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Abstract

The pr-differential cross section of @ meson production in pp collisions at /s = 13TeV at midra-
pidity (|y| < 0.5) was measured with the ALICE detector at the LHC, covering an unprecedented
transverse-momentum range of 1.6 < pr < 50GeV/c. The meson is reconstructed via the @ —
nt 7~ n0 decay channel. The results are compared with various theoretical calculations: PYTHIAS.2
with the Monash 2013 tune overestimates the data by up to 50%, whereas good agreement is ob-
served with Next-to-Leading Order (NLO) calculations incorporating @ fragmentation using a bro-
ken SU(3) model. The @/ ¥ ratio is presented and compared with theoretical calculations and the
available measurements at lower collision energies. The presented data triples the pr ranges of pre-
viously available measurements. A constant ratio of ce/ ™ _ 0.578 0.006 (stat.) £0.013 (syst.) is
found above a transverse momentum of 4GeV /¢, which is in agreement with previous findings at
lower collision energies within the systematic and statistical uncertainties.
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1 Introduction

Measuring single inclusive hadron production cross sections in high-energy hadronic collisions is an
important tool to test our understanding of strong interactions and the underlying field theory of quan-
tum chromodynamics (QCD) []]. For large enough momentum transfers Q2, hadron production can be
described in perturbative QCD (pQCD), where a “hard” point-like scattering produces a hadron via the
fragmentation of an outgoing parton. However, while the QCD matrix elements can be calculated within
pQCD for sufficiently large scales, both the initial state of the collision as well as the fragmentation
process are not amenable to a perturbative treatment, due to their complexity and the small momentum
transfers involved. Such calculations of high-pr hadron production (as well as other high-pt observ-
ables) rely on the factorization [2] into three different contributions: 1. parton distribution functions
(PDFs) [3]] which describe the probability density to find a given parton with a given momentum inside
the colliding hadrons, 2. QCD matrix elements describing the scattering of partons, and 3. fragmen-
tation functions (FFs) [4] that relate the outgoing parton momentum to the momentum of the observed
hadrons. Both, FFs and PDFs cannot be calculated from first principles and rely on the determination
from experimental data. In addition, the majority of particles produced in a hadronic collision originate
from soft scattering processes that involve small momentum transfers and therefore cannot be treated
perturbatively and fully rely on phenomenological models that also require experimental verification.

Comparisons of measured hadron production cross sections with calculations are therefore essential to
test and improve our understanding of the hadronization process and the initial state of the collision, i.e.
to provide constraints for the FFs and PDFs, which are an indispensable ingredient for many experimen-
tal and theoretical analyses. For example, recent measurements of 7° and 1 production [SH7] provided
new constraints for the gluon PDF [{]], as well as the gluon-to-pion fragmentation function [9]], where the
gluon in particular drives a significant fraction of the scatterings relevant for hadron production. Studies
of ® meson production are especially interesting: even though the @ meson consists mainly of light
valence quarks like the 7° and 7, it has a heavier mass of 782MeV /c? and carries spin 1. This makes ®
meson production an interesting additional probe for parton fragmentation, where in particular compar-
isons with other meson data can help to disentangle the role of spin, mass, and flavor in the hadronization
process. While a number of theoretical analyses focus on the fragmentation of pseudoscalar mesons and
baryons such as 7, K, 1, and protons [10, [11], only a few models [[12H14] describe fragmentation in
the vector-meson sector — mainly due to a lack of experimental data. Here, experimental inputs for such
studies are povided by presenting the most precise @ production results in hadronic collisions over an
unprecedented transverse-momentum range measured with the ALICE experiment.

This article presents the invariant pr-differential cross section of inclusive @ meson production at midra-
pidity (Jy| < 0.5) in pp collisions at /s = 13TeV. The measurements cover a momentum range of
1.6 < pr < 50GeV /c, extending the previous ALICE measurement of @ production in pp collisions at
/s = 7TeV [15] by almost a factor of three towards higher pr. In addition, the @/x° ratio is presented,
which, e.g., allows to test the validity of m-scaling [16], an empirical scaling rule widely used to obtain
identified particle spectra in the absence of experimental data. The @ production cross section as well
as the @ /7 ratio are confronted with theoretical predictions, using pQCD at NLO calculations and the
PYTHIAS.2 [[17]] event generator, as well as with experimental data at lower collision energies.

The paper is structured as follows: Section [2] briefly describes the detectors of the ALICE apparatus
which are relevant for the presented measurements. The event selection, as well as charged particle and
photon reconstruction are outlined in Secs. [3|and[d] The ®w meson reconstruction as well as acceptance
and efficiency corrections are discussed in Sec. [5] The evaluation of the systematic uncertainties, the
presentation of the results, and comparison with theoretical models, as well as the conclusions are given
in Secs. [6] [7]and [§] respectively.
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2 ALICE detector

The @ meson is reconstructed via its decay into 772~ 1" with a branching ratio BR = (89.2 +£0.7)%,
followed by 70 — yy with (99.823 4 0.034)% [18]. This necessitates the measurement of photons,
as well as tracks from charged particles with the ALICE detector. The charged pions are measured
and identified using the ALICE central tracking system, which consists of the Inner Tracking System
(ITS) [19] and the Time Projection Chamber (TPC) [20]. Several methods exist to reconstruct photons,
all of which are utilized in this work, using either the electromagnetic calorimeter (EMCal) [21} 22]] or
the photon spectrometer (PHOS) [23]]. In addition, photon conversions into e e~ pairs occurring within
the central tracking system are exploited to reconstruct photons down to low transverse momenta. All
detectors relevant to this work are briefly outlined below, including the VO detector [24], which serves
as a minimum bias trigger in this measurement. A full description of the ALICE detector system and its
performance can be found in Refs. [25]] and [26], respectively.

The ITS consists of two inner layers of Silicon Pixel Detectors (SPD), two layers of Silicon Drift Detec-
tors (SDD), and two outermost layers of Silicon Strip Detectors (SSD). The ITS is the detector located
closest to the nominal interaction vertex, where the layers are positioned between 3.9 cm and 43.0 cm
radial distance from the beam pipe. The two SPD layers cover a pseudorapidity range of |n| < 2 and
In| < 1.4, respectively, whereas the SDD and SSD layers have a smaller coverage of |n| < 0.9 and
In| < 1.0, respectively. The ITS is used for the tracking of charged particles and the reconstruction of
the main collision vertex.

The TPC is a cylindrical drift detector, which consists of a large cylindrical field cage filled with 90m? of
a gas mixture of Ar-CO; in proportions 90%—-10% in 2016 and 2018, and Ne-CO»-Nj (90%—10%—-5%)
in 2017. The active volume of the TPC ranges from about 85 cm to 250 cm in radial distance from the
interaction point, it covers a pseudorapidity window of 1| < 0.9 over the full azimuthal angle. It is
the main tracking detector of ALICE and enables the measurement of charged-particle tracks with up
to 159 space points each, as well as particle identification via the specific energy loss (dE / dx) along
their trajectory through the gas. The large solenoid magnet surrounding the central barrel detectors
provides a nominal magnetic field of B = 0.5T, which enables the reconstruction of charged tracks down
to low transverse momenta (pr ~ 100MeV /c). By combining the track reconstruction in ITS and TPC,
a transverse momentum resolution of about 1% (3%) is achieved at pr = 1GeV /c (10GeV /c) [26].

The EMCal is a Pb-scintillator sampling calorimeter using wavelength-shifting fibers to collect the scin-
tillation light from an alternating stack of 76 lead absorber and 77 scintillation layers. The EMCal covers
In| < 0.7 in pseudorapidity and A@ = 107° in azimuthal angle, and consists of 12288 individual towers
in total, each with a size of AN X A@ ~ 0.0143 x 0.0143, corresponding to roughly two times the Moliere
radius. An extension of the EMCal located on the opposite side in azimuthal angle, which is referred to
as the DCal, covers 0.22 < |n| < 0.7 for 260° < ¢ < 320° and |n| < 0.7 for 320° < ¢ < 327°, adding
additional 5376 towers to the readout. The EMCal enables the measurement of photons and electrons
and the energy resolution is given by o /E = 4.8%/E & 11.3%/\/E ® 1.7% with energy E in units of
GeV [22]]. In addition, the EMCal offers several hardware triggers which are used in this analysis and
discussed in Sec.[3l

The PHOS is an electromagnetic calorimeter based on lead-tungstate (PbWQ,) scintillation crystals. It
has a smaller acceptance than the EMCal, covering A = 70° and |n| < 0.12. However, it offers a higher
granularity, i.e. each of its 12544 crystals has a size of about 2.2 x 2.2cm?, where the lateral dimension
is only slightly larger than the Moliere radius of PbWO, of 2 cm. The PHOS is operated at a temperature
of —25°C, which ensures a high light yield of the crystals and consequently an energy resolution of
ok /E = 1.3%/E ©3.6%/\VE @ 1.1% with energy E in units of GeV [27].

The VO detector consists of two scintillator arrays located at forward and backward rapidity, covering
pseudorapidties of 2.8 <1 < 5.1 and —3.7 < n < —1.7, respectively. It provides the minimum bias
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trigger and is used in this analysis to reduce background events originating from beam—gas interactions
and out-of-bunch pileup.

3 Event and track selection

The @ measurement is performed using pp collision data at a center-of-mass energy of /s = 13TeV
recorded with the ALICE experiment from 2016 to 2018. All considered collision events fulfill a mini-
mum bias trigger condition, denoted as MB, which requires the coincidence of signals in both VO scintil-
lator arrays. The cross section of the minimum bias trigger was evaluated in van der Meer scans (28}, [29]
and found to be opmp = (57.97 £0.92) mb [30]]. In addition, two EMCal Level 1 (L1) hardware triggers
are used, which provide a trigger decision after about 6.5 ps and allow the selection of events with energy
depositions above two configurable thresholds in the EMCal. The energy depositions are evaluated in
a sliding 4 x 4 tower window using dedicated Trigger Readout Units (TRUs). When the data used in
this work was recorded, the EMCal L1 triggers operated at thresholds of 4 and 9 GeV and are referred
to as EG2 and EGI, respectively. The rejection factors of the EMCal triggers were evaluated using
EMCal photon cluster-energy distributions, where the ratio of the spectra for the EMCal triggers with
respect to the minimum bias trigger becomes constant above the trigger threshold and can be fitted to
quantify the rejection power of each trigger. For more details on this procedure, the reader is referred to
Refs. [31]] and [22]]. The trigger rejection factors (RFs) and their corresponding systematic uncertainties
were found to be 436.5416.5 and 5443 £ 208 for the EG2 and EG1 triggers, respectively. Beam-induced
background, such as beam—gas interactions and out-of-bunch pileup are rejected using the timing infor-
mation provided by the VO detectors, as well as the correlation between the number of hits and track
segments in the SPD, where no correlation is expected for background events. In-bunch pileup is re-
jected by requiring that only one primary collision vertex is reconstructed per event from track segments
in the SPD. In addition, events with a reconstructed vertex more than 10 cm from the nominal collision
point along the beam axis are rejected. The nominal integrated luminosities % = Neyt X RF/omp of
the measurement are ﬁMB =26—32nb"’, .,iﬂlgt(}z =958 —-985nb~ !, and .,ZEFI — 8314 —8550nb~! for
the MB, EG2, and EG1 triggered samples, respectively. The specified ranges indicate the dependence of
the luminosity on the used 7° reconstruction method (see Sec.|5), which arises due to slight differences
in the used number of events (Ney) depending on the involved detectors.

The trajectories (tracks) of charged particles with || < 0.9 are reconstructed in the ITS and TPC, where
at least 80 crossed pad rows in the TPC and at least one hit in any of the ITS layers were required for
each track. To ensure an overall good quality of the obtained tracks, the y2/ndf of the tracks in the TPC
was required to be below 4 per track point and tracks with a transverse momentum below 100MeV /¢
were rejected. To identify tracks originating from primary charged pions, the tracks were first loosely
constrained to the collision vertex, requiring a distance of closest approach to the collision vertex within
3.2 cm along the beam direction and 2.4 cm in the transverse plane. In addition, the specific energy loss
dE / dx of the particle in the TPC is used to identify tracks from charged pions.

4 Photon measurement

In contrast to the charged pions, the neutral pions produced in the ® — 777~ 7" decay almost instan-
taneously decay with a branching ratio of (99.823 +0.034)% [18] to photon pairs, which necessitates
the reconstruction of photons. In this article, all available methods to reconstruct photons at midrapidity
with the ALICE detector were exploited: The EMCaﬂ and PHOS detectos are used to measure photons
via the electromagnetic showers they produce in the detector elements, which allows one to reconstruct
photons above E ~ 0.5GeV. In addition, the so-called photon conversion method (PCM) is used, which

U1f not specified otherwise, references to the EMCal detector always include the DCal on the opposite side in azimuth angle.
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allows one to measure photons down to lower energies when they convert to e™e™ pairs within the inner
detector material.

The electromagnetic shower produced by a particle interacting with the detector material of the EMCal
or PHOS usually deposits its energy over multiple adjacent towers, which requires employing algo-
rithms that combine these individual deposits to so-called clusters. The algorithms are optimized for
reconstruction efficiency and shower separation and discussed in detail in Ref. [22]]. Clusters originating
from minimum-ionizing particles as well as detector noise are suppressed by requiring for each recon-
structed cluster in the EMCal (PHOS) a total energy of E s > 0.7GeV (0.3 GeV) and to consist of at
least 2 towers for PHOS at energy deposits greater than 1 GeV. Since the time integration windows of
the EMCal and the PHOS of about 1.5 us and 3 ps, respectively, are larger than the LHC bunch spacing
of 25 ns, out-of-bunch pileup contributions are suppressed by requiring that the leading tower of each
cluster has an arrival time 7y of —20ns < f¢jys < 25ns for the EMCal and |t.1y5| < 30ns for the PHOS
measurement. Clusters produced by photons are identified using the shape of the cluster as well as a
track-matching veto. The cluster shape can be parameterized in two dimensions using an ellipse, where
the larger eigenvalue Gl%)ng of its dispersion matrix quantifies the elongation of the cluster. For EMCal
clusters, a requirement of 0.1 < Gl%mg < 0.7 is imposed, where the lower threshold removes contamina-
tions from, e.g. neutrons hitting the readout electronics, and the upper threshold suppresses elongated
clusters originating from low-prt electron and hadron tracks, as well as overlapping showers of multiple
particles reconstructed as a single cluster [22]. Due to the higher granularity of the PHOS, only the lower
threshold was found to be sufficient for the measurement and is applied for clusters with £ > 1GeV. The
track-matching veto is performed using tracks reconstructed with the ITS and TPC, where clusters origi-
nating from charged particles can be suppressed by requiring that no track is pointing to the reconstructed
cluster within a given A¢9—An window.

About 8.5% [26] of photons traversing the ALICE inner detector material convert to an ete™ pair within
a radial distance of 180 cm from the nominal interaction point. This allows to exploit ALICE’s tracking
capabilities to reconstruct the photon from the ete™ tracks in the ITS and TPC within the fiducial ac-
ceptance of |n| < 0.9 using the PCM. The photon conversions are characterized by the distinct topology
of two tracks with opposite curvature that orignate from a common point within the tracking detectors,
often displaced by more than 10 cm from the primary collision vertex. These V shaped topologies of
neutral two body decays (V's) are identified using a dedicated algorithm [32], which is also used in
other measurements of, e.g., Kg and A decays [33]]. Following some general tracking requirements to
ensure an overall good reconstruction quality of the tracks originating from displaced secondary ver-
tices, electron candidate tracks were identified via the specific energy loss dE / dx along their trajectory
in the TPC. In particular, electron candidate tracks were required to have a specific energy loss within
—30 and 40 of the expected energy loss of electrons. In addition, contaminations from charged pion
tracks were suppressed by rejecting tracks whose dE / dx were within 10 of the expected energy loss
for charged pions. In order to ensure a good quality of the obtained VO sample, the reduced y? of the
Kalman filter hypothesis [34] for the photon candidate toplogy is constrained and the pair momentum
vector is required to point towards the primary vertex. Contributions from Dalitz decays are suppressed
by rejecting V¥ candidates too close to the primary collision vertex. Remaining contaminations, mainly
from Kg, A, and A decays, are suppressed by studying the decay kinematics of the vertex candidate in an
Armenteros—Podolanski diagram [35]], where photon conversions can be identified as symmetric decays
of a particle with vanishing rest mass.

5 Meson reconstruction

Neutral pion candidates are reconstructed by calculating the two-photon invariant mass of all possible
photon pairs (Myy) in a given event that fulfill the selection criteria outlined in the previous section.
In this measurement, five different methods were used to reconstruct the 7° candidates: for the methods
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Figure 1: Invariant mass distributions of 77~ 7 candidates shown in the vicinity of the nominal @ mass in ex-
emplary pr intervals. Each panel displays a different ¥ reconstruction method, which is indicated in the respective
panel and described in the text. A third-order polynomial is used to describe the background, which is subtracted
from the distribution and the obtained signal is fitted with a Gaussian with two exponential tails. The integration
range used to obtain the raw yields via bin-by-bin counting is indicated by vertical gray lines.

referred to as PCM, PHOS and EMC in the following, both photons from the 7° decay were reconstructed
using the PCM technique, the PHOS, and the EMCal detectors, respectively. In addition, two hybrid
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approaches PCM-EMC and PCM-PHOS are used, where one photon was reconstructed using the PCM
and the other with the respective calorimeter. This allows to benefit from the high momentum resolution
of the PCM as well as the high reconstruction efficiency of the calorimeters. The obtained invariant
mass distributions exhibit a peak in the number of photon pairs from 7 decays, which is fitted for each
method in 7° pr intervals using a Gaussian with mean g0 and width 6. Suitable 7° candidates for
a subsequent @ reconstruction are then selected using an pr-dependent invariant mass requirement of
Uzo — 300 < Myy < Hzo +3050.

In order to reconstruct @ meson candidates, the invariant mass of all possible 777~ 7" combinations
is calculated in a given event, where the 7° candidates are obtained according to the methods outlined
above. The nominal 7° mass mzo ~ 134.98MeV /c? [18] is assigned to all neutral pion candidates,
which was found to improve the overall @ mass resolution by about 30%, which subsequently improves
the significance of the signal. Figure[I|shows the resulting invariant mass distributions for all five meth-
ods in exemplary pr intervals, where clear peaks from @ decays are visible on top of a combinatorial
background. The background is described using a third-order polynomial, which is subtracted from the
measurement. The obtained signal is fitted using a Gaussian with two exponential tails. The recon-
structed omega mass (L) and width (o) are identified with the mean and width of the fit, respectively.
The @ mass resolution is FWHM ~ 30MeV /c? and the reconstructed @ mass is found to be in agree-
ment with the nominal mass of mbPS = (782.66 +0.13)MeV /c? [18], where a slight dependence on
pr and reconstruction technique is observed. The signal width contains the intrinsic decay width of
'y, =~ 8MeV [18]], as well as detector resolution effects from the photon reconstruction and charged par-
ticle tracking. Finally, the raw @ yields are obtained by the sum of counts of the background subtracted
distribution within L4 + 30, for each pt interval and reconstruction method.

The geometrical acceptance as well as the reconstruction efficiency for each method are evaluated using
Monte Carlo simulations of full pp collision events using the PYTHIAS.2 [17] event generator. The
o three-body decay kinematics is adequately described by PYTHIA, which takes into account the ex-
perimentally observed phase space density distributions [36, 37] in form of a weighting. The produced
particles are propagated through the ALICE detector using GEANT3, which simulates material inter-
actions taking into account the geometry and operation conditions of the detectors at the time of data
taking. Furthermore, the energy scale and the non-linearity of the PHOS and EMCal calorimeters are
taken into account by tuning the Monte Carlo to ensure agreement of the reconstructed 7° mass and
width with data for each method. Good agreement between data and Monte Carlo is observed for all
relevant cluster and track properties, as well as the reconstructed @ mass and width, within the statistical
uncertainties of the measurement. The full correction factors, €, which are applied for each reconstruc-
tion method and contain the efficiency as well as the geometrical acceptance are shown in Fig. 2] In
addition, a normalization to the rapidity interval, Ay, and 27 azimuthal angle is applied to allow for a
direct comparison between the different methods. The correction factors showcase the strength and pr
reach of each method, motivating the use of all available photon reconstruction methods at midrapidity in
ALICE: the PCM offers the lowest pt reach of all methods, however, its efficiency is limited due to the
low conversion probability of 8.5%. The two calorimeters extend the measurements to higher pr, where
in particular the use of the two EMCal L1 triggers allows reaching unprecedented transverse momenta up
to 50GeV /c. For each reconstruction method, the different triggers are appropriately combined on the
level of fully corrected cross sections using the BLUE [38]] algorithm, taking into account the respective
statistical and systematic uncertainties through a pr-dependent weighting procedure.

6 Systematic uncertainties

An overview of the systematic and statistical uncertainties of the measurement is given in Table[T} where
the uncertainties are evaluated on the @ production cross sections for the five different 7° reconstruction
methods and three trigger samples.
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Figure 2: Correction factors applied to the raw  yields according to Eq. for the five 7 reconstruction methods,
as indicated in the legend. The factors include the reconstruction efficiency €. and the geometrical acceptance A
of the involved detectors.

The overall dominant contribution to the systematic uncertainty of each reconstruction method is the
signal extraction uncertainty. It contains the uncertainty from the yield extraction, where the integration
range was varied from 20 to 40, as well as several variations related to the description of the signal
and background shape. The latter includes variations of the background fit function and of the fitting
range. To account for a possible mismatch between the amount of material present in the ALICE de-
tector and its implementation in GEANT3, a so-called material budget uncertainty is assigned for each
measurement, which depends on the photon reconstruction method used to reconstruct the neutral pion
candidates. For measurements involving the PCM method, this uncertainty was found to be 2.5% for
single photons [39]]. This is an improvement from the previously assigned 4.5% [3]], which is achieved
using a novel material weighting procedure presented in Ref. [39]. For EMCal photons, an uncertainty
of 2.1% per photon is assigned [6]], which arises due to conversions in the detector material of the Time-
Of-Flight (TOF) and Transition Radiation Detector (TRD), which are positioned directly in front of the
calorimeter. The PHOS is only partially covered by TRD and TOF modules, resulting in a lower material
budget uncertainty of 1% for single photons, which was estimated using reconstructed 7° candidates in
different magnetic field configurations. The resulting material budget uncertainty for both photons enter-
ing the 79 reconstruction is given in Table |1} where full correlation (PCM, EMC, and PHOS) or partial
correlation (PCM-EMC, PCM-PHOS) has been assumed between the material budget uncertainties of
the respective photons.

The charged pion reconstruction uncertainty was evaluated through variations of the selection criteria
outlined in Sec.[3] where on average the biggest contribution was found to be the uncertainty of the
specific energy loss dE / dx selection to identify charged pion candidates (= 2.5%), as well as the un-
certainty of the ITS—-TPC matching efficiency. The latter was determined in Ref. [40]] and increases with
increasing track pr up to ~ 5% for the highest covered momenta.

The systematic uncertainty arising due to the photon reconstruction was estimated through indepen-
dent variations of the selection criteria discussed in Sec.[d] Using the PCM for photon reconstruction, the
biggest uncertainty source was estimated to be on average in the order of 2%, arising due to the selections
applied to suppress secondary contaminations from Kg, A, and A decays. For the measurements involv-
ing the EMCal, the photon reconstruction systematic uncertainty is dominated at low pr by the minimum
cluster energy requirement, whereas for larger pr the uncertainty arising due to the determination of the
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Figure 3: Ratios of the @ production cross section obtained using five different 7° reconstruction methods with
respect to a Levy—Tsallis fit of the combined measurement. The fit parameters are given in Table 2] together with
the reduced y2 of the converged fit. The statistical and systematic uncertainties of the individual measurements are
given in Table[I]and are represented by vertical bars and boxes, respectively.

EMCal trigger rejection factors becomes dominant. The latter was estimated using the uncertainty of the
rejection factor fit extracted from the cluster spectrum ratios. For the photon reconstruction using the
PHOS, the minimum cluster energy requirement and the selection according to the cluster time dominate
the photon reconstruction uncertainty, each contributing with a systematic uncertainty of about 3%.

The systematic uncertainty of the neutral pion reconstruction is dominated by the invariant mass require-
ment used to select 7° candidates from all photon pairs in a given event. The width of the selection
window was varied between 26 and 46 around the reconstructed 7° mass, resulting in an uncertainty in
the order of 5% on the fully corrected cross section.

Finally, the impact of in-bunch pileup on the measurement was evaluated by loosening the pileup-related
selection criteria discussed in Sec. [3] resulting in a pr-independent 0.7% systematic uncertainty.

In addition to the systematic uncertainties of each individual source, the total statistical and systematic
uncertainties of each measurement are also given in Table[T} where the latter is obtained as the quadratic
sum of the uncertainties from the individual sources. Correlations between individual measurements
were taken into account and estimated to be about 30% of the respective total systematic uncertainties.

7 Results

The invariant cross section of @ production is calculated for the five reconstruction methods as

dBoptPre+X 1 1 1 N©
— 5 = ;- — X X X — ,
dp 2n pPT ﬁnt A X Erec KBR AyApT

(D

where %, is the integrated luminosity given in Sec. EI, A and €. are the geometrical acceptance and the
reconstruction efficiency, respectively, which are determined for each individual reconstruction method
and are shown in Fig. [2| Furthermore, kgg is the product of the branching ratios of the @ — 77~ 7°
and 7° — yy decays, which are (89.2+0.7)% and (98.823 4-0.034)%, respectively [[18]. The number
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of reconstructed @ meson candidates is denoted by N® and normalized to the transverse momentum
interval width Apt, 27 azimuthal angle and rapidity interval width Ay.

The production cross section is measured for each reconstruction method and combined using the Best
Linear Unbiased Estimate (BLUE) algorithm [38]], which assigns pr-dependent weights for each method,
taking into account their statistical and systematic uncertainties. Correlations of the systematic uncer-
tainties between methods are taken into account and mainly originate from the material budget, signal
extraction, and charged pion selection uncertainty, the latter of which is shared by all methods. The sta-
tistical and systematic uncertainty of the combined measurement is given in the bottom rows of Table [T}
where uncertainties as low as 3.1% and 5.8%, respectively, are estimated. This is a reduction by a fac-
tor of two with respect to a previous ALICE publication on @ meson production in pp collisions at
/s = 7TeV [13], which is mainly achieved by the inclusion of additional reconstruction methods and
the reduced material budget uncertainty [39]]. Agreement between individual reconstruction techniques
is illustrated in Fig. 3] which shows the ratio of the individual cross sections with respect to a fit of the
combined measurement. In particular, a Levy—Tsallis function [41] is used to describe the combined
spectrum, which is given by

0 _C (=Dn=2) (| m—m\"
dp3 2@ nT[nT +m(n—2)] nT ’

2

where m and m; = \/m?+ p? refer to the @ mass and transverse mass, respectively, and C,T and n
are free parameters of the function. The function is found to describe @ production over the full cov-
ered momentum range and its parameters are given in Table [2| together with the reduced x? of the fit.
The individual reconstruction techniques agree with the combined fit within 1.90 of the respective total
experimental uncertainties.

The invariant production cross section of p+p — @ + X production at midrapidity in pp collisions at
/s = 13TeV is shown in Fig. 4] The measurement covers an unprecedented transverse momentum range
of 1.6 < pr < 50GeV /¢, extending previous measurements by over 30GeV /c. To account for the finite
width of the pr-intervals, the shown cross section points are shifted from the bin center according to
the method described in Ref. [43]. The @ meson spectrum is parametrized by the Levy-Tsallis function
and the resulting shifts in pt are found to be at most 2%. The data is confronted with two theoretical
predictions and their ratio to the Levy—Tsallis fit of the measurement is shown in the bottom panel of
the figure. The PYTHIAS.2 [17] event generator using the Monash 2013 tune [42] is shown as a red
solid line, where the width of the line indicates the statistical uncertainty of the generated sample. In the
Monash 2013 tune, NNPDF2.3 LO [44] is used to describe the incoming proton beams and hadrons are
produced in a parton shower using the Lund string fragmentation model [45]]. PYTHIAS.2 overestimates
the measured cross section by about 50% over almost the full covered momentum range. This is in line
with measurements of 7° production [46] and 7 production [47] in the same collision system, where
PYTHIAS.2 was found to overestimate the data by a similar amount at high pr. This might indicate that
the Monash 2013 tune, which was published in 2014 using early LHC data, is no longer sufficient to
describe light meson production at the unprecedented collision energies, which have become accessible
in the recent years of LHC operation. In addition, the measurement is compared to next-to-leading
order (NLO) calculations [[14]], where @ fragmentation functions in vacuum are obtained by evolving

Table 2: Parameters and y2/ndf of the Levy—Tsallis [41]] parametrization, which is given in Eq. [2|and was fitted
to the invariant @ production cross section, as shown in Fig.[d The quoted statistical uncertainties are obtained by
excluding the systematic uncertainties of the data points in the fitting procedure.

C(x10'%pb) n T(GeV) x%/mdf  ndf

40.63 (stat.) 40.05 (stat.) 4+0.010 (stat.)  1.92 (stat.)
3'5111.04(@.) 6’17i0.10(t0t.) 0'194io.ozo(tot.) 0.46 (tot.) 16
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Figure 4: Invariant cross section of p+ p — @+ X production at midrapidity in pp collisions at /s = 13TeV
compared to theoretical predictions. The cross section is parametrized using a Levy—Tsallis function (dashed grey
line), where the fit parameters are given in Table[2] The systematic uncertainty of the measurement is denoted by
boxes, excluding the normalization uncertainty of 2.2%, which is shown separately as a grey box in the bottom
panel of the figure. To account for the finite width of each pr-interval, the data points are shifted according to the
underlying spectrum, as described by the fit. The red line represents the theoretical prediction obtained using the
PYTHIAS.2 [[17] event generator with the Monash 2013 tune [42]. The width of the line indicates the statistical
uncertainty of the prediction. The blue dashed line shows a NLO calculation [[14] incorporating @ fragmentation
based on a broken SU(3) model, where all scales are chosen to be ¢ = pt and the blue shaded band denotes the
scale uncertainty. The bottom panel shows the ratio of the data, as well as the theoretical predictions to the Levy—
Tsallis parametrization.

NLO DGLAP evolution equations [48]] with rescaled @ fragmentation functions from a broken SU(3)
model. The same scale it = pr is chosen for factorization, renormalization, and fragmentation for the
calculation, and the scale uncertainty was evaluated by varying the scales simultaneously from 0.5p to
1.5pT, as indicated by the blue shaded band in the figure. The proton beams are described using the
CT14 [49] parton distribution functions. The NLO calculation describes the measurement within the
uncertainties over the whole covered transverse momentum range, where especially a good agreement is
observed for p? 2> 8GeV/c.

The /n° production ratio as a function of pr is shown in Fig.[5| It is obtained by calculating the ratio
of the @ meson production cross section with respect to that of 7° mesons, where the latter is taken
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Figure 5: Ratio of ®/z° production as a function of transverse momentum for pp collisions at /s = 13 TeV. The
data is compared to various measurements at lower collision energies ranging from /s = 62 to 7000 GeV [15} 53
56]. The data is confronted with various theoretical calculations, which are given in the legend and described in
the text. In addition, the ratio obtained from mt-scaling of the measured 79 meson cross section is shown.

from a measurement performed at the same center-of-mass energy [46]. Since both measurements were
performed by the ALICE experiment using the same photon reconstruction techniques, the systematic
uncertainties arising due to the material budget are largely correlated and cancel in the ratio accordingly.
A constant fit of the ratio for transverse momenta above 4GeV/c, where the ratio is mostly flat, yields
Cco/™ = (0.578 +0.006 (stat.) +0.013 (syst.), which is to our knowledge the most precise determination
of this ratio to date. As for the @ production cross section, the ®/x° ratio is confronted with various
theoretical calculations. While PYTHIAS.2 using the Monash 2013 tune describes the data within the
uncertainties for low pr, the description deteriorates for py 2 15GeV /¢, where an overestimation of
the data by PYTHIAS.2 is observed for both @ and 7° mesons. Nonetheless, the overall description of
the @ /x” ratio by PYTHIAS.2 is better than for the individual cross sections, where an overestimation
by up to 50% is observed. The ratio is furthermore confronted with NLO calculations utilizing the
previously discussed model to describe @ fragmentation and three different fragmentation functions
for the calculation of the 7° production cross section. In particular, the KKP [50], AKKOS8 [51], and
KRETZER [52] functions are used to describe 7° fragmentation. The shaded band shown in Fig. 5| for
each calculation denotes the scale uncertainty, which was evaluated through a simultaneous variation of
all scales from 0.5pt to 1.5pt. All three NLO calculations describe the data within the uncertainties and
no significant dependence on the used fragmentation function for the ¥ reference is observed.

The @/7° production ratio measured in pp collisions at /s = 13TeV is compared with data from lower
collision energies at /s = 62 [53]], 200 [54-56]], and 7000 GeV [15]], which are indicated by gray markers
in Fig.[5] A significant reduction of experimental uncertainties, as well as an extension of the high-pr
reach, is achieved with respect to previous measurements. While the ratio presented in this measurement
agrees with the data at lower collision energies within the statistical and systematic uncertainties, this
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measurement is found to be systematically at the lower edge of the uncertainty intervals of previous
measurements.

Finally, the fitted value of C /7’ —0.578 in the plateau region is used to test the validity of m-scaling 16,
47,157]], which is an empirical scaling rule first established in measurements of identified particle spectra
at ISR and RHIC [58]]. In particular, it was observed that the pr-differential yields of most particles
can be described as E d*c / dp® = C"f(m;), where the spectral shape is described by the same uni-
versal function f(m;) and the yields only differ by a constant normalization factor C" for each hadron
species. This observed scaling behavior is typically utilized to estimate hadronic background in direct
photon and dielectron measurements to obtain hadron spectrum predictions in situations where no data
is available. In order to test the validity of such estimations for @ mesons, an @ cross section prediction
is obtained by scaling the fit parametrization of 7° production taken from Ref. [46] with the measured
ratio C?/™ = 0.578. This is done following the procedure discussed in Ref. [[16] using the relation
p%w + mﬁvw = pfﬁo + mgﬁo to obtain the 7° and @ meson parametrizations, both as a function of the
transverse momentum of the @ meson. The ratio of the @ prediction obtained from m-scaling with
respect to the ¥ parametrization is shown in Fig. [S|as a dashed black line. The mr-scaled prediction is
in agreement with the data within the uncertainties, showcasing that the empirical scaling relation allows
obtaining reasonable estimates of @ production over the full covered pr range. This observation extends
the findings from the measurement of @ meson production at /s = 7TeV [15], where the my-scaling
prediction was found to describe the data up to the highest covered pr of 17GeV /c.

8 Conclusion

The invariant differential cross section of p 4+ p — ® + X production at midrapidity (|y| < 0.5) in pp
collisions at /s = 13TeV measured with the ALICE detector was presented. The measurement covers
an unprecedented momentum range from 1.6 to 50GeV/c and is in agreement with NLO calculations
over the whole covered transverse momentum range. PYTHIAS.2 using the Monash 2013 tune is found
to overestimate the data by about 50%, as was previously reported for 7° and ## production in the same
collision system. The @/x" ratio is found to be constant above 4GeV /c and in agreement with NLO
calculations as well as with previous measurements at lower collision energies within the uncertainties.
However, the lower uncertainties with respect to previous data reveal a slightly lower central value of the
o /70 ratio than previously observed.
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