&R ' & &()*&) ("))

& & & & I "0)#0

o

333" " & & - &




Eur. Phys.J.C  (2025) 85:198 M)
https://doi.org/10.1140/epjc/s10052-025-13793-y Check for

updates

Regular Article - Experimental Physics

Common femtoscopic hadron-emission source in pp collisions at
the LHC

ALICE Collaboration
CERN, 1211 Geneva 23, Switzerland

Received: 13 January 2024 / Accepted: 21 May 2025
© CERN for the benebpt of the ALICE Collaboration 2025

Abstract The femtoscopic study of pairs of identical pions in order to study the effective source function of particle
is particularly suited to investigate the effective source funcemission. This is achieved by taking advantage of the Boseb
tion of particle emission, due to the resulting BosebEinsteikinstein correlation signal present in the same-sifn sys-
correlation signal. In small collision systems at the LHC, pptem. These techniques are quite advanced in heavy-ion col-
in particular, the majority of the pions are produced in resolisions, for which the source function is well described by
nance decays, which signibcantly affect the proble and size Gaussian parameterization and the corresponding source
of the source. In this work, we explicitly model this effect size shows a distinct decrease as a function of the pair trans-
in order to extract the primordial source in pp collisions atverse massniy). The latter is commonly referred to as;

s = 13 TeV from charged B correlations measured by scaling and typically attributed to the presence of collec-
ALICE. We demonstrate that the assumption of a Gaussiative phenomena, i.e. radial Rovt][ and is well described
primordial source is compatible with the data and that théoy models with a hydrodynamic phas3£p]. Recently, fem-
effective source, resulting from modibcations due to resotoscopic studies in small collision systems, pp in particular,
nances, is approximately exponential, as found in previoubave gained a lot of attention due to the possibility of pro-
measurements at the LHC. The universality of hadron emisducing pairs with low relative momentum at distances com-
sion in pp collisions is further investigated by applying theparable to the range of the strong force (12 fm). The
same methodology to characterize the primordial source dafignal related to the FSI, embedded in the measured corre-
KDp pairs. The size of the primordial source is evaluated aslation function, allows for testing of theoretical predictions
function of the transverse mass{) of the pairs, leading to as well as extracting information about the low-energy scat-
the observation of a common scaling for botB and KB  tering parameters, such as the scattering length and effective
p, suggesting a collective effect. Further, the present resultange. Nevertheless, the successful application of this tech-
are compatible with then scaling of the pPpand® pri-  nique requires the source function to be well constrained. The
mordial source measured by ALICE in high multiplicity pp ALICE Collaboration has demonstrated thata common emis-
collisions, providing additional evidence for the presence okion of primordial baryons, i.e. particles produced during the
a common emission source for all hadrons in small collisiorinitial collision, is present in pp collisions by analyzing pb
systems at the LHC. This will allow the determination of pand pP correlations §]. Similar to heavy-ion collisions,
the source function for any hadronbhadron pairs with higlthe results in pp collisions show a cleat scaling, the nature
precision, granting access to the properties of the possiblaf which is not yet understood. While hydrodynamic mod-
Pnal-state interaction among pairs of less abundantly praels are well motivated and established for heavy-ion colli-
duced hadrons, such as strange or charmed particles. 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 (RSW) [
1 Introduction which assumes a universal Gaussian core for all primordial
particles and accounts for hadron production through reso-
Femtoscopy is a technique of connecting the pair-wis@ances, bnally yielding an effective source. The abundances
momentum correlations to the properties of particle emisof resonances are obtained from the statistical hadronization
sion and the subsequent bnal-state interaction (AS2).[ model B], assuming a canonical ensemble, while the specibc
This formalism is often applied to identical charged pionsdecay kinematics can be extracted from a transport model,
e.g. EPOSY]. This opened the possibility to test for the brst

e-mail- alice-publications@cern.ch time both lattice QCD predictions for the more rare pairs
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pb and pb [10], to probe the coupled-channel dynamicsdetectors consist of two arrays of plastic scintillators, one
for KSBp [11], to constrain the chiral effective Peld theory located at forward (8 < < 5.1) and the other placed
usingthe pb [12]and D [13]channels, and to access the at backward $3.7 < < $1.7) pseudorapidity19]. The
interaction of a vector meson with baryons throuddp Ll4].  measured amplitudes within these scintillators are used to
Although themt scaling is not explicitly modeled within the debne multiplicity classes for events. Additional measure-
RSM, an independent analysis employing a new frameworknents at midrapidity, utilizing the innermost layers of the
called CECA [L5], relates thent scaling to the radial expan- ITS, then provide estimates for the average charged particle
sion of the collision system. multiplicity at mid-pseudorapidity (=0) in a unit interval of
The goal of this work is to explore if the ansatz of pseudorapiditydN/d | |<os5 in a given multiplicity class.
a common source can be extended to the m&sweson This procedure allows one to associai®l/ d | |<0.5 With
and meso8baryon sectors. This is achieved by employ-a VO-based multiplicity class. For the HM case, the selected
ing the RSM to extract the effective Gaussian size of thesvents correspond to the 0.17% highest multiplicity inelastic
same-sign primordial B (p* Bp and pPDp ) and KB pp collisions with at least one charged particle in the range
p (K* Bpand REp) sources as a function ofr, and inves- | | < 1 (referred to as INEL> 0) [17,18]. The resulting
tigate if they are compatible with the pPpsource extractetiM data sample contains events with an average multiplicity
from the same data set collected from high-multiplicity ppof approximately 30 charged particles in the pseudorapidity
collisions at s = 13 TeV. In this way, the assumption interval| | < 0.5[10]. Events with multiple primary ver-
of a universal hadron emission in small collision systemdices, identibPed from track segments in the two innermost
will be solidibed. Furthermore, as the foun® scaling is  layers of the ITS, are tagged as pile-up and removed from
currently not understood, the additional information on thethe analyzed sample.
source size at very lownt (< 1 GeVk?) will provide valu- The charged-particle tracking and the primary vertex (PV)
able information for transpor®[16] and effective sourcélp]  reconstruction are obtained using the combined track infor-
models. Finally, we perform theb correlation analysis in mation of the ITS and TPCL[/], located inside a uniform
minimum-bias (MB) events using three different multiplicity magnetic Peld of 0.5 T directed along the beam direction. A
classes in order to provide even more differential data. selection oft 10 cmonthe deviation between theoordinate
The article is structured as follows. In Seét.details of the reconstructed PV and the nominal interaction point is
regarding the data analysis are given, in particular about thapplied to ensure a uniform detector coverage in the pseudo-
particle identibcation using the ALICE detector. This is fol- rapidity region of| | < 0.8. The quality of the tracks used
lowed by a brief review of the femtoscopic method in S8¢t. for the construction of the® (KBp) correlation is ensured
which includes the model used for btting the experimentaby requiring that each track lies within the pseudorapidity
correlation functions. The source function for the studiedrange off | < 0.8 while also requiring that a minimum of
pairs is discussed in Seet, which entails an investigation 80 (70) clusters in the TPQ]] are assigned to each track.
on the modibcation of the source function due to short-lived-urther quality assurance is provided by requiring that at least
resonances. Sectiérfocuses on the obtained results, which 70 out of the total of 159 rows of the TPC readout pads are
are then discussed within the context of recent measurementgossed in conjunction with Pnding clusters in at least 80%
Finally, a summary is given in the closing Segt. of these crossed rows. For this analysis, different transverse
momentum ranges for the tracks were considered depending
on the particle species and the particle-identibcation (PID)
2 Data analysis capabilities of ALICE. For pions, protons and kaons these
ranges are 4 < pr < 4 GeVk, 0.8 < pr < 3 GeVk,
The data analyzed in this work were collected by theand Q4 < pr < 1.4 GeVLk, respectively. The PID for the
ALICE Collaboration [L7] at the LHC in pp collisions at charged pions, kaons, and protons is performed using the
s = 13 TeV. Additional details on the ALICE detec- TPC and TOF detectors. The deviation of the measured TPC
tor setup can be found inl§]. In this analysis, the fol- responsetothe Bethe-Bloch parameterizatiod&f dx for
lowing main subdetectors are used: the VO detectb®s [ the mass hypothesis of the considered particle is expressed
the Inner Tracking System (ITS2(], the Time Projection as multiples of the standard deviation,rdetermined by the
Chamber (TPC)Z41], and the Time-Of-Flight (TOF) detec- resolution of the TPC. For pions, only those tracks satisfying
tor [22]. Events passing a MB trigger are selected by requir{n , tpc| < 3 for a transverse momentupy < 0.5 GeVkt
ing coincident signals in both VQLP] detectors to be syn- are further analyzed. In the range > 0.5 GeVLk, the pion
chronous with the beam crossing time debned by the LHGpecibc energy loss band overlaps with those of kaons and
clock. High-multiplicity (HM) events are selected online by protons. Hence, up tpr < 4 GeVk, also the TOF infor-
applying a threshold on the amplitude of the signal in the VOmation is used. The difference between the measured TOF
detectors in addition to the MB trigger conditions. The VOresponse and the velocity calculated for a pion as a function of
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the momentum is expresseduasror, and combined withthe included by imposing a circular cut on the relative angular
TPC information inta , compined= (N? 1pc+ N? 1op)M?.  separation measured by the relative pseudorapidityand
Only tracks satisfyingn combined < 3 are further analyzed. azimuthal angle 2+  2<(1x 10°?%) of the
The selection for charged kaons (protons) is describedlin [ tracks, hence, demanding a minimum separation. Here
and follows the same strategy for PID used for the chargets corrected for the change in azimuthal angle induced by the
pions. For 015 (0.4) < pt < 0.4 (0.8) GeVlc only TPC  magnetic Peld. The use of this selection completely removes
information is used, and the  tpc| < 3criterionis applied. the signatures of track merging or splitting.
Again, the combined TPC and TOF information is used for The purity of the PID selections and the contamination due
0.4(0.8) < pr < 1.4(3) GeVicand required to be less than to weak decays (feed-down) of the sample were studied with
3 times ofn | combined IN Order to remove a large fraction of the help of Monte Carlo (MC) simulations using PYTHIA
the & contamination of thedE/ dx bands of charged kaons 8.2 [16] (Monash 2013 Tune) generated events, which were
(protons), the identibed particle candidates were excluded itnansported by GEANT 330] through the ALICE detec-
the region of 3 (0.6) < pr < 0.4 (0.8) GeVic. Asitwas tor and subsequently processed by the reconstruction algo-
shown in Refs.11,23], this selection does not introduce any rithm [17]. The purity has been studied as a functionpgf
bias to the correlation function. nevertheless a negligible dependence, even across the thresh-
For femtoscopic studies, the primary particles, whichold at which the TOF information is used, was observed.
experience the Pnal-state interaction, are of special interesthe pt averaged purity obtained with the PID selections
and the amount of secondary (feed-down) particles stemmindescribed above is about 99% for charged pions, kaons, and
from weak decays and interactions in the detector materigdrotons. The primary and secondary fractions are obtained
have to be suppressed. This is achieved by requiring that th®y extracting from the MC the template distributions of the
distance-of-closest approach (DCA) to the primary vertex oDCA in the transverse plane and btting these to the measured
the tracks used for theb (Kbp) correlation is less than distributions. The information about the purity and compo-
0.3 (1.0) cm in the transverse and longitudinal planes withsition of the sample is crucial for femtoscopic studies and is

respect to the beam direction. used to determine theparameters, which are introduced in
The two-particle correlation function is measured as &ect.3.
function of the relative momentuigk = %l Py S Pol), The correlation function is studied differentially in inter-

where all quantities, denoted with an asterisk (*), are evaluvals of the pair transverse massr, which is connected
ated in the rest frame of the particle pair (PRF). The momento the average transverse momentum of the particle pair
tum in the PRF of particlé is denoted byp, . The mea- (kr = 3|pri+ pr,|) viathe relationnr = (k&+m3,, )2,
sured correlation function contains in principle all corre-wheremaygis the average mass of the studied particle pair.
lations imprinted on the relative momentuik ) distribu- The D correlations are studied in pve (0.15D0.30, 0.30b
tion regardless of the origin, consequently the backgroun@.50, 0.50D0.70, 0.70D0.90, 0.90D1.50 §d%/ranges for
has to be taken into account. This correlated residual backhe MB and HM datasets. The Kbp correlations are studied in
ground stems from hard partonic interactions in the initiaffour (1.2D1.4, 1.4D1.5, 1.591.8, 1.8D2.0 GWir ranges
stage of the collision, and leads to highly correlated partiin HM collisions.
cles in jet-like structures, leading typically to less isotropic The systematic uncertainties of the correlation function
events. For the analysis of the correlation functions Bf associated with the choice of the selection criteria are esti-
pairs from MB events and of KBppairs from HM events, amated by performing the selection 44 times while varying
selection based on the event shape observable called tramandomly the track selection and PID criteria (ig.bound-
verse sphericity24,25] Sy > 0.7 is applied in order to sup- aries at which TOF is used and the threshold) by 20% and
press the mini-jet background, largely present in pp colli-excluding theSr selection from the procedure. The choice of
sionsL1,14,25E28]. No selection on the sphericity is applied including no variation oisr was made to ensure that the same
in the case of B correlations for the events in the HM events are always used as input in the analysis. In order to
sample because these events are typically more sphericahsure that the observed deviation with respect to the default
and because the selection 8f > 0.7 affects the relative settings does not originate from statistical Buctuations, only
momentum correlation function of B pairs, mostly for variations for which the yield of pairs fdt < 200 GeVE
k > 500 MeVk, which is well outside the signal region does notexceed 20% compared to the yield obtained from the
of k < 250 MeVk. After applying the event selection cri- default settings are used. The magnitude of the uncertainty is
teria, the analyzed sample consists of abodtMB and 1@  estimated using the root-mean square deviation for a uniform
HM events. distributionin eaclk interval, using the underlying uniform
For tracks close in phase space, reconstruction errors calistribution obtained from the 44 variations.
occur in the form of track merging or splittin@9]. There-
fore, an additional selection for the close-pair rejection is
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3 Two-particle correlations The measure€(k ) encompasses not only correlations
arising from primordial pairs but also incorporates contribu-
The observable of interest in femtoscopic studies is the twations from weak decays, long-lived resonances (with a proper
particle correlation functio®(k ), measured as a function of decay length greater than 5 fm) and misidentibed particles.
k . ExperimentallyC(k ) is calculated from the normalized These additional components consist of what are commonly

ratio referred to as Ofeed-downO particles and impurities, and they
can be taken into account by theparameter formalism, as
C(k ) = N Nsamdk )/ Nmixed(K ), (1)  was shown in35]. The general form of the modeled corre-

lation functionCpoge(K ) is given by

where Nsamd k ) is the distribution ofk obtained from
particles produced in the same event, Mglxed(k ) iSthe  Cpoge(k ) = 1+ i(C(k)S 1. 3
k distribution of uncorrelated pairs. The latter is generated [
using the mixed event techniquf [for which a pair is built
by selecting particles from different events. To avoid any In this analysis, a decomposition of the correlation func-
bias pertaining to reconstruction efbciencies or acceptanctipn into three components is considered, namely the genuine
only identibed particles are used from events for which thégen), the feed-down (feed), and the misidentiPed candidates
difference in thez coordinate of the reconstructed primary (misid), leading to
vertex is less than 2 cm and the difference Mg dy at N
midrapidity (y| < 0.5) is less than 4. The normalizatioh ~ Cmode(K ) = 1+ geCoerlk ) S 1)
is calculated irk [ 350,400 MeV/c, in which no fem-  + feed(CteedK ) S 1) + misid(Cmisid(k ) S 1). (4)
toscopic signal is present, and the theoretical valu@(&f)

approaches unity. In order to extract the source parameters aBy dePnition, the sum of the three contributions is nor-

femtoscopic bt is performed using a model for the expectegﬁhzed tq unity Eq'.The genuine cpntnbutmn °°”ta".‘s the
theoretical correlation function. pairs of primary particles experiencing the bnal-state interac-

The theoretical debnition €f(k ) is given by the Kooninb fcion and particles stemming from short—lived strongly decay-
Pratt equationT] ing resonances. D.eta|ls about the c9n3|dereq resonances are
given in the following Sect4. The pairs containing at least
one particle originating from weak or electromagnetic decays
Clk) = S(r)l(r. k) (2)  are described by the feed-down component. Finally, the pairs
with at least one misidentibed particle are quantibed by the
and depends on the source funct®n ), which encodes misidentibcation part. The latter additionally includes parti-
the relative distance in the PRF, and the two-particle cles which are produced in interactions between the particles
relative wave function( r ,k ). In this work, the latter produced in the event and the detector material, whose over-

is obtained by employing the OCorrelation Analysis Toof!l contribution is however negligible. Th&(k ) associated
using the Schrédinger Equation® (CATS) framew@H,[ Wlth the feed-down and_ m|S|dent|.Ded.components are con-
which numerically solves the Schrédinger equation for aSidered to be Rat, leading to a simplibed form of E4): (
conbgurable interaction potential. In the case of ti

pairs, the wave function is determined by quantum statistics

and Coulomb repulsion. For the KBp correlations, the stron§mode(K ) = gerCgen(K ) +  feed+ misid- (5)
interaction is modeled assuming state-of-the-art chiral poten-

tials [23,32], while the Coulomb interaction is directly taken ~ The ; parameters are evaluated from the single-particle
into account using CATS. The shapeXff ) follows acon-  properties as a product of the purRy, determined via MC
volution of a Gaussian distribution (core) and an exponentiastudies and fractions of primary particl§obtained from bts
function (tail) [6]. The Gaussian core, from which primordial tothe experimental DCA distributionsin the transverse plane.
particles are emitted, is fully determined by its widtheand ~ The formula used for the evaluation ig; = Pj fiP; fj,

the exponential contribution takes into account the resonanaghere the indice$ and j indicate the origin (in this case
decays to the pair of interest. Further details onSfre) are  primary, feed-down and misidentibcation) of the single par-
discussed in Sect. The KooninDPratt relation is a subject to ticles which form the pair. Thegenand feegare determined
several approximations, as discussedlijp These approx- as described aboveysiq is then obtained by the constraint
imations have been originally designed for large emissiorthat the sum of the three contributions is normalized to unity,
sources, as found in heavy-ion collisions, nevertheless thegnd driven by the purity.

have been successfully applied in identical pion femtoscopy To account for any residual non-femtoscopic background,
in pbp collision system®7,33,34]. the function used in the femtoscopic bt to the measGigd)
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is modibed by an additional baseline numerically the source function, which can be parameter-
ized by folding the Gaussian in Edz)(with the sum of the
Cot(k ) = Bnorgfemto(K ) X Cmodef(K ), (6) exponential decay functions for every resonance. The decay

kinematics is obtained by extracting the angular distribution
whereBnomstemto(k ) is the baseline function of the residual of particles emitted from the strong decay of the short-lived

non femtoscopic background. In the case of same-sign piong?sonances from-the EPOSY model ygrsion_S._ll?, which
two functions for the baseline are tested, a polynomial of prdf conbgured to simulate MB pp collisions aé = 13 TeV

and second degree, while for the Kbp correlations a constaHY,ith relativistic hydrodyrlamics apd hadronic UrQMD after-
a brst, and a second order polynomial are consideredin  Purner enabled. In previous studié3{34,3€], the effect of

correlations from the MB sample, a residual mini-jet back-fesonances was not explicitly taken into account, instead a

ground is also present after applying the sphericity selectiof-@Uchy/Exponential type source parameterizatgij \as

Hence, to remove this remaining non-femtoscopic compo®'S€

nent, theC(k ) obtained from MB data is divided by the 1 ey

correlation function obtained from MC before using itinthe S(r ) = —fpz, (8)
femtoscopic bt. The same strategy was already employed by fexp™

the ATLAS and CMS Collaborations3B8,34]. The typical

size of this correction is around 10%. The free parameter&Nere the size of the source is denoted &y. .
of the bt are the baseline parameters, and the wigj Within the RSM, the abundances of strongly decaying

of the source function. The bt is performed in the range oféSonances contributing to the yield of a specibc particle are
0< k < 364270 MeVicfor D (KBp). A variation of constrained by calculations based on a canonical implemen-
+10% in the upper limit of the ptting range is considered tgation of the statistical hadronization model (SHN]. For

account for any systematic effect related to the range choséharged pions, kaons, and protons, Thermal- FIST [38]
for the bt. 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 Tébles
nd3, respectively, while the detailed decomposition of the

4 Modeling of short-lived resonances

The detailed study of the particle source functig(n ) for
baryor§s baryon pairs was presented 8] fnd enabled stud-
ies of the interaction between many particle pairs, includin
forexample, pb [10]. Inthis work, the MC procedure devel-

) . : . proton resonances can be found in Ré}. The mass and
opedin p] serves as a baseline to determine, for the prsttim lfetime of each strongly decaying resonance are embedded
the emitting source for primordial particles as a function of.

9 < . in two effective parametersnéft and ¢ &, which are the
mt for mesors meson and mes&baryon pairs.

res
. . . average mass and decay length computed using as weights
The source functioi®(r ) according to the RSM{] is a g y 'eng P 9 9
two component ansatz. A Gaussian source is used for Priy

the abundances and lifetimes of the considered resonances.
. . L . s the difference in the relative contribution of resonances
mordially produced particles, i.e. initial particles produced.

. L ! N - is negligible between MB and HM events, in both cases, the
in the pp collisions. It has a width e, called Ocore sourceO. gig

The general Gaussian parameterization for the two-particl
source is

same values for the effective parameters are used. The param-
&ters used for the calculations are reported in Talbts the

MB collisions.
) The results of these calculations are
Sr)= — = _exp S 7y mIL = 1124 Gew¢? and ¢ &f = 15 fm for
4 r2)3/2 4r2 "’ ; eff — 2
(4 1§ rs the charged pions andnéf, = 1.05 (1.36) Gew? and

c ,eefg = 3.66 (1.65) fm for the charged kaons (protons).
this form is obtained by computing the convolution of Long-lived € > 5 fm) resonances are excluded from the
two single particle Gaussian sources, each with a respectiwalculation of these average values, as explained in the next
width of ro. In addition to this, the contributions of short- paragraph. Along with the decay kinematics obtained by

lived strongly-decaying resonances can be parameterized Isglecting a particle cocktail of matching;1$effS and c reef;
introducing exponential tails, the so-called Oresonance haldém events generated with EPOS, all ingredients needed
The analytical determination of the full shape of the sourcdor the RSM are determined. Due to the averaging of the
is challenging, because of the kinematics of decaying resaesonance properties it is possible that especially forkpw
nances. Therefore, a MC procedure is employed to accegion pairs themef and ¢ & are overestimated. However,
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Table 1 Model specibcations and values of parameters used for th@able 3 List of resonances contributing at least 1% to the yield of
yield calculations withThermal- FIST [38] K*, the contribution of the remaining resonances is summarized by
R'f<< 106+ These fractions are computed withermal- FIST for pp high

multiplicity collisions at s = 13 TeV

Ideal HRG model specibcations

Ensemble Canonical

Resonances Fraction (%)

Statistics Quantum statistics for all particles

Resonance shape rel. Breit-Wigner distribution K (8930 21.0
Parameter Value K (892" 11.0
Temperature (MeV) 171.0 (980" 1.0
Strangeness suppression factor s = 0.78 K2(14300 1.0

Source radius fofy |[< 1 (fm)  R= 1.58 K,(1270° 1.0

Canonical correlated radius (fm) R; = 2.28 (1020) 6.0

B.QS 0 Rf< 106 8.0

Table 2 List of resonances which contribute at least 1% to the yield
of *, the contribution of the remaining resonances is summarized
by R4, The fractions are computed withhermal- 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 €0ntaining exponential tails shows that resonance contribu-

the same as for minimum bias collisions tions diminish the overall correlation strength. The Gaussian
Resonances Fraction (%) Ccore source together with the resonance contributions (solid
red curve), can effectively be described by an exponential
(779° 9.0 source, scaled by = 0.9 due to contributions of 10% of
(779" 8.7 long-lived ¢ > 5 fm) strongly decaying resonances (dash-
(782) 7.7 dotted grey curve). Note that = 0.9 can conveniently be
K (892" 23 absorbed by the usual parameters introduced in Eg)(
K (892° 2.6 especially in the case of a simultaneous bt of the effective
by(1239° 1.9 source size and. The contribution of long-lived resonances
a(1320* 15 (c > 5fm) decaying into charged pions and kaons, such as
15 , ,canbe considered in the RSM as feed-down from weak
a(1260* 14 decays. In this context, 12% (6%) of the charged pions
£,(1270 14 (kaons) can be modeled as secondary particles from weak
(980" 1.4 decays. To take this contribution into account, tigarame-
hi(1170 12 ter relatgd to the genuine part has_ to be corrected for the cor-
Ry 104 31.4 responding abundances of long-lived resonances. The fully

corrected gen parameters in differerkr (mr) intervals are
presented in Tablé for B and Kbp pairs. An uncertainty
of 10% has been assigned to the data-driven evaluated values,
this is accommodated by including a systematic variatioraccounting for possible inaccuracies of the determination of
of both parameters. A variation af 10% for mgf, and  thefractions. The total uncertainty of the analysis is evaluated
c r%‘z is considered for the bts to account for any systematiby employing a bootstrap procedudd]. This involves two
effects related to the hadronic cocktail obtained from themain steps, brstly, randomly sampling from all of the afore-
SHM as well as the averaging. This procedure may benentioned systematic variations, secondly, resampling the
improved upon, in the future, by simulating each decayindividual bins of the correlation function based on the statis-
independently; Prst steps in this direction become possiblécal uncertainties. Subsequently, the bt procedure is repeated
with a new framework handling the particle emission calledmultiple times and a distribution of radii obtained. The cen-
CECA [15. tral interval of the radii distribution, within which 68% of the
The result of the RSM for the full B source proble, mass is concentrated, is calculated and determines the total
together with the Gaussian core, and an exponential typencertainty of the analysis. The systematic uncertainty has
source proble is shown in the left panel of Filgwhile the  been isolated by repeating the procedure without resampling
resulting correlation functions are depicted in the right panelfor statistical Ructuations. Notably, the dominating source of
Comparing the purely Gaussian source, as well as the corréhe systematic uncertainty is the variation oparameters,
sponding correlation function, with the scenario of a source&ontributing approximately 30% to the total uncertainty.
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Fig. 1 Calculation of the source function (left) and correspondifly
correlation function (right), performed using CATS1] employing the

an exponential (dash-dotted grey line) source distribution with a radius
I'exp Of the source and a purely Gaussian (dotted black line) source

RSM. The RSM (full red line) is compared to the usual assumption of

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) kr (GeVic) 0.15D0.30 0.30D0.50 0.50D0.70 0.7090.90 0.90D1.50
gen( D) 0.66+ 0.07 0.66x 0.07 0.66x 0.07 0.66+ 0.07 0.66+ 0.07
(HM) mt (GeV/cZ) 1.2b1.4 1.4D1.5 1.5Db1.8 1.8b2.0 b
gen(KDD) 0.76+ 0.08 0.73+ 0.08 0.66+ 0.07 0.65+ 0.07 b
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Fig. 2 Correlation functionof B pairsinthe third (0.50D0.70Ge&y/  and systematic uncertainties are represented by the bars and rectangles,
kt interval for Ncn, > 30, the bts are performed using CATSL] respectively. The uncertainty bands of the bt function are obtained by
employing the RSM. The left (right) panel shows the results assumemploying a bootstrapiP] procedure

ing a polynomial of prst (second) degree as background. The statistical

the correlation function is sometimes underestimated in the
bts with a linear baseline and better accommodated if the sec-
The same-sign B correlation functions in MB collisions ond degree polynomial is used to describe the residual back-
are measured in three multiplicity intervals and pve differ-ground. The B correlation lies above unity for low values
entkr ranges. As an example, correlation functions in theofk , due to the enhancement stemming from BbEmstein
range ofkr (0.5050.70) GeVt andNg, > 30 are shown in  quantum statistics, dominating the interaction. The repulsive
Fig. 2. All correlations for the MB dataset are shown in the Coulomb interaction has a visible impact on the correlation
appendix in Figs7, 8, and9. The systematic uncertainties neark = 0 and force<C(k ) to deplete, where it Pnally
are represented by boxes. The bts are performed for diffeovercomes the Bo&Einstein quantum statistics. The same
entkt and multiplicity classes. On the left (right) panels, thebehavior is observed in the correlations & pairs obtained
results are shown assuming a polynomial of brst (secondjom the HM dataset. An example of correlations for ke
degree to describe the baseline of @ ). The strength of  interval (0.7 0.90) GeV¢ for HM events is shown in Fi.

5 Results and discussion
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Fig. 3 Correlation function of B pairs in the fourth (0.70D0.90 tematic uncertainties are represented by the bars and rectangles, respec-
GeVic) kt interval for HM collisions, the bts on the left (right) are tively. The uncertainty bands of the bt function are obtained by employ-
performed using CATS31] employing the RSM and assuming a poly- ing a bootstrap40] procedure

nomial of prst (second) degree as background. The statistical and sys-

Fig. 4 Correlation functions of — LR B B A B I e I LS L L BN RN
KDp pairs in different ranges of = L . e = L e —
mr for HM pp collisions as (_)1.0j . (_)’I_Oj ¢‘¢¢¢°” ° >
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All correlations of the HM dataset are shown in the appendixebPned model for the correlation functions. However, it is
in Fig. 10. As for the MB results, the bts for the assump-also already known that in the case d® correlations the
tion of a polynomial of brst (second) degree are shown oipt quality improves if a 3D analysis is conduct&¥,41].

the left (right) panel. With increasinkr, the onset of the Nevertheless, the overall shapes of tH2 correlations are
C(k ) shifts systematically to highét . This behavior is captured by the bts in all studiedr ranges.

difbcult to capture in the currently employed btting proce- The resultingC(k ) for same-sign Kbp pairsin HM events
dure, and therefore may motivate the development of a morare shown in Figd. The correlation function lies below unity
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ALICE pp Vs = 13 TeV
High-mult. (0-0.17% INEL>0)

—==p—p @ p-p (Av18)

for low values ofk indicating an overall repulsive interac- ’é‘ 3
tion. The specibc shape of the KBp correlation is the resuk=
of the interplay between the repulsive Coulomb and stronc 2
interactions.
In Fig.5, the results of the Gaussian core radigse for

D and Kbppairs in HM pp collisions ats = 13 TeV
are shown as a function ahy together with the radii 2
obtained from pbpcorrelation§]] The agreement of the
mesors meson and mes&baryonr core With themy scaling
(green band) of the pbp correlations is remarkable and prc
vides additional support for the scenario of a common emit- 1.5
ting source for all hadrons in small systems. Furthermore, the
results presented in Fi§.for the three multiplicity intervals
considered for MB pp collisions ats = 13 TeV exhibit 1
the intuitive behavior of growing.ere With increasing multi-
plicity and also show the scaling ofore With increasingmr.

rCO

2.5

— fere=a '<mT>b tC
-t @ n—n~ Pol1
nt—nt @ n—n~ Pol2

——K'-—p @ K-p (yEFT)

11 I ) I I | l ) I l ) I I | l ) I I |

The degree of consistency between the data and the model 05 1 15 2 25
estimated by using the? = | (XpaaS Xheon) /( Datd” ’ ' B
normalized to the number of degrees of freedom (NDF), com- (mT> (GeV/c?)

monly called the reduced?. The bottom panels in Figb
show the reduced? for 6 < k < 100 MeVEL, indicating Fig. 5 Extracted radii jrom the bt as a function oft for the
that the assumption of a polynomial of second degree alwayd¥ analysis of mesdimeson, mesdabaryon (this work), and

. ryorSbaryon PB] correlations. The green band corresponds to the
performs as good or better than the brst degree choice. In %Zrametrization of thent scaling of the pPp correlations and is shown

the multiplicity intervals, formt below 0.6 GeV#?, which  with the associated 3spread
is probed with the B correlations, thecore reaches a Osat-
urationO regime and becomes independemtof For KD
p pairs no breaking of thenr scaling is observed, however, of particles, referred to as femtoscopy. The source function is
it should be noted that the lowestr range accessed for KB described by a Gaussian core and an exponential resonance
pcorrelations in this analysis is 1.2D1.4 GeMihile the  halo [6]. The resonance abundances are bxed from estima-
theoretical lower limit is at  GeVk?, leaving some narrow  tions obtained within the canonical statistical hadronization
phase-space for a possible violation oftivescaling. Asim-  model and the specibc decay kinematics from the EFDS [
ilar change in trend was already observed by CId3 fnd  event generator. This prescription allows for the brst time
ALICE[27]inppcollisionsat s = 13TeVand900GeV.A a quantitative description of the exponential type source for
possible explanation for the observed trend could be relatedDb correlation functions in intervals afit. The correlation
to the fact that for lowmr pairs in pp collisions, the region functions are studied for high multiplicity pp collisions and
of homogeneityrcore) Spans the entire physical extension ofin multiplicity intervals for minimum bias collisions. The
the hadronization hypersurface which, hence, represents tineodel is able to capture the widths of the studied correlation
observed upper boundary e ANy more detailed expla- functions, however, cannot provide a full description of the
nation will most likely require a consistent hydrodynamicalcorrelation strength observed in the data for all studied mul-
treatment of small systems and a careful study of the propetiplicity intervals, mr ranges, and particle pairings. Further
ties of the resulting hadronization hypersurface and, hence, iePnements of the employed model include an extension to a
outside the scope of this paper. However, these data providD analysis and the application of recently developed parti-
valuable input for transport models which should describecle emission models such as CECIKS], which for now was
the spatial extension of the particle emitting source in smalbnly tested for barydBbaryon correlations. Finally, by also
systems and may inspire new theoretical works towards thanalyzing the KBp correlation functions in intervalsnof
description of the observedge scaling withmr for all the  within the same framework, the Gaussian core nagdjt: are
measured particle pairs. obtained and their dependenceron is studied. Amy scal-
ing for rcore cONsistent with the one reported B],[obtained
from the analysis of baryd@baryon correlations, is found
6 Summary for mr > 0.6 GeVk? and, hence, points to a common emit-
ting source for all hadrons in small systems at the LHC. For
In this work, the spatial extension of the particle source funcmy < 0.6 GeVi?, whichis accessible by theD correlation
tion is studied using correlations of the relative momentunfunctions a saturation @ty is observed leading to a break-
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