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Abstract The interaction between pions and nucleons
plays a crucial role in hadron physics. It represents a fun-
damental building block of the low-energy QCD dynamics
and is subject to several resonance excitations. This work
studies the p–π± dynamics using femtoscopic correlations
in high-multiplicity pp collisions at

√
s = 13 TeV measured

by ALICE at the LHC. As the final-state interaction between
protons and pions is well constrained by scattering exper-
iments and the study of pionic hydrogen, the results give
access to information on the particle-emitting source in pp
collisions using the femtoscopy methods. The scaling of the
source size of primordial protons and pions against their pair
transverse mass is extracted. The results are compared with
the source sizes studied with p–p, p–K+, and π±–π± pairs
by ALICE in the same collision system and are found to be
in agreement for the different particle pairs. This reinforces
recent findings by ALICE of a common emission source for
all hadron-pairs in pp collisions at LHC energies. Further-
more, the p–p–π± systems are studied using three-particle
femtoscopy in pp collisions at

√
s = 13 TeV. The pres-

ence of three-body effects is analyzed utilizing the cumulant
expansion method. In this formalism, the known two-body
interactions are subtracted in order to isolate the three-body
effects. For both, p–p–π+ and p–p–π−, a non-zero cumu-
lant is found, indicating effects beyond pairwise interactions.
These results give information on the coupling of the pion to
multiple nucleons.

1 Introduction

The residual strong interaction between pions and nucleons
[1–3] is rather well known since a comprehensive set of scat-
tering data are available [4,5], and chiral effective field the-
ories anchored to this data provide an exhaustive description
of this interaction [6,7]. The pion is key to understanding

� e-mail: alice-publications@cern.ch

low-energy quantum chromodynamics (QCD) in a general-
ized context since it plays the role of an exchange boson for
the nuclear interaction [8]. Indeed, the spontaneous breaking
of the chiral symmetry of the QCD Lagrangian leads to the
emergence of massless Nambu–Goldstone bosons. Due to the
additional, explicit breaking of chiral symmetry by the small
quark masses, these bosons acquire a mass, with the pion
being the lightest among them. Consequently, the pion plays
a central role in mediating long-range interactions governed
by chiral dynamics. Investigating pion–nucleon interactions
offers valuable insights into the underlying symmetries and
dynamics of QCD, especially within the low-energy domain
where conventional perturbative methods are not applicable.

The pion–nucleon dynamics is characterized by a rich
spectrum of short-lived resonances [5,9] which are visible in
scattering data but also studied at intermediate (∼GeV) and
high energy (≥100 GeV) hadron–hadron inelastic collisions.
Indeed, pion–nucleon scattering has the potential to induce
the excitation of nucleons to higher-energy states, such as
the �(1232) resonance, which is particularly prominent due
to its relatively low mass compared to other baryonic reso-
nance states. The behavior of such processes is characterized
by complex coupled-channel dynamics. Overall, such reso-
nances require partial-wave analysis methods to correctly
interpret pion–nucleon data and disentangle resonant and
non-resonant parts of the interaction [10–12].

While the two-body pion–nucleon interaction constitutes
a solid reference for low-energy QCD, extending our under-
standing to pion–multinucleon systems presents exciting
challenges and opportunities for both experimental and the-
oretical research in low-energy QCD. Scattering experi-
ments with pions and deuterons have been carried out, which
allowed constraining the N–N–π interactions [13,14]. Anal-
yses of pionic deuterium also helped to constrain the isospin
dependent part of the pion–nucleon interaction [15,16]. On
the other hand, p–p–π systems have never been investigated
so far. The study of systems containing pions together with
several nucleons allowed one to study the in-medium prop-
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erties of the pion. The analysis of the X-ray spectra of pio-
nic atoms, in which a negatively charged pion substitutes an
atomic electron, enabled the extraction of the modified decay
constant and mass of the pion viewed as evidence of partial
restoration of chiral symmetry [17,18]. Furthermore, mea-
surements of pion flow in heavy-ion collisions at intermedi-
ate energies of about 1 GeV per nucleon have been used to
infer the equation-of-state of dense baryonic matter [19,20].
Recent works that investigate the properties of hypothetical
axions in dense nuclear matter also connect axion properties
to the behavior of the pions in the same environment [21].

The femtoscopy technique applied to hadron–hadron col-
lisions measured at the LHC could provide a novel access
to the pion–(multi)nucleon interactions. This method has
already shown sensitivity to the residual final-state inter-
action (FSI) among hadron pairs and triplets with different
quark content. In particular, the ALICE Collaboration mea-
sured several interactions with a precision that, in the case of
unstable hadrons, challenges the scarce available scattering
data. If one considers only u and d quarks, π–π and p–p cor-
relations [22–24] have been analysed. If one includes s and c
quarks, p–K±, K±–K±, K0

S–K0
S, K0

S–K±, �–p, �–p, �−–p,
�−–p, �–�−, and D–p, D/D∗–π, D/D∗–K [25–34] have
been already measured. In the case of interactions that have
already been precisely determined in scattering experiments,
the analysis of two-particle correlations allows the extraction
of a parameterization of the particle-emitting source. The
latter characterizes the space–time coordinates of the pro-
duced hadrons in any inelastic collision. The emitting source
describes the probability density distribution of the inter-
particle distance at which hadrons are created following a col-
lision. The analysis of p–p, p–�, p–K+, and π–π correlations
carried out by the ALICE Collaboration [22,24,35] observed
a common scaling behavior of the hadron-pair source in high-
multiplicity pp collisions at

√
s = 13 TeV, whose size mono-

tonically decreases as a function of the pair transverse mass

mT =
√
m2 + k2

T. In this definition, m is the average mass
of the two particles in the pair, while kT = |pT,1 +pT,2|/2 is
defined with the transverse momenta pT of the particles 1 and
2 in the laboratory frame. A common scaling is expected to
appear for pairs of identical particle, as it has been already dis-
cussed in the context of heavy-ion collisions [36,37]. How-
ever, the origin and underlying mechanism of this behavior
remains, especially for pairs of non-identical particles, an
open question.

In this paper, proton–pion correlations are analyzed to fur-
ther test whether the observation of a common hadron-pair
source holds true also for this specific hadron–hadron com-
bination which covers a very broad mT range, in comparison
to the more limited mT range of the pairs considered so far.
Moreover, p–π± correlations provide access to the resonance
production and modification of the resonance properties due

to rescattering effects in the pion-rich environment created in
hadron–hadron collisions at the LHC. Such effects have been
studied in heavy-ion collisions for fixed-target experiments at
center-of-mass energies of about 1 GeV [38–40] and at collid-
ers [41], including ultrarelativistic d–Au collisions at RHIC
[42]. Understanding the aforementioned resonance proper-
ties and their modifications is crucial for transport models
such as UrQMD [43,44] or SMASH [45]. Indeed, short-lived
(cτ ≈ 1 fm) resonances such as �(1232)0,++ can decay but
also regenerate by pion–nucleon scattering before the decou-
pling of the hadrons produced in the collision. The decay
and subsequent secondary formation of the � resonances
can affect the measured mass and width of these resonances.
This effect occurs as rescattering processes, involving other
pions produced within the same collision, modify momenta,
leading to a downward shift in resonance masses with respect
to their nominal values due to phase space considerations. A
detailed understanding of such processes is very important to
correctly interpret the two-body p–π± correlation but also to
evaluate the effect of rescattering in ultrarelativistic hadron
collisions.

Leaning on the reference provided by the two-body p–π±
correlations, one can extend the study to p–p–π± triplets.
Similar studies have already been carried out by the ALICE
Collaboration through measurements of p–p–p, p–p–p, p–
p–� [46], and p–p–K± systems [47] in pp collisions at√
s = 13 TeV. The results have shown that the measured

correlation functions provide access to the dynamics of the
three-body systems. In parallel with the analysis of the triplet
correlations, methods to interpret the data have recently been
developed. Cumulant expansion [48,49] and an application
of the latter within the projector method [50] have been
tested on the data to demonstrate that it is possible to see the
evidence of genuine three-body effects by means of three-
particle correlations, provided that all mutual two-particle
interactions are known and correctly accounted for. Also,
fully-fledged theoretical calculations of three-body correla-
tion functions and comparisons with measured correlations
demonstrated the sensitivity to the short-range part of the
strong interaction in such observables [51]. These new meth-
ods also provide a promising avenue to investigate systems
composed of pions and many nucleons and, hence, access to
many-body interactions.

In this paper, measurements of the p–π± and p–p–π± fem-
toscopic correlations, obtained in high-multiplicity pp colli-
sions at

√
s = 13 TeV recorded by ALICE, are presented.

The article is organized as follows. In Sect. 2, the ALICE
detector is introduced, and the applied event and charged
track selections are explained. Section 3 introduces two-body
femtoscopy (Sect. 3.1), the modeling of the p–π± correlation
function (Sect. 3.2) as well as the obtained results (Sect. 3.3).
Lastly, three-body femtoscopy and the cumulant formalism
are presented in Sect. 4.1. The results of the p–p–π± three-
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particle systems are shown in Sect. 4.2. A summary of the
results is presented in Sect. 5.

2 Event and track selection

Both p–π± and p–p–π± femtoscopic correlations are mea-
sured using identical event and track selection criteria. The
analyzed data consist of high-multiplicity (HM) pp colli-
sions at center-of-mass energy

√
s = 13 TeV recorded by

ALICE [52–54] during the LHC Run 2 data campaign in
the years 2016–2018. The events are triggered based on the
measured amplitude in the V0 detector, which consists of
two arrays of plastic scintillators covering the pseudorapid-
ity ranges 2.8 < η < 5.1 and −3.7 < η < −1.7 [55]. Only
events classified as INEL > 0 are considered, i.e., at least one
charged track is registered within the pseudorapidity range
|η| < 1. From the HM-triggered data sample, the events
with the 0.17% largest charged-track multiplicity (concern-
ing all inelastic collisions) are selected for the analysis. For
the selected HM collisions, on average 30 charged tracks
are found in |η| < 0.5 [29]. The position of the primary
vertex (PV) is determined from the charged-particle tracks
reconstructed in the Inner Tracking System (ITS) [52,56]
and the Time Projection Chamber (TPC) [57], which cover
|η| < 0.9. The PV position along the beam axis (denoted
as the z-direction) is required to be |PVz | < 10 cm of the
nominal interaction point of ALICE to guarantee a uniform
coverage of the tracking detectors in |η| < 0.8. Events with
multiple PVs (so-called pile-up events) that stem from mul-
tiple collisions in the same or nearby bunch crossings are
removed using the procedure described in Refs. [23,24,28].
This rejection of pile-up events removes about 3% of the
selected events. In addition, a selection on the transverse
sphericity [33,58–60] is employed, which classifies the shape
of an event. Events with ST → 0 are “pencil-like” and
hence dominated by two back-to-back jets, while events with
ST → 1 are spherical. Only events with ST > 0.7 (cor-
responding to about 53% of the selected event sample) are
chosen in order to reduce background from mini-jet contri-
butions which are jet-like structures originating from hard
parton–parton scatterings [25,61–63]. Employing the dis-
cussed event selections, a total of about 5.4 × 108 events
are available for both analyses. The interactions of parti-
cle and antiparticle systems are assumed to be the same.
Hence pairs (triplets) of particles and the corresponding
antiparticles are combined, i.e. p–π+ ≡ p–π+ ⊕

p–π−,
p–π− ≡ p–π− ⊕

p–π+, p–p–π+ ≡ p–p–π+ ⊕
p–p–π−

and p–p–π− ≡ p–p–π− ⊕
p–p–π+. This assumption is

explicitly tested by comparing the correlation functions
between particles and antiparticles, which are found to be
in agreement within their statistical uncertainties.

The proton and pion track selections are discussed below.
The presented selections apply equally to both particles and
antiparticles. The systematic uncertainties are evaluated by
varying the kinematic selections in the track reconstruction
as well as selections on the track-quality and particle identi-
fication (PID). The corresponding values of these systematic
variations are presented in the text below within the paren-
theses next to the corresponding selection.

The proton track selection follows Refs. [23,24,46]. Pro-
ton candidate tracks are reconstructed using only the track-
ing information provided by the TPC in the region |η| <

0.8 (0.77, 0.85) and within a transverse momentum range
of 0.5 (0.4, 0.6) < pT < 4.05 GeV/c. To guarantee a good
track quality and momentum resolution, a minimum of 80
(70, 90) out of the 159 available space-point hits within the
TPC is required. In order to further assure the quality of the
proton candidate tracks, at least 70 out of the total of 159 rows
of the TPC readout pads are required to be crossed. Addition-
ally, clusters in at least 83% of these crossed rows have to
be found [23]. For tracks with pT < 0.75GeV/c, the PID is
performed using the specific energy loss dE/dx of the TPC
only. Proton candidates are required to have a dE/dx compat-
ible within three standard deviations (nσ,TPC < 3 (2.5, 3.5))
with the expected energy loss of a proton in the TPC gas. For
candidates with larger transverse momenta, additional infor-
mation from the Time-Of-Flight (TOF) detector [64] is used
for PID. For these tracks, protons must have a combined stan-

dard deviation nσ,comb =
√
n2

σ,TPC + n2
σ,TOF < 3 (2.5, 3.5).

The distance-of-closest approach (DCA) of the track to the
primary vertex is selected to be less than 0.1 cm in the
transverse plane and less than 0.2 cm along the beam axis.
The purity of the selected proton sample is determined with
Monte Carlo (MC) simulations using the PYTHIA 8.2 [65]
(Monash 2013 Tune [66]) event generator together with the
GEANT3 software package [67] for particle transport. A HM
selection is used to mimic the V0 HM trigger and the same
event and track selection criteria as for the experimental data
are employed. The purity is estimated by comparing the pT

spectra of selected true protons to the overall selected pro-
ton candidate samples in the MC simulation. The resulting
pT-averaged purity of protons is 98%. The amount of pri-
mary protons, as well as those stemming from weak decays
and interaction with the detector material is determined with
MC template fits of the DCA distributions in the transverse
plane to the experimental data. Within the selected proton
sample, 86% are primaries (pT-averaged). The contribution
of material is found to be negligible.

Pion-track candidates are reconstructed with combined
information of the ITS and TPC and are considered in the
transverse momentum range of 0.14 (0.12, 0.15) < pT <

4.0 GeV/c and |η| < 0.8 (0.77, 0.85). Details on the track
selection can be found in Ref. [22]. Similar to the selection of
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proton candidates, a minimum of 80 (70, 90) out of the 159
available TPC space points is required to ensure good track
quality. Pion PID for pT < 0.5 GeV/c is performed using the
specific energy loss of the TPC and requiring a signal com-
patible within 3 (2.5, 3.5) standard deviations nσ,TPC from
the pion hypothesis. For larger transverse momenta, TOF
information is used requiring a combined TPC+TOF stan-
dard deviation nσ,comb < 3 (2.5, 3.5). To suppress contri-
butions from the feed-down of weak decays and interactions
with the detector material, the DCA in the longitudinal and
transverse directions are required to be less than 0.3 cm for
pions. The purities and amount of primary pions are deter-
mined with MC simulations using the same procedure as
described for the protons. The selected pion sample has a
pT-averaged purity of 99% while the fraction of primary
pions is 95%. The determined primary fraction of pions is
multiplied by a factor of 0.878 to account for the fact that
12.2% of primary pions come from strongly decaying parti-
cles with cτ > 5 fm such as the ω meson. As shown in Ref.
[22], the decay of these particles can be treated as feed-down
from long-lived particles in the modeling via the λ-parameter
formalism (see Sect. 3.1).

For p and π+ tracks that are close in phase space, the
reconstruction-related issues of track merging or splitting can
occur and they have been investigated using Monte Carlo
simulations. In order to avoid any bias due to these effects,
an elliptic cut, the so-called close-pair rejection (CPR), is
employed. For p–π+ pairs, the selection is

(�η)2

(0.017)2 + (�ϕ∗)2

(0.04)2 < 1, (1)

where ϕ∗ is the average of the track azimuthal angle eval-
uated at 9 radii in the TPC and corrected for the change
induced by the magnetic field. A similar selection is not
applied for p–π− as there are no visible effects of pair split-
ting or merging in the �η − �ϕ∗ distributions due to the
opposite charge. For the three-particle analysis of the p–p–π±
systems, a CPR between the two protons in the triplet has to
be applied in addition to the CPR between protons and pos-
itively charged pions. For proton–proton pairs, the CPR is
chosen as (�η)2 + (�ϕ∗)2 < (0.017)2 [46]. The CPR for
p–π± pairs is varied by �η ± 0.002 and �ϕ∗ ± 0.005 for
the evaluation of the systematic uncertainties, while the one
of p–p is varied to �η = 0.019 and �ϕ∗ = 0.019 following
Ref. [46].

The total systematic uncertainties of the experimental data
are evaluated by simultaneous variation of the selection crite-
ria for proton and pion candidates outlined above. The default
and systematic variations of the selection criteria are ran-
domly combined into sets, of which in total 44 are gener-
ated. As such, the procedure takes correlations between the
systematic variations into account. A specific set of random
variation is only accepted if the yield of p–π± pairs (p–p–π±

triplets) does not vary by more than 15% compared to the
default selection in the kinematic region k∗ < 0.2 GeV/c
(Q3 < 0.5 GeV/c). This is done to ensure that the observed
deviation between the systematic variation and the default
selection does not originate from statistical fluctuations. The
definition of these kinematic variables k∗ and Q3 [49] will
be introduced in Sects. 3.1 and 4.1, respectively.

3 Study of the p–π± system

3.1 Two-particle correlation function

The femtoscopy technique is used to study the space–time
properties of particle emission in high-energy collisions as
well as the final-state interactions of the emitted hadrons
by analyzing momentum correlations between particles.
This section focuses on introducing two-particle femtoscopy
while its application to three-particle systems related to the
study of the p–p–π± correlations is introduced in Sect. 4.1.
Concerning the former case, the main observable of interest
is the two-particle correlation function C(k∗) [36,68]. The
latter is defined as

C(k∗) = N
Nsame(k∗)
Nmixed(k∗)

. (2)

The relative momentum between the two particles k∗ =
|p∗

1 −p∗
2|/2 is defined in terms of the single particle momenta

p∗
i evaluated in the pair rest frame. The Nsame(k∗) is the distri-

bution of relative momenta between the two particles within
the same collision event. This distribution might contain the
signal related to the final-state interaction (FSI) as well as the
characteristics of the underlying phase space, possible effects
of quantum statistics, and non-femtoscopic background cor-
relations such as mini-jet contributions. To account for the
phase space, a mixed-event technique is employed where
the relative momenta of two particles from two different
events are calculated. The resulting mixed-event distribution
Nmixed(k∗) thus does not contain any FSI but emulates the
underlying phase space. To avoid biases due to acceptance
of the detector system as well as differences in the under-
lying phase space, the mixing procedure is performed only
between events with similar z position of the primary vertex
(PVz) and multiplicity [24]. The interval width for PVz is
2 cm, and the difference in event multiplicity must be less
than four particles. Additionally, the CPR between protons
and pions presented in Sect. 2 is applied to both Nsame(k∗)
and Nmixed(k∗) to not introduce any bias. The normalization
factor N is chosen such that the experimental correlation
function equals unity in the k∗ range where no FSI signal is
expected. The p–π± correlation functions are measured in
multiple ranges of the pair transverse mass. The considered
mT ranges are [0.54, 0.75) GeV/c2, [0.75, 0.95) GeV/c2,
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[0.95, 1.2) GeV/c2, [1.2, 1.5) GeV/c2, [1.5, 2.0) GeV/c2,
and [2.0, 2.5) GeV/c2. The mT-dependent ranges, where
the mixed-event distributions of the p–π± systems are nor-
malized to the respective same-event distributions, are given
in Table 1. The obtained correlation functions of p–π+ and
p–π− pairs are presented in Appendix A for the k∗ range
between 0 and 1.5 GeV/c. In addition, Table 1 provides the
average mT for pairs with a k∗ < 0.35 MeV/c.

In the case of an attractive interaction between the two
particles, the correlation is enhanced above unity at low k∗
(typically for k∗ < 0.2 GeV/c). In contrast, a repulsive inter-
action leads to a depletion below unity in the correlation
function at small relative momenta. Additionally, the corre-
lation function might be modified due to effects from quan-
tum statistics, e.g. Pauli exclusion principle for two identical
spin 1/2 particles [24], or due to correlations related to the
hadronization process (so-called mini-jet background). The
latter is discussed in more detail later. In the absence of FSI
and other correlations such as quantum statistics, mini-jet
contributions between particle pairs or long-range correla-
tions coming from energy-momentum conservation [69], the
same-event distribution is purely determined by the avail-
able phase space, and hence, the correlation function will be
compatible with unity.

The genuine two-particle correlation function is defined
from the theoretical perspective via the Koonin–Pratt equa-
tion [36,68]

C(k∗) =
∫

S(r∗)
∣∣�(r∗,k∗)

∣∣2 d3r∗, (3)

where r∗ describes the relative distance between the two par-
ticles in the pair rest frame and �(r∗,k∗) is the two-particle
wave function.

The source function S(r∗) is proportional to the probabil-
ity of producing two particles at a relative distance r∗. The
source of p–π± pairs is modeled according to the Resonance
Source Model (RSM) [24]. The RSM differentiates between
two classes of primary particles: primordial, which are pro-
duced directly by the initial collision, and particles stemming
from the strong decay of short-lived resonances (with a life-
time cτ < 5 fm). The latter contribution is relevant as the
decay products can still undergo FSI and, hence, influence
the observed correlation function by changing the emission
source shape and thus effectively increasing the source size.

The emission of primordial pairs, the so-called core
source, is modeled with a Gaussian distribution

S(r∗) = 1

(4πr2
core)

3/2 exp

(
− r∗2

4r2
core

)
. (4)

The size of the core source is given by the Gaussian width
rcore. The effects of the short-lived, strongly-decaying reso-
nances are taken into account with MC simulations in which
resonances are propagated and made to decay exponentially

according to their respective lifetime. The EPOS event gen-
erator [70] is used to model the propagation kinematics and
angular distributions of the decay particles. The RSM source
is generated by determining the relative distances r∗ for all
proton–pion pairs, i.e. primordial–primordial, primordial–
decay product, etc. The decay of short-lived resonances
leads to a tail in the source distribution and thus effectively
enlarges the source. In the implementation of the RSM, indi-
vidual resonances decaying into protons and pions are not
considered, and effective resonances with an average mass
and average lifetime are used instead. The properties of
these effective resonances and the amount of primordial pro-
tons and pions are determined from predictions of the sta-
tistical hadronization model using the Thermal-FIST soft-
ware package [71]. Details on this can be found in Refs.
[22,24]. Considering only primordial particles and the decay
products of resonances with cτ < 5 fm, these calculations
provide a primordial proton yield of 35% and an effec-
tive resonance with

〈
meff

res

〉
p = 1.36 GeV/c2 and life-time〈

τ eff
res

〉
p = 1.65 fm/c [24]. Consequently, 65% of the pro-

tons from the particle-emitting source stem from the decay
of short-lived resonances. For pions, the respective primor-
dial yield is 39% and the effective resonance parameters are〈
meff

res

〉
π

= 1.12 GeV/c2 and
〈
τ eff

res

〉
π

= 1.5 fm/c [22]. In
the later fitting of the correlation functions,

〈
meff

res

〉
p,π

and〈
τ eff

res

〉
p,π

are varied by ±10% to take systematic effects of
the thermal models and the averaging process into account.
As demonstrated in Ref. [22], the RSM approach (Gaussian
core for primordial hadrons and tail due to short-lived res-
onances) effectively results in a source which is similar to
Cauchy/exponential type source.

Resonances with cτ > 5 fm can be considered as feed-
down and hence be absorbed in the λ parameter formalism
(see Ref. [22]) explained below. The selected protons and
pions, which are used to obtain the measured correlation
function C(k∗) (Eq. (2)), contain impurities, i.e. particles
misidentified as protons (pions), as well as a mix of primary
particles (i.e. primordial or produced in decays of short-lived
resonances) and particles originating from secondary weak
decays (cτ > 5 fm) as well as from interaction with the
detector material. The impact of impurities and non-primary
particles on the correlation function is taken into account via
the λ-parameter formalism [23]. The λ parameters are calcu-
lated as λij = PiFiPjFj, where Pi(j) is the purity of particle i(j)
and Fi(j) is the fraction of particle i(j) coming from a particu-
lar channel, e.g. primary particles. Hence, the parameter λij is
related to the probability of finding a particle pair with puri-
ties Pi Pj stemming from channels with respective fractions
Fi Fj. The correlation function CInteraction(k∗) describing the
interactions can be decomposed via the λ parameters into
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Table 1 Normalization ranges and average mT of the two-body correlation functions of p–π± pairs for all mT ranges

mT range in GeV/c2 〈 mT 〉 in GeV/c2 Normalization range in GeV/c

p − π+ p − π−

[0.54, 0.75) 0.68 ± 0.05 0.3–0.38 0.35–0.43

[0.75, 0.95) 0.86 ± 0.06 0.35–0.45 0.44–0.52

[0.95, 1.2) 1.07 ± 0.07 0.42–0.52 0.5–0.6

[1.2, 1.5) 1.33 ± 0.08 0.52–0.62 0.6–0.7

[1.5, 2.0) 1.69 ± 0.14 0.6–0.8 0.67–0.83

[2.0, 2.5) 2.14 ± 0.11 0.7–0.95 0.8–1.0

Table 2 Parameter λgen of p–π± pairs for all used mT ranges

mT range in GeV/c2 λgen

[0.54, 0.75) 0.677

[0.75, 0.95) 0.687

[0.95, 1.2) 0.689

[1.2, 1.5) 0.688

[1.5, 2.0) 0.661

[2.0, 2.5) 0.616

CInteraction(k
∗) = 1 + λgen (Cgen(k

∗) − 1)

+
∑

ij

λij (Cij(k
∗) − 1) . (5)

An example for a non-genuine part of the correlation function
is the case, where the proton stems from the weak decay of �

(i = p�) paired with a primordial pion ( j = π ). By defini-
tion, the sum of all λ parameters equals unity. The decompo-
sition is used in the modeling of the experimental correlation
function Cexp(k∗). The term Cgen represents the genuine cor-
relation function scaled by the genuine correlation strength
parameter λgen. The genuine λgen relates to the correctly iden-
tified primary protons and pions. The correlations Cij(k∗)
are from feed-down of weakly-decaying particles, impuri-
ties, and material contributions, respectively scaled by the
corresponding λij. The λ parameters are calculated by aver-
aging the pT-dependent purities and fractions of protons and
pions over the two-dimensional distribution of the transverse
momenta of the proton and the pion. The resulting mT differ-
ential parameter λgen are equivalent between p–π+ and p–π−
and are presented in Table 2. In the later fitting procedure, the
λ parameters are varied by ±10% to estimate the systematic
uncertainty.

3.2 Modeling of two-particle correlation function of p–π±

The experimental correlation functions of p–π+ pairs are
fitted with

Cp–π
+(k∗) = NModel × CBackground(k

∗)
×CInteraction(k

∗) + R�++ . (6)

The functionCBackground(k∗) describes background contribu-
tions from correlated p–π+ pairs originating from mini-jets.
The latter are associated with hard processes of the initial
partons and were already observed in the analysis of other
meson–baryon and baryon–antibaryon systems [25,61–63].
The background function CBackground(k∗) is modeled using
PYTHIA 8.2 (Monash 2013 Tune) [65,66] MC simulations
employing the same procedure as in Refs. [62,63]. In this
approach, the simulated p–π+ pairs are separated into two
samples: pairs originating from a common parton (ancestor)
and pairs not sharing such a parton in their evolution his-
tory (non-common ancestor). For both cases, a correlation
function is obtained using the MC. The background function
CBackground(k∗) is then modeled as

CBackground(k
∗) = wCCC(k∗) + (1 − wC)CNC(k∗)

+a0 + a1k
∗ + a2k

∗2 + a3k
∗3 , (7)

where CC(k∗) and CNC(k∗) are the common and non-
common ancestor correlation functions, respectively. The
weight wC is a free fit parameter and determines the rela-
tive amount of p–π+ pairs, which share a common ancestor.
All common and non-common ancestor correlation functions
for p–π+ pairs can be found in Appendix A. The third-order
polynomial is used to adjust the long-range correlations of the
common and non-common ancestor correlation functions in
the large k∗ region (� 0.5 GeV/c) as these are not properly
described by the MC [62,63]. The parameters a0,1,2,3 of the
third-order polynomial are determined by prefitting the data
in the large k∗ regime with Nprefit ×CBackground, where Nprefit

is the overall normalization of the prefit. The mT-dependent
prefit ranges can be found in Table 3 in Appendix B. It was
checked that the polynomial does not bias the FSI signal in
the low k∗ region as it is flat in this region.

The interaction correlation function CInteraction(k∗) =[
λgenCgen(rcore, k∗) + (1 − λgen)

]
is multiplying the previ-

ously described background function. The function
Cgen(rcore, k∗) incorporates the correlation signal induced
by the genuine interaction between p and π+ given by
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Coulomb and strong forces (excluding the � resonance).
The strong force is described with a double-Gaussian local
potential, which is tuned to reproduce scattering parameters
(see Appendix B). The potential is evaluated with the CATS
framework [72], which numerically solves the Schrödinger
equation to obtain the wave function needed to calculate the
genuine correlation function using Eq. (3). This genuine cor-
relation is corrected to take the finite momentum resolution
of the detector into account (details in Appendix C). The
shape of the genuine correlation depends on the source core
radius rcore, which is treated as a free fit parameter. The
term Cgen(rcore, k∗) is scaled by the genuine λgen param-
eter described in Sect. 3.1. Contributions from feed-down
and misidentifications are assumed to be flat, resulting in the
addition of (1 − λgen).

The decay of �++ resonances into p–π+ pairs are
accounted for with R�++ = N�++ × PS(pT,�++ , T ) ×
Sill(M�++ , ��++). The function Sill(M�++ , ��++) is the
Sill distribution [73], which depends on the resonance mass
M�++ and width ��++ . The Sill distribution is similar to
a Breit–Wigner distribution. However, it considers thresh-
old effects. The resonance width is a free parameter, while
the mass is fixed to 1215 MeV/c2 [40,74]. The term
PS(pT,�++ , T ) is a Boltzmann-like phase space factor

PS(pT,�++ , T ) ∝ Mpπ+√
M2

pπ+ + p2
T,�++

exp

⎡
⎣−

√
M2

pπ+ + p2
T,�++

T

⎤
⎦ , (8)

acting as a weight for the emission of the resonance with
certain transverse momentum pT,�++ . The invariant mass
Mpπ+ of the p–π+ pair is directly related to the pair relative
momentum k∗ via the two-body decay kinematics in the rest
frame of the resonance. The transverse momentum pT can be
estimated via the averagemT of the proton–pion pair in the k∗
region from 0 to 350 MeV/c where the resonance is placed.
The parameter T in Eq. (8) is treated as a free parameter to
account for modifications of the resonance spectral shape due
to hadronic rescattering effects and resonance regenerations
(� ↔ p + π), as discussed in Refs. [38,39]. The parame-
ter T is called “� spectral temperature T “ throughout this
paper. The scaling factor for the resonance N�++ is treated
as a free fit parameter. Using the model presented in Eq. (6),
the mT-differential correlation functions of p–π+ pairs are
fitted in k∗ ∈ [0, 0.45] GeV/c. The upper limit of the fit
is later varied by ±10%. Overall, the fit is performed with 6
free parameters: the overall normalizationNModel, the weight
between common and non-common ancestors ωC, the source
size rcore as well as the quantities related to the �++ reso-
nance (N�++ , T�++ and ��++).

The modeling of the experimental correlation function of
p–π− pairs is given by

Cp–π−(k∗) = NModel × CBackground(k
∗) × CInteraction(k

∗)
+R�0 + N�Gauss(M�,��) . (9)

For the p–π− system, the background is fitted as

CBackground = 1 + NBackground[wCCC(k∗)
+(1 − wC)CNC(k∗) − 1] + Sill1 + Sill2 .

(10)

In this way, the shape of the background is fully determined
by wC, while its overall scaling is determined by NBackground.
Both parameters, wC and NBackground, are free fit parameters.
The common and non-common ancestor correlation func-
tions for p–π− pairs can be found for all mT intervals in
Appendix A. The background is modeled in a more simplis-
tic way compared to the p–π+ as the p–π− system contains
overall more structures in the correlations function and is
thus more complex. For k∗ > 0.4 GeV/c, two structures
are present in the correlation function which are related to
the decay of higher-mass resonances into p–π− pairs. In
order not to bias the background shape due to these struc-
tures, two Sill distributions, denoted as Sill1 and Sill2, are
included in the modeling of the background. The effective
masses (widths) are M1 = 1500 MeV/c2 (�1 = 65 MeV)
and M2 = 1660 MeV/c2 (�2 = 70 MeV), respectively. The
termCInteraction describes the FSI of the p−π− pair. As in the
case of p–π+, a flat feed-down contribution is assumed. The
genuine interaction is modeled by using a double-Gaussian
local potential tuned to the available scattering parameters
(see Appendix B) and corrected for the finite momentum
resolution of the detector (Appendix C). The function R�0

takes into account the decay of the �0(1232) resonance into
a p–π− pair. It is modeled in the same way as R�++ , the mass
of the �0(1232) is constrained to 1215 MeV/c2. As in the
case of the �++(1232), the decay width ��0 , the �++ spec-
tral temperature T , and the overall scaling N�0 are free fit
parameters. The decay � → p+π− is modeled with a Gaus-
sian distribution Gauss(M�,��), which is scaled byN�. As
in the previous case, the data of p–π− correlations are fitted
using Eq. (9) in the range of k∗ ∈ [0, 0.45] GeV/c. A varia-
tion of ±10% is considered for the upper limit of the fit. The
fit is consists of 11 free parameters: the overall normaliza-
tion NModel, the weight between common and non-common
ancestors ωC, the scaling of the background NBackground, the
scaling of the two additional resonance bumps at larger k∗
(NSill1 andNSill2 ), the source size rcore, the quantities related
to the �0 resonance (N�0 , T�0 and ��0 ) and the quantities
for the � (N� and ��).
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Fig. 1 Upper panel: The experimental correlation function of p–π+
pairs (black) as a function of the pair relative momentum k∗ in several
intervals of the pairmT: a [0.54, 0.75) GeV/c2, b [0.75, 0.95) GeV/c2,
c [0.95, 1.2) GeV/c2, d [1.2, 1.5) GeV/c2, e [1.5, 2.0) GeV/c2, and f
[2.0, 2.5) GeV/c2. The lines (boxes) show the statistical (systematic)
uncertainties of the experimental data. The red bands show the fit result

according to Eq. (6). The single contributions of correlated background
(green), final-state interaction (blue), and �++(1232) (yellow) are pre-
sented by the respective colored bands. The width of the bands repre-
sents the uncertainty from the fitting procedure. Lower panel: point-by-
point nσ between the overall fit and the experimental data
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3.3 Results

The results for the correlation functions of p–π+ pairs for
all considered mT intervals are presented in Fig. 1. The cor-
relation function shows a significant structure that peaks in
the k∗ range of (0.15 − 0.2) GeV/c in all mT ranges. This
corresponds to the �++(1232) resonance, decaying into a
p–π+ pair. The correlated background due to mini-jet contri-
butions is visible as a tail at larger relative momenta, promi-
nently seen for k∗ > 0.3 GeV/c. This background of corre-
lated p–π+ pairs becomes significantly more pronounced for
larger pair transverse masses. This is expected, as the mini-jet
contribution is related to the initial hard parton scatterings,
which generally involves particles with higher pT, leading to
larger mT.

The correlation functions are fitted with the formula given
in Eq. (6). The overall fit result is shown in Fig. 1 in the
top panel with the red band. The individual contributions of
correlated background (green), the �++(1232) (yellow), as
well as the FSI between proton and π+ (blue) are presented
as well. The width of these bands presents the 1σ uncer-
tainty. These uncertainties were obtained by repeating the fit
procedure by randomly selected aforementioned variations
in the modeling as well as variations of the experimental
data according to the respective uncertainties. As reflected
in the behavior of the experimental data, the contribution of
the mini-jet background becomes more significant with the
growing transverse mass. The compatibility between the total
fit and the experimental data is evaluated with the p-value of
the χ2 distribution, which is subsequently converted into a
number of Gaussian standard deviations nσ . The point-by-
point nσ as a function of k∗ is always shown in the bottom
panel of the respective figure. Overall, a good agreement
between the fit and the experimental data is found, with a
point-by-point nσ � 2. However, starting from the third mT

interval and higher, a small deviation between the fit and
the experimental data can be seen at k∗ ≈ 40 MeV/c. This
difference appears in the region where the background deter-
mined by MC simulations changes slope. This indicates dif-
ficulties of the PYTHIA 8.2 (Monash 2013 Tune) [65,66]
simulations in describing such correlated background in the
regime of large mT. The experimental data can, therefore, be
used as valuable input to MC generators to study such cor-
relations in the future. However, the range of this deviation
(k∗ ≈ 20 − 60 MeV/c) is small compared to signal of the
FSI (0–300 MeV/c in k∗). Hence, the final results are not
influenced by this deviating background. The contribution
of the �++(1232) shows distortion from the typical Breit–
Wigner-like shape, especially for the correlation functions at
low mT.

The extracted spectral temperature and resonance width
are shown as a function of mT in Fig. 2a, b, respectively.
The width ��++ shows a decreasing trend from the low-

est to the largest mT range with values centered around
��++ = 90 MeV. This is in agreement with the results in
Ref. [73] using the Sill distribution. The spectral tempera-
ture of the �++(1232) shows a similar, slightly decreasing
trend with growing mT. However, it is rather consistent with
about 25 MeV in all mT intervals within the present uncer-
tainties. The lifetime of the �++(1232) is about 1.7 fm/c
[5] and thus in the order of the particle-emitting source size.
Therefore, during its lifetime, the �++(1232) is surrounded
by the particles emitted at short distances at the fm scale. In
this range, strong interaction plays a significant role, and thus,
rescattering and regeneration effects can occur. This should
be more significant for resonances with low pT, while reso-
nances with larger transverse momenta can escape the colli-
sion environment faster. This is indeed seen in the extracted
shape of the �++(1232) as the distortions from a typical
Breit–Wigner-like shape are stronger for low pair mT, which
relates to low pT of the resonance. The resulting tempera-
ture of about 25 MeV is significantly lower than the kinetic
freeze-out temperature extracted by blast-wave fits to hadron
spectra in pp collisions by ALICE [75]. The latter method
results in values above 100 MeV. Such a salient difference
needs to be addressed in future studies, specifically how the
values extracted by both methods can be connected to each
other. The extracted source size rcore for primordial p–π+
pairs is shown in Fig. 3 together with the rcore extracted from
p–p pairs [24] as well as π±–π± and p–K+ pairs [22] in HM
pp collisions at

√
s = 13 TeV by ALICE. The gray band in

Fig. 3 shows the extrapolated scaling of p–p pairs [24] using a
power-law function. The width of the band represents the 3σ

window around the respective experimental data. The source
size from p–π+ pairs as a function of the pair mT is compat-
ible within the uncertainties with those of the other analyzed
systems. The agreement between the rcore extracted with
p–π+ pairs and the extrapolated p–p core radii is evaluated
in terms of number of Gaussian standard deviations nσ , tak-
ing into account the statistical and systematic uncertainties
of the data as well as the width of the gray band. It amounts
to nσ = 1.28 in the interval 0.54 < mT < 2.5GeV/c2.
The extracted source size of p–π+ is also consistent with
the rcore extracted with p–� pairs by ALICE [24]. The latter
are not explicitly presented here as they fully overlap with
the p–p points. Adding to the results of Ref. [22], these data
present an additional compelling observation of a common
hadron-pair emission source in pp collisions at LHC ener-
gies including non-identical pairs. However, if one considers
the p–π+ source as a convolution of a single-particle π+ and
single-particle proton source, such a common scaling is not
expected for non-identical particle pairs. The reason is that
the source would be dominated by a large pion source, as the
pT of the pion (and hence its single-particle mT) is usually
smaller than the pT of the proton entering the correlation
function at low k∗. The observed common source scaling for
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Fig. 2 Results for the a �++ spectral temperature and b width as a function of the pair transverse mass mT for the �++(1232) with the statistical
(lines) and systematic (boxes) uncertainties

Fig. 3 Extracted source size rcore of primordial p–π+ pairs as a func-
tion of the pair transverse mass. The results are compared with the rcore
extracted from p–p pairs [24] as well as π±–π± and p–K+ pairs [22] in
HM pp collisions at

√
s = 13 TeV by ALICE. The lines (boxes) show

the statistical (systematic) uncertainties. The gray band represents the
extrapolated scaling of p–p pairs [24]

identical and non-identical hadron-pairs is thus not trivial.
The origin of this behavior needs to be addressed in dedi-
cated studies in the future.

Figure 4 presents the experimental correlation functions
of p–π− pairs obtained in HM pp collisions at

√
s = 13 TeV

as well as the fit results using Eq. (9). The correlation func-
tions at low k∗ are, in general, above unity due to the attrac-
tive strong and Coulomb interactions between the proton and
the π−. The compatibility between the overall fit (red band,
upper panel) and the experimental data is evaluated in terms
of number of standard deviations nσ as a function of k∗. The

resulting point-by-point nσ is shown in the bottom panel of
the respective figure and is generally nσ � 2. For the lowest
mT interval, a deviation can be seen at k∗ ≈ 0.4 GeV/c, as
the contribution of the higher mass resonances is not pro-
nounced in the data and, thus, not well constrained in the fit.
However, this deviation does not influence the results as it
is located far away from the femtoscopic relevant region for
this mT interval. As in the case of p–π+ pairs, a correlated
background due to mini-jets is visible. This contribution gets
larger with increasingmT, which again is related to the contri-
bution of particles with larger pT at large transverse masses,
and hence a larger probability to be related to hard partonic
scatterings. However, this background generally is more pro-
nounced in the p–π− system, also at low mT. This can be
explained as follows. The correlated background originates
from a mini-jet background, which is especially dominated
by gluon splitting into a quark–antiquark pair. The correlated
quark and antiquark then constitute one of the valence quarks
in the proton and pion, respectively, which are, in turn, then
correlated to each other. In the case of the proton and π+,
this correlation can only happen due to correlated dd pairs.
For the proton and π−, this correlation correspondingly stems
from uu pairs. As the proton consists of two u valence quarks
and only one d valence quark, the correlation from uu is thus
more probable. This, in turn, leads to the more pronounced
mini-jet background for the p–π− pairs. A clear peak cen-
tered at k∗ ≈ 0.1 GeV/c is present for all mT ranges. This is
related to the decay of the � into a p–π− pair.

The position of the peak is consistent between all mT

ranges and in agreement with the expected position from
the two-body decay kinematics of the � with mass of
1115 MeV/c2. The contribution of the short-lived �0(1232)

is located within the k∗ range of (0.05 − 0.3) GeV/c. As
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Fig. 4 Upper panel: The p–π− experimental correlation function is
shown in black as a function of the pair relative momentum k∗ for several
intervals of the pairmT: a [0.54, 0.75) GeV/c2, b [0.75, 0.95) GeV/c2,
c [0.95, 1.2) GeV/c2, d [1.2, 1.5) GeV/c2, e [1.5, 2.0) GeV/c2, and f
[2.0, 2.5) GeV/c2. The lines and boxes show the statistical and sys-
tematic uncertainties of the experimental data, respectively. The fit

results according to Eq. (9) are depicted by the red bands. Contribu-
tions of correlated background, final-state interaction, and �0(1232)

are shown as the green, blue, and yellow bands, respectively. The width
of the bands represents the uncertainty from the fitting procedure. Lower
panel: point-by-point nσ between the overall fit and the experimental
data
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Fig. 5 Extracted a�0 spectral temperature and b width as a function of the pair transverse mass mT for the �0(1232). The lines show the statistical
uncertainties, while the boxes represent the systematic uncertainties

Fig. 6 Extracted core source size rcore for primordial p–π− pairs for
severalmT ranges. The obtained result is compared with the results from
p–p pairs [24], π±–π± and p–K+ pairs [22]. The statistical (systematic)
uncertainties are shown as lines (boxes). The extrapolated scaling of p–p
pairs [24] is shown as the gray band

in the case of the �++(1232), distortions from a typi-
cal Breit–Wigner-like shape are visible, especially for low
pair transverse masses. As in the previous case, this can be
related to hadronic rescattering and regeneration phases dur-
ing the short lifetime of the �0(1232). This is reflected in the
extracted �0 spectral temperature presented in Fig. 5a, which
is found to be constant at around 20 MeV. The resulting width
extracted from the fitting procedure is reported in Fig. 5b. It
shows larger fluctuations than in the case of the �++(1232),
which can be related to the larger mini-jet background affect-
ing the fit results. However, the results are compatible with
a width of 90 MeV extracted in Ref. [73].

The resulting scaling of the source size of primordial p–π−
pairs as a function of the pair transverse mass is shown in
Fig. 6. The results are similar to the previously obtained
rcore in HM pp collisions at

√
s = 13 TeV studied with p–p

pairs [24] in addition to π±–π± and p–Kp–K+ pairs [22] by
ALICE, as well as with the p–π+ results shown in Fig. 3.
They are also consistent with the source size extracted with
p–� pairs by ALICE [24] which are not explicitly shown
here as they fully overlap with the p–p points. The agree-
ment between the obtained core radii for p–π− pairs and the
results from the p–p pairs has been evaluated in terms of
number of standard deviations, combining the statistical and
systematic uncertainties of the data and the uncertainty of
the p–p mT scaling (gray band). The deviation amounts to
nσ = 2.03 in the first mT interval and to nσ = 1.29 in the
whole range 0.54 < mT < 2.5 GeV/c2. Similar to the case
of the p–π+ case, this presents further observation of a com-
mon hadron-pair source albeit the origin of such a behavior
for non-identical pairs is not trivial and needs to be addressed
by dedicated studies.

4 Analysis of p–p–π± three-particle system

4.1 Three-particle correlation function

The systems of p–p–π± are investigated using three-particle
femtoscopy to determine the presence of effects beyond pair-
wise interactions. The three-particle correlation function is
given as

C(Q3) = N
Nsame(Q3)

Nmixed(Q3)
, (11)
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where Q3 is the Lorentz-invariant hyper-momentum [49]

Q3 =
√

−q2
12 − q2

23 − q2
31 . (12)

The variable qij [36] is defined as

qμ
ij = (

pi − pj
)μ −

(
pi − pj

) · Pij

P2
ij

Pμ
ij , Pij ≡ pi + pj

(13)

and represents the relative four-momentum between particles
i and j. Hence, Q3 combines all pair-relative momenta within
the triplet of particles. The triplet same-event distribution
Nsame(Q3) in Eq. (11) is obtained by calculating Q3 with all
three particles taken from the same collision event. To obtain
Nmixed(Q3), a mixed-event technique is employed, where Q3

is calculated with each of the three particles sampled from
another event. As such, no FSI can affect Nmixed(Q3). The
mixing conditions are the same as in the case of the two-
particle femtoscopy of p–π± pairs described above. All cor-
relation functions related to the study of the p–p–π± systems
are normalized to unity in the Q3 range of 1.0–1.2 GeV/c.

The interpretation of Eq. (11) concerning three-body
effects cannot be performed directly as the observed signal
can be either due to three-body effects or underlying (lower-
order) two-body correlations between the pairs in the triplet.
To isolate the three-body effects, the cumulant decomposi-
tion is employed [48], previously utilized in the analysis of
p–p–p and p–p–� systems [46] as well as p–p–K± [47]. The
three-particle cumulant incorporates information on genuine
effects beyond pairwise correlations in the analyzed triplets.
These lower-order correlations are subtracted from the three-
body correlation (Eq. (11)) to obtain the isolated three-body
effects. Concerning three particles X, Y, and Z, the lower-
order contributions will be denoted as (X–Y)–Z, where parti-
cles X and Y can undergo pairwise interactions, while particle
Z is uncorrelated. The three-particle femtoscopic cumulant
c3(Q3) can then be written as

c3(Q3) = C(X–Y–Z)(Q3) − C(X–Y)–Z(Q3)

−C(X–Z)–Y(Q3) − C(Y–Z)–X(Q3) + 2 . (14)

The term C(X-Y-Z)(Q3) represents the correlation function
where all three particles can undergo two-body and three-
body FSI and hence corresponds to Eq. (11). The lower-
order contributions of type (X-Y)-Z can be obtained in a
data driven-way as

C(X–Y)–Z(Q3) = N
N(X–Y)–Z(Q3)

Nmixed(Q3)
. (15)

The distribution N(X–Y)–Z(Q3) is obtained by calculating Q3

with particles X and Y from the same event, while particle Z
is taken from a another, uncorrelated event. Hence, FSI can
only occur between particles X and Y. The term Nmixed(Q3)

is the mixed-event triplet distribution described above, where

all three particles are taken from different events. The CPR
between protons and pions as well as two protons (see Sect. 2)
is applied to all distributions (Nsame(Q3), Nmixed(Q3), and
any distribution of type N(X–Y)–Z(Q3)) to avoid any bias.

Applying this formalism to the p–p–π± system, the cumu-
lant Eq. (14) is written as

c3(Q3) = C(p–p–π±)(Q3) − C(p–p)–π±(Q3)

−2 C(p–π±)–p(Q3) + 2 . (16)

The lower-order contribution C(p–π±)–p(Q3) has to be
accounted for twice, as the pion can be correlated to either of
the two protons. Hence, the cumulant can be expressed with
the total lower-order contribution CLower-Order(Q3)

CLower-Order(Q3) = C(p–p)–π±(Q3) + 2 C(p–π±)–p(Q3) − 2

(17)

as c3(Q3) = C(p–p–π±)(Q3) − CLower-Order(Q3). The inter-
pretation of cumulants differs from the interpretation of cor-
relation functions. A signal is considered a three-body effect
if the underlying lower-order two-body correlations cannot
describe the three-particle correlation function defined in
Eq. (11). Hence, an attractive three-body effect results in a
cumulant above zero, while repulsive three-body effects lead
to a depletion of the cumulant to negative values. In particu-
lar, a cumulant compatible with zero indicates an absence of
any three-body effects, as the signal can be fully described
by the pairwise correlations.

4.2 Results

The experimentally obtained lower-order contributions to
the p–p–π+ and p–p–π− systems (defined in Eq. (15)) are
presented in Fig. 7. Figure 7a, b show the contributions of
(p–p)–π+ and (p–p)–π−, respectively. Both correlation func-
tions reflect the attractive strong interaction between the two
protons (see Ref. [23] for details) and are in agreement with
each other. This is expected, as the effects of the uncorrelated
pion are independent of the charge and only depend on the
mass. The signal itself is driven by the FSI between the two
protons, which is smeared out in the Q3 range due to the mix-
ing with the uncorrelated pion. The correlation function for
(p–π+)–p is presented in Fig. 7c, while the case of (p–π−)–p
is shown in Fig. 7d. In both cases, the presented correlation
functions show the same characteristics as the respective two-
particle correlation functions of p–π± that were discussed in
Sect. 3.3. In particular, the contribution from the decay of
the �++ is visible as a bump centered at Q3 ≈ 0.6 GeV/c
for (p–π+)–p, while the � is visible as a bump structure for
(p–π−)–p at Q3 ≈ 0.35 GeV/c. The �++ and � appear
broader than in their respective two-particle analyses as the
contribution of the uncorrelated proton smears the correla-
tion in Q3.
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Fig. 7 Lower-order contributions present in the p–p–π± systems. The
contributions of a (p–p)–π+ and b (p–p)–π−, as well as c (p–π+)–p
and d (p–π−)–p are shown. The statistical (systematic) uncertainties are
represented by the lines (boxes). The horizontal lines show the over-

all bin width, while the respective position of the marker presents the
average Q3 within this bin obtained from the mixed event distribution
Nmixed(Q3)

The three-body correlation functions and the comparison
to their respective lower-order contributions are presented
in Fig. 8a for the p–p–π+ and in Fig. 8b for the p–p–π−
system. In both cases, the three-body correlation function is
above unity, indicating overall attractive interactions. How-
ever, the p–p–π+ and p–p–π− systems differ when the effect
of the corresponding lower-order correlations is analyzed in
detail. In the case of p–p–π+, the lower-order contribution
shows a larger signal for Q3 < 0.2 GeV/c than the three-
body system. This indicates that the two-body correlations
are too attractive to fully describe the three-body system,
which correspondingly requires a repulsive three-body inter-
action in the p–p–π+ system. The opposite effect is visible for
p–p–π−, where the lower-order contributions show a weaker
correlation signal than the three-body system, indicating an
attractive three-body interaction in this system.

The difference between lower-order and three-body con-
tributions becomes more evident with the cumulant c3(Q3),
defined in Eq. (14). The cumulants for p–p–π+ and p–p–π−
are shown in Fig. 9. In both cases, the cumulant is compatible
with zero within uncertainties for Q3 above 0.7 GeV/c. In
this regime, no three-body effects are present, and the pair-
wise correlations fully describe the system. Both cumulants
are positive in the intermediate Q3 range between 0.2 GeV/c
and 0.7 GeV/c, indicating attractive three-body effects. The
significance of the deviation from zero is estimated by evalu-
ating the p-value of the χ2 distribution with subsequent con-
version into a number nσ of Gaussian standard deviations.
In the range 0.2 < Q3 < 0.7 GeV/c this significance is
nσ = 2.59 for the p–p–π+ and nσ = 8.03 for the p–p–π−.
The significance for the p–p–π+ is lower as the cumulant
starts to tend towards zero at Q3 ≈ 0.3 GeV/c, while the
cumulant of p–p–π− keeps increasing for Q3 < 0.3 GeV/c.
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Fig. 8 Comparison of the three-particle correlation functions of a
p–p–π+ and b p–p–π− to their respective total lower-order contribu-
tions (grey). The statistical and systematic uncertainties are shown by
the lines and boxes, respectively. The lower-order contribution is given

by Eq. (17). The horizontal lines represent the overall bin width, while
the respective position of the marker show the average Q3 within this
bin. The latter is obtained from the mixed event distribution Nmixed(Q3)

At Q3 ≈ 0.2 GeV/c, the cumulant of p–p–π+ exhibits a
cross-over to negative values. The two systems then show
an opposite behavior for 0.04 < Q3 < 0.2 GeV/c. While
p–p–π− has a positive cumulant in this regime with a sig-
nificance of nσ = 3.24, the cumulant of the p–p–π+ sys-
tem is negative (nσ = 1.99). Hence, in this low Q3 regime,
the cumulants indicate attractive three-body effects for the
system involving π− and repulsive three-body effects for
p–p–π+. However, due to its comparably lower significance,
the true repulsive nature of the p–p–π+ has to be addressed
in future studies with increased amount of data such as
the LHC Run 3. The deviation from zero in overall range
0.04 < Q3 < 0.7 GeV/c is nσ = 2.98 for the p–p–π+ and
nσ = 8.48 for the p–p–π−. Therefore, the analysis indicates
effects beyond pairwise interactions in the p–p–π± systems.
In order to fully interpret the femtoscopic measurements of
the p–p–π± systems, full-fledged three-body calculations of
the correlation function are needed. Such techniques have
recently been developed for three baryons [51] and will be
extended to treat also systems with mesons in the near future.

5 Summary

This study presented access to the p–π± dynamics in high-
multiplicity pp collisions at

√
s = 13 TeV via measurements

of two-particle momentum correlations with the ALICE
detector. The size of the particle-emitting source of primor-
dial p–π± pairs has been extracted for several intervals of pair
transverse masses mT using the Resonance Source Model
[24]. The results are in agreement with the source sizes

Fig. 9 Extracted cumulants of p–p–π+ (blue) and p–p–π− (red) as a
function of Q3 after subtracting the lower-order contributions from the
triplet correlations. The lines (boxes) represent the statistical (system-
atic) uncertainties

extracted with femtoscopic measurements of p–p [24], π±–
π±, and p–K+ pairs [22] by ALICE in high-multiplicity pp
collisions. This further strengthens the picture of a common
emission source of hadron-pairs in small collision systems
at LHC energies. The mT-dependent scaling is reminiscent
of collective effects as seen in the collision of heavy ions
[36,76–78]. While signs of collectivity in pp collisions at
LHC energies have been reported by various experiments
and observables [79–81], the origin of this behavior in small
collision systems has to be addressed by future studies. Fur-
ther, the observed agreement of the mT-dependent source
size between different particle pairs, including non-identical
particle pairs, has to be studied in the future. Results on
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the �++(1232) and �0(1232) width and spectral temper-
ature [38,39] have been extracted. For both resonances, the
spectral shape for low mT shows clear deviations from a
typical Breit–Wigner shape, indicating a strong influence of
hadronic rescattering and regeneration processes of the short-
lived resonances. These results provide valuable input to the
description of the resonance modification in small collision
systems for transport models such as UrQMD [43,44] or
SMASH [45].

Further investigation on the pion dynamics with nucleons
has been performed by extending the femtoscopy analysis
to p–p–π± three-particle systems in the same data set. The
cumulant decomposition has been used to isolate three-body
effects by explicitly removing the pairwise correlations in
the system. These lower-order pairwise contributions incor-
porate all the features of the p–p and p–π± correlations in
the triplets, including the effects of the � resonances in
the correlation function. The extracted cumulants deviate
from zero for hyper-momenta Q3 < 0.7 GeV/c, showing
a clear indication of the presence of three-body effects in the
triplets. Two different regions, corresponding to a change
of sign of the cumulants, are discussed. In the intermedi-
ate range of 0.2 GeV/c < Q3 < 0.7 GeV/c, the cumu-
lants of both p–p–π+ and p–p–π− are positive, which cor-
responds to attractive three-body effects. The significance of
this deviation from zero is nσ = 2.59 for the p–p–π+ and
nσ = 8.03 for the p–p–π− systems. In the low Q3 region
of 0.04 GeV/c < Q3 < 0.2 GeV/c, the signals for both
systems are opposite: the p–p–π+ shows signs of repulsive
three-body effects (negative cumulant) with a significance
of nσ = 1.99 while the p–p–π− cumulant stays positive
(nσ = 3.24). The full interpretation of these results calls for
a proper theoretical treatment of these three-body systems.
The results give the possibility to access potential three-body
interaction in the p–p–π± sytem and hence the coupling of
the pion to multiple nucleons. Recent studies show that this
coupling is an important input for the studies of the QCD
axion at finite baryonic densities and its impact on the equa-
tion of state of dense stellar objects such as neutron stars
[21].
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A Two-particle correlation functions

The experimental correlation functions of p–π+ and p–π−
pairs are presented in Figs. 10 and 11, respectively.
All mT intervals are presented in the k∗ range from 0
to 1.5 GeV/c. For the same mT and k∗ intervals, the
common and non-common ancestor correlation functions
obtained with PYTHIA 8.2 (Monash 2013 Tune) [65,66] and
GEANT3 [67] are shown in Fig. 12 for p–π+ and Fig. 13 for
p–π−. Resonance contributions such as the �0 for p–π− or
the �++ for p–π+ have been explicitly removed in the com-
mon ancestor correlation functions as these contributions are
modeled separately (see Sect. 3.2).

B Details on the modeling of the p–π± correlation
functions

As described in Sect. 3.1, the background contribution stem-
ming from mini-jets is modeled using PYTHIA 8.2 [65]
(Monash 2013 Tune [66]) MC simulations asCBackground(k∗)
in Eq. (7). This CBackground(k∗) is prefitted to the data in
the large k∗ regime in order to adjust for differences in the
long-range correlations between the MC and the data. The
mT-dependent prefit ranges can be found in Table 3.

The genuine correlation of p–π± due to FSI,CInteraction(k∗),
is modeled using the Coulomb and strong interactions. The
latter is described with a double-Gaussian potential Vstrong(r)
of the form

Vstrong(r) = ν1e
−r2/μ2

1 + ν2e
−r2/μ2

2 , (18)

where each of the Gaussians is parameterized by its
strength ν and width μ. The potential parameters are tuned
to reproduce the scattering length [82] for p–π± interactions
and are given in Table 4. The potential Vstrong(r) together
with the Coulomb potential is then evaluated with the CATS
framework [72] in order to obtain the two-particle wave func-
tion.

C Two-particle momentum smearing

The presented experimental correlation functions are given
as a function of the measured k∗. Due to the finite momentum
resolution of the detector, this measured (or reconstructed)
k∗ is not identical to the true (or generated) relative momen-
tum of the pair. In order to compare the experimental results
with theoretical predictions, the latter can be smeared for
these resolution effects. To do so, the momentum smearing
matrix, which relates the generated k∗ of the particle pair
to the reconstructed k∗, should be considered. These matri-
ces, obtained with the PYTHIA 8.2 [65] (Monash 2013 Tune
[66]) event generator together with the GEANT3 [67] trans-
port code, are shown in Fig. 14a for p–π+ and Fig. 14b for
p–π−. Additionally, Fig. 15a, b show the mixed event distri-
butions of p–π+ and p–π−, respectively, for all mT intervals.
They are needed in order to account for the proper phase
space during the smearing procedure (see Ref. [86]).
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Fig. 10 The experimental correlation function of p–π+ pairs as a func-
tion of the pair relative momentum k∗ in several intervals of the pairmT:
a [0.54, 0.75) GeV/c2,b [0.75, 0.95) GeV/c2, c [0.95, 1.2) GeV/c2,d

[1.2, 1.5) GeV/c2, e [1.5, 2.0) GeV/c2, and f [2.0, 2.5) GeV/c2. The
lines and boxes show the statistical and systematic uncertainties of the
experimental data, respectively
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Fig. 11 The experimental correlation function of p–π− pairs as a func-
tion of the pair relative momentum k∗ in several intervals of the pairmT:
a [0.54, 0.75) GeV/c2, b [0.75, 0.95) GeV/c2, (c) [0.95, 1.2) GeV/c2,

d [1.2, 1.5) GeV/c2, e [1.5, 2.0) GeV/c2, and f [2.0, 2.5) GeV/c2. The
lines show the statistical uncertainties of the experimental data, while
the respective systematic uncertainties are represented by the boxes
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Fig. 12 The correlation function of p–π+ pairs for common and
non-common ancestor obtained with PYTHIA 8.2 (Monash 2013
Tune) [65,66] together with GEANT3 [67] as a function of the
pair relative momentum k∗ in several intervals of the pair mT: a
[0.54, 0.75) GeV/c2, b [0.75, 0.95) GeV/c2, c [0.95, 1.2) GeV/c2, d

[1.2, 1.5) GeV/c2, e [1.5, 2.0) GeV/c2, and (f) [2.0, 2.5) GeV/c2. The
lines represent the statistical uncertainties. Resonance contributions
such as the �++ have been explicitly removed in the common ancestor
correlation functions as these contributions are modeled separately
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Fig. 13 The correlation function of p–π− pairs for common and
non-common ancestor obtained with PYTHIA 8.2 (Monash 2013
Tune) [65,66] together with GEANT3 [67] as a function of the
pair relative momentum k∗ in several intervals of the pair mT: a
[0.54, 0.75) GeV/c2, b [0.75, 0.95) GeV/c2, c [0.95, 1.2) GeV/c2, d

[1.2, 1.5) GeV/c2, e [1.5, 2.0) GeV/c2, and f [2.0, 2.5) GeV/c2. The
lines represent the statistical uncertainties. Resonance contributions
such as the �0 have been explicitly removed in the common ances-
tor correlation functions as these contributions are modeled separately
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Table 3 Prefit ranges of
CBackground(k∗) of p–π+
modeling for all mT ranges

mT range in GeV/c2 k∗ range of the prefit in GeV/c

[0.54, 0.75) 0.275–0.7

[0.75, 0.95) 0.3–0.8

[0.95, 1.2) 0.3–0.9

[1.2, 1.5) 0.325–1.0

[1.5, 2.0) 0.325–1.2

[2.0, 2.5) 0.325–1.4

Table 4 Parameters for the double-Gaussian potential (18) for the p–π± strong interaction

System ν1 in MeV μ1 in fm ν2 in MeV μ2 in fm

p − π+ 765.1 0.367 685.93 0.331

p − π− – 32.32 1.078 – 222.8 0.097

Fig. 14 Momentum smearing matrix of a p–π+ pairs and b p–π− pairs obtained with PYTHIA 8.2 (Monash 2013 Tune) [65,66] together with
GEANT3 [67]

Fig. 15 The normalized mixed event distributions of a p–π+ and b p–π− pairs for all relevant mT intervals
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