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Abstract The measurement of �+ production in pp col-
lisions at

√
s = 13 TeV is presented. The measurement is

performed at midrapidity in both minimum-bias and high-
multiplicity pp collisions at

√
s = 13 TeV. The �+ is recon-

structed via its weak-decay topology in the decay channel
�+ → p + π0 with π0 → γ + γ. In a novel approach, the
neutral pion is reconstructed by combining photons that con-
vert in the detector material with photons measured in the
calorimeters. The transverse-momentum (pT) distributions
of the �+ and its rapidity densities dN /dy in both event
classes are reported. The pT spectrum in minimum-bias col-
lisions is compared to QCD-inspired event generators. The
ratio of �+ to previously measured � baryons is in good
agreement with calculations from the Statistical Hadroniza-
tion Model. The high efficiency and purity of the novel recon-
struction method for �+ presented here will enable future
studies of the interaction of �+ with protons in the context
of femtoscopic measurements, which could be crucial for
understanding the equation of state of neutron stars.

1 Introduction

Over the last 5 decades, the production of many different
particles has been measured with high precision in hadronic
and heavy-ion reactions. Even short-lived particles and rare
probes could be studied. However, the members of the S =
−1 isospin triplet in the J P = 1

2
+

SU(3) baryon octet, the
� baryons, are scarce. This is because most experiments
are optimized for the detection of decays into charged par-
ticles and none of the ground-state � baryons has a purely
charged decay channel. In any case, either a neutron or pho-
ton(s) occur in the final state. The photons stemming from
the decays typically have low energy and are therefore dif-
ficult to detect in the multi-particle final state of a hadronic
collision.
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The study of baryons with strangeness makes an important
contribution to the understanding of the strangeness produc-
tion mechanisms in pp collisions and provides a reference for
QCD-inspired Monte Carlo (MC) event generators, which
generally tend to underestimate the yield of strange hadrons.
In pp collisions at LHC energies a significant tension was
observed between the measured transverse momentum (pT)

distributions of � baryons and the expectations from MC
generators [1,2]. In previous measurements of excited states
of � baryons, comparisons were made with different MC
generators and large deviations in both the shape and yield
of the pT spectra were found [3–6]. In this respect, the mea-
surement of �+ is an important cross-check and an input to
constrain the models, e.g., PYTHIA [7,8] and EPOS [9,10]

Strange baryon production has also been studied in e+e−
collisions at LEP. In particular, the DELPHI [11,12], OPAL
[13,14], and L3 [15] Collaborations measured the production
of ground-state � baryons. Only recently, ALICE measured
the anti-particles of the charged � baryons for the first time
in pp and p–Pb collisions at

√
sNN = 5.02 TeV [16]. They

compared it with available event generators and found a devi-
ation similar to the one observed for other strange baryons
and a characteristic ordering of the strange baryon yield with
mass and strangeness content.

The �+ baryon was measured by the LHCb Collaboration
in pp collisions at

√
s = 7, 8, and 13 TeV to determine

the branching fraction of the rare semi-leptonic decay into
a proton and a dimuon [17,18]. They found the branching
fraction to be compatible with the standard model expectation
but did not report the production cross section of the �+
baryons.

The mass dependence of particle yields can be explained
in the framework of statistical hadronization models (SHM).
In heavy-ion collisions, the SHM description is based on a
grand-canonical ensemble and has three main parameters:
the chemical freeze-out temperature Tch, the baryochemical
potential μB and the volume V of the fireball. The bary-
ochemical potential μB is a measure of the net-baryon con-
tent of the system and is expected to be close to zero at the
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LHC, i.e., baryons and antibaryons are produced in equal
amounts. The SHM provides a very good description of par-
ticle yields in heavy-ion collisions over a wide range of
collision energies and particle species [19–21]. A canoni-
cal formulation of the SHM [22,23] is used in smaller sys-
tems such as in e+e− or pp collisions. The canonical for-
mulation requires an additional parameter RC , which cor-
responds to the radius within which the exact conservation
of quantum numbers, e.g., strangeness, is enforced. In more
recent implementations of the SHM, this parameter is often
expressed in terms of a correlation volume VC , which can
be calculated from RC . In some implementations, a non-
equilibrium parameter γS [24,25] is additionally used, that
helps to describe the undersaturation of strangeness in small
systems [26]. Remarkably, in contrast to the microscopic MC
generators, the SHM [22,23] works very well for the strange
baryon production yields at LEP.

Furthermore, the measurement of the �+ production is
important as an input for the measurement of inclusive
charged-particle spectra. Since measured �+ spectra are not
available and the production of strange baryons is not well
reproduced in MC generators, their contribution is currently
inferred from measured pT spectra of � [27,28].

In this paper, results on the production of the �+ baryon
(and its antiparticle �

−
) in pp collisions at

√
s = 13 TeV

are reported for the first time. This measurement is made
possible thanks to a novel reconstruction method in the
�+ → p + π0 (π0 → γ + γ ) decay channel (branching
ratio (51.57 ± 0.30)% [29]), where the two decay photons
are reconstructed via a conversion γ → e+ +e− and a direct
measurement in the calorimeter, respectively. Unless other-
wise stated, all considerations regarding �+, apply analo-
gously to �

−
, using the respective charge-conjugate daugh-

ter particles.

2 Data analysis

A detailed description of the ALICE detectors and their per-
formance can be found in [30,31]. Within the scope of this
paper, only a brief description of the used detectors will
be given. Those are the Inner Tracking System (ITS), the
Time Projection Chamber (TPC), the Time-Of-Flight detec-
tor (TOF), the electromagnetic calorimeters (PHOS, ECal,
DCal), as well as the V0 detectors.

The ITS is a six-layer cylindrical silicon detector used for
tracking, vertexing, and triggering. The layers are located
at radii between 3.9 and 43 cm around the beam axis. The
inner two layers of the ITS are also used for triggering. The
TPC is a cylindrical gaseous detector located around the ITS
with an inner radius of around 85 cm and an outer radius
of 250 cm. The TPC is the main tracking detector and also

contributes to the determination of the primary vertex. Fur-
thermore, the TPC is used for particle identification (PID)
through the measurement of the specific energy loss in the
detector gas. The ITS and the TPC are located inside a 0.5 T
strong solenoidal magnetic field and cover a pseudorapid-
ity range of |η| < 0.9 in the full azimuth. The TOF detec-
tor wraps around the Transition Radiation Detector (TRD),
which envelops the TPC. The TOF is used as a supplemen-
tary tool for PID through the measurement of the particle
velocity. The PHOton Spectrometer (PHOS) and the Electro-
magnetic Calorimeter (EMCal) are calorimeters forming the
outermost part of the central barrel detector. They enhance the
capabilities to measure jets and electromagnetic probes such
as photons. The EMCal consists of two sub-detectors, the
ECal and the Di-jet Calorimeter (DCal). ECal and DCal are
lead/polystyrene sampling calorimeters covering 110o and
60o in azimuthal angle and are placed on opposite sides in
azimuth. Both have a common pseudorapidity coverage of
|η| < 0.7. The PHOS detector has a higher granularity and
is made of lead-tungstate crystals. It is placed between the
DCal modules. The PHOS covers a pseudorapidity range of
|η| < 0.12 and 70o in azimuth. In contrast to ECal and DCal,
PHOS is placed behind a hole in the TRD and TOF detectors
to minimize the material budget.

The V0 detectors consist of two plastic scintillator arrays
located at forward (2.8 < η < 5.1) and backward (−3.7 <

η < −1.7) pseudorapidities and are used for event triggering.
The minimum bias trigger used in this analysis requires at
least one hit in both V0 detectors. The number of triggered
events corresponds to the V0 visible cross section, which
can be related to the total inelastic pp cross section. The
amplitude of the signal in the V0 detectors is proportional to
the multiplicity; if it exceeds a certain threshold, the event is
triggered as a high-multiplicity one.

The data analyzed in this paper was recorded between
2016 and 2018 in the LHC pp run at

√
s = 13 TeV. The

analysis was performed using a high-multiplicity (HM)
and a minimum-bias (MB) triggered sample. The recorded
integrated luminosity amounts to 0.059 pb−1 using the
minimum-bias trigger and 14.1 pb−1 using the high-
multiplicity triggers [32]. After the event selection, about
1.8 · 109 MB triggered events and 1.3 · 109 HM triggered
events were available for the analysis.

Tuning of the particle selection criteria and the correction
for the reconstruction efficiency is carried out using a MC
simulation. Due to the low reconstruction efficiency of �+
and �

−
, in particular at low pT, a dedicated simulation with

enhanced �++ �
−

yield is used, such that the corresponding
statistical uncertainty is not a dominant contribution in the
final analysis. To this end, underlying events generated with
PYTHIA 8 Monash 2013 [8] are enriched with 10 �+ and 10
�

−
following a Lévy–Tsallis [33,34] transverse momentum
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distribution. Additionally, one �+ and one �
−

are injected
with a uniform pT distribution from 1 to 10 GeV/c. The
parameters of the Lévy–Tsallis [33,34] transverse momen-
tum distribution are obtained by fitting a preliminary �+
spectrum that was corrected using a general-purpose simu-
lation. The described injection scheme leads to an approxi-
mate uniform pT distribution of the reconstructed spectrum.
The simulated particles are propagated through the detectors
using GEANT4 [35].

The �+ is reconstructed in the decay mode �+ → p+π0,

with π0 → γ + γ. The protons are selected by their specific
energy loss in the TPC gas (dE /dx) which must be within 3σ

of its expected value. For protons with transverse momenta
greater than 0.9 GeV/c, an additional 5σ selection is made on
the time-of-flight signal to enhance the purity. To avoid com-
promising efficiency, the selection is only applied to tracks
which have a hit in the TOF detector. Only tracks within
a pseudorapidity range of |η| < 0.9 are considered. The
distance-of-closest approach (DCA) in the xy plane (per-
pendicular to the beam direction) is required to be greater
than 10 µm to suppress primary particles, and less than 2 cm
to suppress protons knocked out of the detector material.

The neutral pion is reconstructed by combining a photon
that converts in the detector material and a photon measured
in the calorimeters. Photons can convert into an electron-
positron pair in the presence of a nucleus within the detec-
tor material. The reconstruction of photons from such con-
versions is called photon conversion method (PCM). The
advantage of the PCM is that it gives access to topological
information which allows for the high purities of the parti-
cle sample. The combination with the calorimeters allows to
make use of their significantly higher detection efficiency.

The PCM photons are reconstructed from e+–e− pairs
during the tracking and selected by their distinct V-shaped
topology (V0). Only a minimal selection is applied to the
electron tracks, which must have a dE /dx within 5σ of the
expected value, and at least 30 (out of 159) space points in
the TPC. The opening angle of the V0, i.e., the angle between
the electron tracks at the point of the conversion, must be less
than 0.3 rad. The magnetic field in the detector points in the z
direction (along the beam direction), so the angle between a
track and the magnetic field is given by the θ coordinate. The
difference in this coordinate between the electron tracks must
be less than 0.1 rad. The invariant mass of the photon candi-
date must be less than 0.06 GeV/c2. In addition, selections are
made in the Armenteros–Podolanski [36] plane to separate
photons from � baryons and K0

S mesons, which also decay in
a V0 topology. In the Armenteros–Podolanski plane, the lon-
gitudinal momentum asymmetry α = (p+

l − p−
l )/(p+

l + p−
l )

of the daughter tracks is related to the transverse momen-
tum qT of the daughters with respect to the flight direc-

tion of the V0. PCM photons are selected if |α| < 0.9 and
qT < 0.03 GeV/c.

For the second photon the EMCal and PHOS calorime-
ters are used. In contrast to the photons reconstructed by the
PCM, the number of applicable selections for the calorimeter
photons is limited, resulting in lower purity. Since the pho-
tons from the �+ decays have low energy, they deposit most
of it in a single calorimeter cell, which hinders the applica-
tion of a selection on the cluster shape. Track matching is
performed and clusters are discarded if at least one charged-
particle track is within 10 cm from the cluster position in the
calorimeter plane, effectively suppressing clusters caused by
charged particles.

The decay vertex of the �+ is reconstructed using the
Kalman Filter (KF) package [37]. For this purpose, only the
proton track and the PCM photon are used, since the momen-
tum components of the calorimeter photon are unknown.
After the computation of the secondary vertex, the flight path
of the calorimeter photon is constructed as the connecting
line between the vertex and the position of the respective
calorimeter cluster. From the reconstructed secondary ver-
tex, the pointing angle (PA) of the �+ is computed as

PA = arccos

( �r · �p
|�r | · | �p|

)
, (1)

where �r is the decay vertex position with respect to the pri-
mary vertex and �p is the momentum vector.

The reconstructed �+ are identified by their consider-
ably long lifetime of about 80 ps (cτ ≈ 2.4 cm), which
allows strong selections on the decay topology. The distance
between the reconstructed decay vertex of the �+ and the pri-
mary vertex must be greater than 1 cm. The strong momentum
dependence of the PA resolution gives rise to a momentum-
dependent selection. The pointing angle must be less than
0.012 rad for pT > 2 GeV/c and less than 0.024 rad for
pT < 2 GeV/c.

The moderate energy resolution of the calorimeters leads
to a significant broadening of the resulting invariant-mass
distribution of the �+. To avoid this, an energy correction is
applied based on the reconstructed topology. First, the invari-
ant mass of the π0 is calculated using the measured calorime-
ter energy and the momentum of the PCM photon. If the
reconstructed mass is within the range 0.1–0.16 GeV/c2, the
corrected energy of the calorimeter photon (ECalo) is calcu-
lated as

ECalo = m2
π0

2 · | �pPCM| · (1 − cos α)
, (2)

wheremπ0 is the nominal π0 mass, �pPCM is the momentum of
the PCM photon and α is the angle between the two photons.
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Fig. 1 Invariant-mass distributions of �++ �
−

candidates in high-
multiplicity (upper panels) and minimum-bias (lower panels) pp col-
lisions at

√
s = 13 TeV in 2.0 < pT < 2.5 GeV/c (left panels) and in

5.5 < pT < 6.0 GeV/c (right panels) in same events (black symbols),
mixed events (red symbols) and signal (blue symbols). The error bars
of the data points correspond to the statistical uncertainties

The combinatorial background of the reconstructed �+
is described by using the event-mixing technique. For this,
the tuples of protons and conversion photons are mixed with
calorimeter clusters from different events and fed into the
same reconstruction procedure as in the same event, and the
same selections are applied. To account for efficiency and
acceptance effects, only events that have a similar primary-
vertex position in the z-coordinate (±1 cm) as well as a sim-
ilar multiplicity (±4 tracks in |η| < 0.8) are paired. Up
to 10 events are mixed to improve the statistics. The mixed-

event distribution is fitted to the same-event distribution in the
sideband region by scaling it with a momentum-dependent
parameter.

Figure 1 shows the same-event (black points), mixed-
event (red points), and subtracted (blue points) pγ γ invariant-
mass distributions. The background of the same-event distri-
bution is well described by the mixed events. The signal is
obtained by subtracting the mixed-event distribution from
the same-event one, as seen in Fig. 1. The nominal mass of
the �+ of 1.189 GeV/c2 [29] is well reproduced and a good
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Fig. 2 Acceptance × efficiency as a function of the transverse momen-
tum of �+ and �

−
after applying the selection criteria described in the

text. The results for �+ (red symbols) and �
−

(blue symbols) are
shown. The error bars of the data points correspond to the statistical
uncertainties

agreement of the peak width with the reconstructed MC sig-
nal is found. The number of counts in each pT interval is
determined by bin counting of the signal distributions within
a 3σ interval around the nominal �+ mass.

The obtained raw spectra are corrected for the acceptance
and reconstruction efficiency which are determined from the
MC simulations. The minimum-bias spectrum is additionally
corrected for the efficiency of the V0 detectors such that it
corresponds to the total inelastic pp cross section. The accep-
tance × efficiency is shown in Fig. 2. It is strongly pT depen-
dent and decreases towards lower pT due to the low photon
momenta. The multiplicity dependence of the reconstruction
efficiency for different pp collision classes is negligible, so
the same simulations can be used for the MB-triggered and
the HM-triggered data sets.

The measured pT spectra are subject to systematic uncer-
tainties. In order to quantify these uncertainties, variations of
the selections are made. In order to take into account potential
correlations among the selection variables, the variations are
not performed individually but in groups. These groups are
track, PID, kinematic, and topological selections. Each selec-
tion is varied within half a unit of standard deviation from the
default value, if applicable, or 10% variation is used other-
wise. For each selection group, different sets of selections are
randomly chosen within the defined ranges. The selections
are thereby chosen from a continuous uniform distribution,
i.e., each setting is equally likely. In total 1000 selection sets
are analyzed. For each variation, the raw spectrum and the

corresponding efficiencies are evaluated and the deviation
of the efficiency corrected spectrum from the default setting
is calculated. The deviations are Gaussian distributed and
are fitted to determine the mean and the width. Therefore,
this method is insensitive to outliers. The distributions are
not necessarily centered at zero, which gives rise to asym-
metrical error bars. In addition to the systematic uncertain-
ties which arise from the selection variations, other uncer-
tainties are added which are assumed to be independent of
the momentum. These uncertainties originate from the con-
version probability, i.e., the material budget, the ITS-TPC
matching efficiency and mixed-event (ME) normalization,
where the given uncertainties are estimated based on previ-
ous analyses [38]. The cluster finding efficiency gives rise
to an additional uncertainty. The selection variation uncer-
tainties exhibit a slight momentum dependence. In the first
pT interval, the kinematic and topological selection uncer-
tainties increase significantly, which is related to a partic-
ular sensitivity of the efficiency on these selections at low
pT and the limited statistics in this interval. The systematic
uncertainties, summarized in Table 1, are evaluated in the
high-multiplicity sample due to the better statistical preci-
sion, but are very similar in the minimum-bias sample. The
total systematical uncertainty is taken as the quadratic sum
of the systematics of all contributions.

3 Results

The normalized differential yields of �++ �
−

as a function
of pT in high-multiplicity and minimum-bias pp collisions
at

√
s = 13 TeV are shown in Fig. 3. The different pT range

is due to the lower statistics in the MB sample. The spectral
shape in the measured pT intervals is well described by fits
with Lévy–Tsallis functions [33,34], which are also shown
in Fig. 3.

In Fig. 4, the pT spectrum of �++ �
−

in minimum-bias
pp collisions is compared to spectra generated by the models
PYTHIA 8 Monash 2013 [8], PYTHIA 6 Perugia 2011 [7],
EPOS LHC [9], as well as to the recently publicly released
EPOS version 4 (EPOS4) [10]. PYTHIA 8 can reproduce
the spectral shape with an accuracy of better than 20% but
underestimates the yield by a factor of about two, mainly due
to an overall underestimation of strangeness production in the
simulation. PYTHIA 6 is closer to the data than PYTHIA
8 in the first measured pT interval but cannot describe the
pT shape resulting in the largest discrepancy with the data
among the generators considered. EPOS LHC describes the
spectral shape similarly well as PYTHIA 8 while also being
closest to the data in terms of yield. Additionally, the mean
multiplicity of the events is closest to data in EPOS LHC.
EPOS4 shows a very similar performance to EPOS LHC at
low pT, but approaches PYTHIA 8 at intermediate pT.
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Table 1 Systematical and statistical uncertainties of the corrected yields of �++ �
−

given in %

pT (GeV/c) 1.0–2.0 2.0–3.0 3.0–4.0 4.0–5.0 5.0–6.0 6.0–7.0

Topological 2.3 0.8 0.6 0.9 1.2 1.6

Kinematic 4.2 1.8 2.6 2.0 3.1 3.6

Track selection 0.2 0.2 0.2 0.1 0.2 0.2

Particle identification 1.1 0.3 0.3 0.3 0.3 0.8

Material budget 4.5 4.5 4.5 4.5 4.5 4.5

ITS-TPC matching 4.0 4.0 4.0 4.0 4.0 4.0

Cluster efficiency 3.0 3.0 3.0 3.0 3.0 3.0

ME normalisation 2.0 2.0 2.0 2.0 2.0 2.0

Total systematic 8.7 7.3 7.5 7.4 7.8 8.0

Statistical (HM) 1.5 0.9 1.0 1.3 2.0 3.0

Statistical (MB) 3.2 2.2 2.8 4.0 5.7 9.2

Fig. 3 Normalized differential yields of �++ �
−

as a function of pT
in high-multiplicity (red symbols) and minimum-bias (blue symbols) pp
events at

√
s = 13 TeV together with the corresponding Lévy–Tsallis

fits (dashed lines). The spectra are normalized to the number of events
(NEvent) given in Sect. 2. The statistical uncertainties of the data points
are shown as bars and the systematic ones as boxes

The difference between the PYTHIA and EPOS mod-
els might be related to their specific implementations. The
EPOS generators feature a core-corona model [39,40], where
the corona is characterized by string fragmentation, similar
to the Lund model [41] used by PYTHIA. This contribu-
tion dominates the high-pT particle production, which could
explain the increasing agreement among the considered mod-
els towards higher momentum. At lower pT, the QGP-like
core part of the EPOS model is influenced by coalescence,
which could potentially increase the yields of �+ baryons

Fig. 4 The normalized differential yield of �++ �
−

as a function of
pT in minimum-bias pp collisions at

√
s = 13 TeV (blue symbols)

compared with PYTHIA 6 (green line), PYTHIA 8 (purple line), EPOS
LHC (red line) and EPOS4 (orange line) generators. The lower panel
shows the ratio between the data points and the MC predictions. The
statistical uncertainties of the data points are shown as bars and the
systematic ones as boxes. The statistical uncertainties of the model
predictions are given by the width of the bands

compared to PYTHIA, improving the agreement with the
data.

The rapidity density dN /dy of �++ �
−

is determined by
integrating the spectra shown in Fig. 3 over pT. Since the
data points do not extend to pT = 0, the spectra must be
extrapolated using a fit function. For this purpose, various fit
functions are tested. The models with only two free param-
eters, namely Boltzmann, mT-exponential, pT-exponential
and Fermi–Dirac fail to describe the data, showing deviations
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Table 2 Rapidity density dN /dy of �++ �
−

in high-multiplicity and
minimum-bias pp collisions at

√
s = 13 TeV

〈dNch/dη〉 [43] dN
dy

High-multiplicity pp 30.8 ± 0.4 0.313+0.007
−0.007(stat)+0.027

−0.032(syst)

Minimum-bias pp 6.9 ± 0.1 0.071+0.003
−0.003(stat)+0.008

−0.008(syst)

at low and high pT. The more sophisticated Lévy–Tsallis
[33,34] and Boltzmann–Gibbs [42] functions both describe
the data well. In agreement with the expectation for pp colli-
sions, the Lévy–Tsallis function describes the data best over
the full considered pT range. Hence, this function is cho-
sen to extrapolate the spectra. In the extrapolation region,
the functions are integrated numerically. To determine the
statistical and systematic uncertainties, the spectra are ran-
domly varied 1000 times from their default value according
to a Gaussian distribution, where the standard deviation cor-
responds to the one of the data points. Each data point is
varied individually. All such spectra are fitted resulting in
a series of curves. The yield is calculated for all variations.
Finally, the yields and the corresponding uncertainties of the
measured and extrapolated pT region are added to obtain the
integrated yields. The contribution of the extrapolated yield
to the total one is around 33% for high-multiplicity events
and 44% for minimum-bias ones. This difference is due to
the softer spectrum at lower multiplicities. The results for
dN /dy in the two event classes are given in Table 2 together
with the mean charged-particle multiplicities 〈dNch/dη〉 in
|η| < 0.5, which are 30.8 in the high-multiplicity and 6.9 in
the minimum-bias event sample.

The ratio of the pT spectra at low and high multiplicities
is shown in Fig. 5. An almost linear increase of the ratio
with multiplicity is observed up to around pT = 4 GeV/c,
followed by a saturation. For comparison, the same ratio is
shown for � baryons, taken from a previous analysis [44].
Note that the definitions of the multiplicity classes are slightly
different. A very good agreement of the ratios is apparent,
which can be attributed to the similar mass of the considered
baryons.

The production yields of �++ �
−

are compared to those
of � + � which have been measured in previous analyses
[44]. The data for � + � are extra- or interpolated to the
mean charged-particle multiplicities of the event classes used
in this analysis, assuming a linear dependence of the yield
on the charged-particle multiplicity.

The ratios of the production yields of �++ �
−

and �+�

baryons in both multiplicity classes are shown in Table 3. The
observed values in the minimum-bias and high-multiplicity
event classes are in good agreement within their uncertain-
ties. This implies that the yield of � baryons scales with
multiplicity, like the yield of � baryons, which in turn means

Fig. 5 Ratio of the pT spectra of �++ �
−

in minimum-bias and high-
multiplicity pp collisions. For comparison, the same ratio is shown for
�+� baryons, taken from a previous analysis [44]. One must note the
slightly different multiplicities

Table 3 Yield ratios (�+ + �
−
)/(� + �) in high-multiplicity and

minimum-bias pp collisions at
√
s = 13 TeV and canonical calculations

with SHM [26]

�++�
−

�+�
ALICE measurements Canonical SHM

[26]

High-multiplicity pp 0.275+0.006
−0.006(stat)+0.030

−0.034(syst) 0.285

Minimum-bias pp 0.272+0.010
−0.010(stat)+0.035

−0.035(syst) 0.271

that the same strangeness enhancement at higher multiplic-
ity observed for the � [45] is also present for the �. A
canonical SHM calculation [26] gives a ratio of 0.285 for
high-multiplicity and 0.271 for minimum-bias pp collisions,
while a grand-canonical calculation [26] gives 0.273. The
data are in good agreement with both the canonical and the
grand-canonical calculations (Table 3).

4 Summary and conclusion

This letter presents the measurement of the �+ and �
−

production in pp collisions at
√
s = 13 TeV at the LHC.

Thanks to major innovations in the analysis technique, a large
�+ sample is reconstructed from the decay into a proton and
a π0, with the neutral pion being reconstructed from two
photons. One of the photons is reconstructed with the photon
conversion method and the other one is measured with signals
from the electromagnetic calorimeters. The photon conver-
sion method allows one to reconstruct the secondary vertex,
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which helps to improve the purity of the particle selection,
while the calorimeters significantly improve the reconstruc-
tion efficiency.

The differential yields as a function of pT are reported
as well as the rapidity densities in minimum-bias and high-
multiplicity pp collisions. The experimental results are com-
pared to Monte Carlo event generators. EPOS LHC is
favoured by the data over PYTHIA 6 Perugia 2011, and
PYTHIA 8 Monash 2013 tunes, as well as over EPOS4. The
integrated yield ratios of � to � are in agreement with SHM
calculations and suggest that the evolution of the � produc-
tion with multiplicity is compatible with that of �. These
observations are consistent with results from LEP, where the
SHM approach was also used successfully [11,13,15], but
the Monte Carlo generators could not reproduce the data.

The newly measured spectra of the � baryon can be used
to constrain the event generators further and can serve as
an important input for the correction of inclusive charged-
particle production measurements.

The new analysis technique presented in this article pro-
vides significantly improved efficiency and purity of �+
baryon reconstruction compared to previous approaches.
This opens up new possibilities for conducting studies based
on clean � measurements. Measuring the interaction of �+
with protons using femtoscopic measurements can provide
important information about the equation of state of nuclear
matter at high densities, as expected, for instance, in the inner
core of neutron stars, where the strangeness degree of free-
dom might become relevant. � baryons could also make an
important contribution to baryon-strangeness correlations,
which are related to studies of chemical freeze-out in heavy-
ion collisions in the context of lattice QCD calculations [46].
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