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Abstract The femtoscopic study of pairs of identical pions
is particularly suited to investigate the effective source func-
tion of particle emission, due to the resulting BoseÐEinstein
correlation signal. In small collision systems at the LHC, pp
in particular, the majority of the pions are produced in reso-
nance decays, which signiÞcantly affect the proÞle and size
of the source. In this work, we explicitly model this effect
in order to extract the primordial source in pp collisions at�

s = 13 TeV from charged� Ð� correlations measured by
ALICE. We demonstrate that the assumption of a Gaussian
primordial source is compatible with the data and that the
effective source, resulting from modiÞcations due to reso-
nances, is approximately exponential, as found in previous
measurements at the LHC. The universality of hadron emis-
sion in pp collisions is further investigated by applying the
same methodology to characterize the primordial source of
KÐppairs. The size of the primordial source is evaluated as a
function of the transverse mass (mT) of the pairs, leading to
the observation of a common scaling for both� Ð� and KÐ
p, suggesting a collective effect. Further, the present results
are compatible with themT scaling of the pÐpand pŠ� pri-
mordial source measured by ALICE in high multiplicity pp
collisions, providing additional evidence for the presence of
a common emission source for all hadrons in small collision
systems at the LHC. This will allow the determination of
the source function for any hadronÐhadron pairs with high
precision, granting access to the properties of the possible
Þnal-state interaction among pairs of less abundantly pro-
duced hadrons, such as strange or charmed particles.

1 Introduction

Femtoscopy is a technique of connecting the pair-wise
momentum correlations to the properties of particle emis-
sion and the subsequent Þnal-state interaction (FSI) [1,2].
This formalism is often applied to identical charged pions

� e-mail:alice-publications@cern.ch

in order to study the effective source function of particle
emission. This is achieved by taking advantage of the BoseÐ
Einstein correlation signal present in the same-sign� Ð� sys-
tem. These techniques are quite advanced in heavy-ion col-
lisions, for which the source function is well described by
a Gaussian parameterization and the corresponding source
size shows a distinct decrease as a function of the pair trans-
verse mass (mT). The latter is commonly referred to asmT

scaling and typically attributed to the presence of collec-
tive phenomena, i.e. radial ßow [1], and is well described
by models with a hydrodynamic phase [3Ð5]. Recently, fem-
toscopic studies in small collision systems, pp in particular,
have gained a lot of attention due to the possibility of pro-
ducing pairs with low relative momentum at distances com-
parable to the range of the strong force (� 1Ð2 fm). The
signal related to the FSI, embedded in the measured corre-
lation function, allows for testing of theoretical predictions
as well as extracting information about the low-energy scat-
tering parameters, such as the scattering length and effective
range. Nevertheless, the successful application of this tech-
nique requires the source function to be well constrained. The
ALICE Collaboration has demonstrated that a common emis-
sion of primordial baryons, i.e. particles produced during the
initial collision, is present in pp collisions by analyzing pÐ
pand pÐ� correlations [6]. Similar to heavy-ion collisions,
the results in pp collisions show a clearmT scaling, the nature
of which is not yet understood. While hydrodynamic mod-
els are well motivated and established for heavy-ion colli-
sions [7], this is not the case for pp collisions where there is
controversy on the matter. The modeling of the source is real-
ized with the so-called Resonance Source Model (RSM) [6],
which assumes a universal Gaussian core for all primordial
particles and accounts for hadron production through reso-
nances, Þnally yielding an effective source. The abundances
of resonances are obtained from the statistical hadronization
model [8], assuming a canonical ensemble, while the speciÞc
decay kinematics can be extracted from a transport model,
e.g. EPOS [9]. This opened the possibility to test for the Þrst
time both lattice QCD predictions for the more rare pairs
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pÐ� and pÐ� [10], to probe the coupled-channel dynamics
for KŠ Ðp [11], to constrain the chiral effective Þeld theory
using the pÐ� [12] and� Ð� [13] channels, and to access the
interaction of a vector meson with baryons through� Ðp [14].
Although themT scaling is not explicitly modeled within the
RSM, an independent analysis employing a new framework,
called CECA [15], relates themT scaling to the radial expan-
sion of the collision system.

The goal of this work is to explore if the ansatz of
a common source can be extended to the mesonŠmeson
and mesonŠbaryon sectors. This is achieved by employ-
ing the RSM to extract the effective Gaussian size of the
same-sign primordial� Ð� (p+ Ðp+ and pŠ ÐpŠ ) and KÐ
p (K+ Ðpand KŠ Ðp) sources as a function ofmT, and inves-
tigate if they are compatible with the pÐpsource extracted
from the same data set collected from high-multiplicity pp
collisions at

�
s = 13 TeV. In this way, the assumption

of a universal hadron emission in small collision systems
will be solidiÞed. Furthermore, as the foundmT scaling is
currently not understood, the additional information on the
source size at very low-mT (< 1 GeV/c2) will provide valu-
able information for transport [9,16] and effective source [15]
models. Finally, we perform the� Ð� correlation analysis in
minimum-bias (MB) events using three different multiplicity
classes in order to provide even more differential data.

The article is structured as follows. In Sect.2 details
regarding the data analysis are given, in particular about the
particle identiÞcation using the ALICE detector. This is fol-
lowed by a brief review of the femtoscopic method in Sect.3,
which includes the model used for Þtting the experimental
correlation functions. The source function for the studied
pairs is discussed in Sect.4, which entails an investigation
on the modiÞcation of the source function due to short-lived
resonances. Section5 focuses on the obtained results, which
are then discussed within the context of recent measurements.
Finally, a summary is given in the closing Sect.6.

2 Data analysis

The data analyzed in this work were collected by the
ALICE Collaboration [17] at the LHC in pp collisions at�

s = 13 TeV. Additional details on the ALICE detec-
tor setup can be found in [18]. In this analysis, the fol-
lowing main subdetectors are used: the V0 detectors [19],
the Inner Tracking System (ITS) [20], the Time Projection
Chamber (TPC) [21], and the Time-Of-Flight (TOF) detec-
tor [22]. Events passing a MB trigger are selected by requir-
ing coincident signals in both V0 [19] detectors to be syn-
chronous with the beam crossing time deÞned by the LHC
clock. High-multiplicity (HM) events are selected online by
applying a threshold on the amplitude of the signal in the V0
detectors in addition to the MB trigger conditions. The V0

detectors consist of two arrays of plastic scintillators, one
located at forward (2.8 < � < 5.1) and the other placed
at backward (Š3.7 < � < Š1.7) pseudorapidity [19]. The
measured amplitudes within these scintillators are used to
deÞne multiplicity classes for events. Additional measure-
ments at midrapidity, utilizing the innermost layers of the
ITS, then provide estimates for the average charged particle
multiplicity at mid-pseudorapidity (� =0) in a unit interval of
pseudorapidity�dN/ d� � |� |< 0.5 in a given multiplicity class.
This procedure allows one to associate�dN/ d� � |� |< 0.5 with
a V0-based multiplicity class. For the HM case, the selected
events correspond to the 0.17% highest multiplicity inelastic
pp collisions with at least one charged particle in the range
|� | < 1 (referred to as INEL> 0) [17,18]. The resulting
HM data sample contains events with an average multiplicity
of approximately 30 charged particles in the pseudorapidity
interval |� | < 0.5 [10]. Events with multiple primary ver-
tices, identiÞed from track segments in the two innermost
layers of the ITS, are tagged as pile-up and removed from
the analyzed sample.

The charged-particle tracking and the primary vertex (PV)
reconstruction are obtained using the combined track infor-
mation of the ITS and TPC [17], located inside a uniform
magnetic Þeld of 0.5 T directed along the beam direction. A
selection of± 10 cm on the deviation between thezcoordinate
of the reconstructed PV and the nominal interaction point is
applied to ensure a uniform detector coverage in the pseudo-
rapidity region of|� | < 0.8. The quality of the tracks used
for the construction of the� Ð� (KÐp) correlation is ensured
by requiring that each track lies within the pseudorapidity
range of|� | < 0.8 while also requiring that a minimum of
80 (70) clusters in the TPC [21] are assigned to each track.
Further quality assurance is provided by requiring that at least
70 out of the total of 159 rows of the TPC readout pads are
crossed in conjunction with Þnding clusters in at least 80%
of these crossed rows. For this analysis, different transverse
momentum ranges for the tracks were considered depending
on the particle species and the particle-identiÞcation (PID)
capabilities of ALICE. For pions, protons and kaons these
ranges are 0.14 < pT < 4 GeV/c, 0.8 < pT < 3 GeV/c,
and 0.4 < pT < 1.4 GeV/c, respectively. The PID for the
charged pions, kaons, and protons is performed using the
TPC and TOF detectors. The deviation of the measured TPC
response to the Bethe-Bloch parameterization of�dE/ dx� for
the mass hypothesis of the considered particle is expressed
as multiples of the standard deviation n� , determined by the
resolution of the TPC. For pions, only those tracks satisfying
|n�, TPC| < 3 for a transverse momentumpT < 0.5 GeV/c
are further analyzed. In the rangepT > 0.5 GeV/c, the pion
speciÞc energy loss band overlaps with those of kaons and
protons. Hence, up topT < 4 GeV/c, also the TOF infor-
mation is used. The difference between the measured TOF
response and the velocity calculated for a pion as a function of
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the momentum is expressed asn�, TOF, and combined with the
TPC information inton�, combined= (n2

�, TPC + n2
�, TOF)(1/ 2).

Only tracks satisfying|n�, combined| < 3 are further analyzed.
The selection for charged kaons (protons) is described in [11]
and follows the same strategy for PID used for the charged
pions. For 0.15 (0.4) < pT < 0.4 (0.8) GeV/c only TPC
information is used, and the|n�, TPC| < 3 criterion is applied.
Again, the combined TPC and TOF information is used for
0.4 (0.8) < pT < 1.4 (3) GeV/c and required to be less than
3 times ofn�, combined. In order to remove a large fraction of
the e± contamination of the�dE/ dx� bands of charged kaons
(protons), the identiÞed particle candidates were excluded in
the region of 0.3 (0.6) < pT < 0.4 (0.8) GeV/c. As it was
shown in Refs. [11,23], this selection does not introduce any
bias to the correlation function.

For femtoscopic studies, the primary particles, which
experience the Þnal-state interaction, are of special interest,
and the amount of secondary (feed-down) particles stemming
from weak decays and interactions in the detector material
have to be suppressed. This is achieved by requiring that the
distance-of-closest approach (DCA) to the primary vertex of
the tracks used for the� Ð� (KÐp) correlation is less than
0.3 (1.0) cm in the transverse and longitudinal planes with
respect to the beam direction.

The two-particle correlation function is measured as a
function of the relative momentum(k� = 1

2| �p�
1 Š �p�

2|),
where all quantities, denoted with an asterisk (*), are evalu-
ated in the rest frame of the particle pair (PRF). The momen-
tum in the PRF of particlei is denoted by�p�

i . The mea-
sured correlation function contains in principle all corre-
lations imprinted on the relative momentum (k� ) distribu-
tion regardless of the origin, consequently the background
has to be taken into account. This correlated residual back-
ground stems from hard partonic interactions in the initial
stage of the collision, and leads to highly correlated parti-
cles in jet-like structures, leading typically to less isotropic
events. For the analysis of the correlation functions of� Ð�
pairs from MB events and of KÐppairs from HM events, a
selection based on the event shape observable called trans-
verse sphericity [24,25] ST > 0.7 is applied in order to sup-
press the mini-jet background, largely present in pp colli-
sions [11,14,25Ð28]. No selection on the sphericity is applied
in the case of� Ð� correlations for the events in the HM
sample because these events are typically more spherical,
and because the selection ofST > 0.7 affects the relative
momentum correlation function of� Ð� pairs, mostly for
k� > 500 MeV/c, which is well outside the signal region
of k� < 250 MeV/c. After applying the event selection cri-
teria, the analyzed sample consists of about 109 MB and 109

HM events.
For tracks close in phase space, reconstruction errors can

occur in the form of track merging or splitting [29]. There-
fore, an additional selection for the close-pair rejection is

included by imposing a circular cut on the relative angular
separation measured by the relative pseudorapidity	� and
azimuthal angle	
 � ,

�
	
 � 2 + 	� 2 < ( 1 × 10Š2) of the

tracks, hence, demanding a minimum separation. Here	
 �

is corrected for the change in azimuthal angle induced by the
magnetic Þeld. The use of this selection completely removes
the signatures of track merging or splitting.

The purity of the PID selections and the contamination due
to weak decays (feed-down) of the sample were studied with
the help of Monte Carlo (MC) simulations using PYTHIA
8.2 [16] (Monash 2013 Tune) generated events, which were
transported by GEANT 3 [30] through the ALICE detec-
tor and subsequently processed by the reconstruction algo-
rithm [17]. The purity has been studied as a function ofpT,
nevertheless a negligible dependence, even across the thresh-
old at which the TOF information is used, was observed.
The pT averaged purity obtained with the PID selections
described above is about 99% for charged pions, kaons, and
protons. The primary and secondary fractions are obtained
by extracting from the MC the template distributions of the
DCA in the transverse plane and Þtting these to the measured
distributions. The information about the purity and compo-
sition of the sample is crucial for femtoscopic studies and is
used to determine the� parameters, which are introduced in
Sect.3.

The correlation function is studied differentially in inter-
vals of the pair transverse massmT, which is connected
to the average transverse momentum of the particle pair
(kT = 1

2| �pT1+ �pT2| ) via the relationmT = (k2
T+ m2

avrg)
(1/ 2),

wheremavrg is the average mass of the studied particle pair.
The � Ð� correlations are studied in Þve (0.15Ð0.30, 0.30Ð
0.50, 0.50Ð0.70, 0.70Ð0.90, 0.90Ð1.50 GeV/c) kT ranges for
the MB and HM datasets. The KÐpcorrelations are studied in
four (1.2Ð1.4, 1.4Ð1.5, 1.5Ð1.8, 1.8Ð2.0 GeV/c2) mT ranges
in HM collisions.

The systematic uncertainties of the correlation function
associated with the choice of the selection criteria are esti-
mated by performing the selection 44 times while varying
randomly the track selection and PID criteria (i.e.pT bound-
aries at which TOF is used and then� threshold) by 20% and
excluding theST selection from the procedure. The choice of
including no variation onST was made to ensure that the same
events are always used as input in the analysis. In order to
ensure that the observed deviation with respect to the default
settings does not originate from statistical ßuctuations, only
variations for which the yield of pairs fork� < 200 GeV/c
does not exceed 20% compared to the yield obtained from the
default settings are used. The magnitude of the uncertainty is
estimated using the root-mean square deviation for a uniform
distribution in eachk� interval, using the underlying uniform
distribution obtained from the 44 variations.
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3 Two-particle correlations

The observable of interest in femtoscopic studies is the two-
particle correlation functionC(k� ), measured as a function of
k� . Experimentally,C(k� ) is calculated from the normalized
ratio

C(k� ) = N Nsame(k� )/ Nmixed(k� ), (1)

whereNsame(k� ) is the distribution ofk� obtained from
particles produced in the same event, andNmixed(k� ) is the
k� distribution of uncorrelated pairs. The latter is generated
using the mixed event technique [1], for which a pair is built
by selecting particles from different events. To avoid any
bias pertaining to reconstruction efÞciencies or acceptance,
only identiÞed particles are used from events for which the
difference in thez coordinate of the reconstructed primary
vertex is less than 2 cm and the difference in dNch/ dy at
midrapidity (|y| < 0.5) is less than 4. The normalizationN
is calculated ink� � [ 350, 400] MeV/c, in which no fem-
toscopic signal is present, and the theoretical value ofC(k� )
approaches unity. In order to extract the source parameters a
femtoscopic Þt is performed using a model for the expected
theoretical correlation function.

The theoretical deÞnition ofC(k� ) is given by the KooninÐ
Pratt equation [1]

C(k� ) =
�

d3r � S(r � )|� ( r � , k� )|2, (2)

and depends on the source functionS(r � ), which encodes
the relative distancer � in the PRF, and the two-particle
relative wave function�( r � , k� ). In this work, the latter
is obtained by employing the ÒCorrelation Analysis Tool
using the Schršdinger EquationÓ (CATS) framework [31],
which numerically solves the Schršdinger equation for a
conÞgurable interaction potential. In the case of the� Ð�
pairs, the wave function is determined by quantum statistics
and Coulomb repulsion. For the KÐpcorrelations, the strong
interaction is modeled assuming state-of-the-art chiral poten-
tials [23,32], while the Coulomb interaction is directly taken
into account using CATS. The shape ofS(r � ) follows a con-
volution of a Gaussian distribution (core) and an exponential
function (tail) [6]. The Gaussian core, from which primordial
particles are emitted, is fully determined by its widthrcoreand
the exponential contribution takes into account the resonance
decays to the pair of interest. Further details on theS(r � ) are
discussed in Sect.4. The KooninÐPratt relation is a subject to
several approximations, as discussed in [1]. These approx-
imations have been originally designed for large emission
sources, as found in heavy-ion collisions, nevertheless they
have been successfully applied in identical pion femtoscopy
in pÐpcollision systems [27,33,34].

The measuredC(k� ) encompasses not only correlations
arising from primordial pairs but also incorporates contribu-
tions from weak decays, long-lived resonances (with a proper
decay length greater than 5 fm) and misidentiÞed particles.
These additional components consist of what are commonly
referred to as Òfeed-downÓ particles and impurities, and they
can be taken into account by the� parameter formalism, as
was shown in [35]. The general form of the modeled corre-
lation functionCmodel(k� ) is given by

Cmodel(k� ) = 1 +
�

i

� i (C(k� ) Š 1). (3)

In this analysis, a decomposition of the correlation func-
tion into three components is considered, namely the genuine
(gen), the feed-down (feed), and the misidentiÞed candidates
(misid), leading to

Cmodel(k� ) = 1 + � gen(Cgen(k� ) Š 1)

+ � feed(Cfeed(k� ) Š 1) + � misid(Cmisid(k� ) Š 1). (4)

By deÞnition, the sum of the three contributions is nor-
malized to unity [35]. The genuine contribution contains the
pairs of primary particles experiencing the Þnal-state interac-
tion and particles stemming from short-lived strongly decay-
ing resonances. Details about the considered resonances are
given in the following Sect.4. The pairs containing at least
one particle originating from weak or electromagnetic decays
are described by the feed-down component. Finally, the pairs
with at least one misidentiÞed particle are quantiÞed by the
misidentiÞcation part. The latter additionally includes parti-
cles which are produced in interactions between the particles
produced in the event and the detector material, whose over-
all contribution is however negligible. TheC(k� ) associated
with the feed-down and misidentiÞed components are con-
sidered to be ßat, leading to a simpliÞed form of Eq. (4):

Cmodel(k� ) = � genCgen(k� ) + � feed+ � misid. (5)

The � i parameters are evaluated from the single-particle
properties as a product of the purityPi , determined via MC
studies and fractions of primary particlesfi obtained from Þts
to the experimental DCA distributions in the transverse plane.
The formula used for the evaluation is� i j = Pi fi P j f j ,
where the indicesi and j indicate the origin (in this case
primary, feed-down and misidentiÞcation) of the single par-
ticles which form the pair. The� genand� feedare determined
as described above,� misid is then obtained by the constraint
that the sum of the three contributions is normalized to unity,
and driven by the purity.

To account for any residual non-femtoscopic background,
the function used in the femtoscopic Þt to the measuredC(k� )
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is modiÞed by an additional baseline

CÞt(k� ) = BnonŠfemto(k� ) × Cmodel(k� ), (6)

whereBnonŠfemto(k� ) is the baseline function of the residual
non femtoscopic background. In the case of same-sign pions,
two functions for the baseline are tested, a polynomial of Þrst
and second degree, while for the KÐpcorrelations a constant,
a Þrst, and a second order polynomial are considered. In� Ð�
correlations from the MB sample, a residual mini-jet back-
ground is also present after applying the sphericity selection.
Hence, to remove this remaining non-femtoscopic compo-
nent, theC(k� ) obtained from MB data is divided by the
correlation function obtained from MC before using it in the
femtoscopic Þt. The same strategy was already employed by
the ATLAS and CMS Collaborations [33,34]. The typical
size of this correction is around 10%. The free parameters
of the Þt are the baseline parameters, and the widthr �

core
of the source function. The Þt is performed in the range of
0 < k� < 364(270) MeV/c for � Ð� (KÐp). A variation of
± 10% in the upper limit of the Þtting range is considered to
account for any systematic effect related to the range chosen
for the Þt.

4 Modeling of short-lived resonances

The detailed study of the particle source functionS(r � ) for
baryonŠbaryon pairs was presented in [6] and enabled stud-
ies of the interaction between many particle pairs, including
for example, pÐ� [10]. In this work, the MC procedure devel-
oped in [6] serves as a baseline to determine, for the Þrst time,
the emitting source for primordial particles as a function of
mT for mesonŠmeson and mesonŠbaryon pairs.

The source functionS(r � ) according to the RSM [6] is a
two component ansatz. A Gaussian source is used for pri-
mordially produced particles, i.e. initial particles produced
in the pp collisions. It has a widthrcore, called Òcore sourceÓ.
The general Gaussian parameterization for the two-particle
source is

S(r � ) =
1

(4
 r 2
0)3/ 2

exp

�

Š
r � 2

4r 2
0

�

, (7)

this form is obtained by computing the convolution of
two single particle Gaussian sources, each with a respective
width of r0. In addition to this, the contributions of short-
lived strongly-decaying resonances can be parameterized by
introducing exponential tails, the so-called Òresonance haloÓ.
The analytical determination of the full shape of the source
is challenging, because of the kinematics of decaying reso-
nances. Therefore, a MC procedure is employed to access

numerically the source function, which can be parameter-
ized by folding the Gaussian in Eq. (7) with the sum of the
exponential decay functions for every resonance. The decay
kinematics is obtained by extracting the angular distribution
of particles emitted from the strong decay of the short-lived
resonances from the EPOS [9] model version 3.117, which
is conÞgured to simulate MB pp collisions at

�
s = 13 TeV

with relativistic hydrodynamics and hadronic UrQMD after-
burner enabled. In previous studies [33,34,36], the effect of
resonances was not explicitly taken into account, instead a
Cauchy/Exponential type source parameterization [37] was
used

S(r � ) =
1



rexp

r 2
exp + r � 2 , (8)

where the size of the source is denoted byrexp.
Within the RSM, the abundances of strongly decaying

resonances contributing to the yield of a speciÞc particle are
constrained by calculations based on a canonical implemen-
tation of the statistical hadronization model (SHM) [38]. For
charged pions, kaons, and protons, theThermal- FIST [38]
package is employed to perform the calculations. The model
parameters are evaluated following the procedure described
in [39], separately for MB and HM collisions. According
to these calculations, around 28% of the charged pions are
primordial, while 72% stem from strongly decaying reso-
nances. For charged kaons (protons) the primordial fraction
is 52(36)%. The resonances which contribute at least 1% to
the yield of the charged pions and kaons are listed in Tables2
and3, respectively, while the detailed decomposition of the
proton resonances can be found in Ref. [6]. The mass and
lifetime of each strongly decaying resonance are embedded
in two effective parameters

�
meff

res
�
and

�
c� eff

res
�
, which are the

average mass and decay length computed using as weights
the abundances and lifetimes of the considered resonances.
As the difference in the relative contribution of resonances
is negligible between MB and HM events, in both cases, the
same values for the effective parameters are used. The param-
eters used for the calculations are reported in Table1 for the
MB collisions.

The results of these calculations are�
meff

res
�

= 1.124 GeV/c2 and
�
c� eff

res
�

= 1.5 fm for
the charged pions and

�
meff

res
�

= 1.05 (1.36) GeV/c2 and�
c� eff

res
�

= 3.66 (1.65) fm for the charged kaons (protons).
Long-lived (c� > 5 fm) resonances are excluded from the
calculation of these average values, as explained in the next
paragraph. Along with the decay kinematics obtained by
selecting a particle cocktail of matching

�
meff

res
�

and
�
c� eff

res
�

from events generated with EPOS, all ingredients needed
for the RSM are determined. Due to the averaging of the
resonance properties it is possible that especially for lowkT

pion pairs the
�
meff

res
�
and

�
c� eff

res
�
are overestimated. However,
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Table 1 Model speciÞcations and values of parameters used for the
yield calculations withThermal- FIST [38]

Ideal HRG model speciÞcations

Ensemble Canonical

Statistics Quantum statistics for all particles

Resonance shape rel. Breit-Wigner distribution

Parameter Value

Temperature (MeV) 171.0

Strangeness suppression factor � S = 0.78

Source radius for| y |< 1 (fm) R = 1.58

Canonical correlated radius (fm) Rc = 2.28

B, Q, S 0

Table 2 List of resonances which contribute at least 1% to the yield
of � + , the contribution of the remaining resonances is summarized
by R


f < 1% The fractions are computed withThermal- FIST for pp
minimum bias collisions at

�
s = 13 TeV and are also used for the

high multiplicity sample since the relative abundance of resonances is
the same as for minimum bias collisions

Resonances Fraction (%)

�( 770)0 9.0

�( 770)+ 8.7

� (782) 7.7

K� (892)+ 2.3

K
�
(892)0 2.6

b1(1235)0 1.9

a2(1320)+ 1.5

� 1.5

a1(1260)+ 1.4

f2(1270) 1.4

a0(980)+ 1.4

h1(1170) 1.2

R

f < 1% 31.4

this is accommodated by including a systematic variation
of both parameters. A variation of± 10% for

�
meff

res
�

and�
c� eff

res
�
is considered for the Þts to account for any systematic

effects related to the hadronic cocktail obtained from the
SHM as well as the averaging. This procedure may be
improved upon, in the future, by simulating each decay
independently; Þrst steps in this direction become possible
with a new framework handling the particle emission called
CECA [15].

The result of the RSM for the full� Ð� source proÞle,
together with the Gaussian core, and an exponential type
source proÞle is shown in the left panel of Fig.1, while the
resulting correlation functions are depicted in the right panel.
Comparing the purely Gaussian source, as well as the corre-
sponding correlation function, with the scenario of a source

Table 3 List of resonances contributing at least 1% to the yield of
K+ , the contribution of the remaining resonances is summarized by
RK

f < 1%. These fractions are computed withThermal- FIST for pp high
multiplicity collisions at

�
s = 13 TeV

Resonances Fraction (%)

K� (892)0 21.0

K� (892)+ 11.0

a0(980)+ 1.0

K�
2(1430)0 1.0

K�
1(1270)0 1.0

� (1020) 6.0

RK
f < 1% 8.0

containing exponential tails shows that resonance contribu-
tions diminish the overall correlation strength. The Gaussian
core source together with the resonance contributions (solid
red curve), can effectively be described by an exponential
source, scaled by� = 0.9 due to contributions of� 10% of
long-lived (c� > 5 fm) strongly decaying resonances (dash-
dotted grey curve). Note that� = 0.9 can conveniently be
absorbed by the usual� parameters introduced in Eq. (4),
especially in the case of a simultaneous Þt of the effective
source size and� . The contribution of long-lived resonances
(c� > 5 fm) decaying into charged pions and kaons, such as
� , � , can be considered in the RSM as feed-down from weak
decays. In this context, 12.2% (6%) of the charged pions
(kaons) can be modeled as secondary particles from weak
decays. To take this contribution into account, the� parame-
ter related to the genuine part has to be corrected for the cor-
responding abundances of long-lived resonances. The fully
corrected� gen parameters in differentkT (mT) intervals are
presented in Table4 for � Ð� and KÐppairs. An uncertainty
of 10% has been assigned to the data-driven evaluated values,
accounting for possible inaccuracies of the determination of
the fractions. The total uncertainty of the analysis is evaluated
by employing a bootstrap procedure [40]. This involves two
main steps, Þrstly, randomly sampling from all of the afore-
mentioned systematic variations, secondly, resampling the
individual bins of the correlation function based on the statis-
tical uncertainties. Subsequently, the Þt procedure is repeated
multiple times and a distribution of radii obtained. The cen-
tral interval of the radii distribution, within which 68% of the
mass is concentrated, is calculated and determines the total
uncertainty of the analysis. The systematic uncertainty has
been isolated by repeating the procedure without resampling
for statistical ßuctuations. Notably, the dominating source of
the systematic uncertainty is the variation of� parameters,
contributing approximately 30% to the total uncertainty.
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Fig. 1 Calculation of the source function (left) and corresponding� Ð�
correlation function (right), performed using CATS [31] employing the
RSM. The RSM (full red line) is compared to the usual assumption of

an exponential (dash-dotted grey line) source distribution with a radius
rexp of the source and a purely Gaussian (dotted black line) source

Table 4 Compilation of� genparameters of the MC DCA templates to the experimental data, and from purity studies with Pythia 8.2 and GEANT 3
and they are corrected for the abundances of long-lived strongly decaying resonances

(HM/MB) kT (GeV/c) 0.15Ð0.30 0.30Ð0.50 0.50Ð0.70 0.70Ð0.90 0.90Ð1.50

� gen(� Ð� ) 0.66± 0.07 0.66± 0.07 0.66± 0.07 0.66± 0.07 0.66± 0.07

(HM) mT (GeV/c2) 1.2Ð1.4 1.4Ð1.5 1.5Ð1.8 1.8Ð2.0 Ð

� gen(KÐp) 0.76± 0.08 0.73± 0.08 0.66± 0.07 0.65± 0.07 Ð

Fig. 2 Correlation function of� Ð� pairs in the third (0.50Ð0.70 GeV/c)
kT interval for Nch > 30, the Þts are performed using CATS [31]
employing the RSM. The left (right) panel shows the results assum-
ing a polynomial of Þrst (second) degree as background. The statistical

and systematic uncertainties are represented by the bars and rectangles,
respectively. The uncertainty bands of the Þt function are obtained by
employing a bootstrap [40] procedure

5 Results and discussion

The same-sign� Ð� correlation functions in MB collisions
are measured in three multiplicity intervals and Þve differ-
ent kT ranges. As an example, correlation functions in the
range ofkT (0.50Š0.70) GeV/c andNch > 30 are shown in
Fig. 2. All correlations for the MB dataset are shown in the
appendix in Figs.7, 8, and9. The systematic uncertainties
are represented by boxes. The Þts are performed for differ-
entkT and multiplicity classes. On the left (right) panels, the
results are shown assuming a polynomial of Þrst (second)
degree to describe the baseline of theC(k� ). The strength of

the correlation function is sometimes underestimated in the
Þts with a linear baseline and better accommodated if the sec-
ond degree polynomial is used to describe the residual back-
ground. The� Ð� correlation lies above unity for low values
of k� , due to the enhancement stemming from BoseŠEinstein
quantum statistics, dominating the interaction. The repulsive
Coulomb interaction has a visible impact on the correlation
neark� = 0 and forcesC(k� ) to deplete, where it Þnally
overcomes the BoseŠEinstein quantum statistics. The same
behavior is observed in the correlations of� Ð� pairs obtained
from the HM dataset. An example of correlations for thekT

interval (0.70Š0.90) GeV/c for HM events is shown in Fig.3.

123



  198 Page 8 of 23 Eur. Phys. J. C           (2025) 85:198 

Fig. 3 Correlation function of� Ð� pairs in the fourth (0.70Ð0.90
GeV/c) kT interval for HM collisions, the Þts on the left (right) are
performed using CATS [31] employing the RSM and assuming a poly-
nomial of Þrst (second) degree as background. The statistical and sys-

tematic uncertainties are represented by the bars and rectangles, respec-
tively. The uncertainty bands of the Þt function are obtained by employ-
ing a bootstrap [40] procedure

Fig. 4 Correlation functions of
KÐppairs in different ranges of
mT for HM pp collisions as
indicated in each panel. Vertical
bars represent statistical
uncertainties while boxes
systematic uncertainties,
respectively. The Þts are
performed using CATS [31]
employing the root mean square
deviation for a uniform
distribution in eachk� interval.
The uncertainty bands of the Þt
function are obtained by
employing a bootstrap [40]
procedure

All correlations of the HM dataset are shown in the appendix
in Fig. 10. As for the MB results, the Þts for the assump-
tion of a polynomial of Þrst (second) degree are shown on
the left (right) panel. With increasingkT, the onset of the
C(k� ) shifts systematically to higherk� . This behavior is
difÞcult to capture in the currently employed Þtting proce-
dure, and therefore may motivate the development of a more

reÞned model for the correlation functions. However, it is
also already known that in the case of� Ð� correlations the
Þt quality improves if a 3D analysis is conducted [27,41].
Nevertheless, the overall shapes of the� Ð� correlations are
captured by the Þts in all studiedmT ranges.

The resultingC(k� ) for same-sign KÐppairs in HM events
are shown in Fig.4. The correlation function lies below unity
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for low values ofk� indicating an overall repulsive interac-
tion. The speciÞc shape of the KÐpcorrelation is the result
of the interplay between the repulsive Coulomb and strong
interactions.

In Fig.5, the results of the Gaussian core radiusrcore for
� Ð� and KÐppairs in HM pp collisions at

�
s = 13 TeV

are shown as a function ofmT together with the radii
obtained from pÐpcorrelations [6]. The agreement of the
mesonŠmeson and mesonŠbaryonrcorewith themT scaling
(green band) of the pÐpcorrelations is remarkable and pro-
vides additional support for the scenario of a common emit-
ting source for all hadrons in small systems. Furthermore, the
results presented in Fig.6 for the three multiplicity intervals
considered for MB pp collisions at

�
s = 13 TeV exhibit

the intuitive behavior of growingrcorewith increasing multi-
plicity and also show the scaling ofrcorewith increasingmT.
The degree of consistency between the data and the model is
estimated by using the� 2 =

	
i (x

i
Data Š xi

Theory)
2/(� i

Data)
2

normalized to the number of degrees of freedom (NDF), com-
monly called the reduced� 2. The bottom panels in Fig.6
show the reduced� 2 for 6 < k� < 100 MeV/c, indicating
that the assumption of a polynomial of second degree always
performs as good or better than the Þrst degree choice. In all
the multiplicity intervals, formT below 0.6 GeV/c2, which
is probed with the� Ð� correlations, thercore reaches a Òsat-
urationÓ regime and becomes independent ofmT. For KÐ
ppairs no breaking of themT scaling is observed, however,
it should be noted that the lowestmT range accessed for KÐ
pcorrelations in this analysis is 1.2Ð1.4 GeV/c2 while the
theoretical lower limit is at 0.7 GeV/c2, leaving some narrow
phase-space for a possible violation of themT scaling. A sim-
ilar change in trend was already observed by CMS [33] and
ALICE [27] in pp collisions at

�
s = 13 TeV and 900 GeV. A

possible explanation for the observed trend could be related
to the fact that for low-mT pairs in pp collisions, the region
of homogeneity (rcore) spans the entire physical extension of
the hadronization hypersurface which, hence, represents the
observed upper boundary ofrcore. Any more detailed expla-
nation will most likely require a consistent hydrodynamical
treatment of small systems and a careful study of the proper-
ties of the resulting hadronization hypersurface and, hence, is
outside the scope of this paper. However, these data provide
valuable input for transport models which should describe
the spatial extension of the particle emitting source in small
systems and may inspire new theoretical works towards the
description of the observedrcore scaling withmT for all the
measured particle pairs.

6 Summary

In this work, the spatial extension of the particle source func-
tion is studied using correlations of the relative momentum

Fig. 5 Extracted radii from the Þt as a function ofmT for the
HM analysis of mesonŠmeson, mesonŠbaryon (this work), and
baryonŠbaryon [6] correlations. The green band corresponds to the
parametrization of themT scaling of the pÐpcorrelations and is shown
with the associated 3� spread

of particles, referred to as femtoscopy. The source function is
described by a Gaussian core and an exponential resonance
halo [6]. The resonance abundances are Þxed from estima-
tions obtained within the canonical statistical hadronization
model and the speciÞc decay kinematics from the EPOS [9]
event generator. This prescription allows for the Þrst time
a quantitative description of the exponential type source for
� Ð� correlation functions in intervals ofmT. The correlation
functions are studied for high multiplicity pp collisions and
in multiplicity intervals for minimum bias collisions. The
model is able to capture the widths of the studied correlation
functions, however, cannot provide a full description of the
correlation strength observed in the data for all studied mul-
tiplicity intervals,mT ranges, and particle pairings. Further
reÞnements of the employed model include an extension to a
3D analysis and the application of recently developed parti-
cle emission models such as CECA [15], which for now was
only tested for baryonŠbaryon correlations. Finally, by also
analyzing the KÐpcorrelation functions in intervals ofmT

within the same framework, the Gaussian core radiircoreare
obtained and their dependence onmT is studied. AmT scal-
ing for rcoreconsistent with the one reported in [6], obtained
from the analysis of baryonŠbaryon correlations, is found
for mT > 0.6 GeV/c2 and, hence, points to a common emit-
ting source for all hadrons in small systems at the LHC. For
mT < 0.6 GeV/c2, which is accessible by the� Ð� correlation
functions a saturation ofrcore is observed leading to a break-
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Fig. 6 Extracted radii from the Þts of� Ð� correlations as a function of
mT for three different multiplicity classes. From left to right and bottom:
1 	 Nch 	 18, 19	 Nch 	 30 andNch 
 31. The reduced� 2 for the
obtained radii is shown in the lower panels and evaluated in the range of

6 < k� < 100 MeV/c. The assumption that a second-order polynomial
background shape exhibits either greater or equivalent compatibility
with the data compared to a Þrst-order polynomial

ing of themT scaling. A possible explanation could be that
rcorespans the entire physical extension of the hadronization
hypersurface and hence can grow no further.
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A Same charge pion correlation functions

Correlation functions of same-sign� Ð� pairs in bins ofkT

are shown in Figs.7, 8, and9for the three multiplicity classes
of MB collisions and in Fig10 for the HM dataset. The
systematic uncertainties are represented by boxes. The Þts
performed using CATS [31] employing the RSM are also
displayed in the Þgures for the differentkT and multiplicity
classes. The uncertainty bands of the Þt function are obtained
by employing a bootstrap [40] procedure. The left (right) pan-
els of the Figures show the results assuming a polynomial of
Þrst (second) degree to describe the baseline of theC(k� ).
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Fig. 7 Correlation functions of� Ð� pairs in bins ofkT for 1 	 Nch 	
18, the Þts are performed using CATS [31] employing the RSM. The left
(right) panels show the results assuming a polynomial of Þrst (second)
degree as background. The uncertainties of the data points are obtained

by varying the selection criteria as described in the text. The uncertainty
bands of the Þt function are obtained by employing a bootstrap [40] pro-
cedure
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Fig. 8 Correlation functions of � Ð� pairs in bins of kT for
19 	 Nch 	 30, the Þts are performed using CATS [31] employing the
RSM. The left (right) panels show the results assuming a polynomial of
Þrst (second) degree as background. The uncertainties of the data points

are obtained by varying the selection criteria as described in the text.
The uncertainty bands of the Þt function are obtained by employing a
bootstrap [40] procedure
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Fig. 9 Correlation functions of� Ð� pairs in bins ofkT for Nch 
 31,
the Þts are performed using CATS [31] employing the RSM. The left
(right) panels show the results assuming a polynomial of Þrst (second)
degree as background. The uncertainties of the data points are obtained

by varying the selection criteria as described in the text. The uncertainty
bands of the Þt function are obtained by employing a bootstrap [40] pro-
cedure
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