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Abstract6

Invariant yields of neutral pions at midrapidity in the transverse momentum range 0.6 < pT <7

12 GeV/c measured in Pb-Pb collisions at
√

sNN = 2.76 TeV are presented for six centrality classes.8

The pp reference spectrum was measured in the range 0.4 < pT < 10 GeV/c at the same center-of-9

mass energy. The nuclear modification factor, RAA, shows a suppression of neutral pions in central10

Pb-Pb collisions by a factor of up to about 8−10 for 5. pT . 7 GeV/c. The presented measurements11

are compared with results at lower center-of-mass energies and with theoretical calculations.12
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1 Introduction13

Quantum chromodynamics (QCD) predicts a transition from hadronic matter to a state of deconfined14

quarks and gluons, i.e., to the quark-gluon plasma (QGP), at a temperature of Tc ≈ 150− 160 MeV at15

vanishing net baryon number [1,2]. Energy densities created in Pb-Pb collisions at the LHC are estimated16

to be sufficiently large to reach this state [3,4]. At low transverse momenta (roughly pT . 3 GeV/c) it is17

expected that pressure gradients in the QGP produced in an ultrarelativistic collision of two nuclei give18

rise to a collective, outward-directed velocity profile, resulting in a characteristic modification of hadron19

spectra [5]. At sufficiently large pT (& 3−8 GeV/c), hadrons in pp and Pb-Pb collisions originate from20

hard scattering as products of jet fragmentation. Hard-scattered quarks and gluons, produced in the initial21

stage of the heavy-ion collision, must traverse the QGP that is produced around them and lose energy22

in the process through interactions with that medium. This phenomenon (“jet quenching”) leads to a23

modification of hadron yields at high pT [6, 7]. By studying observables related to jet quenching one24

would like to better understand the mechanism of parton energy loss and to use hard probes as a tool to25

characterize the QGP.26

The modification of the hadron yields for different pT intervals in heavy-ion (A-A) collisions with respect27

to pp collisions can be quantified with the nuclear modification factor28

RAA(pT) =
d2N/dpTdy|AA

〈TAA〉×d2σ/dpTdy|pp
(1)

where the nuclear overlap function 〈TAA〉 is related to the average number of inelastic nucleon-nucleon29

collisions as 〈TAA〉 = 〈Ncoll〉/σ
pp
inel. In the factorization approach of a perturbative QCD calculation of30

particle production from hard scattering, the overlap function TAA can be interpreted as the increase of31

the parton flux in going from pp to A-A collisions. Without nuclear effects, RAA will be unity in the hard32

scattering regime.33

Parton energy loss depends on a number of factors including the transport properties of the medium and34

their space-time evolution, the initial parton energy, and the parton type [8–12]. The nuclear modification35

factor, RAA, is also affected by the slope of the initial parton transverse momentum spectrum prior to any36

interaction with the medium and initial-state effects like the modifications of the parton distributions37

in nuclei. An important constraint for modeling these effects comes from the study of p-A collisions38

[13], but also from the study of A-A collisions at different center-of-mass energies (
√

sNN) and different39

centralities. For instance, the increase in
√

sNN from RHIC to LHC energies by about a factor 14 results40

in larger initial energy densities and less steeply falling initial parton spectra [14]. Moreover, at the LHC,41

pions with pT . 50 GeV/c are dominantly produced in the fragmentation of gluons [15], whereas the42

contribution from quark fragmentation in the same pT region is much larger and more strongly varying43

with pT at RHIC [16]. Therefore, the pion suppression results at the LHC will be dominated by gluon44

energy loss, and simpler to interpret than the results from RHIC. Compared to measurements of the45

RAA for inclusive charged hadrons, differences between the baryon and meson RAA provide additional46

information on the parton energy loss mechanism and/or on hadronization in A-A collisions [17, 18].47

Experimentally, neutral pions are ideally suited for this as they can be cleanly identified (on a statistical48

basis) via the decay π0→ γγ .49

The suppression of neutral pions and charged hadrons at large transverse momentum [19–23] and the50

disappearance of azimuthal back-to-back correlations of charged hadrons in central Au-Au collision at51

RHIC [24, 25] (see also [26–29]) were interpreted in terms of parton energy loss in hot QCD matter.52

Neutral pions in central Au-Au collisions at
√

sNN = 200 GeV were found to be suppressed by a factor53

of 4− 5 for pT & 4 GeV/c [30, 31]. The rather weak dependence of RAA on pT was described by a54

large number of jet quenching models [32]. The
√

sNN and system size dependence was studied in Cu-55

Cu collisions at
√

sNN = 19.4, 62.4, and 200 GeV [33] and in Au-Au collisions at
√

sNN = 39, 62.4,56

and 200 GeV [22, 34]. In central Cu-Cu collisions the onset of RAA < 1 was found to occur between57
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√
sNN = 19.4 and 62.4 GeV. For unidentified charged hadrons in central Pb-Pb collisions at the LHC,58

RAA was found to increase from RAA < 0.2 at pT ≈ 7 GeV/c to RAA ≈ 0.5 for pT & 50 GeV/c, in line59

with a decrease of the relative energy loss with increasing parton pT [35–37].60

The dependence of the neutral pion RAA on
√

sNN and pT in Au-Au collisions at RHIC energies for61

2 . pT . 7 GeV/c is not fully reproduced by jet quenching calculations in the GLV framework which is62

based on perturbative QCD [34,38,39]. This may indicate that, especially for this intermediate pT range,63

jet quenching calculations do not yet fully capture the relevant physics processes. With the large increase64

in
√

sNN the measurement of RAA at the LHC provides a large lever arm to further constrain parton65

energy loss models. Phenomena affecting pion production in the pT range 0.6 < pT < 12 GeV/c of this66

measurement include collective radial flow at low pT and parton energy loss at high pT. The data are67

therefore well suited to test models aiming at a description of particle production over the full transverse68

momentum range, including the potentially complicated interplay between jets and the evolving medium.69

2 Detector description70

Neutral pions were reconstructed via the two-photon decay channel π0→ γγ which has a branching ratio71

of 98.8% [40]. Two independent methods of photon detection were employed: with the Photon Spec-72

trometer (PHOS) which is an electromagnetic calorimeter [41], and with photon conversions measured73

in the central tracking system using the Inner Tracking System (ITS) [42] and the Time Projection Cham-74

ber (TPC) [43]. In the latter method, referred to as Photon Conversion Method (PCM), conversions out75

to the middle of the TPC were reconstructed (radial distance R ≈ 180 cm). The material in this range76

amounts to (11.4±0.5)% of a radiation length X0 for |η | < 0.9 corresponding to a plateau value of the77

photon conversion probability of (8.6±0.4)%. The measurement of neutral pions with two independent78

methods with different systematics and with momentum resolutions having opposite dependence on mo-79

mentum provides a valuable check of the systematic uncertainties and facilitates the measurements of80

neutral pions in a wide momentum range with small systematic uncertainty.81

PHOS consists of three modules installed at a distance of 4.6 m from the interaction point. PHOS82

subtends 260◦ < ϕ < 320◦ in azimuth and |η |< 0.13 in pseudorapidity. Each module has 3584 detection83

channels in a matrix of 64× 56 cells made of lead tungstate (PbWO4) crystals each of size 2.2× 2.2×84

18 cm3. The transverse dimensions of the cells are slightly larger than the PbWO4 Molière radius of85

2 cm. The signals from the cells are measured by avalanche photodiodes with a low-noise charge-86

sensitive preamplifier. In order to increase the light yield and thus to improve energy resolution, PHOS87

crystals are cooled down to a temperature of −25 ◦C. The PHOS cells were calibrated in pp collisions88

by equalizing the π0 peak position for all cell combinations registering a hit by a decay photon.89

The Inner Tracking System (ITS) [44] consists of two layers of Silicon Pixel Detectors (SPD) positioned90

at a radial distance of 3.9 cm and 7.6 cm, two layers of Silicon Drift Detectors (SDD) at 15.0 cm and91

23.9 cm, and two layers of Silicon Strip Detectors (SSD) at 38.0 cm and 43.0 cm. The two SPD layers92

cover a pseudorapidity range of |η | < 2 and |η | < 1.4, respectively. The SDD and the SSD subtend93

|η |< 0.9 and |η |< 1.0, respectively.94

The Time Projection Chamber (TPC) [43] is a large (85 m3) cylindrical drift detector filled with a95

Ne/CO2/N2 (85.7/9.5/4.8%) gas mixture. It covers a pseudorapidity range of |η | < 0.9 over the full96

azimuthal angle for the maximum track length of 159 reconstructed space points. With the magnetic97

field of B = 0.5 T, electron and positron tracks were reconstructed down to transverse momenta of about98

50 MeV/c. In addition, the TPC provides particle identification via the measurement of the specific en-99

ergy loss (dE/dx) with a resolution of 5.5% [43]. The ITS and the TPC were aligned with respect to each100

other to a precision better than 100 µm using tracks from cosmic rays and proton-proton collisions [42].101

Two forward scintillator hodoscopes (VZERO-A and VZERO-C) [45] subtending 2.8 < η < 5.1 and102
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−3.7 < η < −1.7, respectively, were used in the minimum bias trigger in the pp and in the Pb-Pb103

run. The sum of the amplitudes of VZERO-A and VZERO-C served as a measure of centrality in Pb-104

Pb collisions [46]. Spectator (non-interacting) protons and neutrons were measured with Zero Degree105

Calorimeters (ZDCs), located close to the beam pipe, 114 m away from the interaction point on either106

side of the ALICE detector [44].107

3 Data processing108

3.1 Event selection109

The pp sample at
√

s = 2.76 TeV was collected in the 2011 LHC run. The minimum bias trigger (MBOR)110

in the pp run required a hit in either VZERO hodoscope or a hit in the SPD. Based on a van der Meer111

scan the cross section for inelastic pp collisions was determined to be σinel = (62.8+2.4
−4.0± 1.2) mb and112

the MBOR trigger had an efficiency of σMBOR/σinel = 0.881+0.059
−0.035 [47]. The results were obtained from113

samples of 34.7×106 (PHOS) and 58×106 (PCM) minimum bias pp collisions corresponding to an in-114

tegrated luminosity Lint = 0.63 nb−1 and Lint = 1.05 nb−1, respectively. PHOS and the central tracking115

detectors used in the PCM were in different readout partitions of the ALICE experiment which resulted116

in the different integrated luminosities.117

The Pb-Pb data at
√

sNN = 2.76 TeV were recorded in the 2010 LHC run. At the ALICE interaction118

region up to 114 bunches, each containing about 7×107 208Pb ions, were collided. The rate of hadronic119

interactions was about 100 Hz, corresponding to a luminosity of about 1.3×1025 cm−2s−1. The detector120

readout was triggered by the LHC bunch-crossing signal and a minimum bias interaction trigger based121

on trigger signals from VZERO-A, VZERO-C, and SPD [46]. The efficiency for triggering on a hadronic122

Pb-Pb collision ranged between 98.4% and 99.7%, depending on the minimum bias trigger configuration.123

For the centrality range 0-80% studied in the Pb-Pb analyses 16.1×106 events in the PHOS analysis and124

13.2×106 events in the PCM analysis passed the offline event selection.125

In both pp and Pb-Pb analyses, the event selection was based on VZERO timing information and on the126

correlation between TPC tracks and hits in the SPD to reject background events coming from parasitic127

beam interactions. In addition, an energy deposit in the ZDCs of at least three standard deviations128

above the single-neutron peak was required for Pb-Pb collisions to further suppress electromagnetic129

interactions [46]. Only events with a reconstructed vertex in |zvtx| < 10 cm with respect to the nominal130

interaction vertex position along the beam direction were used.131

3.2 Neutral pion reconstruction132

The PHOS and PCM analyses presented here are based on methods previously used in pp collisions at133 √
s = 0.9 and 7 TeV [48]. Neutral pions were reconstructed using the π0→ γγ decay channel either with134

both photon candidates detected in PHOS or both photons converted into e+e− pairs and reconstructed in135

the central tracking system. For the photon measurement with PHOS adjacent lead tungstate cells with136

energy signals above a threshold (12 MeV) were grouped into clusters [49]. The energies of the cells137

in a cluster were summed up to determine the photon energy. The selection of the photon candidates138

in PHOS was different for pp and Pb-Pb collisions due to the large difference in detector occupancy.139

For pp collisions cluster overlap is negligible and combinatorial background small. Therefore, only140

relatively loose photon identification cuts on the cluster parameters were used in order to maximize the141

π0 reconstruction efficiency: the cluster energy for pp collisions was required to be above the minimum142

ionizing energy Ecluster > 0.3 GeV and the number of cells in a cluster was required to be greater than143

two to reduce the contribution of hadronic clusters. In the case of the most central Pb-Pb collisions144

about 80 clusters are reconstructed in PHOS, resulting in an occupancy of up to 1/5 of the 10752 PHOS145

cells. This leads to a sizable probability of cluster overlap and to a high combinatorial background in the146

two-cluster invariant mass spectra. A local cluster maximum was defined as a cell with a signal at least147
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Fig. 1: (Color online) Invariant mass spectra in selected pT slices for PCM (upper row) and PHOS (lower row) in
the π0 mass region for pp (left column), 60−80% (middle column) and 0−10% (right column) Pb-Pb collisions.
The histogram and the filled points show the data before and after background subtraction, respectively. For the
0− 10% class the invariant mass distributions after background subtraction were scaled by a factor 15 and 5 for
PCM and PHOS, respectively, for better visibility of the peak. The positions and widths of the π0 peaks were
determined from the fits, shown as blue curves, to the invariant mass spectra after background subtraction.

30 MeV higher than the signal in each surrounding cell. A cluster with more than one local maximum148

was unfolded to several contributing clusters. As the lateral width of showers resulting from hadrons is149

typically larger than the one of photon showers, non-photonic background was reduced by a pT dependent150

shower shape cut. This cut is based on the eigenvalues λ0, λ1 of the covariance matrix built from the cell151

coordinates and weights wi = max[0,w0 + log(Ei/Ecluster)], w0 = 4.5 where Ei is the energy measured in152

cell i. In the Pb-Pb case only cells with a distance to the cluster center of Rdisp = 4.5 cm were used in153

the dispersion calculation. A 2D pT-dependent cut in the λ0-λ1 plane was tuned to have an efficiency of154

∼ 0.95 using pp data. In addition, clusters associated with a charged particle were rejected by application155

of a cut on the minimum distance from a PHOS cluster to the extrapolation of reconstructed tracks to156

the PHOS surface [49]. This distance cut depended on track momentum and was tuned by using real157

data to minimize false rejection of photon clusters resulting. The corresponding loss of the π0 yield was158

about 1% in pp collisions. In Pb-Pb collisions the π0 inefficiency due to the charged particle rejection159

is about 1% in peripheral and increases to about 7% in central Pb-Pb collisions. In addition, to reduce160

the effect of cluster overlap, the cluster energy was taken as the core energy of the cluster, summing over161

cells with centers within a radius Rcore = 3.5 cm of the cluster center of gravity, rather than summing162

over all cells of the cluster. By using the core energy, the centrality dependence of the width and position163

of the π0 peak is reduced, due to a reduction of overlap effects. The use of the core energy leads to an164

additional non-linearity due to energy leakage outside Rcore: the difference between full and core energy165

is negligible at Ecluster . 1 GeV and reaches ∼ 4% at Ecluster ∼ 10 GeV. This non-linearity, however, is166

well reproduced in the GEANT3 Monte Carlo simulations [50] of the PHOS detector response (compare167

pT dependences of peak positions in data and MC in Fig. 2) and is corrected for in the final spectra.168
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PHOS is sensitive to pile-up from multiple events that occur within the 6 µs readout interval of the PHOS169

front-end electronics. The shortest time interval between two bunch crossings in pp collisions was 525 ns.170

To suppress photons produced in other bunch crossings, a cut on arrival time |t| < 265 ns was applied171

to reconstructed clusters which removed 16% of the clusters. In the Pb-Pb collisions, the shortest time172

interval between bunch crossing was 500 ns, but the interaction probability per bunch crossing was much173

smaller than in pp collisions. To check for a contribution from other bunch crossings to the measured174

spectra, a timing cut was applied, and the pile-up contribution was found to be negligible in all centrality175

classes. Therefore, a timing cut was not applied in the final PHOS Pb-Pb analysis.176

The starting point of the conversion analysis is a sample of photon candidates corresponding to track177

pairs reconstructed by a secondary vertex (V0) finding algorithm [49, 51]. In this step, no constraints178

on the reconstructed invariant mass and pointing of the momentum vector to the collision vertex were179

applied. Both tracks of a V0 were required to contain reconstructed clusters (i.e., space points) in the180

TPC. V0’s were accepted as photon candidates if the ratio of the number of reconstructed TPC clusters181

over the number of findable clusters (taking into account track length, spatial location, and momentum)182

was larger than 0.6 for both tracks. In order to reject K0
s , Λ, and Λ̄ decays, electron selection and pion183

rejection cuts were applied. V0’s used as photon candidates were required to have tracks with a specific184

energy loss in the TPC within a band of [−3σ , 5σ ] around the average electron dE/dx, and of more185

than 3σ above the average pion dE/dx (where the second condition was only applied for tracks with186

measured momenta p > 0.4 GeV/c). Moreover, tracks with an associated signal in the TOF detector187

were only accepted as photon candidates if they were consistent with the electron hypothesis within188

a ±5σ band. A generic particle decay model based on the Kalman filter method [52] was fitted to a189

reconstructed V0 assuming that the particle originated from the primary vertex and had a mass MV 0 = 0.190

Remaining contamination in the photon sample was reduced by cutting on the χ2 of this fit. Furthermore,191

the transverse momentum qT = pe sinθV 0,e [53] of the electron, pe, with respect to the V0 momentum192

was restricted to qT < 0.05 GeV/c. As the photon is massless, the difference ∆θ = |θe− − θe+ | of the193

polar angles of the electron and the positron from a photon conversion is small and the bending of the194

tracks in the magnetic field only results in a difference ∆ϕ = |ϕe− −ϕe+ | of the azimuthal angles of the195

two momentum vectors. Therefore, remaining random track combinations, reconstructed as a V0, were196

suppressed further by a cut on the ratio of ∆θ to the total opening angle of the e+e− pair calculated after197

propagating both the electron and the positron 50 cm from the conversion point in the radial direction.198

In order to reject e+e− pairs from Dalitz decays the distance between the nominal interaction point and199

the reconstructed conversion point of a photon candidate had to be larger than 5 cm in radial direction.200

The maximum allowed radial distance for reconstructed V0’s was 180 cm.201

Pile-up of neutral pions coming from bunch crossings other than the triggered one also has an effect on202

the PCM measurement. At the level of reconstructed photons, this background is largest for photons for203

which both the electron and the positron were reconstructed with the TPC alone without tracking infor-204

mation from the ITS. These photons, which typically converted at large radii R, constitute a significant205

fraction of the total PCM photon sample, which is about 67% in case of the pp analysis. This sample is206

affected because the TPC drift velocity of 2.7 cm/µs corresponds to a drift distance of 1.41 cm between207

two bunch crossings in the pp run which is a relatively short distance compared to the width of σz ≈ 5 cm208

of the distribution of the primary vertex in the z direction. The distribution of the distance of closest ap-209

proach in the z direction (DCAz) of the straight line defined by the reconstructed photon momentum is210

wider for photons from bunch crossings other than the triggered one. The DCAz distribution of photons211

which had an invariant mass in the π0 mass range along with a second photon was measured for each212

pT interval. Entries in the tails at large DCAz were used to determine the background distribution and to213

correct the neutral pion yields for inter bunch pile-up. For the pp analysis, this was a 5−7% correction214

for pT & 2 GeV/c and a correction of up to 15% at lower pT (pT ≈ 1 GeV/c). In the Pb-Pb case the215

correction at low pT was about 10%, and became smaller for higher pT and for more central collisions.216

For the 20− 40% centrality class and more central classes the pile-up contribution was negligible and217
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no pile-up correction was applied. In the PCM as well as in the PHOS analysis, events for which two or218

more pp or Pb-Pb interactions occurred in the same bunch crossing were rejected based on the number219

of primary vertices reconstructed with the SPD [49] which has an integration time of less than 200 ns.220

In the PHOS as well as in the PCM analysis, the neutral pion yield was extracted from a peak above221

a combinatorial background in the two-photon invariant mass spectrum. Examples of invariant mass222

spectra, in the π0 mass region, are shown in Fig. 1 for selected pT bins for pp collisions, and peripheral223

and central Pb-Pb collisions. The combinatorial background was determined by mixing photon can-224

didates from different events of the same centrality class and with similar z vertex positions. Mixed225

events in Pb-Pb collisions were constructed by taking events from the same centrality class. In the226

PCM measurement the combinatorial background was reduced by cutting on the energy asymmetry227

α = |Eγ1 −Eγ2 |/(Eγ1 +Eγ2), where α < 0.65 was required for the central classes (0− 5%, 5− 10%,228

10−20%, 20−40%) and α < 0.8 for the two peripheral classes (40−60%, 60−80%). In both analyses229

the mixed-event background distributions were normalized to the right and left sides of the π0 peak. A230

residual correlated background was taken into account using a linear or second order polynomial fit. The231

π0 peak parameters were obtained by fitting a function, Gaussian or a Crystal Ball function [54] in the232

PHOS case or asymmetric Gaussian [55] in the PCM case, to the background-subtracted invariant mass233

distribution, see Fig. 1. In the case of PHOS the number of reconstructed π0’s was obtained in each pT234

bin by integrating the background subtracted peak within 3 standard deviations around the mean value235

of the π0 peak position. In the PCM analysis, the integration window was chosen to be asymmetric236

(mπ0 − 0.035 GeV/c2, mπ0 + 0.010 GeV/c2) to take into account the left side tail of the π0 peak due to237

bremsstrahlung energy loss of electrons and positrons from photon conversions. In both analyses the238

normalization and integration windows were varied to estimate the related systematic uncertainties. The239

peak positions and widths from the two analyses are compared to GEANT3 Monte Carlo simulations240

in Fig. 2 as a function of pT. The input for the GEANT3 simulation came from the event generators241

PYTHIA 8 [56] and PHOJET [57] in the case of pp collisions (with roughly equal number of events) and242

from HIJING [58] in the case of Pb-Pb collisions. For the PCM analysis the full width at half maximum243

(FWHM) divided by 2.35 is shown. Note the decrease of the measured peak position with pT in Pb-Pb244

collisions for PHOS. This is due to the use of the core energy instead of the full cluster energy. At low245

pT in central Pb-Pb collisions, shower overlaps can increase the cluster energy thereby resulting in peak246

positions above the nominal π0 mass. A good agreement in peak position and width between data and247

simulation is observed in both analyses. The remaining small deviations in the case of PHOS were taken248

into account as a systematic uncertainty related to the global energy scale.249

The correction factor ε(pT) for the PHOS detector response and the acceptance A(pT) were calculated250

with GEANT3 Monte Carlo simulations tuned to reproduce the detector response. In the case of Pb-251

Pb collisions the embedding technique was used in the PHOS analysis: the PHOS response to single252

π0’s was simulated, the simulated π0 event was added to a real Pb-Pb event on the cell signal level, after253

which the standard reconstruction procedure was performed. The correction factor ε(pT) = (Nafter
rec (pT)−254

Nbefore
rec (pT))/Nsim(pT) was defined as the ratio of the difference of the number of reconstructed π0’s after255

and before the embedding to the number of simulated π0’s. In the pp case, the PHOS occupancy was256

so low that embedding was not needed and ε(pT) was obtained from the π0 simulations alone. Both in257

the Pb-Pb and the pp analysis, an additional 2% channel-by-channel decalibration was introduced to the258

Monte Carlo simulations, as well as an energy non-linearity observed in real data at low energies which259

is not reproduced by the GEANT simulations. This non-linearity is equal to 2.2% at pT = 1 GeV/c and260

decreases rapidly with pT (less than 0.5% at pT > 3 GeV/c). For PHOS, the π0 acceptance A is zero261

for pT < 0.4 GeV/c. The product ε ·A increases with pT and saturates at about 1.4×10−2 for a neutral262

pion with pT > 15 GeV/c. At high transverse momenta (pT > 25 GeV/c) ε decreases due to merging of263

clusters of π0 decay photons due to decreasing of average opening angle. The correction factor ε does264

not show a centrality dependence for events in the 20−80% class, but in the most central bin it increases265

by ∼ 10% due to an increase in cluster energies caused by cluster overlap.266
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Fig. 2: (Color online) Reconstructed π0 peak width (upper row) and position (lower row) as a function of pT in
pp collisions at

√
s = 2.76 TeV (a, d), peripheral (b, e) and central (c, f) Pb-Pb collisions at

√
sNN = 2.76 TeV in

PHOS and in the photon conversion method (PCM) compared to Monte Carlo simulations. The horizontal line in
(d, e, f) indicates the nominal π0 mass.

In the PCM, the photon conversion probability of about 8.6% is compensated by the large TPC accep-267

tance. Neutral pions were reconstructed in the rapidity interval |y| < 0.6 and the decay photons were268

required to satisfy |η | < 0.65. The π0 efficiency increases with pT below pT ≈ 4 GeV/c and remains269

approximately constant for higher pT at values between 1.0×10−3 in central collisions (0−5%, energy270

asymmetry cut α < 0.65) and 1.5×10−3 in peripheral collisions (60−80%, α < 0.8). For the centrality271

classes 0− 5%, 5− 10%, 10− 20%, 20− 40%, for which α < 0.65 was used, the π0 efficiency varies272

between 1.0×10−3 and 1.2×10−3. This small centrality dependence is dominated by the centrality de-273

pendence of the V0 finding efficiency. Further information on the PHOS and PCM efficiency corrections274

can be found in [49].275

The invariant differential neutral pion yield was calculated as276

E
d3N
d3 p

=
1

2π

1
Nevents

1
pT

1
ε A

1
Br

Nπ0

∆y∆pT
, (2)

where Nevents is the number of events; pT is the transverse momentum within the bin to which the cross277

section has been assigned after the correction for the finite bin width ∆pT, Br is the branching ratio of278

the decay π0 → γγ , and Nπ0
is the number of reconstructed π0’s in a given ∆y and ∆pT bin. Finally,279

the invariant yields were corrected for the finite pT bin width following the prescription in [59], i.e., by280

plotting the measured average yield at a pT position for which the differential invariant yield coincides281

with the bin average. Secondary π0’s from weak decays or hadronic interactions in the detector material282

were subtracted using Monte Carlo simulations. The contribution of π0’s from K0
s as obtained from the283

used event generators was scaled in order to reproduce the measured K0
s yields [60]. The correction for284

secondary π0’s was smaller than 2% (5%) for pT & 2 GeV/c in the pp as well as in the Pb-Pb analysis285

for PCM (PHOS).286

A summary of the systematic uncertainties for two representative pT values in pp, peripheral and central287

Pb-Pb collisions is shown in Table 1. In PHOS, one of the largest sources of the systematic uncertainty288

both at low and high pT is the raw yield extraction. It was estimated by varying the fitting range and289
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Fig. 4: (Color online) Ratio of the fully corrected π0 spectra in Pb-Pb collisions at
√

sNN = 2.76 TeV in six
centrality bins measured with PHOS and PCM to the fits to the combined result in each bin. Vertical lines represent
statistical uncertainties, the boxes the systematic uncertainties.

the assumption about the shape of the background under the peak. In central collisions, major contribu-290

tions to the systematic uncertainty are due to the efficiency of photon identification and the global energy291

scale. The former was evaluated by comparing efficiency-corrected π0 yields, calculated with different292

identification criteria. The latter was estimated by varying the global energy scale within the tolerance293

which would still allow to reproduce the peak position in central and peripheral collisions. The uncer-294

tainty related to the non-linearity of the PHOS energy response was estimated by introducing different295

non-linearities into the MC simulations under the condition that the simulated pT dependence of the π0
296
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Table 1: Summary of the relative systematic uncertainties in percent for selected pT bins for the PHOS and the
PCM analyses.

PHOS
pp Pb-Pb, 60−80% Pb-Pb, 0−5%

1.1 GeV/c 7.5 GeV/c 3 GeV/c 10 GeV/c 3 GeV/c 10 GeV/c
Yield extraction 8 2.3 0.8 6.8 3.7 5.7

Photon identification – – 1.7 1.7 4.4 4.4
Global E scale 4 6.2 4.1 5.3 6.1 7.8
Non-linearity 9 1.5 1.5 1.5 1.5 1.5
Conversion 3.5 3.5 3.5 3.5 3.5 3.5

Module alignment 4.1 4.1 4.1 4.1 4.1 4.1
Other 2 1.4 2.4 2.4 3.1 3.4
Total 13.9 8.8 7.6 10.7 10.7 12.7

PCM
pp Pb-Pb, 60−80% Pb-Pb, 0−5%

1.1 GeV/c 5.0 GeV/c 1.1 GeV/c 5.0 GeV/c 1.1 GeV/c 5.0 GeV/c
Material budget 9.0 9.0 9.0 9.0 9.0 9.0
Yield extraction 0.6 2.6 3.3 5.9 10.6 5.0

e+/e− identification 0.7 1.4 2.9 5.3 9.0 10.5
Photon identification (χ2(γ)) 2.4 0.9 3.7 4.6 4.0 6.7
π0 reconstruction efficiency 0.5 3.6 3.5 4.1 6.7 8.4

Pile-up correction 1.8 1.8 2.0 2.0 – –
Total 9.5 10.3 11.4 13.6 18.3 18.2

peak position and peak width was still consistent with the data. The uncertainty of the PHOS measure-297

ment coming from the uncertainty of the fraction of photons lost due to conversion was estimated by298

comparing measurements without magnetic field to the measurements with magnetic field.299

In the PCM measurement, the main sources of systematic uncertainties include the knowledge of the300

material budget, raw yield extraction, electron identification (PID), the additional photon identification301

cuts, and π0 reconstruction efficiency. The uncertainty related to the pile-up correction is only relevant in302

pp and peripheral Pb-Pb collisions. The contribution from the raw π0 yield extraction was estimated by303

changing the normalization range, the integration window, and the combinatorial background evaluation.304

Uncertainties related to the electron and photon identification cuts, and to the photon reconstruction305

efficiency were estimated by evaluating the stability of the results for different cuts. The total systematic306

uncertainties of the PCM and the PHOS results were calculated by adding the individual contributions in307

quadrature.308

The comparisons of the fully corrected π0 spectra measured by PHOS and PCM in pp and Pb-Pb col-309

lisions are presented in Figs. 3 and 4, respectively. For a better comparison the ratio between the PCM310

and PHOS data points and the combined spectrum which was fitted with a function is shown. In all311

cases, agreement between the two measurements is found. The PHOS and PCM spectra were combined312

by calculating the average yields together with their statistical and systematic uncertainties by using the313

inverse squares of the total uncertainties of the PHOS and PCM measurements for a given pT bin as314

respective weights [40].315

4 Results316

The invariant neutral pion spectra measured in pp and Pb-Pb collisions are shown in Fig. 5. The pT range317

0.6− 12 GeV/c covered by the measurements includes the region pT ≈ 7 GeV/c where the charged318

hadron RAA exhibits the strongest suppression [35–37]. The invariant neutral pion yield in inelastic pp319

collisions shown in Fig. 5 is related to the invariant cross section as E d3σ/d3 p = E d3N/d3 p×σinel.320
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Above pT ≈ 3 GeV/c the pp spectrum is well described by a power law E d3N/d3 p ∝ 1/pn
T. A fit for321

pT > 3 GeV/c yields an exponent n = 6.0±0.1 with χ2/ndf = 3.8/4, which is significantly smaller than322

the value n = 8.22±0.09 observed in pp collisions at
√

s = 200 GeV [31].
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Fig. 5: (Color online) Invariant differential yields of neutral pions produced in Pb-Pb and inelastic pp collisions
at
√

sNN = 2.76 TeV. The spectra are the weighted average of the PHOS and the PCM results. The vertical lines
show the statistical uncertainties, systematic uncertainties are shown as boxes. Horizontal lines indicate the bin
width. The horizontal position of the data points within a bin was determined by the procedure described in [59].
For the pp spectrum a fit with a power law function 1/pn

T for pT > 3 GeV/c and a Tsallis function (also used
in [48]) are shown. The extrapolation of the pp spectrum provided by the Tsallis fit is used in the RAA calculation
for pT & 8 GeV/c.

323

Neutral pion production from hard scattering is dominated by the fragmentation of gluon jets in the pT324

range of the measurement. The presented π0 spectrum in pp collisions can therefore help constrain the325

gluon-to-pion fragmentation function [61]. A next-to-leading-order (NLO) perturbative QCD calculation326

employing the DSS fragmentation function [62] agrees reasonably well with the measured neutral pion327

spectrum at
√

s= 0.9 TeV. At
√

s= 7 TeV, however, the predicted invariant cross sections are larger than328
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the measured ones [48]. The comparison to a NLO perturbative QCD calculation using the CTEQ6M5329

parton distributions [63] and the DSS fragmentation functions in Fig. 6 shows that the calculation over-330

predicts the data already at
√

s = 2.76 TeV by a similar factor as in pp collisions at
√

s = 7 TeV. The331

data are furthermore compared to a PYTHIA 8.176 (tune 4C) [56, 64] calculation which reproduces the332

shape of the spectrum with an overall offset of about 20%. It will be interesting to see whether calcula-333

tions in the framework of the color glass condensate [65], which describe the neutral pion spectrum in334

pp collisions at
√

s = 7 TeV, will also provide a good description of the data at
√

s = 2.76 TeV.
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Fig. 6: (Color online) Ratio of data or theory calculations to a fit of the neutral pion spectrum in pp collisions
at
√

sNN = 2.76 TeV. The renormalization, factorization, and fragmentation scale of the next-to-leading order
QCD calculation were varied simultaneously (µ = 0.5pT, pT, 2pT). The calculation employed the CTEQ6M5 [63]
parton distribution functions and the DSS fragmentation function [62]. The solid red line is a comparison to the
PYTHIA 8.176 (tune 4C) event generator [56, 64].

335

The nuclear modification factor, RAA, was calculated according to Eq. 1. For pT > 8 GeV/c the extrap-336

olation of the pp spectrum provided by the Tsallis fit shown in Fig. 5 was used as reference. The average337

values of the nuclear overlap function TAA for each centrality class were taken from [46] and are given in338

Table 2. They were determined with a Glauber Monte Carlo calculation [66, 67] by defining percentiles339

with respect to the simulated impact parameter b and therefore represent purely geometric quantities.

centrality class 〈TAA〉 (1/mb) rel. syst. uncert. (%)
0-5% 26.32 3.2
5-10% 20.56 3.3
10-20% 14.39 3.1
20-40% 6.85 3.3
40-60% 1.996 4.9
60-80% 0.4174 6.2

Table 2: Values for the overlap function 〈TAA〉 for the centrality bins used in this analysis.
340

The combined RAA was calculated as a weighted average of the individual RAA measured with PHOS341

and PCM. This has the advantage of reduced systematic uncertainties of the combined result. In partic-342

ular, the dominant uncertainty in the PCM, related to the material budget, cancels this way. The results343

for the combined RAA are shown in Fig. 7. In all centrality classes the measured RAA exhibits a maxi-344

mum around pT ≈ 1− 2 GeV/c, a decrease in the range 2 . pT . 3− 6 GeV/c, and an approximately345

constant value in the measured pT range for higher pT. For pT & 6 GeV/c, where particle production is346

expected to be dominated by fragmentation of hard-scattered partons, RAA decreases with centrality from347

about 0.5−0.7 in the 60−80% class to about 0.1 in the 0-5% class. The RAA measurements for neutral348
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Fig. 7: (Color online) Neutral pion nuclear modification factor RAA for three different centralities (0− 5%, 20−
40%, 60−80%) in Pb-Pb collisions at

√
sNN = 2.76 TeV. Vertical error bars reflect statistical uncertainties, boxes

systematic uncertainties. Horizontal bars reflect the bin width. The boxes around unity reflect the uncertainty of the
average nuclear overlap function (TAA) and the normalization uncertainty of the pp spectrum added in quadrature.

pions and charged pions [68] agree with each other over the entire pT range for all centrality classes.349

Agreement between the neutral pion and charged particle RAA [37] is observed for pT & 6 GeV/c.350

It is instructive to study the
√

sNN dependence of the neutral pion RAA. Fig. 8 shows that for central colli-351

sions the RAA at the LHC for pT & 2 GeV/c lies below the data points at lower
√

sNN. This indicates that352

the decrease of RAA resulting from the higher initial energy densities created at larger
√

sNN dominates353

over the increase of RAA expected from the harder initial parton pT spectra. The shape of RAA(pT) in354

central collisions at
√

sNN = 200 GeV and
√

sNN = 2.76 TeV appears to be similar. Considering the data355

for all shown energies one observes that the value of pT with the maximum RAA value appears to shift356

towards lower pT with increasing
√

sNN. The centrality dependence of RAA at pT = 7 GeV/c is shown in357

Fig. 9 for nuclear collisions at
√

sNN = 39, 62.4, 200 [22,34], and 2760 GeV. At this transverse momen-358

tum soft particle production from the bulk should be negligible and parton energy loss is expected to be359

the dominant effect. It can be seen that the suppression in Pb-Pb collisions at the LHC is stronger than in360

Au-Au collisions at
√

sNN = 200 GeV for all centralities. In particular, the most peripheral class of the361

LHC data already shows a sizable suppression whereas at the lower energies the suppression appears to362

develop less abruptly as a function of the number of participating nucleons (Npart).363

In Fig. 10 the measured RAA is compared with a GLV model calculation [38, 39] and with theoretical364

predictions from the WHDG model [70]. These models describe the interaction of a hard-scattered365

parton with the medium of high color charge density within perturbative QCD [11]. Both calculations366

assume that the hadronization of the hard-scattered parton occurs in the vacuum and is not affected by the367

medium. They model the energy loss of the parton but not the corresponding response of the medium.368

Their applicability is limited to transverse momenta above 2−4 GeV/c as soft particle production from369

the bulk is not taken into account. The Pb-Pb π0 spectra are therefore also compared to two models370
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Fig. 8: (Color online) Neutral pion nuclear modification factor, RAA, in Pb-Pb collisions at
√

sNN = 2.76 TeV for
the 0−10% class in comparison to results at lower energies. The box around unity reflects the uncertainty of the
average nuclear overlap function (TAA) and the normalization uncertainty of the pp spectrum added in quadrature.
Horizontal bars reflect the bin width. The center-of-mass energy dependence of the neutral pion RAA is shown with
results from Au–Au collisions at

√
sNN = 39, 62.4 [34], and 200 GeV [31] as well as the result from the CERN

SPS [69] (using scaled p-C data as reference) along with the results for Pb-Pb at
√

sNN = 2.76 TeV. The scale
uncertainties of the measurements at lower energies of the order of 10−15% are not shown.

which aim at a description of the full pT range: an EPOS calculation [71] and a calculation by Nemchik371

et al. based on the combination of a hydrodynamic description at low pT and the absorption of color372

dipoles at higher pT [72, 73]. These comparisons are presented in Fig. 11.373

The GLV calculation takes final-state radiative energy loss into account. It includes the broadening of374

the transverse momenta of the incoming partons in cold nuclear matter (“nuclear broadening” or “Cronin375

effect”). The main parameter of this model, the initial gluon density, was tuned to describe the neutral376

pion suppression observed in Au-Au collisions at RHIC. For the calculation of the parton energy loss in377

Pb-Pb collisions at the LHC the initial gluon density was constrained by the measured charged-particle378

multiplicities. The model can approximately reproduce the centrality and pT dependence of the π0 RAA.379

The WHDG model takes into account collisional and radiative parton energy loss and geometrical path380

length fluctuations. The color charge density of the medium is assumed to be proportional to the number381

of participating nucleons from a Glauber model, and hard parton-parton scatterings are proportional382

to the number of binary nucleon-nucleon collisions. Parameters of the model were constrained by the383

neutral pion RAA measured at RHIC. Like in the case of the GLV calculation, the neutral pion RAA at384

the LHC is then predicted by translating the measured charged-particle multiplicity dNch/dη in Pb-Pb385

collisions into an initial gluon density which is the free parameter of the model. For central collisions386

this yielded an increase in the gluon density from dNg/dy≈ 1400 at RHIC to dNg/dy≈ 3000 at the LHC.387

The WHDG model reproduces the π0 RAA in central collisions reasonably well, but predicts too strong388

suppression for more peripheral classes.389
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Fig. 9: (Color online) Centrality dependence of the π0 nuclear modification factor RAA at pT = 7 GeV/c in Au-Au
and Pb-Pb collisions at

√
sNN = 39, 62.4, 200 [22, 34], and 2760 GeV.

The two model predictions for the full pT range are compared to the measured spectra in Fig. 11. EPOS390

is based on the hadronization of flux tubes produced early in the collision. Hard scattering in this model391

produces strings with transversely moving parts. String segments with low energies are assumed to be392

part of the bulk whose space-time evolution is modeled within hydrodynamics. String segments with393

sufficiently large energy fragment in the vacuum. A third class of string segments with intermediate394

energies is considered to have enough energy to leave the medium accompanied by quark pick-up from395

the bulk during the fragmentation process. In EPOS particle production is determined by hydrodynamic396

flow at low pT (. 4 GeV/c), followed at higher pT by energy loss of high-pT string segments. In397

central collisions the EPOS calculation describes the measured π0 spectrum rather well. Towards more398

peripheral collisions a discrepancy develops for 1 . pT . 5 GeV/c which may possibly be attributed to399

underestimating the contribution of hydrodynamic flow in peripheral collisions.400

The calculation by Nemchik et al. also combines a model for hadron suppression at high pT with a hy-401

drodynamic description of bulk particle production at low pT. Hadron suppression in this model results402

from the absorption of pre-hadrons, i.e., of color dipoles which are already formed in the medium by403

hard-scattered partons during the production of hadrons with large z = phadron/pparton. As the model, at404

high pT, predicts only RAA, the calculated RAA values were scaled by 〈TAA〉×E d3σπ0

meas/d3 p and then405

added to the calculated π0 invariant yields from the hydrodynamic model in order to compare to the406

measured π0 spectra. The hydrodynamic calculation dominates the total π0 yield up to pT = 2 GeV/c407

and remains a significant contribution up to 5 GeV/c. From about 3 GeV/c the contribution from hard408

scattering becomes larger than the one from the hydrodynamic calculation. The spectrum in central409

Pb-Pb collisions (0−5%) is approximately described except for the transition region between the hydro-410

dynamic and the hard contribution. In the 20−40% class the hydrodynamic calculation overpredicts the411

data up to pT = 2 GeV/c.412
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Fig. 10: (Color online) Comparison of the measured nuclear modification factor RAA with a GLV calculation
[38, 39] and with a WHDG [70] parton energy loss calculations. Vertical lines show the statistical uncertainties,
systematic uncertainties are shown as boxes. Horizontal lines indicate the bin width. The boxes around unity
reflect the scale uncertainties of data related to TAA and the normalization of the pp spectrum.

5 Conclusions413

Measurements of neutral pion production at midrapidity in pp and Pb-Pb collisions at
√

sNN = 2.76 TeV414

were presented. The measurements were performed with two independent techniques, by measuring415

the photons with the electromagnetic calorimeter PHOS, and by measuring converted photons with the416

ALICE tracking system. The two independent measurements were found to give consistent results, and417

were combined for the final results.418

The neutral pion spectrum in pp collisions was compared to a NLO perturbative QCD calculation using419

the DSS fragmentation functions. This calculation, which describes the pion spectrum in pp collisions420

at
√

s = 0.9 TeV rather well, tends to overpredict the π0 cross section already at
√

s = 2.76 TeV. Along421

with a similar observation in pp collision at
√

s = 7 TeV this indicates the likely need for improvements422

in the gluon-to-pion fragmentation function. As similar observation was made for transverse momentum423

spectra of charged particles in proton-proton and proton-antiproton collisons at 1.96 .
√

s . 7 TeV424

[61, 74].425

The neutral pion nuclear suppression factor RAA was calculated from the measured neutral pion spectra,426

and was compared to measurements at lower energies and to theoretical predictions. The π0 suppression427

in the most central class (0−5%) reaches values of up to 8−10 for 5 . pT . 7 GeV/c. The suppression428

in Pb-Pb collisions at
√

sNN = 2.76 TeV is stronger than in Au-Au collisions at
√

sNN = 200 GeV (and429

lower energies) at RHIC for all centralities.430

The general features of the centrality and pT dependence of the RAA for pT & 2 GeV/c are approximately431

reproduced by GLV and WHDG parton energy loss calculations, although the WHDG calculation per-432

forms less well in peripheral collisions. For both calculations the main free parameter, the initial gluon433

density, was chosen to describe the neutral pion suppression at RHIC and then scaled to LHC energies434

based on the measured charged-particle multiplicities. The measured π0 spectra were also compared to435

calculations with the EPOS event generator and a calculation by Nemchik et al. By combining soft par-436

ticle production from a hydrodynamically evolving medium with a model for hadron suppression these437
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Fig. 11: (Color online) Comparison of the measured π0 spectra for three centrality classes (0− 5%, 20− 40%,
60−80%) with two calculations which make predictions for the full pT range of the measurement. The calculated
spectra and the data points were divided by a fit of the measured π0 spectra. For the data points the error bars
represent the statistical uncertainties and the boxes the systematic uncertainties. Calculations with the EPOS
event generator [71] are shown by the solid line. The fluctuations of the EPOS lines at high pT are due to limited
statistics in the number of generated events. The calculations by Nemchik et al. [72,73] combine a hydrodynamical
model at low pT with a color dipole absorption model for pT & 3 GeV/c. The two components and the sum (for
pT & 3 GeV/c) are shown separately.

models are capable of making predictions for the entire pT range. An important task on the theoretical438

side will be to establish whether the observed deviations from the data simply indicate a suboptimal ad-439

justment of parameters or hint at important physical phenomena missing in the models. Future analyses440

based on runs with higher integrated luminosities, e.g. the 2011 LHC Pb-Pb run, will also include the441

ALICE lead-scintillator electromagnetic calorimeter (EMCal) and will allow us to extend the neutral pion442

measurement to higher transverse momenta. The role of initial-state effects on the particle production in443

Pb-Pb collisions will be investigated by measurements of particle production in p-Pb collisions.444
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system A C (MeV/c2) n
pp 1.7±0.7 135±29 7.1±0.7
60−80% Pb-Pb 31.7 142 7.4

Table 3: Parameters of the fits of the Tsallis parameterization (Eq. 3) to the combined invariant production yields
for π0 mesons in inelastic collisions at

√
s = 2.76 TeV. The uncertainties (statistical and systematic added in

quadrature) were used to evaluate the uncertainty of the extrapolation used in the calculation of RAA for pT >

8 GeV/c. The uncertainty on the parameter A due to the spectra normalization of 3.9% at
√

s = 2.76 TeV is not
included. For the measurment in 60− 80% Pb-Pb collisions the fit parameters are given without uncertainties as
the parameterization is only used to facilitate the comparison with model calculations.

centrality a b c d e
0−5% 28.96 5.85 −199.17 4.64 95.30

5−10% 21.97 5.79 −33.54 2.96 10.84
0−10% 25.53 5.84 −49.95 3.35 18.49

10−20% 18.91 5.71 −44.76 3.37 19.66
20−40% 11.54 5.74 −18.43 2.62 7.37
40−60% 4.18 5.67 −9.43 2.00 3.39

Table 4: Parameters of the fits to the combined invariant yields of π0 mesons in Pb-Pb collisions in different
centrality classes with the functional form given in Eq. 4. The spectra were fitted taking into account the combined
statistical and systematic errors.

Appendix445

For the calculation of the RAA above pT > 8 GeV/c an extrapolation of the measured transverse momen-446

tum spectrum in pp collisions at
√

s = 2.76 TeV based on the Tsallis functional form447

1
2π pT

d2N
dpTdy

=
A

2π

(n−1)(n−2)
nC [nC+m(n−2)]

·

1+

√
p2

T +m2−m

nC

−n

(3)

was used (where m is the mass of the neutral pion). The parameters are given in Table 3.448

In order to compare the individual PCM and PHOS measurements to the combined results in Pb-Pb col-449

lisions the parameterization450

1
2π pT

d2N
dpTdy

= a · p−(b+c/(pd
T+e))

T (4)

was used to fit the combined spectrum for each centrality class. The corresponding parameters are given451

in Tab. 4. For the most peripheral centrality class the Tsallis parameterization Eq. 3 was used for which452

the parameters are given in Tab. 3. These parameterizations describe the data well in the measured453

momentum range.454
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A.G. Knospe111 , C. Kobdaj34 ,108 , M. Kofarago34 , M.K. Köhler91 , T. Kollegger39 , A. Kolojvari123 ,657
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M. Sano120 , G. Santagati27 , D. Sarkar124 , E. Scapparone99 , F. Scarlassara28 , R.P. Scharenberg89 , C. Schiaua72 ,705

R. Schicker87 , C. Schmidt91 , H.R. Schmidt33 , S. Schuchmann48 , J. Schukraft34 , M. Schulc37 , T. Schuster129 ,706



π0 production in pp and Pb-Pb collisions at 2.76 TeV 23

Y. Schutz107 ,34 , K. Schwarz91 , K. Schweda91 , G. Scioli26 , E. Scomparin105 , R. Scott118 , G. Segato28 ,707

J.E. Seger80 , Y. Sekiguchi119 , I. Selyuzhenkov91 , J. Seo90 , E. Serradilla10 ,59 , A. Sevcenco57 , A. Shabetai107 ,708

G. Shabratova61 , R. Shahoyan34 , A. Shangaraev106 , N. Sharma118 , S. Sharma84 , K. Shigaki43 , K. Shtejer25 ,709

Y. Sibiriak94 , S. Siddhanta100 , T. Siemiarczuk71 , D. Silvermyr78 , C. Silvestre65 , G. Simatovic121 ,710

R. Singaraju124 , R. Singh84 , S. Singha124 ,73 , V. Singhal124 , B.C. Sinha124 , T. Sinha95 , B. Sitar36 , M. Sitta30 ,711

T.B. Skaali21 , K. Skjerdal17 , M. Slupecki116 , N. Smirnov129 , R.J.M. Snellings52 , C. Søgaard32 , R. Soltz69 ,712

J. Song90 , M. Song130 , F. Soramel28 , S. Sorensen118 , M. Spacek37 , E. Spiriti66 , I. Sputowska110 ,713

M. Spyropoulou-Stassinaki82 , B.K. Srivastava89 , J. Stachel87 , I. Stan57 , G. Stefanek71 , M. Steinpreis19 ,714

E. Stenlund32 , G. Steyn60 , J.H. Stiller87 , D. Stocco107 , M. Stolpovskiy106 , P. Strmen36 , A.A.P. Suaide113 ,715

T. Sugitate43 , C. Suire46 , M. Suleymanov15 , R. Sultanov53 , M. Šumbera77 , T. Susa92 , T.J.M. Symons68 ,716
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J. Wagner91 , V. Wagner37 , M. Wang7 ,107 , Y. Wang87 , D. Watanabe120 , M. Weber115 , J.P. Wessels49 ,728

U. Westerhoff49 , J. Wiechula33 , J. Wikne21 , M. Wilde49 , G. Wilk71 , J. Wilkinson87 , M.C.S. Williams99 ,729

B. Windelband87 , M. Winn87 , C.G. Yaldo127 , Y. Yamaguchi119 , H. Yang52 , P. Yang7 , S. Yang17 , S. Yano43 ,730

S. Yasnopolskiy94 , J. Yi90 , Z. Yin7 , I.-K. Yoo90 , I. Yushmanov94 , V. Zaccolo74 , C. Zach37 , A. Zaman15 ,731

C. Zampolli99 , S. Zaporozhets61 , A. Zarochentsev123 , P. Závada55 , N. Zaviyalov93 , H. Zbroszczyk126 ,732

I.S. Zgura57 , M. Zhalov79 , H. Zhang7 , X. Zhang7 ,68 , Y. Zhang7 , C. Zhao21 , N. Zhigareva53 , D. Zhou7 ,733

F. Zhou7 , Y. Zhou52 , Zhou, Zhuo17 , H. Zhu7 , J. Zhu7 , X. Zhu7 , A. Zichichi12 ,26 , A. Zimmermann87 ,734

M.B. Zimmermann49 ,34 , G. Zinovjev3 , Y. Zoccarato122 , M. Zyzak48
735

Affiliation notes736

i Deceased737

ii Also at: St. Petersburg State Polytechnical University738

iii Also at: Department of Applied Physics, Aligarh Muslim University, Aligarh, India739

iv Also at: M.V. Lomonosov Moscow State University, D.V. Skobeltsyn Institute of Nuclear Physics,740

Moscow, Russia741

v Also at: University of Belgrade, Faculty of Physics and ”Vinča” Institute of Nuclear Sciences, Belgrade,742
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