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We present the measurement of the pT-differential production cross section of ω mesons in pp and p-Pb
collisions at

√
sNN = 5.02 TeV at midrapidity by ALICE. In addition, the first measurement of the nuclear

modification factor RpPb for ω mesons at LHC energies is presented, complementing the existing measurements
of lighter neutral mesons such as the π 0 and η. Within the measured pT range, the RpPb of ω mesons is compatible
with no cold nuclear matter effects within the uncertainties, consistent with previous measurements at lower
energies. The ω/π 0 ratio is presented for both collision systems, showing no collision system dependence within
the uncertainties. The comparison to previously published ω/π0 ratios at lower and higher collision energies in
pp collisions suggests a decreasing trend of the ratio above pT = 4 GeV/c with increasing collision energy. The
data in both collision systems are compared to predictions from PYTHIA 8, EPOS LHC, and DPMJET event
generators, revealing significant shortcomings in these models’ ability to describe the production of ω mesons.
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I. INTRODUCTION

Measurements of hadron production in ultrarelativistic nu-
clear collisions have substantially improved the understanding
of quantum chromodynamics (QCD), the theory of the strong
interaction [1,2]. While pp collisions serve as a vacuum base-
line, analyses of p-A and A-A collisions reveal emergent
QCD phenomena, such as collective flow and energy loss
in cold and hot nuclear matter [2]. Theoretically, particle
production in such collisions can be divided into the hard
and soft regimes, denoting scattering processes with large and
small momentum transfer Q2, respectively. Hard processes,
if not modified by energy loss in the QCD medium, can be
calculated using perturbative QCD; however, this relies on ex-
perimental input for the parton distribution functions (PDFs)
and fragmentation functions [3–5]. On the other hand, soft
processes are not calculable perturbatively, and phenomeno-
logical models and Monte Carlo (MC) event generators are
used to describe them.

Studying particle production in collisions of protons and
heavy nuclei, such as p-Pb collisions, gives insights into the
influence of cold nuclear matter (CNM). Modifications of par-
ticle production with respect to the vacuum baseline, namely
pp collisions, can be estimated using the nuclear modification
factor, which, in the case of p-Pb collisions, is defined as

RpPb = 1

APb

(
E

d3σpPb

dp3

)/(
E

d3σpp

dp3

)
, (1)
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where E d3σpPb(pp)

dp3 denotes the measured production cross sec-
tion of a certain particle species in p-Pb (pp) collisions, and
APb = 208 represents the number of nucleons in a lead nu-
cleus. It was found in measurements at the Relativistic Heavy
Ion Collider and the Large Hadron Collider (LHC) that the
nuclear modification factor is in agreement with unity above
pT ≈ 2 GeV/c for various mesons and baryons [6–14]. At
lower transverse momenta (pT < 2 GeV/c), a significant de-
pletion is observed, showcasing the presence of CNM effects
[6–8].

There are different approaches to explain the modification
theoretically: nuclear PDFs (nPDFs) are used to model the
PDF for single nucleons in a nucleus. Since the first ob-
servations of modification of the PDF in such environments
[15,16], the understanding of those nPDFs has been refined,
leading to very precise knowledge of their evolution with
Bjorken x and momentum transfer Q [17]. Nuclear shadow-
ing, a depletion of the PDF when measured for a nucleon
inside a nucleus for x � 0.01, is the cause for a reduction of
the observed production cross section of particles below pT ≈
3 GeV/c. Furthermore, a slight enhancement of the PDF is
predicted at x ≈ 0.1, known as antishadowing.

In the color glass condensate (CGC) model, suppression
arises from high parton densities, resulting in gluon satura-
tion in the low-pT regime [18]. Calculations using the CGC
successfully describe the suppression of particle production at
low transverse momenta. High-pT measurements at midrapid-
ity, however, probe a region far from the saturation scale, for
which those calculations are not applicable.

An alternative to modifications of the parton distributions
in the nucleus is to explain the depletion of particle production
at low pT in p-Pb collisions via fully coherent energy loss
induced by gluon radiation in the CNM [19].

While measurements of light mesons and baryons are
abundant, measurements of heavier particles, like the ω me-
son, are scarce, mostly due to more complicated decay chains

2469-9985/2025/112(4)/044904(19) 044904-1 ©2025 CERN, for the ALICE Collaboration

https://crossmark.crossref.org/dialog/?doi=10.1103/ls6w-x1bb&domain=pdf&date_stamp=2025-10-16
https://doi.org/10.1103/ls6w-x1bb
https://creativecommons.org/licenses/by/4.0/


S. ACHARYA et al. PHYSICAL REVIEW C 112, 044904 (2025)

compared to lighter particles, like the neutral pion. However,
measurements of these heavier particles give insights into the
mass dependence of particle production and the nuclear mod-
ification factor. In the case of the ω meson, the comparison to
the neutral pion also reveals a possible spin dependence (spin
1 and spin 0, respectively), as the quark content of the π0 and
ω is almost the same [20].

This paper is structured as follows: First, a brief overview
of the ALICE experiment and the detector systems involved
in the analysis will be presented in Sec. II, followed by an
overview of the datasets in Sec. III. The reconstruction of
charged pions, photons, and neutral pions is given in Sec. IV.
The ω meson reconstruction is described in section Sec. V,
followed by a discussion of the systematic uncertainties in
Sec. VI. Finally, the results are being discussed in Sec. VII,
and the conclusion is presented in Sec. VIII.

II. ALICE DETECTOR

The ω mesons are reconstructed via their decay into three
pions and the subsequent decay of the neutral pion into a pair
of photons: ω → π+π−π0 → π+π−γ γ . The charged pions
are identified using the time projection chamber (TPC) and
time-of-flight (TOF) detector information of the associated
tracks reconstructed in ALICE’s central tracking detectors,
the inner tracking system (ITS) and the TPC. The photons are
measured in the electromagnetic calorimeter (EMCal), or, in
the case the photon converts into a dielectron pair in the de-
tector material, they are reconstructed from their e+e− tracks
in the tracking detectors. The following paragraphs briefly
describe the five key detectors utilized in the analysis, in their
configuration during LHC Run 2 (2015–2018). Comprehen-
sive details on the ALICE detectors and their performance are
available in Refs. [21] and [22].

The ITS [23,24] consists of six cylindrical layers of sil-
icon detectors surrounding the beam pipe, going from the
innermost to the outermost layer: two layers of silicon pixel
detectors (SPD), two layers of silicon drift detectors, and two
layers of silicon strip detectors. This analysis utilizes the SPD
and SSD, covering the full azimuthal angle and a pseudora-
pidity range of |η| < 0.9, to locate the collision vertex and to
provide the innermost clusters for tracking charged particles.

The TPC [25] is a cylindrical drift detector surrounding
the ITS. Charged particles ionize the gas atoms along their
trajectory within a pseudorapidity coverage of |η| < 0.9 and
full azimuthal coverage. Due to an applied electric field, the
freed electrons then drift to the electrodes on either end of the
TPC, multiplied using multiwire proportional chambers, and
finally the signal is read out using cathode pads [26].

The V0 detector [27] is made up of two scintillation coun-
ters, V0A and V0C, placed on either side of the interaction
point along the beam axis, covering the full azimuthal angle
for −3.7 < η < −1.7 as well as 2.8 < η < 5.1, respectively.
The V0 detector measures the event multiplicity in the for-
ward region and also serves as ALICE’s minimum bias (MB)
trigger detector. The adjacent T0 detectors T0A and T0C [28]
consist of 12 Cherenkov detectors, covering the full azimuthal
angle for −3.3 < η < −2.9 and 4.5 < η < 5.0. With a time
resolution of 50 ps, the T0 detectors are used to determine the

collision time as a reference for other detectors, such as the
EMCal, TPC, and TOF.

The TOF detector [29] surrounds the beam pipe with an
array of multigap resistive plate chamber strips at a distance
of about 3.7 m, thereby covering the full azimuthal angle
within |η| < 0.9. In combination with the collision time signal
provided by the T0 detectors, the TOF measures the flight time
of charged particles.

The EMCal [30] is a sampling calorimeter with alternating
layers of lead and scintillation material. Within |η| < 0.7, it
covers the azimuthal angles between 80 < ϕ (◦) < 187 and
261 < ϕ (◦) < 319. Photons can be reconstructed using the
EMCal from their electromagnetic showers, starting with a
minimum energy of Emin = 0.7 GeV [31].

III. DATASETS AND EVENT SELECTION

The analysis utilizes all datasets of pp and p-Pb collisions
at

√
sNN = 5.02 TeV recorded by ALICE in the second run

of the LHC. The collisions used for this analysis fulfill the
MB trigger condition of a coincidental signal in both arms of
the V0 detector. This includes approximately one billion pp
collisions recorded in November 2015 and 2017 and around
half as many p-Pb collisions collected in late November 2016.
These datasets correspond to an inspected integrated lumi-
nosity in pp (p-Pb) collisions of Lint = Nevt/σMB = 18 nb−1

(0.27 nb−1). The respective visible minimum bias cross sec-
tions σMB were determined via Van der Meer scans [32] for√

sNN = 5.02 TeV in pp [33] and p-Pb [34] collisions.
The primary vertex of each collision is reconstructed via

tracks in the TPC and ITS, as described in Ref. [22]. The
distance in the beam direction (z) between the vertex and
the nominal interaction point is required to be within |zvtx| <

10 cm to ensure good vertex resolution and uniform detector
acceptance. To account for triggered collisions in which no
vertex is reconstructed, the luminosity used for the normal-
ization was corrected upward by 1.4% (0.5%) in pp (p-Pb)
collisions, assuming no ω mesons are produced at midrapidity
in such events. Pileup collisions with more than one collision
vertex reconstructed in the SPD in the same bunch crossing
are rejected; this is the case for 0.2% (3.7%) of pp (p-Pb)
collisions.

In p-Pb collisions, the nucleon-nucleon center-of-mass
system is boosted with �yNN = 0.465 in the direction of the
proton beam due to the two-in-one magnet design of the LHC
[35], which uses the same magnetic field for both beams,
accelerating the protons to higher velocities because of their
larger charge-to-mass ratio.

IV. PION RECONSTRUCTION

As already mentioned, in the presented measurement,
ω mesons are reconstructed via their dominant decay into
π+π−π0 (B ≈ 89.2% [20]). This section discusses the
reconstruction of the charged pions, followed by the re-
construction of the neutral pions. The selection criteria and
reconstruction methods are the same for the measurement in
pp and p-Pb collisions.
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A. Charged pion selection

Charged particles can be reconstructed from clusters along
their trajectory using a Kalman filter, with their momentum
measured through their curvature in ALICE’s magnetic field;
see Ref. [22] for details. With a lifetime of τπ± = 7.8 m/c
[20], the vast majority of charged pions traverse the tracking
detectors, ITS and TPC, so they can be reconstructed from
their tracks. To ensure good quality of the tracks, they are
required to have a transverse momentum of pT > 100 MeV/c,
contain at least one hit in the SPD, include at least 80 TPC
clusters and χ2/NTPC

cluster < 4.
The charged pions are identified based on each track’s

specific energy loss dE/dx in the TPC, quantified via the de-
viation of the measured energy loss from the expected energy
loss relative to the detector resolution. This relative deviation
is required to be |nσπ±

TPC| < 3. For charged tracks that include
a TOF cluster, the relative deviation from the expected flight
time for pions relative to the detector resolution is examined to
increase the purity of the pion selection further. Thus, charged
particles that the TOF classified as unlikely to be a charged
pion (|nσπ±

TOF| > 5) and likely to be either a proton or a kaon
(|nσ

p/K
TOF | < 3) were removed from the sample of selected pion

tracks.
With the selection criteria described above, the recon-

struction efficiency of charged pions is around επ± ≈ 80%
for pT > 500 MeV, with a purity of Pπ±=99% at pT ≈
500 MeV/c, decreasing to Pπ±=80% at pT ≈ 7 GeV/c.

B. Neutral pion reconstruction

Neutral pions decay at the primary vertex with a branching
ratio of B ≈ 99.8% [20] into a photon pair. The decay pho-
tons are reconstructed using either the EMCal or the photon
conversion method (PCM), as laid out below.

Photons reaching the EMCal produce electromagnetic
showers that typically deposit their energy in multiple nearby
cells. Clusters are formed by grouping adjacent cells, starting
with seed cells that have an energy Eseed > 500 MeV and then
aggregating adjacent cells with an energy Eagg > 100 MeV,
as outlined in Ref. [31]. The cluster energy Ecls is obtained as
the sum of the individual cell energies, with an additional cor-
rection to account for the nonlinearity of the energy response
[31]. Furthermore, the signal time of each cluster relative
to the collision time has to fulfill −20 � tcls (ns) < 25 to
reduce out-of-bunch pileup. Only clusters with an energy of
Ecls > 0.7 GeV are considered in the analysis to reduce the
number of clusters induced by minimum ionizing particles.
The shape of clusters is characterized by σ 2

long, quantifying
the elongation of the underlying electromagnetic shower; for
more details, see Ref. [31]. The elongation of clusters con-
taining more than one cell must be within 0.1 < σ 2

long < 0.7
to reduce contributions from the merged clusters of π0 decay
photons and those from the low-pT electrons and hadrons. In
a final selection step, clusters are rejected if a charged particle
track, reconstructed in TPC and ITS, is found within a pT-
dependent distance in η and ϕ from the cluster, as described
in Ref. [36].

Approximately 8.5% [22] of photons passing through the
ALICE inner detector material convert into an e+e− pair
within a radial distance of 180 cm from the beam axis. The
first step in reconstructing these photons is to select the
electron and positron tracks measured in the central tracking
detectors. Tracks are required to have a transverse momentum
of pT > 40 MeV/c and to contain at least 60% of the TPC
clusters that are expected from the track’s trajectory. The
track’s measured energy loss dE/dx in the TPC is required
to be close to that expected for electrons (−3 < nσ e

TPC < 4).
In order to reduce contamination from charged pions, the
measured energy loss is furthermore required to be more
than one sigma away from the expected energy loss of pions
(|nσπ±

TPC| > 1) for transverse momenta above pT > 0.4 GeV/c.
The distinct V-shaped topology of two tracks with opposite
curvatures originating from a common secondary vertex is
identified with a V0 finding algorithm [22]. The distance of
the conversion point from the beam axis is required to be
R > 5 cm to reduce contamination from Dalitz decays but
within R < 180 cm to ensure good track quality. Further se-
lections that enhance the purity of conversion photons in this
V0 candidate sample, such as requiring the momentum vector
of the V0 to point to the primary vertex, have been applied as
described in Ref. [37].

These two photon-reconstruction methods provide three
methods of reconstructing neutral pions. These are called
PCM or EMCal if both of the decay photons are reconstructed
using the same method, or PCM-EMCal, if one photon is
measured in the calorimeter while the other is reconstructed
with PCM. Neutral pion candidates are accepted if the invari-
ant mass of the photon pair is within Mπ0

rec(pT) ± nσπ0

rec (pT),
where Mπ0

rec and σπ0

rec are the pT-dependent mass and width
of the reconstructed neutral pion taken from Ref. [37]. The
parameter n is chosen to be 3 for PCM, 2.5 for PCM-EMCal,
and 2 for EMCal to increase the available statistics for the
PCM analysis while prioritizing the enhanced purity for the
EMCal method.

V. RECONSTRUCTION OF ω MESONS

The transverse momentum and invariant mass of ω meson
candidates is calculated from the four-momenta of all possible
π+π−π0 combinations of selected pions in each event. As
the ω meson decays via the strong interaction, with a lifetime
of τω ≈ 23.2 fm/c [20], all decay products are assumed to
originate from the collision vertex.

The energy resolution of the involved detectors causes a
smearing of the reconstructed mass of the ω meson candi-
dates, thereby reducing the signal-to-background ratio in an
invariant-mass-based signal extraction. The dominant fraction
of the smearing comes from the reconstruction of the π0,
whose mass is similarly affected by the detector resolution. As
demonstrated in previous publications [38,39], this effect can
be mitigated by shifting the reconstructed invariant mass of an
ω candidate by the difference of the reconstructed π0 invari-
ant mass to the literature value of Mπ0

PDG = 134.98 MeV/c2

[20]. In the presented measurement, a novel approach is in-
troduced to further refine this correction by determining the
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correlation between a given discrepancy of the reconstructed
π0 mass (Mπ0

) and the corresponding discrepancy of the re-
constructed ω mass (Mω), quantified by the ratio λ = 〈(Mω

rec −
Mω

gen)/(Mπ0

rec − Mπ0

PDG)〉, using Monte Carlo simulations. Here
Mω

gen corresponds to the reference mass that the ω meson
was generated with and is extracted from the simulation.
This correlation λ was found to depend on the opening angle
between the decay photons of the π0 due to the interplay
of the photon energy resolution and the resulting position
resolution of the neutral pion candidate. Depending on the
reconstruction method and opening angle, its value ranges
between 1.3 < λ < 2.3. For further details and figures, see
the supplemental material [40]. This correlation is then used
to shift the reconstructed mass of each π+π−π0 combination
individually based on the deviation of the contained π0 from
the PDG mass: Mπ+π−π0 = Mπ+π−π0

rec − λ(Mπ0

rec − Mπ0

PDG).
The obtained invariant-mass distributions for one pT inter-

val for each π0 reconstruction method and collision system
are shown in Fig. 1 as black markers. A signal peak around
the nominal mass of the ω meson is visible on top of the
combinatorial background. The background is described us-
ing a third-order polynomial parametrization, shown as a blue
line in Fig. 1. It is obtained from a fit of the invariant mass
distribution excluding a signal region of Mω ± 3σω. This
signal region is defined using a preliminary, pT-independent
mass and width, extracted via Gaussian parametrizations
of the invariant mass distributions for each reconstruction
method. The signal invariant-mass distribution, shown in
red, is extracted by subtracting the parametrized combina-
torial background from the invariant mass distribution. The
signal-to-background ratio at low pT is approximately three
times higher in pp collisions than in p-Pb collisions, which
coincides with an approximately three times larger event mul-
tiplicity in the latter [41]. Due to the better energy resolution
of PCM compared to the EMCal, the width of the peaks, and
thereby the signal-to-background ratio, also vary between the
reconstruction methods. The raw ω yield for each pT inter-
val is then calculated as the sum of bin contents within the
aforementioned signal region, denoted by black dashed lines
in Fig. 1.

The reconstruction efficiency (εrec) and geometrical accep-
tance (A), needed to correct the raw yield, are determined by
applying the reconstruction and selections to simulated events
using PYTHIA 8.2 Monash 2013 [42] in pp and DPMJET
[43] in p-Pb collisions. The propagation of particles through
the detector is simulated using GEANT 3 [44], taking into
account the detector conditions during the data taking. An
additional correction is applied to the cluster energies in the
simulation, referred to as MC cluster energy fine tuning, to
accurately reproduce the cluster energies observed in data, as
described in Ref. [31]. The resulting mass and width of the
ω meson extracted in data and simulations are in agreement
within the respective statistical uncertainties of each π0 recon-
struction method; see supplemental note [40]. Furthermore, to
correct for a residual mismatch of the material budget in simu-
lation compared to the data, each V0 candidate in simulation is
weighted according to Ref. [45] in 11 radial intervals depend-
ing on the conversion point. The weight is then propagated to

the ω meson. The correction shifts the extracted ω yield by up
to 9% (4.5%), depending on pT, and the associated systematic
uncertainty is reduced from 9% (4.5%) down to 5% (2.5%)
for the PCM (PCM-EMCal) π0 reconstruction technique.

The geometrical acceptance is calculated as the ratio of the
number of accepted ω mesons (i.e., where all decay particles
are within the geometrical limits of the respective detector) to
all generated ω mesons within |y| < 0.85. The reconstruction
efficiency is defined as the ratio of reconstructed to accepted
ω mesons in the simulation: εrec = Nω

rec/Nω
acc. Here the number

of reconstructed ω mesons can either be obtained from the
background-subtracted signal or by counting π+π−π0 triplets
that are validated to come from the same ω meson, checked at
generator level in the simulation, thereby avoiding the need for
background subtraction. Since both efficiencies were found
to agree within their uncertainties and the latter significantly
decreases the statistical uncertainties, the validated efficiency
is utilized in this analysis. Figure 2 shows the total correction
factor applied to the raw spectra, consisting of a product of the
geometrical acceptance, validated efficiency, as well as solid
angle normalization, where �ϕ = 2π and �y = 1.7 represent
the azimuthal and rapidity ranges in which ω mesons were
produced in the simulations.

While the total correction factors do not differ between the
two collision systems, the requirement of either one or both
photons converting for the PCM-EMCal and PCM methods
reduces their overall reconstruction efficiency by a factor of
1/8.5%. Although this limits the pT reach of PCM at high
pT, the good energy resolution of PCM photons enables the
reconstruction of ω mesons down to lower pT.

For the calculation of the nuclear modification factor RpPb,
a correction factor is applied to the pT spectrum of the ω

measured in pp collisions to account for the boost of the
center-of-mass frame in p-Pb collisions. Using a PYTHIA 8
[42] simulation, the production is found to be 0.8% (1.2%)
smaller in the shifted rapidity regime of −1.315 < y < 0.385
compared to the central rapidity range of |y| < 0.85 for low
(high) pT.

VI. SYSTEMATIC UNCERTAINTIES

The systematic uncertainties of the ω meson cross sec-
tions and the nuclear modification factor were evaluated as
a function of pT by variations of the selection criteria. Table I
displays all sources of systematic uncertainties and their mag-
nitude for the three π0 reconstruction methods.

For pT-dependent sources, the relative uncertainty is given
in a low pT interval (3.2 < pT (GeV/c) < 4.0) and an in-
termediate pT interval (8.0 < pT (GeV/c) < 10.0). The total
systematic uncertainty for each reconstruction method is
calculated as the quadratic sum, assuming no correlation be-
tween the different uncertainty sources. Due to the small
signal-to-background ratio, the signal extraction represents
the dominant contribution of systematic uncertainty for all
measured spectra and reconstruction methods, as also found
in previous measurements of the ω meson [38,39]. Six pa-
rameters were identified as possible sources of this systematic
uncertainty: the choice of the efficiency type, the integration
and parametrization ranges, the description of the background
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FIG. 1. Invariant mass distributions of π+π−π 0 triplets in the indicated pT ranges for π 0’s reconstructed with PCM (top), PCM-EMCal
(middle), and EMCal (bottom) in pp (left) and p-Pb (right) collisions. Subtraction of the third-order polynomial background description (blue)
from the π+π−π 0 candidates (black) results in the signal of ω candidates (red). In p-Pb collisions, this signal is scaled by a factor of three for
better visibility. The vertical dashed lines denote the invariant mass region where the raw yield was obtained through bin counting, as described
in Sec. V.
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FIG. 2. Correction factors ε applied to the raw ω yields for each
π 0 reconstruction method in pp and p-Pb collisions. The correction
factor comprises the geometrical acceptance (A), the reconstruction
efficiency (εrec), and normalization to azimuthal and rapidity ranges.

and signal, and the choice of the λ parameter in the applied ω

meson mass resolution correction, introduced in Sec. V. The
signal extraction is performed using all possible combinations
of reasonable settings for these parameters to estimate this
uncertainty accurately. The resulting 198 variations of the
spectra were found to be normally distributed, allowing for
the extraction of the 1σ uncertainty.

The material budget uncertainty quoted in Table I accounts
for the accuracy of the detector materials description in the
simulation. The material uncertainties per EMCal photon and
conversion photon are 2.1% and 2.5%, respectively [36,45].

Uncertainties stemming from the reconstruction of conver-
sion and calorimeter photons (see conv. and calo. photons
in Table I), as well as from neutral and charged pions, were
estimated as described in Refs. [37,39] through variations of
the selection criteria introduced in Sec. IV.

For RpPb, correlated uncertainties between the two collision
systems cancel out by simultaneously varying the selection
criteria and signal extraction in the two contributing cross
sections.

The uncertainties of the visible MB cross section in pp and
p-Pb of 1.8% [33] and 3.5% [34], respectively, were taken
from their corresponding publications. For the uncertainty in
the branching ratio ω → π+π−γ γ , the uncertainties of the
two consecutive decays of the ω and π0 meson quoted by
the Particle Data Group (PDG) [20] are added in quadrature.
The rapidity shift applied to the pp reference measurement
for the RpPb is assumed to introduce a constant uncertainty
of 0.1%, which corresponds to 10% of the shift, taking into
consideration the statistical uncertainty and introduced MC
dependence.

The systematic uncertainties are found to be fully cor-
related between pT intervals for all systematic uncertainties
except the signal extraction uncertainty, where the correlation
between pT intervals is assumed to be negligible.

The last row of Table I shows the systematic uncertainty
of the combined cross section or nuclear modification factor.

These combined values are obtained using the best linear
unbiased estimate (BLUE) method [46], which takes into
account correlations between the statistical and systematic
uncertainties of the individual reconstruction methods. The
correlation coefficients were evaluated for each source of
uncertainty. For example, the material budget uncertainty
between PCM and EMCal is fully uncorrelated, while the sys-
tematic uncertainty of the branching ratio is fully correlated.

VII. RESULTS

A. Production cross section of ω mesons

The pT differential Lorentz-invariant production cross sec-
tion of ω mesons in pp and p-Pb collisions is calculated for all
three π0 reconstruction methods as

E
d3σω

d3 p
= 1

Lint

1

2π�yAεrec

1

B

Nω

pT�pT
, (2)

where Lint is the integrated luminosity in the respective
collision system introduced in Sec. III. The number of recon-
structed ω mesons Nω is furthermore normalized by the total
correction factor ε = 2π�yAεrec discussed in Sec. V, its pT

value and the width of the pT interval �pT, as well as the
branching ratio B(ω → π+π−γ γ ) = (88.15 ± 0.70)%.

Figure 3 shows the ratio of the ω meson cross sec-
tions extracted using the three π0 reconstruction methods
to a combined Lévy-Tsallis parametrization, as defined in
Ref. [39]. Agreement is observed between the extracted cross
sections within their respective statistical and systematic un-
certainties. While the overlap of different π0 reconstruction
methods reduces the statistical and systematic uncertainties,
Fig. 3 highlights their complementarity, extending the pT

coverage of the measurement. The three production cross
sections, and the respective RpPb’s, for each collision system
are combined using the BLUE method [46], taking into con-
sideration the correlation between the uncertainties, as done
in previous measurements [38,39].

The combined pT differential Lorentz-invariant production
cross section of ω mesons is extracted in pp and p-Pb colli-
sions at

√
sNN = 5.02 TeV within the transverse momentum

range of 1.8 � pT (GeV/c) < 20 and 2.2 � pT (GeV/c) <

20, respectively. The pp and p-Pb measurements are shown
in Fig. 4, covering the rapidity interval of |y| < 0.85 and
−1.315 < y < 0.385, respectively. To account for the finite
width of the pT intervals, the horizontal positions of the data
points shown in Fig. 4 are shifted towards lower pT, according
to the method outlined in Ref. [47]. The description of the
data points using a Lévy-Tsallis parametrization, analogous to
Ref. [39], yielded pT shifts on the order of 1% towards lower
pT. This bin shift is performed in y coordinates for the ω/π0

ratios and RpPb where, due to the similar shape of the spectra,
the shift is below 1% for all pT.

Figure 4 also contains four predictions from simula-
tions using different MC generators and a Lévy-Tsallis
parametrization of the data for each collision system. The
χ2/ndf of the parametrization is 0.49 (0.48) in pp (p-Pb),
taking into account the total uncertainties. The lower panels
depict the ratio of data and the predictions from the event
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FIG. 3. Ratio of the ω meson production cross sections extracted using the three different π0 reconstruction methods to a combined
Lévy-Tsallis parametrization. Both in pp (left) and in p-Pb (right), agreement between the reconstruction methods is observed within the
statistical (bars) and systematic (boxes) uncertainties.

generators to the Lévy-Tsallis parametrization. The DPM-
JET simulation [43], based on the dual parton model (DPM),
roughly describes the pT dependence of the cross section in
p-Pb, but it underestimates the production of ω mesons by
approximately 30%. On the other hand, the production of ω

mesons in p-Pb collisions is well described by EPOS LHC
[48]. The EPOS model describes hadronic interactions follow-
ing a quantum mechanical multiple-scattering approach based
on partons and strings with built-in collective hadronization
[49]. The EPOS LHC adaptation [48] includes modifications,
aiming to describe the first LHC results. However, when
applied to pp collisions, the EPOS LHC simulations do not de-
scribe the data, with discrepancies of up to 100%, as shown in
the lower panel. While the other pp simulation, PYTHIA 8.2
with the Monash 2013 tune [42], describes the shape of the
production cross section in pp collisions, it overestimates
the production of ω mesons by about 30%. A similar devia-
tion between these PYTHIA 8 predictions and the respective
measured cross section was observed in previous ω meson
analyses at different collision energies [38,39], hinting at a
possible energy-independent overestimation of the ω meson
production in the Monash 2013 tune of PYTHIA 8.

B. ω/π0 ratios

In p-Pb collisions, the ratio of produced ω and π0 mesons
is calculated from the measured ω meson cross section and
the corresponding π0 spectrum at

√
sNN = 5.02 TeV [6]. To

obtain a π0 reference for the pp measurement, the published
spectrum of charged pions [50] is used as a proxy. To account
for the slightly higher production yield of neutral pions mainly
due to the isospin symmetry breaking η → π0π0π0 decay, the
measured charged pion spectrum is scaled up by 3.3%. This
surplus is determined from the (π+ + π−)/(2π0) ratio in pp
collisions at

√
sNN = 5.02 TeV simulated using PYTHIA 8

[42] via a constant parametrization for 1.8 � pT (GeV/c) <

20. An additional relative systematic uncertainty of 3.3% is

added to the ω/π0 ratio in pp collisions to account for the
model dependence introduced. Correlated systematic uncer-
tainties of the visible MB cross section, and in the case of
the material budget, are hereby removed. All other systematic
and statistical uncertainties are assumed to be uncorrelated.
Figure 5 shows the measured ω/π0 ratio in the two collision
systems; neither of them display a significant pT dependence.

Taking into consideration the bin-by-bin correlation be-
tween the systematic uncertainties, an average ω/π0 constant
for pT > 4 GeV/c is evaluated following the proce-
dure described in Ref. [46], yielding Cω/π0

pp = 0.48 ±
0.02 (stat.) ± 0.06 (sys.) in pp collisions, and Cω/π0

pPb =
0.52 ± 0.01 (stat.) ± 0.04 (sys.) in p-Pb collisions. Within

the given uncertainties and pT reach, the ω/π0 production ra-
tios agree with one another, suggesting the production ratio to
be independent of CNM effects within the given uncertainties
and inspected pT range.

The extracted high-pT constants can furthermore be used as
input for the transverse mass scaling prediction of the ω/π0

ratio. This empirical scaling relation describes the production
ratio by assuming that the production of all mesons follows
the same fundamental underlying function of the particle’s
transverse mass (mT =

√
p2

T + m2
inv), scaled by a constant

parameter C [51]. From the extracted high-pT constants, this
assumption is used to derive the pT dependence of the particle
ratio, as shown as purple bands in Fig. 5. In both collision
systems, a slight tension between the ω/π0 ratio prediction
assuming mT scaling and the data is observed at low trans-
verse momenta pT ≈ 3 GeV/c, where mT scaling suggests a
decrease of the ω/π0 ratio, which is not observed in the data
within uncertainties. A slight discrepancy is expected, as mT

scaling was found to be broken for LHC energies due to
the feed-down of decays into the π0 [51]. However, the in-
creased number of neutral pions from the feed-down of higher
mass particles would decrease the ω/π0 ratio compared to
the mT scaling prediction. The excess of the ω/π0 ratio at
low pT compared to the mT scaling was also observed at
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FIG. 4. Lorentz-invariant ω meson production cross section in
pp (open markers) and p-Pb (closed markers). Statistical uncer-
tainties are represented by vertical error bars, while boxes show
the systematic uncertainties. Furthermore shown are Lévy-Tsallis
parametrizations of the two cross sections and two predictions from
simulations of the ω meson production per collision system. The
lower panels contain the ratios of the data and simulations to the
parametrization of the data points in the respective collision system.
A gray box in each ratio panel depicts the normalization uncertainty
of the visible minimum bias cross section.

√
s = 13 TeV, but its underlying cause remains unexplained.

This discrepancy shows the need for ω meson production
measurements such as this one, as studies of direct photons or
dileptons commonly resort back to this mT scaling prediction
to evaluate hadronic feed-down contributions due to a lack of
experimental data [52,53].

In addition to the measured production ratios, Fig. 5 also
includes predictions of the ω/π0 ratio by three different event
generators. The predictions of the ω/π0 ratio by EPOS LHC
[48], shown in red, are very similar between pp and p-Pb,
suggesting the system size does not have a strong impact on
the relative hadronization fractions into ω mesons and neutral
pions. However, the production ratio is overestimated by
about 100% in both collision systems. So, while EPOS LHC
describes the production of ω mesons in p-Pb and not in pp
collisions, see Fig. 4, the π0 production is described only in
pp and not in p-Pb collisions. This inadequate collision system
and particle species dependence of the EPOS LHC predictions
possibly hints at a lack of experimental data for tuning the

collective hadronization implemented in EPOS LHC [49].
The similar production ratio predictions by PYTHIA 8 [42]
in pp and DPMJET [43] in p-Pb can be explained by the fact
that the hadronization implemented in DPMJET is based on
the Lund string model, also used by the PYTHIA 8 event
generator. Both generators using the Lund string model
overestimate the ω/π0 ratio by about 10–20%. It is, however,
not evident whether the different hadronization descriptions
cause this more accurate description of the ω/π0 ratio
compared to EPOS LHC, or whether this difference should be
attributed to the different tunes and experimental input used.

Figure 6 shows the measured ω/π0 ratio in pp collisions,
compared to previous measurements, covering almost three
orders of magnitude in center-of-mass energies. For the data
points of the ISR measurements, only a minimum pT was
defined in the measurement. The pT positions of these data
points in a given pT interval were therefore set to the expecta-
tion value of the Lévy-Tsallis parametrization of the ω cross
section in pp collisions at

√
s = 62 GeV, taken from PYTHIA

8 [42].
The ω/π0 ratios measured at different energies are com-

patible within the given total uncertainties represented by
vertical bars. A slight tension is visible when considering
the entire pT range of the measurement at

√
sNN = 200 GeV,

depicted with green markers, and at
√

sNN = 5.02 TeV, shown
with red markers. To better visualize this possible difference
of the ω/π0 ratio for different center-of-mass energies, the
ratios shown in Fig. 6 are parametrized with a constant for
pT >4 GeV/c, with the resulting values of these high-pT

fits of the ω/π0 ratio compiled in Fig. 6 (right panel). As
the bin-by-bin correlation of the systematic uncertainty for
the cited measurements is unknown, their systematic uncer-
tainties are assumed to be fully correlated between the bins
for calculating the uncertainty of the high-pT constant. This
approach provides an upper-limit estimation of the total un-
certainties shown in Fig. 6. To isolate possible effects of
the center-of-mass energy, only ω/π0 ratios measured in pp
collisions are considered for this comparison. The resulting
high-pT ω/π0 constant as a function of the center-of-mass
energy presented in Fig. 6 displays a slight tendency towards
a lower ω/π0 ratio with rising center-of-mass energy. The
significance of this effect is estimated by calculating an av-
eraged ratio at low center-of-mass energy [62 <

√
s (GeV)

< 200] and one at high center-of-mass energy [5.02 <
√

s
(TeV) < 13]. By assuming all uncertainties between the dif-
ferent analyses to be fully uncorrelated, the averaged ratios are
〈ω/π0〉low

√
s = 0.78 ± 0.09 and 〈ω/π0〉high

√
s = 0.56 ± 0.04,

which are shown as colored bands in Fig. 6. This corresponds
to a difference of the ratios at low and high center-of-mass
energies with a significance of 2.2 σ .

The trend of a decreasing ω/π0 ratio with rising center-of-
mass energy is also observed in PYTHIA 8 simulations [42],
shown in blue, cyan, and purple lines for different pT thresh-
olds in Fig. 6. In the simulations, the production of heavier
particles at larger center-of-mass energies is found to result in
more hadronic feed-down into primary neutral pions, thereby
decreasing the ω/π0 ratio. Further precision measurements at
both low and high collision energies are needed to investigate
this trend.
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FIG. 5. Production ratio ω/π 0 in pp and p-Pb collisions calculated using the ω meson production measurements and the corresponding
charged [50] and neutral pion [6] references, respectively. The charged pion reference was scaled up by 3.3% (see text for details). Also shown
are two predictions from simulations per collision system, with bands representing their statistical uncertainties, as well as a mT scaling curve,
which converges towards a high-pT constant (C) fitted to the ratio for pT > 4 GeV/c.

C. Nuclear modification factor RpPb

The nuclear modification factor of the ω meson production
at

√
sNN = 5.02 TeV, extracted in the transverse momentum

range of 2.2 � pT (GeV/c) < 20 and the rapidity interval of
−1.315 <y< 0.385, is shown with red markers in Fig. 7. This
represents the first measurement of the nuclear modification
factor of the ω meson at LHC energies. Within the statistical
and systematic uncertainties, represented by vertical bars and
boxes, respectively, the nuclear modification factor is found
to be compatible with unity over the measured pT range.

Consequently, no CNM effects on the ω meson production
are observed within the given uncertainties.

Figure 7 also displays the nuclear modification factor for
neutral pions, measured at the same center-of-mass energy
of

√
sNN = 5.02 TeV [6]. The visible agreement between

the nuclear modification factors for the light π0 and the
six times heavier ω meson [20] implies that, within the pT

range and the given uncertainties of the two measurements,
no mass dependence of the nuclear modification factor is
observed.

FIG. 6. Compilation of measurements of the ω/π 0 ratio (left) in pp collisions at various center-of-mass energies covering 0.062 <
√

s
(TeV) < 13 at the ISR [54], PHENIX [55], and ALICE [38,39], including the pp measurement presented herein. Vertical error bars represent
total uncertainties, high-pT data points at

√
s = 13 TeV up to pT = 50 GeV/c are omitted here for better visibility. The right-hand side displays

values obtained from parametrizations of the ω/π0 ratios above pT > 4 GeV/c, as well as predictions of this high-pT constant for different
lower bounds using PYTHIA 8 [42].
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FIG. 7. Measured nuclear modification factor RpPb of the ω me-
son at

√
sNN = 5.02 TeV shown with red markers, as well as a

nuclear modification factor of neutral pions at the same center-of-
mass energy [6] and the measurements for ω mesons at

√
sNN = 200

GeV [56]. Vertical error bars and boxes represent statistical and
systematic uncertainties, while the two solid boxes show the normal-
ization uncertainty of the ALICE measurements.

Finally, Fig. 7 also includes the nuclear modification fac-
tors RdAu for the production of ω mesons at

√
sNN = 200 GeV

[56] in d–Au collisions, measured in different decay channels.
These nuclear modification factors RdAu are compatible with
the herein presented RpPb within the respective statistical and
systematic uncertainties.

VIII. CONCLUSION

The pT-differential invariant cross sections of ω mesons
in pp and p-Pb collisions at

√
sNN = 5.02 TeV have been

presented. The measurements, performed using the ω →
π+π−π0 decay channel, cover a transverse momentum range
of 1.8 � pT (GeV/c) < 20 and 2.2 � pT (GeV/c) < 20,
respectively. Three partially independent reconstruction meth-
ods were used for the reconstruction of the neutral pion,
significantly reducing the systematic uncertainties of the com-
bined ω cross section. Predictions from MC event generators
in both pp and p-Pb collisions do not describe the ω pro-
duction cross section within the given uncertainties. While
EPOS LHC describes the spectrum in p-Pb reasonably well,
it overestimates the data by up to 100% in pp collisions.
PYTHIA 8 overestimates the spectrum in pp as previously
seen in pp at

√
s = 13 TeV, and predictions from DPMJET in

p-Pb collisions underestimate the spectrum. The ω/π0 ratio
agrees between pp and p-Pb collisions, indicating no system
size dependence of the ratio, as also observed for the η/π0

ratio [6]. Comparisons between measurements of the ω/π0

in pp collisions for energies up to
√

s = 200 GeV and LHC
energies suggest an energy dependence of the ratio for pT >

4 GeV/c with a significance of 2.2 σ . In PYTHIA 8, showing
qualitatively the same dependence, this trend is attributed to
a rising feed-down contribution into the π0 spectrum with

rising collision energy. Finally, the first RpPb for ω mesons
at LHC energies was presented for 2.2 � pT (GeV/c) < 20.
Agreeing with unity over the full pT range, the data does not
show modification due to cold nuclear matter. Furthermore,
the data agrees with measurements of π0 at the same collision
energy, as well as with a measurement of ω mesons in d-Au
collisions at

√
sNN = 200 GeV.
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