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Abstract The interactions of kaons (K) and antikaons (K)
with few nucleons (N) were studied so far using kaonic
atom data and measurements of kaon production and inter-
action yields in nuclei. Some details of the three-body KNN
and KNN dynamics are still not well understood, mainly
due to the overlap with multi-nucleon interactions in nuclei.
An alternative method to probe the dynamics of three-body
systems with kaons is to study the final state interaction
within triplet of particles emitted in pp collisions at the Large
Hadron Collider, which are free from effects due to the pres-
ence of bound nucleons. This Letter reports the first fem-
toscopic study of p—-p—K* and p-p-K~ correlations mea-
sured in high-multiplicity pp collisions at /s = 13 TeV
by the ALICE Collaboration. The analysis shows that the
measured p—p—K™ and p—p—K~ correlation functions can be
interpreted in terms of pairwise interactions in the triplets,
indicating that the dynamics of such systems is dominated
by the two-body interactions without significant contribu-
tions from three-body effects or bound states.

The nature of kaons and antikaons is closely related to the
chiral symmetry breaking pattern of low-energy QCD [1,2].
Therefore, the study of kaon properties and their modifica-
tion in dense nuclear matter has received the attention of the
scientific community in the past decades. In particular, the
hadronic interactions of charged kaons, Kt and K, with
nucleons (N) were investigated using kaonic atoms [3-5]
and by studying the interaction or the production of kaons in
light [6-14] and heavy nuclei [15-23]. Such measurements
demonstrated the repulsive and attractive nature of the KN
and K™ N strong interactions [1,2], respectively. Information
on the in-medium modification of the K™ and K™~ poten-
tials with the increasing baryon density was extracted from
the comparison of kaon production yields and flow observ-
ables measured in nucleus—nucleus collisions [15-17] and
pion- and proton-induced reactions [18-23] with the expec-
tations from transport models. Several K* nuclear poten-

*e-mail: alice-publications@cern.ch

tials have been tested and the best agreement with the data
results in a repulsive strength of 20-40 MeV at nuclear sat-
uration density. On the other hand, the K™N interaction is
known to be sufficiently attractive in the isospin I = 0 chan-
nel to dynamically generate the A (1405) just below the K™p
threshold [24]. Such a state is interpreted as a quasi-bound
antikaon—nucleon KN system which couples strongly to the
¥ channel, giving rise to a sizable K™ absorption [25]. In
the case of K™ nuclear interaction, the influence of single-
and multi-nucleon absorption processes in nuclei currently
prevents extracting firm conclusions on the strength of the
K™ in-medium attractive potential [1]. This ambiguity trig-
gered a longstanding debate in the literature about the possi-
ble existence of exotic kaonic bound objects with nucleons
(see [1] and references therein). Recently, the E15 Collabo-
ration reported the first experimental evidence of the KNN
state with a binding energy of about 42 MeV and a decay
width of about 100 MeV [26]. From the theoretical side,
binding energies in the range 9-95 MeV and decay widths
between 16 and 110 MeV are expected [27-42]. The uncer-
tainties in the models mainly arise from scarce knowledge of
the full KNN three-body effects, such as three-body coupled
channels and two-nucleon absorption processes. Addition-
ally, three-body forces, which are relevant in the calculation
of the nuclear binding energies [43,44], are currently not
included in kaonic bound state models. Further experimental
investigations on the KTNN and K~ NN three-body dynam-
ics, in addition to the studies of KT and K~ interaction in
nuclei, are required to isolate and quantify the contribution
from genuine three-body effects in such systems.

An alternative method to explore the three-body dynamics
of K* and K~ with nucleons is to employ the femtoscopy
technique at high-energy collider facilities. In small col-
liding systems, such as pp and p-Pb at the Large Hadron
Collider (LHC), the inter-hadron distances at the time of
the particle emission range from a few femtometers down
to scales compatible with the nucleon size. This leads to
an enhancement of the strength of the signal due to the
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short-range strong interaction in the measured correlation
function [45]. The femtoscopy method was proven to be
able to test and constrain the hadron—hadron interaction for
various two-particle systems [46-57], providing data with
unprecedented precision on the hadronic interactions with
strangeness at low relative momenta, down to the energy
threshold of the produced pairs. Furthermore, the measured
femtoscopic correlation functions are sensitive to the pres-
ence of bound states in the energy region below the thresh-
old. Thus, they were also used to constrain the parameters of
bound hadron-hadron systems [49,58]. Recently, the ALICE
Collaboration has extended the method to explore the corre-
lation among three baryons, such as p—p—p and p—p—A, to
study the dynamics of three-body systems [59]. The analysis
exploited Kubo’s cumulant expansion method [60] and the
projector method [61] to isolate the genuine three-particle
correlations from the measured correlation functions. As a
result, a first experimental hint of genuine three-body effects
in the unbound p—p—p system was found. The study in this
Letter applies the same analysis procedure adopted in [59] to
the case of p—p—K* and p—p—K ™ particle triplets to explore
possible genuine three-body effects in the correlation func-
tions induced by the strong interaction and bound state for-
mation. The main advantage of the femtoscopy method with
respect to the previous experimental techniques is the possi-
bility to investigate for the first time the K™ and K~ three-
body dynamics with nucleons, free from additional effects
induced by the presence of the surrounding nucleons in
nuclei.

The analysed data sample of pp collisions at /s = 13 TeV
was recorded by ALICE [62-64] during the LHC Run 2
(2015-2018) data-taking period. In the following, the infor-
mation from the VO detector system [65], the inner tracking
system (ITS) [66], the time projection chamber (TPC) [67]
and the time-of-flight (TOF) detector [68] is used. The VO
detector is employed to trigger on high-multiplicity (HM)
events. This trigger selects events within the 0.17% largest
charged-track multiplicity of the INEL > 0 class, which is
defined as inelastic collisions with at least one measured
charged particle in the pseudorapidity range |n| < 1 [65].
This condition results in an average of about 30 charged
particles in the range || < 0.5 [51], hence increasing the
probability of finding triplets of the desired particle species
with respect to the minimum-bias sample. The primary ver-
tex position is reconstructed with the combined information
of the ITS and the TPC, and, independently, with track seg-
ments in the two innermost layers of the ITS. Only events
with a reconstructed primary vertex position along the beam
axis within 10cm from the centre of the ALICE detector are
selected. A total of 10° HM events are used in this analysis.
The p—p-K* and p—p-K~ data samples are built by com-
bining three charged-particle tracks (triplets) reconstructed
with the TPC. Assuming the same interactions in the particle
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and antiparticle systems, triplets of particles and the corre-
sponding antiparticles are combined: p—-p-K+ = (p—p-K™ @
p-p-K™) and p-p-K~ = (p—p-K~ @ p—p—K™). The agree-
ment of the corresponding correlation functions confirmed
the validity of this assumption.

Particles and antiparticles are identified using the same
kinematic and topological selections. Protons and kaons
are selected in the range || < 0.8 and in the transverse
momentum intervals pt € (0.5-4.05)GeV /c and pt € (0.2—
2.5)GeV /c, respectively. A minimum of 80 space points
(hits) inside the TPC, out of the total 159, is required to
guarantee track quality and good momentum resolution. Par-
ticle identification (PID) is conducted by requiring that the
measured energy loss (dE/dx) in the TPC gas is compat-
ible with the expected one from protons and kaons within
three standard deviations (o). For high momentum particles,
the dE /dx information is combined with the time-of-flight
measurement provided by the TOF, using a 30 selection on
the expected value for a given particle hypothesis at a given
momentum. The PID selection for protons is described in
detail in [46]. The selection of kaons is based on the pro-
cedure described in [54] with several changes as explained
in the following. TPC reconstructed tracks are identified as
kaons either by using TPC PID information for momenta
lower than 0.85 GeV/c, or, if a signal in the TOF is matched to
the TPC track, by using the combined PID information from
TPC and TOF up to a momentum of 2.5 GeV/c. To improve
the purity of the kaon selection, the TPC and TOF informa-
tion are also used to reject candidates that are compatible
with the pion or electron hypothesis. To reject particles that
are non-primary or come from pile-up collisions, the distance
of closest approach (DCA) to the primary vertex of the tracks
is required 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 pro-
ton and kaon candidates is estimated employing Monte Carlo
simulations based on PYTHIA 8 [69] (Monash 2013 Tune)
event generator with a dedicated high-multiplicity selection
to mimic the VO high-multiplicity trigger and the GEANT4
package [70,71]. The purity averaged over the pt ranges of
the identified protons and kaons is about 98% for both parti-
cle species.

The number of selected and analysed triplets amounts to
4530 for p-p-K™, 3161 for p -p -K~, 6200 for p—p-K~
and 4937 for p—p-K™* in the femtoscopic region Q3 < 0.4
GeV /c. The kinematic variable Q3, which is used in three-
body analyses [59,72], is a Lorentz-invariant scalar defined
as QO3 = 1/—ql22 — q223 - q321, where g;; is the norm of
the relative four-momentum of the pair ij in the triplet
qi; = 2 mj/(m; + mj) p;' — mi/(m;i +mj) p}]. The
systematic uncertainties of the correlation functions are eval-
uated by performing simultaneous variations of the selec-
tion criteria for particles and antiparticles. For protons and
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antiprotons, the same variations for the track selection and
PID criteria as in [59] are performed. Similar variations are
used for the kaons and antikaons. In order to account for
the correlations between the systematic uncertainties, the
variations are randomly combined in sets in which at least
one selection criterion is changed. Large statistical fluctua-
tions introduced by the variations of the selection criteria are
avoided by requiring that the yield of the triplets changes by
less than 10% with respect to the standard selection in the
femtoscopic region Q3 < 0.4 GeV /c. The main contribution
at low Q3 (& 0.15 GeV/c) is given by the variation of the
DCA selection and it is found to be smaller than 5%.

The final state interactions (FSIs) among the hadrons emit-
ted in the collisions can be explored using correlation func-
tions [73,74] in momentum space, defined as

P3(p1, P2, P3)
Pi(p1) Pi(p2) Pi(p3)

C3(p1, P2, p3) = (D

where p; is the momentum vector of the i-th particle and
P3(p1,p2,p3) and Pi(p;) are the probabilities of find-
ing three particles and one particle with the corresponding
momentum, respectively. If the particles are not correlated
P3(p1, p2, p3) = Pi1(p1) Pi1(p2) Pi(p3) and then the corre-
lation function becomes identical to unity. The presence of
FSIs induces a correlation signal imprinted in the correlation
function which causes deviations from unity depending on
the nature of the interactions, attractive or repulsive, as well
as on the properties of the emitting source (see [45,75] for
the details). In the case of three-particle systems, the correla-
tion function can be evaluated in terms of Q3. Hence, three-
particle correlation functions are experimentally obtained as

Niame (Q3)

C3(Q3) = N mei=d
3(Q3) N Nmixed(Q3)

2
where A is a normalisation parameter, Ngame(Q3) is the
Q3 distribution of the particle triplets emitted in the same
collision and Npixed (Q3) is the distribution of uncorrelated
triplets. The latter are obtained by taking the three particles
needed to form a triplet from three different collisions, thus
called mixed event sample. Only events with similar mul-
tiplicity and position of the primary vertex along the beam
axis are mixed. The number of events used for the mixing is
set to 30. To account for the two-track merging and splitting
effects due to the finite two-track resolution in the same event
sample, a minimum value of the distance between the same
charge tracks on the azimuthal-polar angle plane An—Ag
is applied to both the same and mixed event samples. The
default selection is An* + Ag? > (0.017)% for p—p tracks
and An?/(0.012)% + Ag?/(0.04)> > 1 for p-K™ tracks. A
systematic variation of about +10% for the values of the
minimum distance is applied in the analysis. The correlation

function is normalised to unity in the range 1.0 < Q3 < 1.2
GeV/c, where no signal from FSIs is expected. Variations
of the normalisation range are performed and included in
the systematic uncertainties. In the case of a particle triplet
X-Y-Z, pairwise correlations with one uncorrelated particle
(X-Y)-Z, X—(Y-Z) and (Z-X)-Y also occur in the system.
Genuine three-particle correlations were isolated in [59] by
applying the cumulant expansion method to the femtoscopic
correlation functions. The three-particle cumulant ¢3(Q3),
which incorporates information about the three-body effects
in the system, is computed from the measured correlation
function C3(Q3) as follows

c3(03) = C3(Q3) — Ciwo—body(Q3) , 3)

where pairwise correlations are evaluated following the
cumulant decomposition as

Ciwo—body(Q3) = C(x-y)-z(Q3) + Cx—(y-2)(Q3)
+ Ciz—x)-v(Q3) — 2. “®

Each component C; j)—x(Q3) of the lower-order contribu-
tions in Eq. (4) is computed using two methods [59,61]: (i)
a data-driven approach based on the event mixing technique,
building triplets in which the correlated (i—j) pairs are emitted
in the same collision and the uncorrelated particle -k from
another collision; (ii) the projector method which uses as
input the measured two-particle correlation function C (k*)
for the correlated pair (i—j), evaluated in terms of the relative
momentum k* in the pair rest frame (PRF), and calculates
all the possible k* configurations in the phase space for each
Q3 value of the i—j—k triplet. The input correlation functions
C (k*) used in the projector method are obtained by selecting
p—p, p-K* and p—K~ pairs using the same dataset as for the
three-body analysis. Unlike the p—p and p-K™ pairs, the p—
K™ correlation is significantly affected by the contribution
from jet-like events [76]. To use particles emitted in colli-
sions with the same event shape as in the case of the analysed
triplets, p—K™ pairs are selected from p—p—K™ triplets with
03 < 1 GeVle, while for p—p and p-K™ pairs such addi-
tional requirement is not used as the correlation functions
with and without the Q3 selection are in agreement. A £0.1
GeV/c variation of the Q3 limit is included in the systematic
uncertainties of the projector method and it is combined with
the uncertainties propagated from the data points of the p—p,
p—K™ and p—K~ correlation functions. The latter include the
variations in the selection criteria for particles, variations in
the track splitting/merging rejection criteria, and normalisa-
tion range.

For the p—p—K* and p-p—K~ systems, the lower-order
contributions to the three-particle correlation functions are
shown in Fig. 1, using the data-driven approach (data points)
and the projector method (grey bands). The three-particle
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Fig. 1 Correlation functions for (p—p)-K™ (a;), (p-p)-K~ (a2), p—(p—
K™T) (by), p—(p—K ™) (bz) as well as the total lower-order contributions
for p-p—K* (c1) and p—p—K~ (c2) as a function of Q3. The points
represent the results obtained using the data-driven approach, with the

correlation functions of two correlated protons and an uncor-
related kaon, denoted as (p—p)-K™ and (p—p)-K~, are shown
in panels (a;) and (aj), respectively. In both cases, the cor-
relation functions are larger than unity in the low Q3 region
as a result of the attractive p—p strong interaction, combined
with the repulsive Coulomb and quantum statistics effects
(see [46,48] for more details). In the case of correlated p—
K™ pairs with uncorrelated protons, p—(p—K™), the correla-
tion function shown in panel (b;) is lower than unity as a
result of the repulsive p—K* strong and Coulomb interac-
tions, consistent with the measurement reported in [47]. In
the p—(p—K™) correlation function, shown in panel (by), the
main features of the p—K™ interaction are visible [47]: the
cusp structure due to the opening of the K’n channel as well
as the bump due to the A(1520) — pK™ decay appear at
03 ~ 0.15 GeV/c and Q3 ~ 0.7 GeV/c, respectively. The
total lower-order contributions to the p-p—K™, panel (c{ ), and
p—p—K™, panel (cp), correlation functions evaluated with the
data-driven approach and the projector method are in agree-
ment. The reduced X2 between the two methods, evaluated
in the Q3 range shown in Fig. 1 (21 degrees of freedom)
by adding in quadrature the statistical and systematic uncer-
tainties of the data, is 1.6 and 1.4 for p-p-K*+ and p-p-K~,
respectively. Since the projector method does not depend on
the third particle mixing, it provides significantly smaller
uncertainties than the data-driven approach and hence is used
to extract the cumulants. This choice does not affect the final
results of the analysis. Figure 2 shows the measured p—p-K™
(left panel) and p—p—K™ (right panel) correlation functions
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statistical and systematic uncertainties represented by the error bars and
the green boxes, respectively. The grey bands are the expectations of
the projector method, with the band width representing the combined
statistical and systematic uncertainties

(data points) compared to the lower-order contributions eval-
uated using the projector method (grey bands).

The corresponding cumulants are extracted using Eq. (3).
The measured cumulants include the correlations of the pri-
mary particles as well as the feed-down from resonances
and particle misidentifications, which need to be accounted
for as discussed in [59]. The number of correctly identified
primary triplets is about 66% of the total sample for both
p—p—K* and p—p-K~. The remaining contribution mainly
stems from the feed-down of the A (17%) and 7+ (7%)
hyperon decays into protons and from the ¢ meson (4%)
decay into charged kaons. These numbers are obtained com-
bining the primary and secondary fractions with particle puri-
ties. The primary and secondary fractions are extracted using
Monte Carlo template fits to the measured distributions of
the DCA to the primary vertex [46]. The fraction of charged
kaons from ¢ decays is calculated using the expectations
from a thermal model [77]. The correction of the measured
cumulants to obtain the contribution from primary triplets is
performed following the decomposition procedure adopted
in [59]. Due to the absence of theoretical and experimental
information on the genuine p—A—-K*, p-X+—K* and p—-p—¢
correlations, the corresponding feed-down contributions to
the p—p—K* cumulants are considered to be flat, without any
specific dependence on Q3. This assumption was tested in the
case of p—p—p correlations [59], where a similar contribution
(about 19%) for the A feed-down into protons was found. The
results obtained by using the flat and non-flat corrections are
found to be in agreement within the uncertainties. A flat feed-
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Fig. 3 Cumulants for the p-p-K* (left panel) and p-p-K~ (right
panel) primary triplets. The error bars and the blue boxes on the data
points represent the statistical and systematic uncertainties, respectively.

down contribution in the cumulant corresponds to negligible
correlations from genuine three-body effects in the mother
particle systems X—Y-Z decaying into p—p—K*. The domi-
nant feed-down contributions coming from pairwise corre-
lations in the triplets, such as (X-Y)-Z and X—(Y-Z), are
already removed as they are included in the lower-order cor-
relations. The resulting cumulants of the correctly identified
primary p—p—K* and p—p—K ™ particle triplets are shown in
left and right panels of Fig. 3, respectively.

In the absence of genuine three-particle correlations in
the triplets, the measured three-particle correlation func-
tion would be identical to the lower-order contributions
C3(03) = Ciwo—body(Q3). Consequently, from Eq. (3), the
cumulant would be compatible with zero within the experi-
mental uncertainties. In the case of the p—p—-K™ and p—p-K~
systems, the agreement of the measured cumulants with zero
is evaluated by performing a x? test in the region Q3 < 0.4
GeV/c. In this region, the relative momentum for all the
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atic uncertainties propagated from the two-particle correlation functions
used as input to the projector method
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The n, deviations from zero in each bin are shown in the bottom panels,
adding in quadrature the statistical and systematic uncertainties of the
data

pairs in the particle triplets is lower than 0.2 GeV/c, which
is the kinematic region sensitive to the strong interaction.
Larger Q3 values are dominated by kinematic configurations
in which one of the pairs has a relative momentum larger
than 0.2 GeV/c, meaning that only two of the three parti-
cles in the triplet can be in a kinematic configuration which
is favourable for the strong interaction. Thus, at 03 > 0.4
GeV/c the contributions from the two-body interaction dom-
inate. The local statistical significance at Q3 < 0.4 GeV/c
is obtained from the p-value of the x 2 distribution, which is
converted in a number n, of Gaussian standard deviations.
As the systematic uncertainties in different Q3 bins are cor-
related, the x?2 is calculated using the cumulants extracted
from each systematic variation with the corresponding sta-
tistical uncertainties. Finally, the average x2 in the interval
03 < 0.4 GeV/c is extracted. The corresponding n, values
are 2.5 and 1.5 for p-p—K™ and p—p—K™, respectively. As
the Q3 range of the genuine three-body effects is not known
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a priori, the n, values have been evaluated as well in the
region Q3 < 0.2 GeV/c and they are found to be 2.7 and 1.4
for p-p—K™ and p—p—K~, respectively. Such results indicate
that the measured p—-p—K™ and p—-p—K ™ correlation functions
are compatible, within the quoted significance levels, with
the assumption of pairwise correlations in the triplets with-
out additional contributions from genuine three-body effects.
More solid conclusions require a larger data sample to reduce
the statistical uncertainties and full-fledged theoretical calcu-
lations for the three-particle correlation functions. In order to
provide a comparison of the kinematic range accessible with
this measurement to the study of K™ and K™ interactions in
light nuclei, the momenta of the three particles in the triplets
with O3 < 0.4 GeV/c are evaluated in the PRF of the two pro-
tons. The momentum of each proton in the PRF is p;‘; < 180
MeV/c, compatible with the typical Fermi momenta of nucle-
ons in light nuclei (e.g. the Fermi momentum in Carbon-12
is about 220 MeV/c). In the rest frame of the two protons, the
momentum of the K™ and K™ ranges from 30 MeV/c (in the
first bin in Fig. 3) to 130 MeV/c (eighth bin in Fig. 3). This
demonstrates that even for low kaon momenta, i.e. at ener-
gies close to the p—p—K*+ and p—-p—K~ thresholds, three-body
effects such as kaonic bound state formation below thresh-
old or three-body interactions do not contribute significantly
to the measured correlation functions. These results provide
additional experimental information for theoretical models
aiming to understand the role of genuine three-body effects
in p-p-K* and p-p-K~ systems. The LHC Run 3 data tak-
ing will deliver a larger data set for more detailed studies of
the KT and K~ three-body dynamics in the low momentum
region, down to the energy threshold of the triplets.
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