Asarlier prediction with smooth initial con-
ditions was presented in Ref. [69]. Hadron gas rates arenthken the massive Yang-Mills approach
of Ref. [19]. Bremsstrahlung from hadron scattering is mafuided. The hydrodynamic evolution in
the model of Chatterjee et al. startstat= 0.14 fm/c with an average temperature at the center of the
fireball of To = 740 MeV for the 0-20% class afig ~ 680 MeV for the 20—40% class. The calculation
by Paquet et all [59] uses event-by-event (2+1D) longiaitiirboost invariant viscous hydrodynamics
[7Q] with IP-Glasma initial conditions [71]. Viscous coct@®ns were applied to the photon production
rates [[50| 72, 73]. The same hadron gas rates as described faipdhe calculation by van Hees et al.
are used. The hydrodynamic evolution startspat 0.4 fm/c with an initial temperature (averaged over

13
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all volume elements witli > 145 MeV) of Tg = 385 MeV for the 0-20% class afg = 350 MeV for

the 20-40% class. The PHSD model prediction by Linnyk et&l] [s based on an off-shell transport
approach in which the full evolution of the collision is débed microscopically. Bremsstrahlung from
the scattering of hadrons is a significant photon sourceisnniodel. The comparison of the measured
direct-photon spectra to the calculations in Eig. 6 indisahat the systematic uncertainties do not allow
us to discriminate between the models.

5 Conclusions

The py differential invariant yield of direct photons has been swad for the first time in Pb—Pb colli-
sions at, /5, = 2.76 TeV for transverse momented0< pr < 14 GeV/c and for three centrality classes:
0-20%, 20—-40%, and 40-80%. Two independent and consistagurements (PCM, PHOS) have been
averaged to obtain the final results. In all centrality atasshe spectra at high transverse momentum
pr 2 5 GeV/c follow the expectation from pQCD calculations of the dirpbbton yield in pp collisions

at the same energy, scaled by the number of binary nucletisians. Within the sensitivity of the cur-
rent measurement, no evidence for medium influence on giteton production at higpr is observed.

In the low pr region, pr < 2 GeV/c, no direct photon signal can be extracted in peripheralsiofis,
but in mid-central and central collisions an excess abogegtbompt photon contributions is observed.
An inverse slope parameter oy = (297+ 125+ 415V MeV is obtained for the 0-20% most central
collisions from an exponential function fit to the direct ptvo spectrum, after subtraction of the pQCD
contribution, in the range.9 < pr < 2.1 GeV/c. Models which assume the formation of a QGP were
found to agree with the measurements within uncertainties.
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