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Abstract The invariant differential cross sections for inclu-
sive 70 and 7 mesons at midrapidity were measured in
pp collisions at /s = 2.76 TeV for transverse momenta
0.4 < pr < 40 GeV/c and 0.6 < pt < 20 GeV/c, respec-
tively, using the ALICE detector. This large range in prt
was achieved by combining various analysis techniques and
different triggers involving the electromagnetic calorime-
ter (EMCal). In particular, anew single-cluster, shower-shape
based method was developed for the identification of high-
pt neutral pions, which exploits that the showers originat-
ing from their decay photons overlap in the EMCal. Above
4 GeV/c, the measured cross sections are found to exhibit a
similar power-law behavior with an exponent of about 6.3.
Next-to-leading-order perturbative QCD calculations differ
from the measured cross sections by about 30% for the 7°,
and between 30-50% for the n meson, while generator-level
simulations with PYTHIA 8.2 describe the data to better than
10-30%, except at pr < 1 GeV/c. The new data can there-
fore be used to further improve the theoretical description of
70 and 1 meson production.

1 Introduction

Measurements of identified hadron spectra in proton—proton
(pp) collisions are well suited to constrain predictions from
Quantum Chromodynamics (QCD) [1]. Such predictions
are typically calculated in the pertubative approximation
of QCD (pQCD) based on the factorization of the elemen-
tary short-range scattering processes (such as quark—quark,
quark—gluon and gluon—gluon scatterings) involving large
momentum transfer (Q2) and long-range universal proper-
ties of QCD that need to be experimentally constrained. The
universal properties are typically modeled by parton distribu-
tion functions (PDFs), which describe the kinematic distribu-
tions of quarks and gluons within the proton in the collinear
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approximation, and fragmentation functions (FFs), which
describe the probability for a quark or gluon to fragment
into hadrons of a certain type. The cross section for the pro-
duction of a given hadron of type H can be written as a sum
over parton types

43

E—
dp

=Y fax1. Q) ® fy(x2. 0%

a,b,c

@D (2., 0%) ® déup—ex (0%, x1,x2), (1)

where f;(x) denotes the proton PDF of parton i carrying a
fraction x of the proton’s longitudinal momentum, Dl.H (z7)
the FF of parton i into hadron H carrying a fraction z; of
the parton’s momentum, and dd; j—kx the inclusive short-
distance scattering cross section of partons i and j into k (see
e.g. [2]).

Measurements of hadron production provide constraints
on the PDFs and FFs, which are crucial for pQCD predictions,
and at LHC energies probe rather low values of x ~ 0.001
and z ~ 0.1. The neutral pion () is of special interest
because as the lightest hadron it is abundantly produced, and
at LHC collision energies below a transverse momentum ( pt)
of 20 GeV/c dominantly originates from gluon fragmenta-
tion. While the collision energy (1/s) dependence of ¥ cross
sections has been useful for guiding the parametrization of
the FFs [3], experimental data for neutral pions [4,5] at the
LHC are not available above 20 GeV/c, where quark frag-
mentation starts to play a role. The new 77° data presented in
this paper extend our previous measurement [5] in pp colli-
sions at 4/s = 2.76 TeV to pr values of 40 GeV/c allowing
one to investigate the pr dependence of the 7¥ cross sec-
tion at high transverse momentum. In addition, we present
the cross section of the n meson, which due to its strange
quark content provides access to the study of possible differ-
ences of fragmentation functions with and without strange
quarks [6]. Furthermore, the  meson constitutes the second
most important source of decay photons and electrons after
the 7°. Hence, 7° and  meson spectra over a large pr range
are needed for a precise characterization of the decay pho-
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ton (electron) background for direct photon (semileptonic
open charm and beauty) measurements.

The new measurement of the 77° cross section is a result
of five analyses using data from various ALICE detector
systems and different identification techniques. The decay
photons are either measured directly in the Electromagnetic
Calorimeter (EMCal), the Photon Spectrometer (PHOS) or
via the photon conversion method (PCM). In the PCM mea-
surement, the photons are reconstructed via their conversions
into eTe™ pairs within the detector material, where the eTe™
pairs are reconstructed with the charged-particle tracking sys-
tems. The ¥ is reconstructed statistically using the invariant
mass technique. At high pt, where the decay photons are too
close together to be resolved individually, the 7 can still be
measured via the characteristic shape of their energy depo-
sition in the EMCal. We combine statistically independent
analyses where (1) both photons are individually resolved
in the EMCal (EMC), (2) one photon is identified in the
EMCal and one is reconstructed via its conversion to ete™
(PCM-EMC), and (3) the photon pair’s energy is merged in
the EMCal (mEMC). Finally, the previously published mea-
surements based on methods where both photons are recon-
structed with (4) PHOS or (5) PCM are included as well [5].
The addition of the EMCal based measurements extends the
pt reach from 12 to 40 GeV/c, the highest pt for identified
hadrons achieved so far. The n meson cross section that was
previously not available at /s = 2.76 TeV is measured in the
range from 0.6 to 20 GeV/c using the PCM, PCM-EMC and
EMC methods. Consequently, the 7/ ratio is measured in
the same pr range.

The article is organized as follows: Sect. 2 briefly
describes the experimental setup. Section 3 describes the data
samples and event selection. Section 4 describes the neutral
meson reconstruction techniques and corresponding correc-
tions for the cross section measurements. Section 5 discusses
the systematic uncertainties of the various measurements.
Section 6 presents the data and comparison with calculations
and Sect. 7 provides a summary.

2 ALICE detector

A detailed description of the ALICE detector systems and
their performance can be found in Refs. [7,8]. The new
measurements primarily use the Electromagnetic Calorime-
ter (EMCal), the Inner Tracking System (ITS), and the Time
Projection Chamber (TPC) at mid-rapidity, which are posi-
tioned within a 0.5 T solenoidal magnetic field. Two forward
scintillator arrays (VOA and VOC) subtending a pseudora-
pidity () range of 2.8 < n < 5.1 and —3.7 < n < —1.7,
respectively, provided the minimum bias trigger, which will
be further discussed in the next section.

@ Springer

The ITS [7] consists of two layers of Silicon Pixel Detec-
tors (SPD) positioned at a radial distance of 3.9 and 7.6cm,
two layers of Silicon Drift Detectors (SDD) at 15.0 and
23.9cm, and two layers of Silicon Strip Detectors (SSD)
at 38.0 and 43.0cm from the beamline. The two SPD lay-
ers cover a pseudorapidity range of [n| < 2 and |n| < 1.4,
respectively. The SDD and the SSD subtend [1| < 0.9 and
[n] < 1.0, respectively. The primary vertex can be recon-
structed with a precision of o(xy) = A//(dNen/dn)? @ B,
where A ~ 600 (300) pwm, for the longitudinal (z) and trans-
verse (xy) directions, respectively, B &~ 40 umand g ~ 1.4.

The TPC [9] is a large (90 m3) cylindrical drift detector
filled with a Ne/CO, gas mixture. It covers a pseudorapidity
range of |n| < 0.9 over the full azimuthal angle for the maxi-
mum track length of 159 reconstructed space points. The ITS
and the TPC were aligned with respect to each other to a pre-
cision better than 100 um using tracks from cosmic rays and
proton—proton collisions [10]. The combined information of
the ITS and TPC allows one to determine the momenta of
charged particles in the range of 0.05-100 GeV/c with a reso-
lution between 1% atlow pt and 10% at high pr. In addition,
the TPC provides particle identification via the measurement
of the specific energy loss (d E/dx) with a resolution of ~5%.
The tracking detectors are complemented by the Transition
Radiation Detector (TRD) and a large time-of-flight (TOF)
detector. These detectors were used to estimate the system-
atic uncertainty resulting from the non-perfect knowledge of
the material in front of the EMCal.

The EMCal [11] is a layered lead-scintillator sampling
calorimeter with wavelength shifting fibers for light col-
lection. The overall EMCal covers 107° in azimuth and
—0.7 < n < 0.7 in pseudorapidity. The detector con-
sists of 12,288 cells (also called towers) with a size of
An x Agp = 0.0143 x 0.0143 corresponding to about twice
the effective Moliere radius; the cells are read out individ-
ually. With a depth of 24.6 cm, or ~20 radiation lengths,
2 x 2 cells comprise a physical module. The 3072 modules
are arranged in 10 full-sized and 2 one-third-sized super-
modules, consisting of 12 x 24 and 4 x 24 modules, respec-
tively, of which only the full-sized modules, corresponding
to an azimuthal coverage of 100°, were readout for the data
recorded in 2011-2013." The modules are installed with a
radial distance to the nominal collision vertex of 4.28 m at
the closest point, and assembled to be approximately pro-
jective in n. The scintillation light from each cell is col-
lected with wavelength shifting fibers that are connected to
a5 x 5 mm? active-area avalanche photodiode. The rela-
tive energy and position resolutions improve with rising inci-
dent energy of the particle [12]. The energy resolution can

! The detector was installed in its complete configuration by early 2012,
while 4 and 10 full-sized supermodules were present in 2010 and 2011,
respectively.
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Table 1 Approximate trigger threshold and corresponding trigger rejection factor for EMCal triggers, as well as integrated luminosity for minimum

bias and various EMCal triggers

Year Trigger Trigger name Approx. threshold Trigger rejection factor (Rriig) Lint (nb™1)

2011 MBor INT1 0 1 0.524 +£0.010
EMCal LO EMC1 3.4 GeV 1217 £ 67 13.8 £ 0.806

2013 MBaND INT7 0 1 0.335+0.013
EMCal LO EMC7 2.0 GeV 126.0 £4.3 1.19 £ 0.062
EMCal L1 (G2) EG2 3.5 GeV 1959 £+ 131 6.98 £ 0.542
EMCal L1 (G1) EG1 5.5 GeV 7743 £+ 685 47.1 £4.57

be described by a constant and two energy dependent terms
parametrized as 25 = Al %2 a5 g—z% with A =1.7+£0.3,
B=113+£0.5,C =4.8+0.8 and E in GeV. The position
resolution is linear as a function of 1/+/E and parametrized
as 1.5mm + 53% with E in GeV. Starting with the highest
cell Egeeq > 0.5 GeV, the energy depositions from directly
adjacent EMCal cells with E¢e > 0.1 GeV are combined to
form clusters representing the total energy and physical posi-
tion of incident particles [8]. The clustering algorithm allows
only one local energy maximum in a cluster; if a second is
found a new cluster is initiated. Each cell is restricted to only
be part of one cluster. Individual cells were calibrated using
the 7° mass peak position evaluated cell-by-cell, achieving
a relative variation of below 1%.

3 Data samples and event selection

The data presented in this paper were recorded during the
2011 and 2013 periods with pp collisions at /s = 2.76 TeV.
Various EMCal triggers were employed and, while the major-
ity of the minimum bias data were recorded in 2011, the
2013 running period took advantage of higher threshold
EMCal triggers to collect a notable high-pt data sample.
For the pp data collected in 2011, the minimum bias trig-
ger (MBoR) required a hit in either VO detector or a hit in the
SPD, while it required hits in both VO detectors for the data
collected in 2013 (MBanp). The respective cross sections
were determined based on van-der-Meer scans, and found
to be OMBaNp — 47.7 £ 0.9 mb with GMBAND/GMBOR =
0.8613 =+ 0.0006 and omBp/Tinel = 0.7607005% [13].
For the normalisation of the 2013 data, for which there
was no vdM scan, the uncertainty omp,y, Was conserva-
tively increased to 4%, to account for possible variations of
the MBanp trigger efficiency between 2011 and 2013. The
resulting uncertainty due to the luminosity determination is
2.5% for both datasets together.

The EMCal issues triggers at two different levels, Level 0
(LO) and Level 1 (L1). The events accepted at LO are further
processed at L1. The LO decision, issued latest 1.2 s after
the collision, is based on the analog charge sum of 2 x 2 adja-
cent cells evaluated with a sliding window algorithm within

each physical Trigger Region Unit (TRU) spanning 4 x 24
cells in coincidence with a minimum bias trigger. The L1
trigger decision, which must be taken within 6.2 s after the
collision, can incorporate additional information from dif-
ferent TRUs, as well as other triggers or detectors. The data
presented in this paper used the photon (EG) trigger at L1,
which extends the 2 x 2 sliding window search across neigh-
boring TRUs, resulting in a ~30% larger trigger area than
the LO trigger.

In 2011, only the LO trigger was used with one thresh-
old (EMC1), while in 2013, one LO (EMC7) and two L1
triggers (EG1, EG2) with different thresholds were used, as
summarized in Table 1. The lower L1 trigger threshold in
2013 was set to approximately match the LO threshold in 2011
for consistency. In case an event was associated with several
triggers, the trigger with the lowest threshold was retained.

However, the thresholds are configured in the hardware
via analog values, not actual units of energy. Their transfor-
mation into energy values directly depends on the energy cal-
ibration of the detector. For a reliable normalization of each
trigger, the Trigger Rejection Factor (Rryig) is used. The Rryig
takes into account a combination of the efficiency, accep-
tance and the downscaling of the respective triggers. It can
be obtained from the ratio R of the number of clusters recon-
structed in EMCal triggered events to those in minimum bias
events at high cluster energy E where R should be approxi-
mately constant (plateau region), assuming the trigger does
not affect the cluster reconstruction efficiency, but only the
overall rate of clusters. To reduce the statistical uncertain-
ties on the normalization for the higher threshold triggers,
Rriig was always estimated with respect to the trigger with
the next lower threshold in the EMCal or the respective min-
imum bias trigger if no lower EMCal trigger was available.
By consecutively multiplying the individual rejection factors
up to the minimum bias trigger, the final Rtz was obtained
with respect to the minimum bias trigger. The energy depen-
dence of the ratios between cluster spectra of the relevant trig-
ger combinations (EMCI1/INT1, EMC7/INT7, EG2/EMC7
and EG1/EG2) are shown in Fig. 1. At low E, there is a
minimum at roughly the threshold of the lower-level trig-
ger for EG2/EMC7 and EG1/EG2, while at high E there
is a pronounced plateau for every trigger combination. The

@ Springer
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Fig. 1 Energy dependence of ratios between cluster spectra for
EMCU/INT1, EMC7/INT7, EG2/EMC7 and EGI/EG2. The trigger
names INT1 and INT7 denote the minimum bias triggers MBor and
MBnpD respectively. The trigger names EMC1, EMC7, EG2 and EG1
denote the EMCal triggers at LO in 2011 and 2013, and the EMCal trig-
gers at L1 in 2013 with increasing threshold respectively. The individ-
ual trigger rejection factors and their respective fit ranges in the plateau
region are indicated as well. The final rejection factors with respect to
the minimum bias trigger are given in Table 1

averages above the threshold in the plateau region, which
represent Rryjg for the respective trigger combinations, are
indicated by a line whose width represents the respective
statistical uncertainty. The corresponding systematic uncer-
tainties were obtained by varying the range for the fit of
the plateau region. Finally, the values for the average trig-
ger rejection factors above the threshold with respect to the
corresponding minimum bias triggers are given in Table 1.
For the PCM-EMC and EMC analyses, all available triggers
were used, while for mnEMC only the EMC1, EG2 and EG1
triggers were included. The collected integrated luminosities
for minimum bias and EMCal triggers

N .
‘“Bg Ruig, )

Lin =

where owvp refers to omp for 2011 and omp,y, for 2013,
are summarized in Table 1. The statistical uncertainties on
Rryig are treated as systematic uncertainties on the integrated
luminosity.

Monte Carlo (MC) samples were generated using
PYTHIAS [14] and PHOJET [15]. The correction factors
obtained independently from the two MC samples were
found to be consistent, and hence combined. For mesons with
pt > 5GeV/c, as in the triggered or merged cluster analyses,
PYTHIAG [16] simulations enriched with jets generated in
bins of the hard scattering (pT hara) Were used. All MC sim-
ulations were obtained for a full ALICE detector description
using the GEANT3 [17] framework and reconstructed with
the same algorithms as for the data processing.

@ Springer

The different triggers of the EMCal affect the proper-
ties of the reconstructible mesons, like the energy asym-
metry (¢ = g;;gi) of the decay photons, and hence sig-
nificantly alter the reconstruction efficiency above the trig-
ger threshold in the trigger turn-on region. The efficiency
biases krig induced by the triggers were simulated using the
approximate thresholds and their spread for different TRUs.
The bias was defined as the ratio of the 7% or 5 reconstruc-
tion efficiency in triggered events over that in minimum bias
events. Figure 2 shows the pt dependence of ki for dif-
ferent triggers and reconstruction methods for the 79 and 7
meson. While «yjg is unity for the mEMC analysis in the
considered kinematic range, it is significantly below one for
the PCM—-EMC and EMC neutral meson reconstruction, and
reaches ~1 only at about twice the trigger threshold. The
corresponding correction factors are found to be larger for
the PCM-EMC compared to the EMC method, and larger
for the 7 than the 7° meson. This is a consequence of the
much lower energy threshold imposed on the photons recon-
structed with PCM, which leads to wider opening angle and
asymmetry distributions of the reconstructible mesons. At
low pr, kTrig also exhibits the effect of the trigger on sub-
leading particles, for which the efficiency in triggered events
is strongly reduced. However, the various triggers are only
used if the meson momentum is at least 1.5 times the trig-
ger threshold, thus the effect on the subleading particles is
negligible.

In the offline analysis, only events with a reconstructed
vertex with |zyix| < 10cm with respect to the nominal inter-
action vertex position along the beam direction were used.
The finite primary vertex reconstruction efficiency for the
MBor(MBanD) trigger of about 0.92 (0.98) is taken into
account in the normalization of the respective minimum bias
triggers. Furthermore, only events with exactly one recon-
structed vertex were accepted to remove pileup from in- and
out-of-bunch collisions. While the in-bunch pileup is negli-
gible after the vertex selection, the out-of-bunch pileup accu-
mulating in the TPC due to its readout time of 90 ms, needs
to be subtracted statistically for the mesons measured with
PCM, as described in Ref. [5]. For the 7° (1) mesons recon-
structed with PCM the out-of-bunch pileup correction ranges
from 20% (9%) at low pr to about 3% above 4 GeV/c. Anal-
yses involving the EMCal are not affected because contri-
butions of clusters from different bunch crossings are sup-
pressed by a suitable selection of clusters within a certain
time window around the main bunch crossing.

4 Neutral meson reconstruction

Neutral mesons decaying into two photons fulfill

M = /2E E;(1 — cos 6;2) (3)



Eur. Phys. J. C (2017) 77:339

Page 5 0of 25 339

g AAARRARARARSRARS RARSRARSRARS RARS RARERRRE RS

“ - i

1.0— et ———————a—— —

= LA e B

- T o ¢ b

L - i

o8- Yo ]

L o ]

- ] - R o

06— _

L o -0 ]

r o ALICE simulation -

04 @ pp, 15 =2.76 TeV |

e 0 — vy |

r PCM-EMC EMC A

0.2 EMCH1 o "

r o EMC7 & +

r - EG1 o]
00 lll 111 ll lll 111 ll lll llll 1 llll lll 11 lll lll
0 2 4 6 8 10 12 14 16 18 20

P (GeVic)

f L ]
1.0~ —4—%— = o = —
[ e ]
0.8 _
- —b ]
r & - ]
0.6 _
04 r ALICE simulation 1
8 — _ —
I pp, Vs=2.76 TeV |
L n-yy ]
- —¢—= PCM-EMC EMC A
02— EMC1 o R
r EMC7 & +
i s EG1 v
0 0 11 I—QT 1 l 111 l 111 l 111 l 111 l 111 l 111 l 111 l 111 l
Y0 2 4 6 8 10 12 14 16 18 20
P (GeV/c)

Fig. 2 Efficiency bias «Tyig induced by different triggers (EMC1, EMC7 and EG1) for neutral pions (left panel) and n mesons (right panel) for
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where M is the reconstructed mass of the meson, £ and
E» are the measured energies of two photons, and 6, is the
opening angle between the photons measured in the labo-
ratory frame. Photon candidates are measured either by a
calorimeter or by PCM. Neutral meson candidates are then
obtained by correlating photon candidates measured either
by EMC, PHOS or PCM exclusively, or by a combination
of them (PCM—EMC). The corresponding 7° and 1 meson
measurements are described in Sect. 4.1. The typical opening
angle 01, decreases with increasing pt of the meson due to
the larger Lorentz boost. For 7° mesons with pr above 5-6
GeV/c, the decay photons become close enough so that their
electromagnetic showers overlap in neighboring calorimeter
cells of the EMCal. At pt above 15 GeV/c, the clustering
algorithm can no longer efficiently distinguish the individual
showers in the EMCal, and 7° mesons can be measured by
inspecting the shower shape of single clusters, referred to as
“merged” clusters and explained in Sect. 4.2.

To be able to directly compare the reconstruction perfor-
mances of the various measurement techniques and triggers,
the invariant differential neutral meson cross sections were
expressed as

o Nrec 11 @
dp? PT ApT KTrig € Line BR
with the inverse of the normalized efficiency
1 1 P
&)

g:2nAAy£

and integrated luminosity (see Eq. 2). The measured cross
sections were obtained by correcting the reconstructed meson
yield N for reconstruction efficiency é&rec, purity P and

acceptance A, efficiency bias «ryg, integrated luminos-
ity Lin, as well as for the pr and y interval ranges, Apt
and Ay, respectively, and the y y decay branching ratio BR.
For invariant mass methods, the effect of reconstructed pho-
ton impurities on the meson purity are significantly reduced
due to the subtraction of the combinatorial background, and
hence the resulting meson impurities were neglected. For the
mEMC method, the 7° purity correction was obtained from
MC simulations tuned to data. In the case of neutral pions, the
contribution from secondary 79 was subtracted from Nyec
before applying the corrections. The contribution from weak
decays was estimated for the different methods by simulat-
ing the decays of the K(S) and A using their measured spec-
tra [18], taking into account the reconstruction efficiencies,
as well as resolution and acceptance effects for the respec-
tive daughter particles The contribution from neutral pions
produced by hadronic interactions in the detector material
was estimated based on the full detector simulations using
GEANTS3. Finally, the results were not reported at the center
of the pr intervals used for the measurements, but following
the prescription in Ref. [19] at slightly lower pt values, in
order to take into account the effect of the finite bin width
Apr. The correction was found to be less than 1% in every
pr interval for the ¥, and between 1-4% for the 1 meson.

4.1 Invariant mass analyses

Applying Eq. 3, the invariant mass distribution is obtained
by correlating all pairs of photon candidates per event. The
neutral meson yield is then statistically extracted using the
distinct mass line shape for identification of the signal and
a model of the background. In the following, only the new
measurements are described. Details of the PCM and PHOS
79 measurements can be found in Refs. [4,5].

@ Springer



339 Page 6 of 25

Eur. Phys. J. C (2017) 77:339

Table 2 Criteria for photon

candidate selection for PCM Track selection

Track quality selection

Electron selection

Pion rejection

Photon criteria

Conversion point

Photon quality

Armenteros-Podolanski

pt > 0.05 GeV/e

NTPC cluster/ Nreconstructible clusters > 0.6

In] < 0.9

—4 <noe <5

noy < 1for0.4 < p <3.5GeV/e,

noy < 0.5 for p > 3.5 GeV/c (PCM)
noy < 1 for p > 0.4 GeV/c (PCM-EMC)

Inyo] < 0.9

S5cm < Reony < 180 cm
| Zconv] < 240 cm

0 < |@conv| <27

cos(Bpoint) > 0.85

Ypair,ma
W’pairl < I//pair,ma\x - pza“ e szed’
Xred, max

with VYpair,max = 0.1 and szed,max = 30

|-

2
amax

with g1 max = 0.05 GeV/c and amax = 0.95

4T < 4T,max

For the reconstruction of photons with PCM, only tracks
from secondary vertices without kinks with a minimum
momentum of 0.05 GeV/c were taken into account. The
tracks had to be reconstructed within the fiducial acceptance
of the TPC and ITS and with at least 60% of the recon-
structible track points in the TPC. The photon momentum
resolution is better than 1.5% at low pr, resulting from the
precise determination of the track momenta by the TPC. Fur-
thermore, the associated energy loss measured in the TPC
was required to be within —4 < no, < 5 of the elec-
tron expectation, where noy = (dE/dx — (dE/dxx))/ox
with (dE/dxx) and oy the average energy loss and reso-
lution for particle X, respectively. The contamination from
charged pions was suppressed by excluding all track candi-
dates within no,; < 1 of the pion expectation. The charged
pion rejection was applied for track momenta between 0.4 <
p < 3.5GeV/cforPCMand p > 0.4 GeV/c for PCM-EMC,
while for PCM it was released to no; < 0.5 above p =
3.5 GeV/c. Only conversions which were pointing to the pri-
mary vertex and could be reconstructed with a conversion
point with 5 < Rcony < 180 cm within the acceptance of the
ITS and TPC were considered. Compared to previous PCM
standalone measurements [5], the photon candidate selection
criteria were optimized in order to reduce the combinatorial
background. In particular, a two dimensional selection on
the reduced x> of the photon conversion fit and the angle
between the plane defined by the conversion pair and the
magnetic field |v/pair] was introduced to suppress random
ete™ pairs. Furthermore, the selection in the Armenteros-
Podolanski variables [20] was tightened to reduce the con-
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tamination from K(S) and A decays. A summary of the con-
version photon selection criteria is given in Table 2.
Clusters in the EMCal were reconstructed by aggregat-
ing cells with Ecep > 0.1 GeV to a leading cell energy
with at least Egeq > 0.5 GeV, and were required to
have only one local maximum. Photon candidates were
obtained from reconstructed clusters by requiring a cluster
energy of 0.7 GeV to ensure acceptable timing and energy
resolution and to remove contamination from minimum-
ionizing (5300 MeV) and low-energy hadrons. Furthermore,
acluster had to contain at least two cells to ensure a minimum
cluster size and to remove single cell electronic noise fluctua-
tions. Clusters which could be matched to a track propagated
to the average shower depth in the EMCal (at 440 cm) within
|An| and |Ag| criteria that depend on track pt as given in
Table 3, were rejected to further reduce contamination by
charged particles. The track-to-cluster matching efficiency
amounts to about 97% for primary charged hadrons at clus-
ter energies of E.ys > 0.7 GeV, decreasing slowly to 92%
for clusters of 50 GeV. The removal of matched tracks is par-
ticularly important for the PCM-EMC method as otherwise a
severe auto-correlation between the clusters originating from
one of the conversion electrons and the conversion photon
would be introduced. Such auto-correlated pairs strongly dis-
tort the shape of the invariant mass distribution between the
70 and 5 mass peak region. The standard track matching
applied to each conversion leg allowed for the removal of
these auto-correlation pairs with an efficiency of more than
99% since the corresponding track was already found. An
additional distinction between clusters from mainly photons,
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Table 3 Criteria for photon
candidate selection for
EMCal-based methods

Cluster reconstruction
Minimum cell energy
Minimum leading cell energy

Cluster selection
Selection in n
Minimum cluster energy
Minimum number of cells

Cluster-shape parameter

Cluster time

Cluster—track matching

Eccu > 0.1 GeV
Egeea > 0.5 GeV

[n] < 0.67,1.40rad < ¢ < 3.15rad
Ecs > 0.7 GeV
Neents > 2
0.1 < alfmg < 0.5 (PCM-EMC)
0.1 <oy, < 0.7 (EMC)
Tiong > 0.27 (MEMC)
|teus] < 50 ns (2011)
—35ns < feus < 30 ns (2013)
|An| < 0.010 + (pr + 4.07)723
|[Ag| < 0.015 + (pr +3.65)72

electrons and neutrons is based on their shower shape. The
shower shape can be characterized by the larger eigenvalue
squared of the cluster’s energy decomposition in the EMCal
n—¢ plane. It is expressed as

020 = 0.5 (ajw +02,+ /02, — 02 + 40(;*") ©)

where oxzz = (xz) — (x){z) and (x) = ﬁZwixi are
weighted over all cells associated with the cluster in the ¢
or n direction. The weights w; logarithmically depend on
the ratio of the energy of a given cell to the cluster energy,
as w; = max(0,4.5 4+ log E;/E), and wior = Y_ w; [21].
Nuclear interactions, in particular for neutrons, create an
abnormal signal when hitting the corresponding avalanche
photodiodes for the readout of the scintillation light. Such
a signal is mainly localized in one high-energy cell with a
few surrounding low-energy cells, and can be removed by
requiring oling > 0.1. While the showers from electrons and
photons tend to be similar, they can be distinguished based
on their elongation, as most of the low- pt electrons will hit
the EMCal surface at an angle due to the bending in the mag-
netic field. Most of the pure photons are reconstructed with

a olfmg ~ (0.25; only late conversions elongate the showers

beyond this. Thus, rejecting clusters with Ul%mg > 0.7 (0.5)
for EMC (PCM-EMC) rejects the contamination from late
conversion electrons significantly. At very high transverse
momenta (>10 GeV/c), it also rejects part of the contami-
nation from neutral pions for which both photons have been
reconstructed in a single cluster. Contributions of clusters
from different bunch crossings were suppressed by a suitable
selection of clusters within a certain time window around the
main bunch crossing. A summary of the selection criteria for
EMCal photon candidates is given in Table 3.

The good momentum resolution for the PCM photon was
exploited to derive an improved correction for the relative
energy scale, as well as for the residual misalignment of the
EMCal between data and simulation. The neutral pion mass
was evaluated for the PCM-EMC method as a function of
the EMCal photon energy for data and simulation. A correc-
tion for the cluster energy was deduced which for a given
simulation adjusts the neutral pion mass peak position to the
measured position in the data as a function of the cluster
energy. Above 1 GeV, the corrections for the various MC
datasets are typically about 3%.

Example invariant mass distributions obtained by correlat-
ing photons reconstructed with EMCal or by one photon from
PCM and one from EMCal are shown in Fig. 3 for neutral
pions and Fig. 4 for n mesons. The combinatorial background
was calculated using the mixed event technique [22] using
event pools binned by primary vertex position, multiplicity
and transverse momentum. The mixed-event background has
been normalized to the right side of the 77° (17) peak. Addition-
ally, aresidual correlated background estimated using a linear
fit was subtracted. Only pairs with a minimum opening angle
0f 0.02 (0.005) mrad for EMC (PCM and PCM-EMC) meth-
ods were considered for signal and background construction.
Finally, pairs are restricted to rapidity of |y| < 0.8.

A Gaussian with an exponential tail on the left side was
fitted to the subtracted invariant mass distributions, in order
to determine the mass position and width of the peak. The
results of the fits for the mass position and widths of neutral
pions and 1 mesons are shown in Fig. 5. The performance
of PHOS from Ref. [5] in the case of 7° is added for com-
pleteness. For all systems, the data for both 7% and 7 are
reproduced by the MC simulations to a precision on average
better than 0.3% for the mass position. For EMC, the prt-
dependence of the mass position is especially pronounced,
due to non-linearity effects for low pr clusters, shower merg-
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Fig. 3 Invariant mass distributions in the 70 peak region for INT1 (left panels) and EG1 (right panels) triggers and EMC (top panels) and

PCM-EMC (bottom panels) methods

ing and shower overlaps, and decay asymmetry enhanced by
the employed triggers at high pt. The widths of the meson
peaks are similarly well described, with the expected order-
ing for the various methods. In particular, the peak widths
of the PCM-EMC fits are between the standalone measure-
ments of PCM and EMC and are comparable to the PHOS
measurement above 7 GeV/c. This illustrates that the inclu-
sion of one photon from PCM significantly improves the
resolution of the neutral meson measurements.

The neutral meson raw yield was extracted by integrat-
ing the background-subtracted invariant mass distributions
around the measured peak mass. The integration windows for
the different reconstruction techniques were adjusted based
on the average width of the meson peaks and their signal
shape: (M,0—0.035, M,0+-0.010), (M,—0.047, M,+-0.023)
for PCM, (M0 — 0.032, M2 + 0.022), (M, — 0.060,
M, +0.055) for PCM-EMC, and (M0 —0.05, M2 +0.04),

@ Springer

(M — 0.080, M, + 0.08) for EMC. For both mesons, an
asymmetric range around the measured mass position was
used to account for the low mass tail originating not only
from the bremsstrahlung energy loss of conversion electrons
and positrons, but also from additional missing energy in the
EMCal due to the partial reconstruction of the photon.

The corrections for the geometric acceptance and recon-
struction efficiency for the different mesons were calculated
using MC simulations as mentioned in Sect. 3. The accep-
tance for the EMCal reconstruction techniques was calcu-
lated as the fraction of 7 (1), whose decay photons point to
the EMCal surface (|n| < 0.67, 1.40rad < ¢ < 3.15rad),
compared to the ¥ (17) generated with |y| < 0.8. In the case
of PCM-EMC, only one photon was required to point to the
EMCal surface, while the other was required to be within the
acceptance of the TPC (|n| < 0.9, Orad < ¢ < 2 rad).
The output from the full event MC simulations was recon-
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Fig. 4 Invariant mass distributions in the n peak region for INT1 (left panels) and EGI1 (right panels) triggers and EMC (top panels) and

PCM-EMC (bottom panels) methods

structed and analyzed in the same way as the data. The
reconstruction efficiency was calculated as the fraction of
reconstructed mesons compared to the mesons whose decay
photons passed the acceptance criteria. The normalized effi-
ciency ¢ (see Eq. 5) as a function of meson pr is shown in
Fig. 6 for the various methods. For EMC, ¢ rises at low prt
and reaches its maximum at about 0.8 at 10 GeV/c. Subse-
quently, & drops due to the merging of the two clusters, and
is already a factor of 5 smaller at about 15 GeV/c. In the
case of the 7, the efficiency at 15 GeV/c is not yet affected
by the cluster merging due to its higher mass. The efficiency
for PCM-EMC is approximately a factor 10 smaller than for
EMC for both mesons due to the conversion probability of
about 0.09 in the respective pseudorapidity window. For the
79, itis similar to that of PHOS. The small decrease at higher
pr for the PCM-EMC results from shower overlaps of the

EMC photon with one of the conversion legs, and thus a
stronger rejection of the EMCal photons due to track match-
ing. Relative to PCM-EMC, ¢ for PCM is suppressed by the
conversion probability affecting both decay photons.

The correction for secondaries from hadronic interactions
depends on pt for the EMC-related methods. It ranges from
1.2% at the lowest pt to 0.1% (0.4%) above 3 GeV/c for
the PCM-EMC (EMC) method. For PCM, the correction
amounts to less than 0.2% independent of pt. However,
the contribution of the neutral pions from Kg is strongly
pt dependent due to the tight selection criteria forcing the
photons to point to the primary vertex. The correction drops
quickly from about 8% to less than 1% at 4 GeV/c. For the
PCM-EMC and EMC, the corresponding correction amounts
to 0.9 and 1.6%, respectively, independent of pr in the mea-
sured pt range. Contributions from other weak decays are

@ Springer
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below 0.1% and thus neglected for all reconstruction tech-
niques.

4.2 Single cluster analysis

At high pr the showers induced by the two decay photons
from a neutral pion merge into a single EMCal cluster, and
therefore are unidentifiable in an invariant mass analysis.
Hence, for 7% above 15 GeV/c we use a different approach,
namely to reconstruct and identify 77%s based only on single

@ Springer

clusters, exploiting that clusters at high pt mostly originate
from merged 7 decay photons.

Merged clusters from 77 decays tend to be more elongated
than clusters from photons and electrons, and their deforma-
tion is reflected by the shower shape UI%mg, defined in Eq. 6.
The shower shape distributions are shown for data and MC in
Fig. 7 for ¥ candidates, i.e. clusters fulfilling the selection
criteria listed in Table 3 except o*l%mg. The ol%m distribution is
found to be fairly well described by the MC, in particular for
ol%mg > 0.3. For ol%mg > 0.3, the dominant contribution to 7°
candidates is from merged 7 showers, while for o2 g <03
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signal and background contributions in MC (right panel)

clusters dominate where only the energy of one decay photon
contributed. The most significant background is from decay
photons of the n meson and direct photons, located mainly
at alfmg < 0.3. Hence, for the mEMC measurement, 7° can-

didates are simply required to have olfmg > (.27 in order to
discriminate from 5 decay and direct photons. Only candi-
dates with a rapidity of |y| < 0.6 are considered.

The corrections for the geometric acceptance, reconstruc-
tion efficiency, and purity were calculated using MC simula-
tions as described in Sect. 3. The resulting efficiency is shown
in Fig. 6 compared to the other neutral pion reconstruction
techniques. At high pt, mEMC clearly has an advantage due
to its larger coverage compared to PHOS, and the exploita-
tion of merging of the 7° decay photons in the EMCal.

The ¥ reconstruction efficiency was calculated by com-
paring the reconstructed with generator-level pr distributions
within a rapidity of |y| < 0.6. By comparing measured and
generated pr of the neutral pion, the pt resolution correction
is included in the inefficiency correction. The resolution is
significantly different for candidate clusters containing all or
only parts of the decay products, i.e. single photons or con-
versions. If all 79 decay products contribute to the cluster, the
mean momentum difference between reconstructed and gen-
erated pr is smaller than 2% with an RMS of 16-25% above
20 GeV/c. Otherwise, the mean momentum difference can
reach up to 30% depending on the fraction of decay particles
which could be reconstructed and whether they converted in
the detector material.

The purity represents the fraction of reconstructed clus-
ters that pass all the selections and are from a 7% decay. For

ALICE simulation 18.0 GeV/c < p_<22.0 GeV/c
pp, s = 2.76 TeV T
—— Clusters

Eﬁ%;\ﬂtcnggered o 70 (merged showers)
o 7O (single showers) "
o nBG
vBG
et BG
Had. BG

—_
LELELRRRL
|

1072

107°

< 22 GeV/c compared in data and MC (left panel), and corresponding

pr > 16 GeV/e, it is almost constant at around 90% with
variations of 1-2%. As can be seen in Fig. 7, the largest con-
tamination in the considered crlfmg window originates from
the n meson decay (~5% after fine-tuning the n/7° ratio
to the measured value), closely followed by the hadronic
background consisting mainly of charged pions (*2%) and
Kg (~1.8%). The contamination from 7 mesons rises by
about 2% towards higher momenta, while the contamination
from the other two sources decrease by about 0.5%. Frag-
mentation photons contribute to the background about 1.2%.
Their contribution was additionally scaled up by up to a fac-
tor 2, given by the ratio of fragmentation photons to direct
photons according to NLO pQCD calculations [23,24], to
account for direct photons which are not included in genera-
tor. Lastly, prompt electrons contribute to the contamination
about 0.7%.

The correction for secondary pions from K(S) decays
amounts to approximately 5%, as their reconstruction effi-
ciency is very similar to that of primary 7¥s, albeit with
worse resolution. In addition, corrections for 77%s from weak
decays from Kg and A (together only about 0.3%) and from
secondary hadronic interactions (2.2%) were applied.

5 Systematic uncertainties
The sources of systematic uncertainties associated with the
various measurement techniques and their magnitude in dif-

ferent pr ranges, chosen to reflect the strengths of the various
methods, are given in Table 4 for the 79 meson, in Table 5

@ Springer
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Table 5 Systematic uncertainty for various sources and methods assigned to the  measurement at different pr intervals. For comparison, the total

systematic and the statistical uncertainties are also given

pr interval (GeV/c) 1-1.5 3-4 10-12

Method PCM (%) PCM-EMC (%) PCM (%) PCM-EMC (%) EMC (%) PCM-EMC (%) EMC (%)
EMCal clustering - 3.1 - 3.1 2.7 3.6 3.1
EMCal energy calib. - 3.0 - 32 4.5 5.0 6.8
Track matching - 8.9 - 4.9 5.7 6.6 8.8
Secondary track reco. 3.7 33 1.6 33 - 4.1 -
Electron PID 2.1 2.5 2.4 22 - 5.2 -
PCM photon PID 39 7.7 39 7.3 - 11.2 -
Signal extraction 6.0 16.4 6.0 8.1 9.3 11.8 3.5
Efficiency - 5.0 - 5.0 5.7 5.8 53
Inner material 9.0 4.5 9.0 4.5 - 4.5 -
Outer material - 4.2 - 4.2 4.2 4.2 4.2
Trigger norm.+pileup 1.8 - 1.9 - 2.8 7.0 7.2
Tot. sys. uncertainty 12.3 22.5 11.9 15.5 14.3 22.6 15.5
Stat. uncertainty 20.4 434 17.2 16.7 10.8 21.3 8.9

Table 6 Systematic uncertainty for various sources and methods assigned to the /7° measurement at different pr intervals. For comparison, the

total systematic and the statistical uncertainties are also given

pr interval (GeV/c) 1-1.5 34 10-12

Method PCM (%) PCM-EMC (%) PCM (%) PCM-EMC (%) EMC (%) PCM-EMC (%) EMC (%)
EMCal clustering - 4.1 - 4.2 24 6.0 2.8
EMCal energy calib. - 4.1 - 4.3 4.6 6.6 7.6
Track matching - 8.9 - 4.9 5.7 6.6 9.0
Secondary track reco. 3.7 4.5 1.6 4.2 - 8.1 -
Electron PID 2.1 33 24 3.2 - 7.0 -
PCM photon PID 39 7.7 4.0 6.5 - 12.7 -
Signal extraction 6.1 16.6 7.0 9.1 9.3 10.5 8.5
Efficiency - 5.4 - 54 3.8 7.0 43
Tot. sys. uncertainty 8.4 22.5 8.5 15.6 12.6 23.8 154
Stat. uncertainty 20.4 44.1 17.7 17.9 10.9 22.1 8.8

for  meson and in Table 6 for the /7 ratio. Since the mea-
surements obtained with PCM-EMC, EMC and mEMC are
a combination of multiple triggers, the systematic uncertain-
ties associated with each method reflect the contribution of
different triggered data samples weighted by their statistical
uncertainties. The uncertainties for the n/7° were evaluated
directly on the ratio in order to cancel correlated uncertainties
between the 7° and n measurements. In the following, we
first describe the uncertainties on photon candidates recon-
structed with EMC and PCM, then those on the meson level,
and finally those related to the overall normalization, in the
same order as given in the tables.

EMCal clustering: The uncertainty on clustering quanti-
fies the mismatch in the description of the clusterization pro-
cess between data and simulation. It incorporates the uncer-
tainties arising from the variation of the minimum energy

and time on cluster and cell level, the minimum number of
cells per cluster as well as the variation of the al%ng selection
on the clusters. For mEMC, varying the selection on alfmg is
especially important since it quantifies the uncertainty of how
well the olfmg distributions of the background are described
in the simulation, and was varied from 0.27 to 0.25 and 0.3.
The corresponding uncertainties range between 2.1 and 6.2%
depending on pt and method.

EMCal cluster energy calibration: To estimate the
uncertainty of the cluster energy calibration, the remaining
relative difference between data and simulation in the mass
position of the neutral pion was used. On average, the dif-
ference is 0.3%, which leads to an uncertainty on the spectra
of about 2% taking into account that they approximately fall
with pp % In addition, the correction of the simulations for
relative energy scale and residual misalignment, described in
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Sect. 4.1, was varied by changing the underlying parametriza-
tion of the mass position correction with pt. We chose only
correction factors where the measured neutral pion mass
position could be reproduced by the simulation to better than
1.5% over all pt. The overall resulting uncertainties range
between 2.0 and 5.5% depending on pt and method. For the
n meson (n/7 ratio), the uncertainties are approximately a
factor 1.5 (2) larger at similar pt due to lower photon ener-
gies entering at the same meson pr.

Track matching to cluster: The uncertainty introduced
by the imperfection of the cluster—track matching procedure
was studied by repeating the measurements with different
track-matching parameters. The criteria were varied from
tight selections, which removed only centrally matched clus-
ters, to rather loose selections allowing a distance of 2-3 cells
depending on ¢ and 7. At low pr the uncertainties on the 7°
measurement are below 2%, while with increasing pt higher
track densities due to the jettier environment become more
important and lead to uncertainties of about 7%. In the case
of the n, the uncertainties are generally larger, between 4.9
and 8.9%, due to the worse signal-to-background ratio. For
the n /JTO ratio, the uncertainty of the n alone is used, since
part of the uncertainty is expected to cancel.

Secondary track reconstruction: The uncertainty on
the secondary track reconstruction quantifies the uncertainty
related to secondary track finding used in PCM. It is estimated
by variation of the TPC found-over-findable cluster selection
and the minimum pr cut as well as reducing the acceptance
for the conversion photons in @¢ony requiring them to approx-
imately point towards the EMCal direction. The uncertainty
depends on the precision of the relative alignment and track
matching efficiency between TPC and ITS in different sec-
tors of the TPC, and hence can vary for different data taking
periods and trigger conditions. For the EMCal triggers, for
instance, the conversion photons are mainly sampled in the
region directly in front of the EMCal, where the ITS had
larger inefficiencies than in other areas. The uncertainties
range from 0.8 to 5.7%.

Electron PID: Systematic uncertainty on the electron
identification for the PCM photon reconstruction was esti-
mated by varying the TPC dE /dx-based electron inclusion
as well as the pion rejection selections. The correspond-
ing uncertainties are small at low pt (*1%), where there
is good separation between electrons and pions, but reach up
to 12.7% at high pt, where electrons and pions can not be
efficiently separated any longer.

PCM photon PID: The uncertainty assigned to the PCM
photon reconstruction combines the contributions from vary-
ing the criteria for the photon quality and Armenteros-
Podolanski selections. The uncertainties are slightly larger
than those on the electron PID, with similar pt dependence,
since both the electron and the photon PID selections attempt
to reduce the contamination which increases with increasing
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pr. For the n/7° ratio, it is one of the dominant uncertain-
ties, in particular at high pr, as only a small fraction cancels
in the ratio due to the different decay kinematics of the two
mesons.

Signal extraction: The uncertainties arising from the sig-
nal extraction for the invariant mass analyses were esti-
mated by varying the integration window, the background
normalization region as well as the minimum opening angle,
and requiring a mild asymmetry of the decay photons. For
the neutral pion, the signal extraction uncertainty for PCM
ranges from 1.9% atlow pr to 4.0% at higher pr, due to the
good momentum resolution of the tracks. For PCM-EMC,
the equivalent uncertainty ranges from 1.5 to 3.4% at low
and high pr, respectively, while for EMC it ranges from
2.4% at low to 1.5% at intermediate and 14.1% at high pr.
Above 10 GeV/c the signal extraction uncertainty for the
EMC arises from the merging of the two photon clusters,
and the exact dependence of the corresponding description
in the simulation. For the  meson the signal extraction uncer-
tainty generally is larger since the signal-to-background ratio
is smaller, particularly at low pt. For PCM the uncertainty
is 6.0%, for PCM-EMC it ranges from 16.4 to 8.1 to 11.8%
and for EMC from 9.3 to 3.5% GeV/c at low, intermediate
and high pr, respectively. Unlike in the case of the 7, the
uncertainty for EMC decreases with increasing pt since the
merging of the clusters for the n meson only sets in at much
higher pr (around 35 GeV/c). For the /7 ratio, the signal
extraction uncertainties of the 7° and 1 mesons contribute
independently.

Efficiency: The uncertainties on the efficiency were esti-
mated using different MC generators to vary the input spec-
trum for the efficiency calculation, to quantify effects affect-
ing the pt resolution. Also, the uncertainties on the model-
ing of the efficiency bias in the simulation were included.
For PCM-EMC and EMC the uncertainties range from 2.0
to 3.6% depending on pr for the 70, while they are between
5 and 5.8% for the n meson. For the 1/7° measurement,
the uncertainties were added quadratically, without includ-
ing the trigger-related uncertainties, which largely cancel. In
the case of mEMC, the uncertainty on the pt resolution is
particularly important, since it strongly depends on whether
the neutral pion could be reconstructed with all decay parti-
cles contributing to the single cluster or just some of them.
To estimate the uncertainty due to a possible imperfection of
the MC simulation in the contribution of the various possi-
bilities, the fractions of the respective reconstruction possi-
bilities were varied by 20% each, leading to an uncertainty
on the efficiency of 8.4% at mid (17 GeV/c) and 7.1% at high
pt (32.5 GeV/c).

Secondary correction: The correction for secondary 7°
was estimated applying the efficiency and acceptance from
the full ALICE GEANT3 simulation to a fast MC simula-
tion of the decay kinematics based on the parametrized Kg
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(Kg) and A spectra [18]. The corresponding uncertainty was
obtained by varying the kaon and A yield within their mea-
sured uncertainties. Since the correction due to the secon-
daries is only 1-2%, for all but the mEMC reconstruction
technique, even a variation of 15% on the input yields leads
to a negligible contribution compared to other uncertainties.
For mEMC, where the correction is about 5%, an uncertainty
of ~0.5% was obtained. In addition, ~1.5% were added to
the uncertainty to account for the limited precision in the
shape and size of the correction factors of the full simula-
tions for the pions from KO, K% and A, which was estimated
by varying the parametrization underlying the efficiencies for
secondary 0.

Inner material: The uncertainty related to the knowl-
edge of the inner (radius <180 cm) material budget reflects
the uncertainty of the conversion probability of photons, and
hence dominantly affects the PCM measurements. It was
estimated to be 4.5% independent of pt based on detailed
comparison between simulation and data for pp collisions at
/s = 7TeV [4]. Thus, it affects the PCM meson measure-
ments with 9%, while it only contributes 4.5% to PCM-EMC.
In /7%, the uncertainty cancels as both mesons are affected
in the same way.

Outer material: For the reconstructed photons in the
EMCal, a possible mismatch between the material present in
reality and assumed in the simulation in front of the EMCal
may cause an error in the absorption rate or the production
of secondary pions. In most cases, however, the photon sim-
ply converts and at least one of its daughter electrons can be
reconstructed in the EMCal so that the 7° likely will be recon-
structed as well, although with degraded pt resolution. The
probability to still reconstruct the neutral meson increases
with increasing conversion radius, i.e. the closer the conver-
sion happens to the surface of the EMCal. Most of the mate-
rial is located at most 1.5 m away from the EMCal, namely
the TPC outer wall, the TRD and the Time-Of-Flight (TOF)
detector plus their support structures. The TRD was only fully
installed in the LHC shutdown period after 2013. For the 2011
and 2013 data there were regions in ¢ without TRD modules
in front of the EMCal. Hence, the net-effect of the material
in front of the EMCal could be studied by comparing fully
corrected ¥ yields for different ¢ regions with or without
the TRD in front of the EMCal. From the observed difference
measured using the EMC and PCM-EMC measurements, an
uncertainty on the neutral meson yields of 4.2% indepen-
dent of pt was derived, and assigned to all measurements
involving the EMCal. For n/7° the uncertainty is assumed
to cancel as both mesons should be affected in a similar way.

Trigger normalization and pileup: The uncertainties
for the trigger normalization were calculated by varying the
range for the fit of the plateau region (see Fig. 1) for the dif-
ferent trigger combinations, leading to the respective rejec-
tion factors with their uncertainties given in Table 1. Since

the final spectra for each measurement technique using the
EMCal are composed of several triggers, the contributions of
the respective trigger rejection uncertainties enter the final
measurement with different magnitudes depending on pr.
The uncertainties range between 0.5 and 8.8%. For n/ 70 the
uncertainties cancel as the ratio was measured per trigger and
reconstruction method and combined afterwards. For PCM
only minimum bias triggers were used, and hence no uncer-
tainty due to the trigger rejection was assigned. However,
an uncertainty of 0.8-0.4% was taken into account for the
out-of-bunch pileup subtraction described in [5]. The pileup
uncertainty is about 1.8% for the n meson. It largely cancels
in the /7 ratio, however, and the remaining error can be
neglected compared to other error sources.

6 Results

Since the meson measurements with PHOS, PCM, EMC,
PCM-EMC and mEMC have partly uncorrelated systematic
uncertainties, their combination will increase the precision
of the respective cross section measurements. The BLUE
method [27-29] was used to calculate the combined spectra
of the 7% and n mesons as well as the /7 ratio. For the
combination of the spectra, the full correlation matrix was
taken into account by estimating the correlated and uncor-
related part of the systematics for all pairs of measurements
versus pt. Correlations are most apparent between the three
EMC related measurements (EMC, PCM-EMCand mEMC),
as well as for the PCM-EMC and PCM results. At high pr,
for instance, the uncertainties are dominated by the uncer-
tainty on Rty which is largely common between the EMCal
triggered analyses. Uncertainties between PHOS, PCM, and
EMC (mEMC) are uncorrelated. The combined spectra were
fitted with a two-component model (TCM)

d30' (M — 4/ p% + M2> p2 —Npr
+Al 1+ —55

E—=A
dp e &Xp T, N T2

(N

introduced by Bylinkin and Rostovtsev [25] and Bylinkin
and Ryskin [26], which serves as convenient parametriza-
tion of the data without aiming for a physics interpretation.
The parameters for the 7° and 7 fits are given in Table 7 for
x%/ndof values of better than 0.5 taking statistical and sys-
tematic uncertainties in quadrature. Unlike for Tsallis [30]
and power-law distributions, which at high and low pr,
respectively, systematically deviate from the data, the TCM
parameterization describes the data over the full measured
range to better than 10%.
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Table 7 Parameters of the two-component model, Eq. 7 [25,26], which are used to parametrize the neutral pion and n meson spectra, respectively,

for the comparisons to models and among the different methods

Meson Ae (pb GeV~2¢3) T, (GeV/c) A (pb GeV~2¢c3) T (GeV/c) Tbr
70 (0.79 & 0.35) x 10° 0.566 =+ 0.035 (74.3 £ 12.9) x 10° 0.441 £0.021 3.083 £ 0.027
(18.5 £22.1) x 10° 0.149 + 0.070 (1.4 £ 1.0) x 10° 0.852 4+ 0.136 3.3184+0.122
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Fig. 8 Comparison of the individual measurements in their respective
measured transverse momentum ranges relative to the two-component
model fits [25,26] of the final spectra. The final spectra are obtained by

Table 8 Summary of the pr reach (in GeV/c) of the various recon-
struction methods for ¥,  and #/7°

Method 0 n n/n°
PCM 0.4-8.0 0.5-6.0 0.5-6.0
PHOS 0.8-12.0 n/a n/a
EMC 1.4-20.0 2.0-20.0 2.0-20.0
PCM-EMC 0.8-20.0 1.0-16.0 1.0-16.0
mEMC 16.0-40.0 n/a n/a

Figure 8 shows a comparison of the individual measure-
ments in their respective measured pT ranges summarized in
Table 8 to the two-component model fits for the 7° and 7
mesons. As already mentioned above, the 79 spectrum in pp
collisions at /s = 2.76 TeV has been measured by ALICE
using the PHOS and PCM [5]. The new results obtained
with the different EMC measurements and with the hybrid
PCM-EMC method are consistent with these earlier results,
and the combination with the former measurements improves
the precision of the data. The figure also demonstrates an
approximately fourfold extension of the p reach of the mea-
surement by using the EMCal. The n measurement, which
is the first such measurement at /s = 2.76 TeV, spans from
0.6 to 20 GeV/c. There is good agreement within the statis-
tical uncertainties among the different detection techniques.
Above pt > 4 GeV/c, the result is dominated by the EMCal
measurements.
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combining the individual measurements in the overlapping pr regions
with the highest granularity using the full correlation matrix as defined
in the BLUE-algorithm [27-29]

Figure 9 shows the combined 7° and 5 cross sections
in pp collisions at /s = 2.76 TeV, and Fig. 10 the corre-
sponding 7/ ratio. As mentioned earlier, the data were
parameterized with a two-component model of Bylinkin and
Ryskin [26] (see Table 7) and compared to recent NLO pQCD
calculations [3,6], and PYTHIA 8.2 [31] generator-level sim-
ulations using the widely-used Monash 2013 tune [32]. A
large fraction of hadrons at low pr is produced in pp colli-
sions via soft parton interactions and from resonance decays,
which cannot be well described within the framework of
pQCD, but are taken into account in the event-generator
approach. For the 7, the pQCD calculation [3], which uses
the DSS14 fragmentation functions seems to have a differ-
ent shape than the data. It overpredicts the data by about
30% at intermediate pt (5 GeV/ic< pr < 16 GeV/c),
while it agrees with the data at higher pt. The PYTHIA 8.2
calculation describes the data well, except below 1 GeV/c,
where it overpredicts the data by up to 30%. For pt above
15 GeV/c PYTHIA has a tendency to underpredict the data
by about 10%; however this slight difference is covered by
the uncertainties of the measurement. For the n meson, the
data and the NLO pQCD calculation [6], which uses the
AESSS fragmentation functions, agree within the uncertain-
ties for © = 2pr for factorization and fragmentation scale,
while for & = 0.5pt the calculation overpredicts the data
by up to a factor of 2-3, leaving room for future improve-
ments in the understanding of the strange versus non-strange
quark fragmentation functions. The PYTHIA 8.2 simulation
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Fig. 9 Invariant differential cross section of the 7 (left, top panel) and
1 meson (right, top panel) for pp collisions at 4/s = 2.76 TeV. The data
are compared to PYTHIA 8.2 [31] generator-level simulations using the
Monash 2013 tune as well as recent NLO pQCD calculations [3,6]. The

with the Monash 2013 tune performs slightly worse for the
1 than for the 7°, in particular for py > 3 GeV/c where it
underpredicts the data by about 20-30%. In the /7 ° ratio,
parts of the systematic uncertainties cancel not only for the
data but also for the NLO pQCD calculation. Thus, even
the predictions using older fragmentation functions for the
79 [33] and the n [6], which can not reproduce the individ-
ual spectra [5], are in good agreement for the /7" mea-
surement. PYTHIA 8.2 using the Monash 2013 tune can
reproduce the pt dependence of the ratio; however it under-
predicts the ratio by about 20-30% above 3 GeV/c, albeit
still in agreement with the data to within 1-20°. The mea-
sured n/7¥ ratio is found to agree with previous measure-
ments in pp collisions at /s = 0.2 TeV [34] and /s = 7
TeV [4] suggesting that /7° is collision-energy indepen-
dent. Above 4 GeV/c, both mesons exhibit a similar power-
law behavior with n o = 6.29 £ 0.025%" £ 0.04%Y° and
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ratios of the data and the calculations to the respective two-component
model fits [25,26] to the data are shown in the lower panels. The hor-
izontal error bars denote statistical, the boxes systematic uncertainties

n, = 6.38 £ 0.098 £+ 0.15%° with x2/ngof of below 1.8.
This is also reflected in the 1/ pag ratio, which above 4 GeV/c
reaches a value of 0.48 4 0.025% 4 0.04%Y.

7 Summary

The invariant differential cross sections for inclusive 7 %and
production at midrapidity in pp collisions at /s = 2.76 TeV
were measured over a large range in transverse momentum
of 04 < pr < 40 GeV/c and 0.6 < pr < 20 GeVl/ec,
respectively. To achieve these measurements, for the 79 ()
five (three) different reconstruction techniques and multiple
higher-level triggers involving the EMCal in ALICE were
exploited. In particular, a new single-cluster, shower-shape
based method was developed to identify high-pt neutral
pions whose decay photons overlap in the EMCal. Above
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Fig. 10 Measured n/7° ratio in pp collisions at /s = 2.76 TeV
compared to NLO pQCD calculations [6,33] and PYTHIA 8.2 [14]
generator-level simulations using the Monash 2013 tune. The horizon-
tal error bars denote statistical, the boxes systematic uncertainties. The
data at /s = 0.2 TeV [34] and /s = 7 TeV [4] are shown with statis-
tical and systematic uncertainties added in quadrature

4 GeV/e, both the ¥ and 7 cross sections are found to exhibit
a similar power-law behavior with an exponent of about 6.3.
The data were compared to state-of-the-art NLO pQCD cal-
culations which are found to reproduce the neutral pion cross
section within 30%, while the deviations for the 7 meson
are significantly larger. Calculations using PYTHIA 8.2 at
generator-level with the Monash 2013 tune turn out to be
consistent with the 7% measurement, except below 1 GeV/c,
where the calculation overpredicts the data by up to 50%.
For the 7, the agreement is slightly worse than for the 70,
in particular for pt > 3 GeV/c where the calculation under-
predicts the data by about 20-30%. The n/7° ratio, which
was found to be described by the calculations to within 1—
20, is 0.48 £ 0.02%% £ 0.04%" above 4 GeV/c, consistent
with previous measurements. The new data provide signifi-
cant constraints for future calculations of hadron spectra over
a large range in pr.

Acknowledgements We thank Werner Vogelsang and Marco Strat-
mann for providing us with their calculations. The ALICE Collaboration
would like to thank all its engineers and technicians for their invaluable
contributions to the construction of the experiment and the CERN accel-
erator teams for the outstanding performance of the LHC complex. The
ALICE Collaboration gratefully acknowledges the resources and sup-
port provided by all Grid centres and the Worldwide LHC Computing
Grid (WLCG) collaboration. The ALICE Collaboration acknowledges
the following funding agencies for their support in building and run-
ning the ALICE detector: A. I. Alikhanyan National Science Labora-
tory (Yerevan Physics Institute) Foundation (ANSL), State Commit-
tee of Science and World Federation of Scientists (WFS), Armenia;
Austrian Academy of Sciences and Nationalstiftung fiir Forschung,
Technologie und Entwicklung, Austria; Ministry of Communications
and High Technologies, National Nuclear Research Center, Azerbai-
jan; Conselho Nacional de Desenvolvimento Cientifico e Tecnolégico
(CNPq), Universidade Federal do Rio Grande do Sul (UFRGS), Finan-

@ Springer

ciadora de Estudos e Projetos (Finep) and Fundag¢do de Amparo a
Pesquisa do Estado de Sao Paulo (FAPESP), Brazil; Ministry of Sci-
ence & Technology of China (MSTC), National Natural Science Foun-
dation of China (NSFC) and Ministry of Education of China (MOEC),
China; Ministry of Science, Education and Sport and Croatian Science
Foundation, Croatia; Ministry of Education, Youth and Sports of the
Czech Republic, Czech Republic; The Danish Council for Indepen-
dent Research | Natural Sciences, the Carlsberg Foundation and Danish
National Research Foundation (DNRF), Denmark; Helsinki Institute of
Physics (HIP), Finland; Commissariat a I’Energie Atomique (CEA) and
Institut National de Physique Nucléaire et de Physique des Particules
(IN2P3) and Centre National de la Recherche Scientifique (CNRS),
France; Bundesministerium fiir Bildung, Wissenschaft, Forschung und
Technologie (BMBF) and GSI Helmbholtzzentrum fiir Schwerionen-
forschung GmbH, Germany; Ministry of Education, Research and Reli-
gious Aftairs, Greece; National Research, Development and Innovation
Office, Hungary; Department of Atomic Energy Government of India
(DAE) and Council of Scientific and Industrial Research (CSIR), New
Delhi, India; Indonesian Institute of Science, Indonesia; Centro Fermi -
Museo Storico della Fisica e Centro Studi e Ricerche Enrico Fermi
and Istituto Nazionale di Fisica Nucleare (INFN), Italy; Institute for
Innovative Science and Technology , Nagasaki Institute of Applied Sci-
ence (IIST), Japan Society for the Promotion of Science (JSPS) KAK-
ENHI and Japanese Ministry of Education, Culture, Sports, Science and
Technology (MEXT), Japan; Consejo Nacional de Ciencia (CONA-
CYT) y Tecnologia, through Fondo de Cooperacién Internacional en
Ciencia y Tecnologia (FONCICYT) and Direccién General de Asuntos
del Personal Academico (DGAPA), Mexico; Nationaal instituut voor
subatomaire fysica (Nikhef), Netherlands; The Research Council of
Norway, Norway; Commission on Science and Technology for Sus-
tainable Development in the South (COMSATS), Pakistan; Pontificia
Universidad Catdlica del Perd, Peru; Ministry of Science and Higher
Education and National Science Centre, Poland; Korea Institute of Sci-
ence and Technology Information and National Research Foundation
of Korea (NRF), Republic of Korea; Ministry of Education and Sci-
entific Research, Institute of Atomic Physics and Romanian National
Agency for Science, Technology and Innovation, Romania; Joint Insti-
tute for Nuclear Research (JINR), Ministry of Education and Science of
the Russian Federation and National Research Centre Kurchatov Insti-
tute, Russia; Ministry of Education, Science, Research and Sport of
the Slovak Republic, Slovakia; National Research Foundation of South
Africa, South Africa; Centro de Aplicaciones Tecnoldgicas y Desar-
rollo Nuclear (CEADEN), Cubaenergia, Cuba, Ministerio de Ciencia
e Innovacion and Centro de Investigaciones Energéticas, Medioambi-
entales y Tecnolégicas (CIEMAT), Spain; Swedish Research Council
(VR) and Knut & Alice Wallenberg Foundation (KAW), Sweden; Euro-
pean Organization for Nuclear Research, Switzerland; National Science
and Technology Development Agency (NSDTA), Suranaree University
of Technology (SUT) and Office of the Higher Education Commis-
sion under NRU project of Thailand, Thailand; Turkish Atomic Energy
Agency (TAEK), Turkey; National Academy of Sciences of Ukraine,
Ukraine; Science and Technology Facilities Council (STFC), United
Kingdom; National Science Foundation of the United States of Amer-
ica (NSF) and United States Department of Energy, Office of Nuclear
Physics (DOE NP), United States of America.

Open Access This article is distributed under the terms of the Creative
Commons Attribution 4.0 International License (http://creativecomm
ons.org/licenses/by/4.0/), which permits unrestricted use, distribution,
and reproduction in any medium, provided you give appropriate credit
to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made.

Funded by SCOAP3.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Eur. Phys. J. C (2017) 77:339

Page 19 of 25 339

References

10.

11.

12.

13.

14.

15.

16.

17.

DJ. Gross, F. Wilczek, Asymptotically free Gauge theories. Phys.
Rev. D 8, 3633-3652 (1973)

CTEQ Collaboration, G. Sterman, J. Smith, J.C. Collins, J. Whit-
more, R. Brock, J. Huston, J. Pumplin, W.-K. Tung, H. Weerts, C.-P.
Yuan, S. Kuhlmann, S. Mishra, J.G. Morfin, F. Olness, J. Owens, J.
Qiu, D.E. Soper, Handbook of perturbative QCD. Rev. Mod. Phys.
67, 157-248 (1995). doi:10.1103/RevModPhys.67.157

D. de Florian, R. Sassot, M. Epele, R.J. Hernandez-Pinto, M. Strat-
mann, Parton-to-pion fragmentation reloaded. Phys. Rev. D 91(1),
014035 (2015). arXiv:1410.6027 [hep-ph]

ALICE Collaboration, B. Abelev et al., Neutral pion and n meson
production in proton—proton collisions at /s = 0.9 TeV and /s =
7 TeV. Phys. Lett. B 717, 162-172 (2012). arXiv:1205.5724 [hep-
ex]

ALICE Collaboration, B.B. Abelev et al., Neutral pion production
at midrapidity in pp and Pb—Pb collisions at ./sxy = 2.76 TeV.
Eur. Phys. J. C 74(10), 3108 (2014). arXiv:1405.3794 [nucl-ex]
C.A. Aidala, F. Ellinghaus, R. Sassot, J.P. Seele, M. Stratmann,
Global analysis of fragmentation functions for n mesons. Phys.
Rev. D 83, 034002 (2011). arXiv:1009.6145 [hep-ph]

ALICE Collaboration, K. Aamodt et al., The ALICE experiment
at the CERN LHC. JINST 3, S08002 (2008)

ALICE Collaboration, B.B. Abelev et al., Performance of the
ALICE experiment at the CERN LHC. Int. J. Mod. Phys. A 29,
1430044 (2014). arXiv:1402.4476 [nucl-ex]

J. Alme et al., The ALICE TPC, a large 3-dimensional track-
ing device with fast readout for ultra-high multiplicity events.
Nucl. Instrum. Methods A 622, 316-367 (2010). arXiv:1001.1950
[physics.ins-det]

ALICE Collaboration, K. Aamodt et al., Alignment of the ALICE
Inner Tracking System with cosmic-ray tracks. JINST 5, P03003
(2010). arXiv:1001.0502 [physics.ins-det]

ALICE Collaboration, P. Cortese et al., ALICE electromagnetic
calorimeter technical design report

ALICE EMCal Collaboration, U. Abeysekara et al., ALICE EMCal
physics performance report. arXiv:1008.0413 [physics.ins-det]
ALICE Collaboration, B. Abelev et al., Measurement of inelastic,
single- and double-diffraction cross sections in proton—proton col-
lisions at the LHC with ALICE. Eur. Phys. J. C 73(6), 2456 (2013).
arXiv:1208.4968 [hep-ex]

T. Sjostrand, S. Mrenna, P.Z. Skands, A brief introduction to
PYTHIA 8.1. Comput. Phys. Commun. 178, 852-867 (2008).
arXiv:0710.3820 [hep-ph]

R. Engel, J. Ranft, S. Roesler, Hard diffraction in hadron hadron
interactions and in photoproduction. Phys. Rev. D 52, 1459-1468
(1995). arXiv:hep-ph/9502319

T. Sjostrand, S. Mrenna, P.Z. Skands, PYTHIA 6.4 physics and
manual. JHEP 05, 026 (2006). arXiv:hep-ph/0603175

R. Brun, F. Bruyant, M. Maire, A. McPherson, P. Zanarini,
GEANT3. 175 (1987). http://inspirehep.net/record/252007 ?In=en

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

ALICE Collaboration, B.B. Abelev et al., Production of charged
pions, kaons and protons at large transverse momenta in pp and
Pb-Pb collisions at /sNN = 2.76 TeV. Phys. Lett. B 736, 196207
(2014). arXiv:1401.1250 [nucl-ex]

G.D. Lafferty, T.R. Wyatt, Where to stick your data points: the treat-
ment of measurements within wide bins. Nucl. Instrum. Methods
A 355, 541-547 (1995)

J. Podolanski, R. Armenteros, III. Analysis of V-events. Philos.
Mag. 45(360), 13-30 (1954)

T. Awes, F. Obenshain, F. Plasil, S. Saini, S. Sorensen, G. Young, A
simple method of shower localization and identification in laterally
segmented calorimeters. Nucl. Instrum. Methods A 311(1), 130-
138 (1992)

G.I. Kopylov, Like particle correlations as a tool to study the mul-
tiple production mechanism. Phys. Lett. B 50, 472-474 (1974)
L.E. Gordon, W. Vogelsang, Polarized and unpolarized prompt
photon production beyond the leading order. Phys. Rev. D 48,
3136-3159 (1993)

W. Vogelsang, M.R. Whalley, A compilation of data on single and
double prompt photon production in hadron hadron interactions. J.
Phys. G 23, A1-A69 (1997)

A.A. Bylinkin, A.A. Rostovtsev, Role of quarks in hadroproduc-
tion in high energy collisions. Nucl. Phys. B 888, 65-74 (2014).
arXiv:1404.7302 [hep-ph]

A.A. Bylinkin, M.G. Ryskin, Secondary hadron distributions
in two component model. Phys. Rev. D 90(1), 017501 (2014).
arXiv:1404.4739 [hep-ph]

L. Lyons, D. Gibaut, P. Clifford, How to combine correlated esti-
mates of a single physical quantity. Nucl. Instrum. Methods A 270,
110 (1988)

A. Valassi, Combining correlated measurements of several differ-
ent physical quantities. Nucl. Instrum. Methods A 500, 391405
(2003)

A. Valassi, R. Chierici, Information and treatment of unknown cor-
relations in the combination of measurements using the BLUE
method. Eur. Phys. J. C 74, 2717 (2014). arXiv:1307.4003
[physics.data-an]

C. Tsallis, Possible generalization of Boltzmann-Gibbs statistics.
J. Stat. Phys. 52, 479-487 (1988)

T. Sjostrand, S. Ask, J.R. Christiansen, R. Corke, N. Desai, P. Ilten,
S. Mrenna, S. Prestel, C.O. Rasmussen, P.Z. Skands, An intro-
duction to PYTHIA 8.2. Comput. Phys. Commun. 191, 159-177
(2015). arXiv:1410.3012 [hep-ph]

P. Skands, S. Carrazza, J. Rojo, Tuning PYTHIA 8.1: the Monash
2013 tune. Eur. Phys. J. C 74(8), 3024 (2014). arXiv:1404.5630
[hep-ph]

D. de Florian, R. Sassot, M. Stratmann, Global analysis of frag-
mentation functions for pions and kaons and their uncertainties.
Phys. Rev. D 75, 114010 (2007). arXiv:hep-ph/0703242
PHENIX Collaboration, A. Adare et al., Cross section and double
helicity asymmetry for n mesons and their comparison to neutral
pion production in p+p collisions at sgrt(s) = 200 GeV. Phys.
Rev. D 83, 032001 (2011). arXiv:1009.6224 [hep-ex]

@ Springer


http://dx.doi.org/10.1103/RevModPhys.67.157
http://arxiv.org/abs/1410.6027
http://arxiv.org/abs/1205.5724
http://arxiv.org/abs/1405.3794
http://arxiv.org/abs/1009.6145
http://arxiv.org/abs/1402.4476
http://arxiv.org/abs/1001.1950
http://arxiv.org/abs/1001.0502
http://arxiv.org/abs/1008.0413
http://arxiv.org/abs/1208.4968
http://arxiv.org/abs/0710.3820
http://arxiv.org/abs/hep-ph/9502319
http://arxiv.org/abs/hep-ph/0603175
http://inspirehep.net/record/252007?ln=en
http://arxiv.org/abs/1401.1250
http://arxiv.org/abs/1404.7302
http://arxiv.org/abs/1404.4739
http://arxiv.org/abs/1307.4003
http://arxiv.org/abs/1410.3012
http://arxiv.org/abs/1404.5630
http://arxiv.org/abs/hep-ph/0703242
http://arxiv.org/abs/1009.6224

339 Page 20 of 25 Eur. Phys. J. C (2017) 77:339

ALICE Collaboration

S. Acharya'?®, D. Adamova®’, M. M. Aggarwal’!, G. Aglieri Rinella’*, M. Agnello®’, N. Agrawal*’, Z. Ahammed'?”,
N. Ahmad'7, S. U. Ahn®, S. Aiola'®3, A. Akindinov>*, S. N. Alam'3°, D. S. D. Albuquerque'?*, D. Aleksandrov®?, B.
Alessandro!!3, D. Alexandre!%4, R. Alfaro Molina®, A. Alici!?20:107 A Alkin3, J. Alme2!, T. ALt 1. Altsybeev138, C.
Alves Garcia Prado'?3, M. An’, C. Andrei3?, H. A. Andrews!%*, A. Andronic'%, V. Anguelov%, C. Anson”, T. Antici¢!0! F,
Antinori!!?, P. Antonioli'%? , R. Anwar!2°, L. Aphecetche] 16 4, Appelshéiuser60, S. Arcelli?®, R. Arnaldi'!3, 0. W. Arnold3397,
L. C. Arsene?, M. Arslandok®®, B. Audurier!!°, A. Augustinus34, R. Averbeck!%, T. Awes3®, M. D. Azmi!7, A. Badala!®%,
Y. W. Baek®, S. Bagnasco!!?, R. Bailhache®, R. Bala”?, A. Baldisseri®, M. Ball**, R. C. Baral®’, A. M. Barbano®, R.
Barbera?’, F. Barile32:100 L. Bariogliozs, G. G. Barnafsldi!*?, L. S. Barnby34’104, V. Barret’!, P. Bartalini’, K. Barth*,
J. Bartke'?%2, E. Bartsch®, M. Basile?®, N. Bastid’!, S. Basu'®, B. Bathen®!, G. Batigne!!®, A. Batista Camejo’!, B.
Batyunya®’, P. C. Batzing®, I. G. Bearden®®, H. Beck?®, C. Bedda®, N. K. Behera®’, I. Belikov'?, F. Bellini?®, H. Bello
Martinezz, R. Bellwied126, L.G. E. Beltranln, V. Belyaev76, G. Bencedil42, S. Beolezs, A. Bercucigo, Y. Berdnikovgg, D.
Berenyi142, R. A. Bertens’>:!12%, D. Berzano>*, L. Betev®*, A. Bhasin®3, I. R. Bhat®3, A. K. Bhati®!, B. Bhattacharjee43,
J. Bhom'?°, L. Bianchi'?®, N. Bianchi’3, C. Bianchin'#!, J. Biel¢ik®®, J. Biel¢ikova®’, A. Bilandzic**7, G. Biro!4?, R.
Biswas*, S. Biswas*, J. T. Blair'?!, D. Blau®?, C. Blume®, G. Boca!'3®, F. Bock’>:%, A. Bogdanov76, L. Boldizsar!#?,
M. Bombara®®, G. Bonomi!37, M. Bonora3*, J. Book®, H. Borel®®, A. Borissov??, M. Borri!?3, E. Botta?®, C. Bourjau84,
P. Braun—MunzingerlOO, M. Bregant123, T. A. Broker®, T. A. Browninggg, M. Broz3%, E. J. Brucken®, E. Bruna!!3, G.
E. Bruno’?, D. Budnikov!'%?, H. Buesching®, S. Bufalino®’, P. Buhler!!>, S. A. I. Buitron®?, P. Buncic**, O. Busch!3?2,
Z. Buthelezi®, J. B. Butt!®, J. T. Buxton!8, J. Cabala!!8, D. Caffarri>*, H. Caines!#3, A. Caliva>3, E. Calvo Villar'?®, P.
Camerini24, A. A Capon115 , F Carena34, W. Carena34, F. Carnesecchi'?-2°, J. Castillo Castellanos® , A. J. Castro!® | E.
A. R. Casulaz3’108, C. Ceballos Sanchezg, P. CerellolB, B. Chang127, S. Chapeland34, M. Chartier128, J. L. Charvet® s
S. Chattopadhyay'3®, S. Chattopadhyay'%3, A. Chauvin®-°’, M. Cherney”’, C. Cheshkov'34, B. Cheynis!3*, V. Chibante
Barroso**, D. D. Chinellato'?*, S. Cho®°, P. Chochula**, K. Choi®”, M. Chojnacki®*, S. Choudhury'3?, P. Christakoglou®>, C.
H. Christensen3*, P. Christiansen®3, T. Chuj0132, S.U. Chung99, C. Cicalo!'98 L. Cifarelli'?°, F. Cindolo!?’, J. Cleymans”,
F. Colamaria’Z, D. Colella3*35, A. Collu”®, M. Colocci?®, M. Concas!!3:P, G. Conesa Balbastre’?, Z. Conesa del Valle®!,
M. E. Connors!#3-, J. G. Contreras®®, T. M. Cormier®3, Y. Corrales Morales'!3, I. Cortés Maldonado?, P. Cortese3!, M.
R. Cosentino!?’, F. Costa®*, S. Costanza'3®, J. Crkovska®!, P. Crochet’!, E. Cuautle®?, L. Cunqueirof’l, T. Dahms3397, A.
Dainese!'?, M. C. Danisch?®, A. Danu®®, D. Das'%, 1. Das!?3, S. Das*, A. Dash®!, S. Dash*’, S. De*®:123, A. De Caro?, G. de
Cataldo!%°, C. de Conti!?3, J. de Cuveland*', A. De Falco??, D. De Gruttola!22?, N. De Marco!!3, S. De Pasqualezg, R.D. De
Souza!?* H.F. Degenhardt123 JA. Deisting%’loo, A. Deloff”, C. Deplanogs, P. Dhankher*’, D. Di Bari®2, A. Di Mauro>*, P.
DiNezza’”?, B. Di Ruzza!'?, M. A. Diaz Corchero!?, T. Dietel®2, P. Dillenseger60, R. Divia*4, @. Djuvsland21 , A. Dobrin3458,
D. Domenicis Gimenez!'23, B. D'dnigus60, 0. Dordic?°, T. Drozhzhova®, A. K. Dubey139, A. Dubla!%®, L. Ducroux!3*, A. K.
Duggal9] ,P. Dupieux”, R. J. Ehlers'#3, D. Elia!%, E. Endress'%, H. Engelsg, E. Epp1e143, B. Erazmus!!®, F. Erhardt!33, B.
Espagnon5 1S, Esumi!'32, G. Eulisse®*, J. Eum”?, D. Evans'%, S. Evdokimov!!'4, L. Fabbietti3>97, J. Faivre’?, A. Fantoni’?,
M. Fasel”™88 L. Feldkamp61, A. Feliciello'3, G. Feofilov!33, J. Ferencei®’, A. Ferndndez TéllezZ, E. G. Ferreiro'®, A.
Ferretti®d, A. Festanti?®, V. J. G. Feuillard®-"!, J. Figiellzo, M. A. S. Figueredom, S. Filchaginloz, D. Finogeevsz, F.
M. Fionda??, E. M. Fiore32, M. Floris**, S. Foertsch®, P. Foka!®, S. Fokin®3, E. Fragiacomo“z, A. Francescon®, A.
Francisco“G, U. Frankenfeldwo, G.G. Fronzezs, U. Fuchs34, C. Furget72, A. Furs>2, M. Fusco Girard®, J. J. Gaardh¢je84,
M. Gagliardi25 ,A. M. Gagolos, K. Gajdosova84, M. Gallio®, C. D. Galvan!?2, P. Ganoti’®, C. Gao’, C. Garabatos!?, E.
Garcia-Solis!3, K. Garg27, P. Garg48, C. Gargiulo34, P. Gasik® %7, E. F. Gaugerul, M. B. Gay Ducati®3, M. Germain!1®,
P. Ghosh'3?, S. K. Ghosh?, P. Gianotti’?, P. Giubellino*1%113 P, Giubilato?®, E. Gladysz-Dziadus'?°, P. Glissel®®, D.
M. Goméz Coral®, A. Gomez Ramirez>®, A. S. Gonzalez3*, V. Gonzalez!?, P. Gonzélez-Zamora'?, S. Gorbunov*!, L.
Gorlich!??, S. Gotovac!!?, V. Grabski®, L. K. Graczykowski'*°, K. L. Graham'%*, L. Greiner”?, A. Grelli>3, C. Grigoras*,
V. Grigoriev’%, A. Grigoryan!, S. Grigoryan%’, N. Grion!!?, J. M. Gronefeld'?’, F. Grosa®’, J. F. Grosse-Oetringhaus®*, R.
Grosso'% L. Gruber!'?, E. R. Grull®®, F. Guber’2, R. Guernane’?, B. Guerzoni??, K. Gulbrandsen®?, T. Gunjim, A. Gupta93,
R. Gupta93 , 1. B. Guzman?, R. Haake?*, C. Hadjidakis5 I H. Hamagaki77’l3l, G. Hamar!*2, J. C. Hamon!33, J. W. Harris!*3,
A. Harton'?, D. Hatzifotiadou'??, S. Hayashi'3!, S. T. Heckel®’, E. Hellbar®®, H. Helstrup®®, A. Herghelegiu®®, G. Herrera
Corral'l, F. Herrmann61, B. A. Hessgs, K. E Hetland36, H. Hillemanns34, B. Hippolytel35, J. Hladky56, B. Hohlweger97,
D. Horak?8, S. Hornungloo, R. Hosokawal32, P. Hristov>*4, C. Hughesl29, T. J. Humanic!®, N. Hussain*?, T. Hussain!’, D.
Hutter*!, D. S. Hwanglg, R. llkaev!92, M. Inabal32, M. Ippolitov76’83, M. Irfan!?, V. Isakov®2, M. Ivanov3*19 V. Ivanov®?,
V. Izucheev!!#, B. Jacak”, N. Jacazio®®, P. M. Jacobs”®, M. B. Jadhav?*’, S. Jadlovska!!8, J. Jadlovsky”S, S. Jaelani’3, C.
Jahnke33, M. J. Jakubowska!*?, M. A. Janik!?, P. H. S. Y. Jayarathna126, C. Jena®!, S. Jena!'?®, M. Jercic'33, R. T. Jimenez

@ Springer



Eur. Phys. J. C (2017) 77:339 Page 21 of 25 339

Bustamante!%’, P. G. Jones!®*, A. Jusko!'%, P. Kalinak>>, A. Kalweit**, J. Kamin®, J. H. Kang'#*, V. Kaplin’%, S. Kar!3,
A. Karasu Uysal70, 0. Karavichev2, T. Karavicheva’Z, L. Karayan%’loo, E. Karpechevsz, U. Kebschull®?, R. Keidel!*?, D.
L. D. Keijdener’?, M. Keil**, B. Ketzer**, P. Khan'?®, S. A. Khan'*®, A. Khanzadeev®®, Y. Kharlov''4, A. Khatun'!’, A.
Khuntia*®, M. M. Kielbowicz!??, B. Kileng?®, D. Kim!#*, D. W. Kim*?, D. J. Kim'?7, H. Kim'#4, J. S. Kim*?, J. Kim”®, M.
Kim>°, M. Kim!#, S. Kim'?, T. Kim'#, S. Kirsch*!, I. Kisel*!, S. Kiselev>*, A. Kisiel'*°, G. Kiss'#?, J. L. Klay®, C. Klein®,
J. Klein?*, C. Klein—Bbsing“, S. Klewin%, A. Kluge34, M. L. Knichel®, A. G. Knospel%, C. Kobdaj“7, M. Kofarago34, T.
Kolleggerloo, A. Kolojvaril38, V. Kondratiev!38, N, Kondratyeva76, E. Kondratyuk1 14 A Konevskikh2, M. Kopcik] 18 M.
Kour”?, C. Kouzinopoulos34, 0. Kovalenko”?, V. Kovalenko!38, M. Kowalski!??, G. Koyithatta Meethaleveedu®’, I. Kralik>,
A. Kravéakova®®, M. Krivda®-194 F. Krizek®’, E. Kryshen®®, M. Krzewicki*!, A. M. Kubera'®, V. Kugera®’, C. Kuhn'3>, P.
G. Kuijer®, A. Kumar®3, J. Kumar*’, L. Kumar®', S. Kumar®’, S. Kundu®!, P. Kurashvili’?, A. Kurepin®?, A. B. Kurepin®2,
A. Kuryakin102, S. Kushpilg7, M. J. Kweon?, Y. Kwon'#*, S. L. La Pointe‘“, P. La Rocca?’, C. Lagana Fernandes'?? , L
Lak0m0V34, R. Langoy40, K. Lapidusl43, C. Lara59, A. Lardeux20’65, A. Lattuca25, E. Laudi34, R. Lavicka38, L. Lazaridis34,
R. Lea?*, L. Leardini®®, S. Lee!*, F. Lehas%, S. Lehner!!%, J. Lehrbach?!, R. C. Lemmon®®, V. Lenti!%, E. Leogrand653, 1.
Leén Monzén!22, P. Lévail®?, S. Li7, X. Lil4, J. Lien*, R. Lietaval®, S. Lindal?®, V. Lindenstruth*!, C. Lippmannloo, M.
A. Lisal8, v. Litichevskyi45 ,H. M. Ljunggren33, W. 1. Llopel‘“, D. F. Lodato®3, P. I. Loenne?!, V. Loginov76, C. Loizides”,
P. Loncar!!®, X. Lopez”, E. Lépez Torres’, A. Lowe!2, P, Luettig6°, M. Lunardon®8, G. Lupar611024, M. Lupi34, T. H.
Lutz!43, A. Maevskayasz, M. Mager34, S. Mahajan93, S. M. Mahmood?°, A. Maire!3, R. D. Majka143, M. Malaev®, 1.
Maldonado Cervantes®?, L. Malinina®”-4, D. Mal’Kevich>*, P. Malzacher!%, A. Mamonov!%2, V. Manko%?, F. Manso’!, V.
Manzari'%, Y. Mao’, M. Marchisone®®139, J. Mare$°%, G. V. Margagliotti**, A. Margotti'??, J. Margutti>>, A. Marin!?°, C.
Markert'2!, M. Marquard60, N. A. Martin!®, P, Martinengo34, J. A. L. Martinez>?, M. 1. Martinez2, G. Martinez Garcfa!l®,
M. Martinez Pedreira®*, A. Mas!?3 , S. Masciocchiloo, M. Masera2’, A. Masonil®, A. Mastroserio>2, A. M. Mathis3*97, A.
Matyjalzo’lzg, C. Mayerlzo, J. Mazer!?°, M. Mazzilli®2, M. A. Mazzoni!!!, F. Meddi??, Y. Melikyan76, A. Menchaca-Rocha®*,
E. Meninno??, J. Mercado Pérez’®, M. Meres>, S. Mhlangagz, Y. Miake!32, M. M. Mieskolainen®’, D. L. Mihaylov97, K.
Mikhaylov>*%7, L. Milano’>, J. Milosevic?®, A. Mischke>3, A. N. Mishra*®, D. Miskowiec'?, J. Mitra'3?, C. M. Mitu®%,
N. Mohammadi®?, B. Mohanty®!', M. Mohisin Khan!7-¢, E. Montes'?, D. A. Moreira De Godoy®', L. A. P. Moreno?, S.
Moretto?®, A. Morreale!'®, A. Morsch®*, V. Muccifora’?, E. Mudnic!'?, D. Miihlheim®!, S. Muhuri'*®, M. Mukherjee* 3%, J.
D. Mulligan'43, M. G. Munhoz'?3, K. Miinning**, R. H. Munzer®®, H. Murakami'3!, S. Murray®®, L. Musa*, J. Musinsky>>,
C. J. Myers!?®, B. Naik*’, R. Nair’®, B. K. Nandi*’, R. Nania'’, E. Nappi!®®, A. Narayan*’, M. U. Naru', H. Natal da
Luz!23, C. Nattrass'??, S. R. Navarro?, K. Nayakgl, R. Nayak47, T. K. Nayakl39, S. Nazarenko!%2, A. Nedosekin™*, R. A.
Negrao De Oliveira34, L. Nellen62, S. V. Nesbo36, F. Ng126, M. Nicassioloo, M. NiculescuSS, J. Niedziela34, B. S. Nielsen84,
S. Nikolaev®3, S. Nikulin83, V. Nikulin®?, F. Noferini!2'197 P. Nomokonov®’, G. Nooren>3, J. C. C. Noris2, J. Norman!28, A.
Nyanin83, J. Nystrand21, H. Oeschler’®?, S. Oh!*3, A. Ohlson3*%°, T. Okubo?*®, L. Olah'#2, J. Oleniacz!'#?, A. C. Oliveira
Da Silva!?3, M. H. Oliver'#3, J. Onderwaater'%, C. Oppedisano“3, R. Orava®, M. Oravec!!3, A. Ortiz Velasquez62, A.
Oskarsson’?, J. Otwinowski'?’, K. Oyama’’, Y. Pachmayer®®, V. Pacik®%, D. Pagano'?’, P. Pagano®’, G. Pai¢%?, P. Palni’,
J. Pan'#!, A. K. Pandey47, S. Panebianco®, V. Papikyanl, G. S. Pappalard0109, P. Pareek®s, J. Park®®, W. J. Park!®, S,
Parmar®!, A. Passfeld®!, S. P. Pathak!2®, V. Paticchio'%, R. N. Patra'3?, B. Paul'!3, H. Pei’, T. Peitzmann”?, X. Peng’, L. G.
Pereira®, H. Pereira Da Costa®, D. Peresunko’%83, E. Perez Lezama®, V. Peskov®, Y. Pestov?, V. Petracek33, V. Petrov!!4,
M. Petrovici®?, C. Petta?’, R. P. Pezzi®, S. Piano!'?, M. Pikna®’, P. Pillot''®, L. O. D. L. Pimentel®*, O. Pinazza®*'"7, L.
Pinsky'2%, D. B. Piyarathna'?®, M. Pt oskoi”>, M. Planinic'33, J. Pluta'?, S. Pochybova'4?, P. L. M. Podesta-Lerma'??, M. G.
Poghosyangg, B. Polichtchouk!!#, N. Poljakl33, W. Poonsawat!!7, A. PopSO, H. Poppenborg61, S. Porteboeuf-Houssais’!, J.
Porter’3, J. Pospisil®’, V. Pozdniakov®’, S. K. Prasad*, R. Preghenella®*!%7_ F. Prino!!3, C. A. Pruneau'*!, I. Pshenichnov2,
M. Puccio®, G. Puddu?3, P, Pujahari141, V. Punin!®?, J. Putschke!4!, H. Qvigstadzo, A. Rachevski!!2 S. Raha*, S. Rajput%, J.
Rak!?7, A. Rakotozafindrabe®®, L. Ramello®!, F. Rami!3%, D. B. Rana!?°, R. Raniwala®*, S. Raniwala®, S. S. Risinen®, B. T.
Rascanu®, D. Rathee®', V. Ratza**, I. Ravasenga®’, K. F. Read®® 12, K. Redlich’’, A. Rehman?!, P. Reichelt®, F. Reidt**, X.
Ren’, R. Renfordt®, A. R. Reolon”?, A. Reshetin®?, K. Reygers”®, V. Riabov®?, R. A. Ricci’#, T. Richert?3-3, M. Richter??,
P. Riedler**, W. Riegler’*, F. Riggi®’, C. Ristea®®, M. Rodriguez Cahuantzi’, K. Rged?°, E. Rogochaya®’, D. Rohr*!, D.
Rohrich?!, P. S. Rokita'4?, F. Ronchetti®*73, L. Ronflette!'°, P. Rosnet”!, A. Rossi’®, A. Rotondi'?, F. Roukoutakis’®, A.
Roy48, C. R0y135, P. R0y103, A. J. Rubio Monterolo, 0. V. Rueda62, R. Rui24, R. Russo?, A. Rustarnovgz, E. Ryabinkin83,
Y. Ryabov®®, A. Rybicki'?’, S. Saarinen®, S. Sadhu'3?, S. Sadovsky'!#, K. Safaiik®*, S. K. Saha'3?, B. Sahlmuller®, B.
Sahoo*’, P. Sahoo*®, R. Sahoo*®, S. Sahoo”’, P. K. Sahu®’, J. Saini'?, S. Sakai’?'132, M. A. Saleh!'#!, J. Salzwedel'8, S.
Sambya193, V. Samsonov’%89, A. Sandoval®, D. Sarkar!3°, N. Sarkar!3°, P. Sarma*}, M. H. P. Sas*3, E. Scapparonelm,
F. Scarlassara®8, R. P. Scharenberggg, H. S. Scheid®®, C. Schiaua8®, R. Schicker?®, C. Schmidt'%°, H. R. Schmidt®>, M. O.
Schmidt?®, M. Schmidt®, S. Schuchmann®, J. Schukraft**, Y. Schutz>*116-135 /K. Schwarz'°, K. Schweda!®, G. Scioli*®,

@ Springer



339 Page 22 of 25 Eur. Phys. J. C (2017) 77:339

E. Scomparin1 13 R. Scott!??, M. Sef¢ik??, J. E. Segergo, Y. Sekiguchim, D. Sekihata®, I. Selyuzhenkovloo, K. Senosi®, S.
Senyukov3’34’l35, E. Serradilla'®-%*, P. Sett*”, A. Sevcenco’3, A. Shabanov>Z, A. Shabetai''®, O. Shadura3, R. Shahoyan34,
A. Shangaraev!'#, A. Sharma®!, A. Sharma®3, M. Sharma®3, M. Sharma”?, N. Sharma®"-!2?, A. 1. Sheikh'3°, K. Shigaki*®, Q.
Shou’, K. Shtejer®2%, Y. Sibiriak®3, S. Siddhanta!?®, K. M. Sielewicz>*, T. Siemiarczuk’®, D. Silvermyr3, C. Silvestre’?, G.
Simatovic'?3, G. Simonetti**, R. Singaraju'3°, R. Singh®!, V. Singhal'*°, T. Sinha!®3, B. Sitar®’, M. Sitta®!, T. B. Skaali’", M.
Slupeck1127, N. Smirnovl43, R.J.M. SnellingsSS, T. W. Snellman127, J. Songgg, M. Song144, F. Soramelzg, S. Sorensenlzg, F.
Sozzil%® E. Spiriti73, 1. Sputowskalzo, B. K. Srivastava®3, J. Stachel®®, 1. Stan®, P. Stankus®3, E. Stenlund®?, J. H. Stiller’®,
D. Stocco!!, P. Strmen®?, A. A. P. Suaide!?3, T. Sugitate46, C. Suire!, M. SuleymanovlS, M. Suljicz4, R. Sultanov®*, M.
Sumbera®’, S. Sumowidagdo*’, K. Suzuki'!3, S. Swain’, A. Szabo’’, 1. Szarka®’, A. Szczepankiewicz'*?, M. Szymanski'4?,
U. Tabassam!?, J. Takahashi'?*, G. J. Tambave?!, N. Tanaka!3?, M. Tarhini®!, M. Tariq'”, M. G. Tarzila®®, A. Tauro**, G.
Tejeda Mufioz?, A. Telesca’*, K. Terasaki'3!, C. Terrevoli*®, B. Teyssier!3*, D. Thakur*®®, S. Thakur'3®, D. Thomas'?!, R.
Tieulent'3*, A. Tikhonov?, A. R. Timmins!?®, A. Toia®, S. Tripathy*®, S. Trogolo?, G. Trombetta’?, V. Trubnikov>, W.
H. Trzaska127, B. A. Trzeciak53, T. Tsujil31, A. Tumkinloz, R. Turrisi“o, T. S. Tveterzo, K. Ullalandﬂ, E. N. Umakal%,
A. Uras'3*, G. L. Usai®3, A. Utrobicic'3?, M. Vala>>-118 J. Van Der Maarel®?, J. W. Van Hoorne?*, M. van Leeuwen>3, T.
Vanat87, P. Vande Vyvre34, D. Varga142, A. Vargasz, M. Vargya5127, R. Varma47, M. Vasileiou’, A. Vasiliev83, A. Vauthier’?,
0. Vazquez Doce3397, V. Vechernin!38, A. M. Veen>3, A. Velure?!, E. Vercellin?, S. Vergara Limén2, R. Vernet®, R. Vértesil4?,
L. Vickovic!!?, S. Vigolo®3, J. Viinikainen'?’, Z. Vilakazi'3°, O. Villalobos Baillie'%*, A. Villatoro Tello?, A. Vinogradov®3, L.
Vinogradov138, T. Virgili”, V. Vislavicius3, A. Vodopyanov67, M. A. V6IkI°®, K. Voloshin®*, S. A. Voloshin!4!, G. Volpe32,
B. von Haller?*, 1. Vorobyev35’97, D. Voscek! '8, D. Vranic3*100 J. Vrlakova®®, B. Wagner21, J. Wagnerloo, H. Wang53, M.
Wang7, D. Watanabe!32, Y. Watanabe!3!, M. Weber! 13, S. G. Weber'%?, D. F. Weiser”®, J. P. Wessels®!, U. Westerhoff®!, A. M.
Whitehead”?, J. Wiechula®, J. Wikne?°, G. Wilk”®, J. Wilkinson?®, G. A. Willems®!, M. C. S. Williams'?’, B. Windelband®®,
W. E. Witt!??, S. Yalcin, P. Yang7, S. Yano*®, Z. Yin’, H. Y0k0yama72’132, L-K. Yoo, J. H. Yoon°, V. Yurchenko?,
V. Zaccolo®*113 A, Zaman?’, C. Zampolli34, H. J. C. Zanoli!?3, N. Zardoshti!®*, A. Zarochentsev'3®, P. Z4vada®, N.
Zaviyalovloz, H. ZbroszczykMO, M. Zhalov89, H. Zhang7’21, X. Zhang7, Y. Zhang7, C. Zhang53, Z. Zhang7, C. Zhaozo, N.
Zhigareva®®, D. Zhou, Y. Zhou®*, Z. Zhou?!, H. Zhu’-?!, J. Zhu”-'1%, X. Zhu’, A. Zichichi'>?0, A. Zimmermann®®, M. B.
Zimmermann3*°!, S. Zimmermann!'!®, G. Zinovjev3, J. Zmeskal!1®

' AL Alikhanyan National Science Laboratory (Yerevan Physics Institute) Foundation, Yerevan, Armenia
2 Benemérita Universidad Auténoma de Puebla, Puebla, Mexico
3 Bogolyubov Institute for Theoretical Physics, Kiev, Ukraine
4 Department of Physics, Centre for Astroparticle Physics and Space Science (CAPSS), Bose Institute, Kolkata, India
5 Budker Institute for Nuclear Physics, Novosibirsk, Russia
6 California Polytechnic State University, San Luis Obispo, CA, USA
7 Central China Normal University, Wuhan, China
8 Centre de Calcul de I'IN2P3, Villeurbanne, Lyon, France
9 Centro de Aplicaciones Tecnolégicas y Desarrollo Nuclear (CEADEN), Havana, Cuba
10 Centro de Investigaciones Energéticas Medioambientales y Tecnolégicas (CIEMAT), Madrid, Spain
! Centro de Investigacién y de Estudios Avanzados (CINVESTAV), Mexico City, Mérida, Mexico
12 Centro Fermi-Museo Storico della Fisica e Centro Studi e Ricerche “Enrico Fermi’, Rome, Italy
13 Chicago State University, Chicago, IL, USA
14 China Institute of Atomic Energy, Beijing, China
15 COMSATS Institute of Information Technology (CIIT), Islamabad, Pakistan
16 Departamento de Fisica de Particulas and IGFAE, Universidad de Santiago de Compostela, Santiago de Compostela,
Spain
17 Department of Physics, Aligarh Muslim University, Aligarh, India
18 Department of Physics, Ohio State University, Columbus, OH, USA
19 Department of Physics, Sejong University, Seoul, South Korea
20 Department of Physics, University of Oslo, Oslo, Norway
21 Department of Physics and Technology, University of Bergen, Bergen, Norway
22 Dipartimento di Fisica dell’Universita ‘La Sapienza’ and Sezione INFN, Rome, Italy
23 Dipartimento di Fisica dell’Universita and Sezione INFN, Cagliari, Italy
24 Dipartimento di Fisica dell’ Universita and Sezione INEN, Trieste, Italy
25 Dipartimento di Fisica dell’Universita and Sezione INFN, Turin, Italy

@ Springer



Eur. Phys. J. C (2017) 77:339 Page 23 of 25 339

26 Dipartimento di Fisica e Astronomia dell’ Universita and Sezione INFN, Bologna, Italy

%7 Dipartimento di Fisica e Astronomia dell’Universita and Sezione INFN, Catania, Italy

28 Dipartimento di Fisica e Astronomia dell’Universita and Sezione INFN, Padua, Italy

29 Dipartimento di Fisica ‘E.R. Caianiello’ dell’Universita and Gruppo Collegato INFN, Salerno, Italy

30 Dipartimento DISAT del Politecnico and Sezione INFN, Turin, Italy

31 Dipartimento di Scienze e Innovazione Tecnologica dell’Universita del Piemonte Orientale and INFN Sezione di Torino,
Alessandria, Italy

32 Dipartimento Interateneo di Fisica ‘M. Merlin” and Sezione INFN, Bari, Italy

33 Division of Experimental High Energy Physics, University of Lund, Lund, Sweden

34 European Organization for Nuclear Research (CERN), Geneva, Switzerland

35 Excellence Cluster Universe, Technische Universitit Miinchen, Munich, Germany

36 Faculty of Engineering, Bergen University College, Bergen, Norway

37 Faculty of Mathematics, Physics and Informatics, Comenius University, Bratislava, Slovakia

38 Faculty of Nuclear Sciences and Physical Engineering, Czech Technical University in Prague, Prague, Czech Republic

39 Faculty of Science, P.J. Safarik University, Kosice, Slovakia

40 Faculty of Technology, Buskerud and Vestfold University College, Tonsberg, Norway

41 Frankfurt Institute for Advanced Studies, Johann Wolfgang Goethe-Universitit Frankfurt, Frankfurt, Germany

42 Gangneung-Wonju National University, Gangneung, South Korea

43 Department of Physics, Gauhati University, Guwahati, India

4 Helmholtz-Institut fiir Strahlen- und Kernphysik, Rheinische Friedrich-Wilhelms-Universitit Bonn, Bonn, Germany

45 Helsinki Institute of Physics (HIP), Helsinki, Finland

46 Hiroshima University, Hiroshima, Japan

47 Indian Institute of Technology Bombay (IIT), Mumbai, India

48 Indian Institute of Technology Indore, Indore, India

49 Indonesian Institute of Sciences, Jakarta, Indonesia

30 Inha University, Incheon, South Korea

51 Institut de Physique Nucléaire d’Orsay (IPNO), Université Paris-Sud, CNRS-IN2P3, Orsay, France

52 Institute for Nuclear Research, Academy of Sciences, Moscow, Russia

33 Institute for Subatomic Physics of Utrecht University, Utrecht, The Netherlands

> Institute for Theoretical and Experimental Physics, Moscow, Russia

55 Institute of Experimental Physics, Slovak Academy of Sciences, Kosice, Slovakia

%6 Institute of Physics, Academy of Sciences of the Czech Republic, Prague, Czech Republic

5T Institute of Physics, Bhubaneswar, India

58 Institute of Space Science (ISS), Bucharest, Romania

%9 Institut fiir Informatik, Johann Wolfgang Goethe-Universitit Frankfurt, Frankfurt, Germany

60 Institut fiir Kernphysik, Johann Wolfgang Goethe-Universitit Frankfurt, Frankfurt, Germany

61 Institut fiir Kernphysik, Westfilische Wilhelms-Universitit Miinster, Miinster, Germany

62 Instituto de Ciencias Nucleares, Universidad Nacional Auténoma de México, Mexico City, Mexico

63 Instituto de Fisica, Universidade Federal do Rio Grande do Sul (UFRGS), Porto Alegre, Brazil

64 Instituto de Fisica, Universidad Nacional Auténoma de México, Mexico City, Mexico

65 [RFU, CEA, Université Paris-Saclay, 91191 Gif-sur-Yvette France, Saclay, France

66 iThemba LABS, National Research Foundation, Somerset West, South Africa

67 Joint Institute for Nuclear Research (JINR), Dubna, Russia

8 Konkuk University, Seoul, South Korea

% Korea Institute of Science and Technology Information, Taejeon, South Korea

70 KTO Karatay University, Konya, Turkey

71 Laboratoire de Physique Corpusculaire (LPC), Clermont Université, Université Blaise Pascal, CNRS-IN2P3,
Clermont-Ferrand, France

72 Laboratoire de Physique Subatomique et de Cosmologie, Université Grenoble-Alpes, CNRS-IN2P3, Grenoble, France

73 Laboratori Nazionali di Frascati, INFN, Frascati, Italy

74 Laboratori Nazionali di Legnaro, INFN, Legnaro, Italy

75 Lawrence Berkeley National Laboratory, Berkeley, CA, USA

76 Moscow Engineering Physics Institute, Moscow, Russia

@ Springer



339 Page 24 of 25 Eur. Phys. J. C (2017) 77:339

77 Nagasaki Institute of Applied Science, Nagasaki, Japan

78 Physics Department, National and Kapodistrian University of Athens, Athens, Greece
79 National Centre for Nuclear Studies, Warsaw, Poland

80 National Institute for Physics and Nuclear Engineering, Bucharest, Romania

81 National Institute of Science Education and Research, Bhubaneswar, India

82 National Nuclear Research Center, Baku, Azerbaijan

83 National Research Centre Kurchatov Institute, Moscow, Russia

84 Niels Bohr Institute, University of Copenhagen, Copenhagen, Denmark

85 Nikhef, Nationaal instituut voor subatomaire fysica, Amsterdam, The Netherlands

86 Nuclear Physics Group, STFC Daresbury Laboratory, Daresbury, UK

87 Nuclear Physics Institute, Academy of Sciences of the Czech Republic, ReZ u Prahy, Czech Republic
88 Oak Ridge National Laboratory, Oak Ridge, TN, USA

89 Petersburg Nuclear Physics Institute, Gatchina, Russia

90 Physics Department, Creighton University, Omaha, NE, USA

1 Physics Department, Panjab University, Chandigarh, India

92 Physics Department, University of Cape Town, Cape Town, South Africa

93 Physics Department, University of Jammu, Jammu, India

94 Physics Department, University of Rajasthan, Jaipur, India

9 Physikalisches Institut, Eberhard Karls Universit?t Tiibingen, Tiibingen, Germany

% Physikalisches Institut, Ruprecht-Karls-Universitit Heidelberg, Heidelberg, Germany
97 Physik Department, Technische Universitit Miinchen, Munich, Germany

98 Purdue University, West Lafayette, IN, USA

99 Pusan National University, Pusan, South Korea

100 Research Division and ExtreMe Matter Institute EMMI, GSI Helmholtzzentrum fiir Schwerionenforschung GmbH,
Darmstadt, Germany

Rudjer Boskovi¢ Institute, Zagreb, Croatia

102 Russian Federal Nuclear Center (VNIIEF), Sarov, Russia

103 Saha Institute of Nuclear Physics, Kolkata, India

104 School of Physics and Astronomy, University of Birmingham, Birmingham, UK

105 Seccién Fisica, Departamento de Ciencias, Pontificia Universidad Catdlica del Perd, Lima, Peru
106 Sezione INFN, Bari, Italy

107 Sezione INFN, Bologna, Italy

108 Sezione INFN, Cagliari, Italy

109 Sezione INFN, Catania, Ttaly

110 Sezione INFN, Padua, Italy

11 §ezione INEN, Rome, Italy

12 Sezione INFN, Trieste, Ttaly

113 Sezione INFN, Turin, Italy

114 §SC IHEP of NRC Kurchatov institute, Protvino, Russia

115 Stefan Meyer Institut fiir Subatomare Physik (SMI), Vienna, Austria

116 SUBATECH, IMT Atlantique, Université de Nantes, CNRS-IN2P3, Nantes, France
7 Suranaree University of Technology, Nakhon Ratchasima, Thailand

118 Technical University of Kogice, Kosice, Slovakia

119 Technical University of Split FESB, Split, Croatia

120 The Henryk Niewodniczanski Institute of Nuclear Physics, Polish Academy of Sciences, Kracéw, Poland
121 Physics Department, The University of Texas at Austin, Austin, TX, USA

122 Universidad Auténoma de Sinaloa, Culiacén, Mexico

123 Universidade de Sdo Paulo (USP), Sdo Paulo, Brazil

124 Universidade Estadual de Campinas (UNICAMP), Campinas, Brazil

125 Universidade Federal do ABC, Santo Andre, Brazil

126 University of Houston, Houston, TX, USA

127 University of Jyviskyla, Jyviskyli, Finland

128 University of Liverpool, Liverpool, UK

101

@ Springer



Eur. Phys. J. C (2017) 77:339 Page 25 of 25

339

129 University of Tennessee, Knoxville, TN, USA

130 University of the Witwatersrand, Johannesburg, South Africa

131 University of Tokyo, Tokyo, Japan

132 University of Tsukuba, Tsukuba, Japan

133 University of Zagreb, Zagreb, Croatia

134 Université de Lyon, Université Lyon 1, CNRS/IN2P3, IPN-Lyon, Villeurbanne, Lyon, France
135 Université de Strasbourg, CNRS, IPHC UMR 7178, 67000 Strasbourg, France

136 Universita degli Studi di Pavia, Pavia, Italy

137 Universita di Brescia, Brescia, Italy

138 v Fock Institute for Physics, St. Petersburg State University, St. Petersburg, Russia

139 Variable Energy Cyclotron Centre, Kolkata, India

140 Warsaw University of Technology, Warsaw, Poland

141 Wayne State University, Detroit, MI, USA

142 Wigner Research Centre for Physics, Hungarian Academy of Sciences, Budapest, Hungary
143 yale University, New Haven, CT, USA

144 Yonsei University, Seoul, South Korea

145 Zentrum fiir Technologietransfer und Telekommunikation (ZTT), Fachhochschule Worms, Worms, Germany

2 Deceased

b Also at: Dipartimento DET del Politecnico di Torino, Turin, Italy

¢ Also at: Georgia State University, Atlanta, Georgia, USA

4 Also at: M.V. Lomonosov Moscow State University, D.V. Skobeltsyn Institute of Nuclear, Physics, Moscow, Russia
¢ Also at: Department of Applied Physics, Aligarh Muslim University, Aligarh, India

@ Springer



	Production of π0 and η mesons up to high transverse momentum in pp collisions at 2.76 TeV
	Abstract 
	1 Introduction
	2 ALICE detector
	3 Data samples and event selection
	4 Neutral meson reconstruction
	4.1 Invariant mass analyses
	4.2 Single cluster analysis

	5 Systematic uncertainties
	6 Results
	7 Summary
	Acknowledgements
	References




