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In this letter, the first measurement of the femtoscopic correlation of protons and £* hyperons is presented and
used to study the p-X* interaction. The measurement is performed with the ALICE detector in high-multiplicity
triggered pp collisions at \/_ =13 TeV. The =+ hyperons are reconstructed using a missing-mass approach in
the decay channel to p + 7t® with 7t — «y+y, while both £* and protons are identified using a machine learning
approach. These techniques result in a high reconstruction efficiency and purity, which allows the measurement
of the p—X* correlation function for the first time. Thanks to the high significance achieved in the p—X* correlation

signal, it is possible to discriminate between the predictions of different models of the N-X interaction and to
accomplish a first determination of the p-X* scattering parameters.

1. Introduction

Quantitative knowledge of the hyperon-nucleon interaction pro-
vides an important contribution to a comprehensive understanding of
the role of strangeness in quantum chromodynamics [1-6]. Further-
more, it is a crucial ingredient for the equation of state of hadronic
matter at densities that are two or three times higher than the nuclear
saturation density. Such conditions may occur, for instance, in the inte-
rior of neutron stars [7]. At sufficiently high nuclear densities, the Pauli
principle requires the nucleons to occupy such high energy states that
it eventually becomes energetically favorable for hyperons, mainly the
AP = %+) isospin singlet (I =0, .S = —1), to occur. This leads to a
softening of the equation of state, i.e. the pressure stabilizing the star
against gravity increases slower with increasing density and hence less
mass can be supported. This is, however, incompatible with the ob-
servation that heavy neutron stars may reach up to two solar masses.
Recently, it was pointed out that this so-called hyperon puzzle could
be resolved by a repulsive N-N-A three-body force that may inhibit
the occurrence of A baryons in neutron stars [8-11]. Nonetheless, other
hyperons, in particular the -, might still be present [10,12]. Unfortu-
nately, there is no experimental information on the interaction of X~
with neutrons [13]. However, one can alternatively consider p-=* as
a guideline, since it is expected to be practically identical to the for-
mer (disregarding the Coulomb interaction), given that the effects from
charge-symmetry breaking are presumably small. Nonetheless, data on
the p—=7* interaction remain scarce; as a result, theoretical models are
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poorly constrained, and substantial discrepancies between available cal-
culations persist. Particularly, interaction in the triplet channel (3S,) of
the N-X system with isospin I = 3/2 is not well-known, and the pre-
dictions in the literature vary from attraction to repulsion [14-20]. The
extension of the femtoscopic studies of the ALICE Collaboration to the
¥ sector can improve our current experimental situation by providing
valuable information on X interactions with nucleons.

In a pioneering study, the ALICE Collaboration investigated the p-X°
interaction by the measurement of the correlation function of protons
and 20 [21]. The p-X° correlation function is an important input for the
measurement of the p—A correlation function, as they cannot be exper-
imentally separated. While this analysis proved the principal feasibil-
ity of the measurement using the femtoscopy technique, which comple-
ments pertinent experimental efforts at J-PARC [22] to access the strong
interaction in the X sector, experimental challenges hindered a definite
conclusion on the N-X strong interaction. In particular, insufficient num-
ber of events and low purity led to a low significance of the signal.

Driven by advances in the reconstruction technique of low-energy
photons, ALICE recently delivered the first measurement of the I+
baryon production at the LHC [23]. This paves the way for further in-
vestigations of the N-X interaction using femtoscopy. Exploiting these
techniques to the fullest, this letter presents the first measurement of the
p-Zt correlation function. Thanks to the high significance that can be
achieved, it is possible for the first time to discriminate between differ-
ent model predictions and to deduce first results for the p-=* scattering
parameters from the measurement.
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ALICE Collaboration
2. Data analysis

A detailed description of the ALICE detector setup and its perfor-
mance in LHC Runs 1 and 2 can be found in ref. [24-26]. In the fol-
lowing, only a brief description of the subdetectors used in this analysis
is given. Those are the VO detectors [27], the Inner Tracking System
(ITS) [28], the Time Projection Chamber (TPC) [29], and the Time-Of-
Flight detector (TOF) [30].

The VO detectors consist of two plastic scintillator arrays located at
forward (2.8 < 5 < 5.1) and backward (-3.7 < < —1.7) pseudorapidities
and are used for event triggering. If the signal amplitude in the VO de-
tectors exceeds a certain threshold, the event is classified as a high-
multiplicity (HM) one. The ITS is a six-layer cylindrical silicon detector
used for tracking, vertexing, and triggering. The layers are located at
radii between 3.9 cm and 43 cm around the beam axis. The inner two
layers of the ITS are also used for triggering. The TPC is a cylindrical
gaseous detector located around the ITS with an inner radius of around
85 cm and an outer radius of 250 cm. The TPC is the main tracking de-
tector and also contributes to the determination of the primary vertex.
Furthermore, the TPC is used for particle identification (PID) through
the measurement of the specific energy loss dE/dx in the detector gas.
Both ITS and TPC are located inside a 0.5 T solenoidal magnetic field
and cover a pseudorapidity range of |7| < 0.9 in the full azimuth. The
TOF detector surrounds the TPC and complements the PID through the
measurement of the velocity f of the particles.

The data analyzed in this letter were recorded between 2016 and
2018 during the LHC pp run at \/E =13 TeV. The analysis was per-
formed using a high-multiplicity (HM) triggered sample. In total about
1.3 x 10° HM-triggered events have been analyzed, which corresponds
to an integrated luminosity of 14.1 pb~! [31]. The reason for using a
high-multiplicity triggered sample is the strongly increased number of
particle pairs in these events. The average charged particle multiplicity
in |#| < 0.5 ((d N, /dn)) amounts to 30.8 + 0.4 in this sample, in contrast
to 6.9 + 0.1 in the minimum-bias sample [32]. The number of p-Z* pairs
is further promoted by the increased production of strangeness at high
multiplicities. For the determination of the purity of the particle samples
and the resolution of the reconstruction, Monte Carlo (MC) simulations
employing the PYTHIA 8 event generator with the Monash 2013 [33,34]
tune are used. The simulated particles are propagated through the de-
tectors using GEANT 4 [35-37] and processed using the ALICE recon-
struction algorithm [24].

In the following, “X*” will be used to refer to £* and its anti-particle
3 and the tuple “p-=+” will refer to p-X+as well as p-% .

The =+ is reconstructed in its hadronic decay channel =* — p + n°,
with the subsequent electromagnetic decay of n — y + . Photons can
convert into an electron—positron pair within the detector material. The
reconstruction of photons from such conversions is called photon con-
version method (PCM) [38]. The converted photons are reconstructed
from pairs of et and e~ tracks during the tracking and selected by their
distinct V-shaped topology (V). The conversion probability of the pho-
tons is low (5-8%) and their reconstruction efficiency vanishes towards
low momenta, limiting the reconstruction efficiency of X*.

Instead, an alternative approach is pursued in this study, exploiting
the unique decay topology in conjunction with momentum conserva-
tion, improving the reconstruction efficiency of =t by around one order
of magnitude. Only one of the photons is reconstructed via PCM, giving
access to its conversion vertex and momentum components. The decay
vertex of the =* (secondary vertex) is reconstructed from the PCM pho-
ton and the proton using the Kalman Filter package (KFParticle) [39].
Given the negligible lifetime of the intermediate 7°, it can be assumed
that the proton and the photon originate from a common vertex. When
the direction of flight of the =+ is known from the topology, the mo-
menta of the decay daughters with respect to this direction must cancel.
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The missing transverse momentum 13'%'22 . of the unobserved photon with
respect to the direction of flight of the =* is computed as

=y2 ->p -yl
Pry+ = ~Wrge +Prs) @
where [7$ 5+ and [7}’ 12 . are the transverse momenta of the proton and the

observed photon, respectively, and all kinematic quantities are evalu-
ated with respect to the direction of flight of the =*. The momentum
components of the photons, which point out of the decay plane of the
=t (“pxZ*”) need to be carried by the photons alone, such that

—y2 _ _=vl
pp><E+ - pp><E+ ' 2

The third momentum component of the unobserved photon can be de-
rived by making use of the known 7t mass m,. To this end,

m_oo = 2 (lpyll : |py2| - |pyl 'Py2|) (3)

is solved for the missing momentum component and the solution mini-
mizing the deviation from the nominal £* mass is selected. This method
ensures minimal background impact and minimizes the inclusion of mis-
reconstructed particles in the signal region. The invariant-mass distribu-
tion is shown in Fig. 1 (left panel). As seen in the figure, the missing-mass
reconstruction method leads to a non-Gaussian shape of the distribution
and a comparably large peak width.

The resulting momentum resolution is dominated by the positional
uncertainty of the secondary vertex, with smaller contributions from
the momentum resolutions of the proton and the photon. The method
is highly sensitive to the secondary-vertex uncertainty. This behavior
is expected as Egs. (1) and (3) depend on the direction of flight of the
>*, which is calculated from the secondary vertex. In contrast, the mo-
mentum resolution of the measured particles is sufficiently small to be
neglected. In the following, the secondary-vertex position is considered
in spherical coordinates (with polar angle # and azimuthal angle ¢).
This is practical, as the direction of flight of the £* is fully described by
0 and ¢. The method is insensitive to the radius of the vertex and hence
the large uncertainty associated with it. The uncertainties of # and ¢
are obtained from the MC simulation. The uncertainty in the secondary
vertex both affects the calculated invariant mass and the momentum
of the =*. The coordinates 0 and ¢ of the secondary vertex are varied
randomly within 0.02 rad, which corresponds to covering roughly two
standard deviations. Thereby, the variations are drawn from their distri-
butions. The values which bring the invariant mass of the =* closest to
the nominal mass are used. This leads to an improvement of the momen-
tum resolution, and almost completely recovers the smearing induced
by the missing-mass reconstruction.

The observable of interest is the relative momentum
(k* = %Iﬁ’k — P of pairs of protons and I*, evaluated in
their center-of-mass frame (denoted with an asterisk (*)). The resolu-
tion of k* is evaluated using the MC simulation as the width of the
Gaussian parametrization of the deviation of the reconstructed k* from
the true value in slices of k*. The resolution amounts to roughly 1% at
high k* (> 600 MeV/c) and saturates at 6 MeV/c in the relevant region
(k* <200 MeV/c). The resolution is well below the bin width of the
correlation function (40 MeV/c¢), particularly in the region below 500
MeV/c, which is the region of interest.

Both =* and protons are identified using boosted decision trees
(BDT) using the XGBoost library [40]. For the interface to the ROOT
trees HIPE4ML [41] is used. The hyperparameter optimization is per-
formed using Optuna [42]. For the =* two classes are used (signal, back-
ground), while for the protons three classes (primaries, secondaries,
misidentified) are used. For the misidentified protons no distinction be-
tween primaries and secondaries is made. All training samples (signal
and background) are taken from the MC simulation. This is particularly
important for the T+, as the broad peak does not allow the usage of
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Fig. 1. Left panel: Invariant-mass distribution of X* candidates in 0.0 < p; < 4.0 GeV/c (black markers) with MC template fits: signal (blue markers), background
(green markers), and total (red markers). The used missing-mass reconstruction method leads to a non-Gaussian shape of the distribution. The ratio of the data and

the MC total distribution is shown in the lower panel.

Right panel: Comparison of the p; spectrum of * using the reconstruction method introduced in this paper with the corresponding spectrum measured in ref. [23].
The ratio of the spectra is shown in the lower panel. The spectra are in good agreement, indicating that the reconstruction method and the purity determination
work well over the full p; range. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

sidebands. The size of the signal and background samples used for the
training are balanced. Given the large number of protons in the full data
set, only events with at least one selected £* candidate are considered
for the proton selection.

In the following, the training parameters for the BDTs will be dis-
cussed. For protons, TPC and TOF PID information, the distance-of-
closest-approach (DCA) to the primary vertex (in xy and z), the number
of clusters in the ITS and the TPC, and the total momentum are used.
The PID information is presented in a parameterized way and in absolute
terms (8, dE/dx for the TOF and TPC, respectively).

For the =*, the parameters of the proton daughter are equal to those
used for the primary protons. For the photons, the opening angle, in-
variant mass, conversion radius, the absolute momentum and the Ar-
menteros—Podolanski [43] parameters are used. The latter are the longi-
tudinal momentum asymmetry a = (p;” — p;)/(p] + p;) of the daughter
tracks and the transverse momentum gy of the daughters with respect
to the flight direction of the photon. Additionally, the TPC PID informa-
tion and the number of clusters of the daughter electrons are provided.
For the reconstructed *, additional parameters are computed, which
are the DCA between the proton and the photon, the proper pointing
angle of the photon with respect to the decay vertex of the X%, the flight
distance of the X*, the transverse momentum of the =*, and the 2 of
the KFParticle [39] reconstruction. The hyperparameters are tuned to
optimize the performance and minimize negative effects as overtrain-
ing. The cut-off in the BDT score is chosen to maximize the purity while
preserving the particle yields. This way, a momentum-dependent purity
between 75% and 90% is achieved for the £*. The efficiency-corrected
pr spectrum of the =+, reconstructed and selected with the introduced
methods, is compared to the p; spectrum of £*, which was measured
in a previous analysis in ref. [23]. The spectra are in very good agree-
ment as shown in Fig. 1 (right panel), validating the reconstruction and
selection procedure. After selecting the protons and ¥, around 2.7 - 10°
protons and 1.8 - 10° =* are available for further analysis. The raw mean
pr of the protons is about 1.4 GeV/c, while that of the =* is significantly
larger, as the spectrum is folded with the momentum-dependent recon-
struction efficiency, and amounts to about 2.7 GeV/c.

2.1. Correlation function

The experimental two-particle correlation function is defined as in
refs. [43,44]
Nsame(k*)
N, mixed (k*)
where N, .(k*) and N,;.q(k*) are the distributions of the relative mo-
mentum k* in the same and mixed events, respectively. The latter is the
k* distribution of uncorrelated pairs, estimated using the mixed-event
technique. The normalization constant is denoted with N and ensures
the proper asymptotic behavior: for large relative momenta C(k*) should
converge to unity. The measured correlation function C(k*) contains
both the genuine p-Z* correlation function, as well as contributions
stemming from all other possible origins (i.e. feed-down, misidentifi-
cation, and physical background sources), which need to be accounted
for. The fractions of the contributions are incorporated in the so-called
A-parameters, such that the measured correlation function can be writ-
ten as in ref. [44]

Ck") =Y 4, C(k")

C(k*) =N % 4

()

where the index i runs over all contributions to the measured correlation
function. The values of the A-parameters are determined in a data-driven
way from single-particle properties, and can be estimated by the prod-
uct of the purity and primary fractions. For the protons, misidentified
particles and secondary protons (from weak decays of A and =*) are
considered, which results in a total of six contributions. Judging from
previous analyses, knock-out (i.e. particles knocked out of the detector
material) is negligible in proton—proton collisions [45]. For the X%, only
the combinatorial background under the peak needs to be considered, as
there is no feed-down from weak decays. The purity and primary frac-
tions of the protons show a sizeable momentum dependence and thus,
a k*-dependent treatment of the A parameters is needed. This is done in
three steps.

First, the purity and primary fraction are determined as functions
of pr. The purity of £t is determined by a pr-differential fit of the
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invariant-mass distribution with signal and background templates taken
from the simulation. The template fits are shown in Fig. 1 (left panel)
in the relevant p; region. The proton sample is contaminated by mainly
four contributions. These are pions, kaons, feed-down from A, and feed-
down from =*. The purity can be determined from MC. The primary
fraction is typically determined by DCA template fits. This is, however,
not possible due to the machine learning selection and is challenging to
do differentially in pr. Therefore, an alternative approach is used which
makes use of the spectra of protons [46], A [47], and =* [23] already
measured by ALICE. The spectra of the A and =% are scaled down by the
branching ratios of their respective decays branching ratio into protons,
weighted by the reconstruction efficiency of the decay proton, and fi-
nally projected onto the momentum of the decay proton. The resulting
effective spectra of primary and secondary protons can be divided by
each other to find the primary fraction as a function of p;. As a cross-
check, the procedure is repeated for kaons and pions [46], which allows
an alternative and MC-independent calculation of the purity. The purity
determined with data is in good agreement with the simulation, validat-
ing the method. Second, the p; dependence of the purities and primary
fraction is projected onto k*. The projection matrix is calculated from
mixed events to improve the statistical precision of the analysis. Finally,
the genuine A-parameter is calculated by multiplying the purity of the
protons, the primary fraction of the protons, and the purity of the =*.

The genuine fraction of p—X* pairs at vanishing k* amounts to 79%
and is slightly increasing towards higher k*. The main contamination
is the combinatorial background of the £+, which contributes 80% of
the total contamination. Another notable contamination is secondary
protons paired with signal =t (2.5%). The total fraction of secondaries
in the proton sample is 2.8% out of which 73% stem from A decays. All
other contaminations are below 1%. The contaminations are considered
to be independent of k* in the relevant k* region.

The phase-space distribution of the p-X* pairs is constructed by
event mixing. Forming pairs of particles from different events breaks
their correlations while preserving their single-particle momentum dis-
tributions, which is desirable for femtoscopy. To avoid any bias in terms
of reconstruction efficiency or acceptance, only identified particles from
similar events are paired. To this end, the difference in the z coordinate
of the reconstructed primary vertex is restricted to 1 cm and the differ-
ence in the total number of tracks at midrapidity (]y| < 0.5) is restricted
to 4.

The correlation function needs to be normalized. The standard ap-
proach of event mixing is known to result in a non-femtoscopic rise of
the baseline starting at around k* = 500 MeV/c [44]. This is related to
angular correlations of particles in the same event, called minijets. Based
on previous analyses, in particular of the p-X° correlation function, the
slope of this baseline is assumed to vanish towards k* = 0[21,45]. This
behavior is also observed in the p—X* correlation function. However,
one can note that already below about k* = 300 MeV/c a considerable
influence of the strong interaction is expected from model calculations.
This makes the normalization difficult. As a compromise, the normaliza-
tion region is chosen to be 340 < k* < 500 MeV/c (4 bins). This interval
is varied in both directions by +40 MeV/c (1 bin) to estimate the sys-
tematic uncertainty. A constant function (0-th order polynomial) is used
to fit the correlation function in the normalization region.

In this article, an alternative approach is presented, called fixed-
angle mixing. Since comprehensive studies using this method are still
ongoing, the standard event-mixing approach is kept as the default
method and the fixed-angle mixing is used as a systematic variation.
In the fixed-angle mixing, ten background p-X+ pairs are created from
each particle pair in the same event. The opening angle between the
particles remains the same as for the same-event pair, and the momenta
of the particles are randomly drawn from the measured momentum dis-
tributions. These distributions are stored in intervals of event multiplic-
ity with a bin size of 4. The resulting correlation function agrees well
with the standard method at low k*, while it shows no rise at higher k*.
This method is attractive because it is self-normalized and eliminates
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the need for background fits, thus potentially reducing the uncertainty
of the measurement.

The systematic uncertainty is evaluated by making variations to
the particle selection, background construction method, and the back-
ground fitting. For the variation of the particle selections, the BDT cut-
offs of the =* and proton selection are varied by +10% each. For the
background, the two different background construction methods are
considered and the fitting range is varied in the given range. The for-
mer variations are done in all possible combinations to account for pos-
sible correlation. Assuming a flat distribution, the maximum variation
of the data points is divided by V/12. The uncertainties arising from
particle selection and background fitting are similar at low k*, while
the uncertainty from particle selection vanishes towards higher k*. For
k* > 250 MeV/c, the systematic uncertainty is dominated by the uncer-
tainty of the background fitting. In general, the uncertainty of the mea-
sured correlation function is dominated by the limited statistics.

3. Results

In Fig. 2, the experimental correlation function is shown in com-
parison with model predictions. A bin width of 40 MeV/c is chosen for
the correlation function to optimize resolution and statistical signifi-
cance. The measurement starts at 30 MeV/c because there are only very
few counts at smaller k£*. The width of the first two bins is reduced to
35 MeV/c to resolve the peak region of the femtoscopic signal. The data
points are shifted to the center of gravity of the bin determined from
the mixed-event distribution. Although the uncertainties are sizeable, a
deviation from unity caused by final-state interactions is evident.

The theoretical framework for the calculation of the correlation func-
tion is based on the Koonin-Pratt equation [44,48]

Ck*) = / &rt SE)|w e, k) 6)

where w(r*, k*) is the two-particle wave function which encodes the in-
teraction among the particles. The correlation function C(k*) is derived
by integration of |y (r*, k*)|> over the source distribution S(r*).

For the calculations shown in Fig. 2, the source distribution S(r*)
is determined in a data-driven approach using the common-source
model [49-51]. In this model, the particle source is described by a Gaus-
sian core surrounded by a halo due to resonance decays. The size of the
Gaussian core scales with the mean transverse mass (mr) of the parti-
cle pair which in the present p—-X* analysis is (1.94 + 0.03) GeV/c? at
k* <200 MeV/c. This corresponds to a core radius of 0.85 fm. For the
resonance contribution, a simulation-based procedure is used, which is
described in detail in refs. [49,50]. For the estimate of the uncertainty,
the core radius is varied according to the uncertainty of the parametriza-
tion with respect to the uncertainty of (mr). For the resonances, the
yields, masses, and lifetimes are each varied by 10%. Assuming a uni-
form distribution, the total uncertainty is calculated as the difference
between the largest and the smallest source of uncertainty divided by
\/E. The complete source, including the resonance halo, is fitted with
a Gaussian in the range from 0.5 fm to 4.5 fm. The resulting effective
source size is (0984_“838;) fm.

The two-particle wave function is often approximated by an asymp-
totic ansatz, known as the Lednicky-Lyuboshits approach [52]. How-
ever, the weak interaction in the triplet channel leads to small scatter-
ing lengths and, in turn, to large effective ranges, which, together with
the small source size, preclude such a simple approximation. Therefore,
the theoretical correlation functions are calculated using the full wave
functions derived from a solution of the Schrédinger equation.

The correlation function in the p-X* system contains the spin sin-
glet and triplet contributions of the strong interaction and includes also
the Coulomb interaction. The spin singlet and triplet scattering lengths
(ag, a;) and effective ranges (ry,r,) from selected model calculations are
listed in Table 1. The sign convention of baryon-baryon scattering is
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Fig. 2. p-Z* correlation function in high-multiplicity triggered pp collisions at /s = 13 TeV. The statistical uncertainties are drawn as bars and the systematic ones
as boxes. The data points are shifted to the center of gravity of the mixed-event distribution. The data points show the measurement, containing both the genuine
contribution as well as the contributions from feed-down and misidentification. The model calculations are weighted by the genuine A parameter and smeared by

the momentum resolution to allow a comparison with data.

Left: Correlation function with several model calculations using the full wave functions and the effective Gaussian parametrization of the source. The uncertainty

bands arise from the uncertainty of the source size.

Right: Decomposition of the theoretical correlation functions into the singlet (dashed lines) and triplet (dash-dotted lines) contributions. The contributions are
multiplied by their statistical weights and added to the Coulomb-only function scaled by 1 — j;, which illustrates the influence of the given contribution on the total

correlation function (solid lines).

Table 1
Scattering parameters for the p-X* S-waves including Coulomb effects, taken
from the literature. The variants V1 and V2 are explained in the text.

Interaction ag (fm) rg (fm) g, (fm) r, (fm) Reference(s)

Nagels73 -242 341 071 -0.78 [15]

NSC97f -435 3.16 -0.25 289 [14]

ESC16 —-430 3.25 0.57 -3.11 [18,20]

Jiilich "04 -3.60 3.24 031 -12.20 [16,19]

fss2 -227 468 0.83 -1.52 [17]

NLO (sim) -239 461 080 -1.25 [20]

NLO19 -3.62 3.50 047 =577 [19]

SMS NLO (V1) -3.62 3.56 0.47 -6.51 .

SMS NLO (V2) —3.62 3.56 0.31 _164 adapted from Haidenbauer et al. [19,54]

adopted so that negative values of the scattering length correspond to
attractive interactions. Note that all these potentials were fitted to the
p-=* low-energy cross sections of Eisele et al. [53].

Figure 2 shows only those model predictions from Table 1 where the
full wave functions are available to us. These include the Nijmegen soft-
core meson-exchange models NSC97f[14] and ESC16 [18,20]. Instead
of the yEFT potential NLO19 (600) [19], a chiral N-Y potential is used,
which is based on a novel regularization scheme, the so-called semilo-
cal momentum-space (SMS) regularization [54]. Contrary to NLO19, it
ensures a realistic description of the 3S, channel for large momenta
(Sect. 3.1 of ref. [54]), and consequently of the large-momentum behav-
ior of the correlation function. To obtain equivalent results for low mo-
menta, the inherent low-energy constants (LECs) were tuned to match
the scattering parameters of NLO19. This configuration is named SMS
NLO (V1) in Fig. 2. A variant with a reduced triplet strength a; ~ 0.3 fm
is also considered, and named SMS NLO (V2), which will be discussed
later. The NLO (sim) [20] potential is based on NLO19, but the LECs
were tuned to match the scattering parameters of fss2 [17]. This inter-
action is used as substitute for fss2, for which the full wave functions are

not available to us. It allows us to explore the full range of predictions
from most repulsive (fss2) to attractive (NSC97f) triplet interactions.
The pure Coulomb part is computed by integrating the Coulomb wave
functions over the source. These wave functions are taken from the GSL
library [55]. The correlation functions for the singlet and triplet inter-
actions are multiplied by their statistical weights j; (1/4 for the sin-
glet, 3/4 for the triplet) and then added. The correlation function is
weighted by the A parameter to account for feed-down and misiden-
tification. The contributions of the contaminations to the correlation
function are hereby considered to be flat in k*. Finally, the correlation
functions are smeared by the momentum resolution using the approach
implemented in the CATS framework [56].

In the right panel of Fig. 2, the singlet and triplet contributions are
shown separately. The contributions are multiplied by their statistical
weights and added to the Coulomb-only function scaled by 1— j;. In
other words, the curves show correlation functions where the singlet or
triplet contributions are excluded, to illustrate the actual influence of a
given contribution on the total correlation function. In general, the sin-
glet contributions (dashed lines) are slightly above the data, indicating
that a weakly repulsive triplet interaction is missing. Since the singlet
interaction is closely related to that in the nucleon-nucleon system via
the approximate SU(3) flavour symmetry [57], it is theoretically well
constrained, at least on a qualitative level, and is expected to be attrac-
tive.

The correlation function is particularly sensitive to the strength
of the less constrained triplet interaction in the k* region around
100 MeV/c. A repulsive triplet interaction leads to a dip which scales
with the strength of the repulsion. The depth of the dip below unity
is most important to distinguish the theoretical predictions. The data
clearly rule out a strong repulsion as predicted by the constituent quark
model fss (simulated here by NLO (sim)). This finding is in agreement
with the latest scattering data [22]. For illustration, SMS NLO (V1) is
re-tuned to produce a triplet scattering length of about 0.3 fm (V2), see
Table 1. With that interaction, one can describe the data well, as shown
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Fig. 3. Exclusion plots obtained for the Reid-like A (left panel) and Gaussian (1.8 fm) (right panel) potentials as described in the text. The agreement with the data
as a function of the singlet and triplet scattering lengths in multiples of the standard deviation is shown together with the model predictions given in Table 1.

in the left panel of Fig. 2. In contrast, a moderate attraction in the triplet
channel as predicted by NSC97f is clearly disfavored by the correlation
function. This is an important result because the scattering data alone
does not suffice to distinguish between an attractive or repulsive triplet
interaction [22,57].

In a statistical analysis of the experimental correlation function, the
most probable values for the singlet and triplet scattering lengths were
determined. For this purpose, the data are fitted with model correlation
functions obtained by solving the Schrédinger equation for a Gaussian
potential and for a Reid-like potential. The procedure is as described in
refs. [58,59]. As above, for the source function, a Gaussian distribution
with radius 0.98 fm was used.

For the Gaussian potential, two different choices for the range parame-
ter are considered. Firstly, 1.8 fm is used, in line with values found in
ref. [60], in an attempt to reproduce the low-energy properties of the
pp interaction in the 'S, partial wave with a Gaussian potential. Second,
1.46 fm is employed, corresponding to the inverse pion mass, which is
naively used as a proxy for the range of pion exchange. In both cases,
the potential depths of the singlet and triplet interactions are used as fit
parameters.

For the Reid-like potential, the original Reid NN potential [61] is taken
as the starting point. It consists of a long-range contribution from pion
exchange and a phenomenological short-range part whose parameters
were fixed by a fit to the NN phase shifts, as described by Egs. (16)
and (30) in the given reference. When adapting it for p-=*, the strength
of the pion exchange is re-adjusted in accordance with the SU(3) sym-
metry [57], while the strength of the short-range part is varied. This is
done by introducing a fit parameter which is, in practice, treated the
same way as the depths in the procedure for the Gaussian potentials de-
scribed above.

In the 'S, channel, the short-range part of the Reid potential contains
two terms, and two scenarios are considered. In scenario A, only the
strength of the second (attractive) term is varied, while the third (repul-
sive) term is left unchanged. In scenario B, a parametrization is tested,
where both short-range terms are modified by a common fit parameter.
Evidently, the latter parametrization leads to a potential that is attrac-
tive for all values of the fit parameter, which limits the scattering length
to be below —0.9 fm, the result from pure pion exchange. This configu-
ration is used as a cross check.

Since the interaction in the 3S; channel is expected to be weak, the

Table 2

Results for the p-X* scattering lengths including Coulomb effects in the
'S, (as) and 38, (a,) partial waves, obtained by using Reid-like and Gauss
potentials for the analysis (see text).

Potential Reid-like A Gauss (1.8 fm) Reid-like B Gauss (1.46 fm)
ag (fm) —3.034082 —2.8210% —3.0010% 240058
a, (fm) 0.21%912 0.26*01 0.27+13 031*01

coupling to the 3D, partial wave is neglected, and only the first phe-
nomenological term is taken into account. From the given potentials,
the S-wave scattering lengths ag and a, are calculated. The resulting
correlation functions are compared to the data by calculating the total
#? and the best-fit function is defined as the one with the smallest y2
value. The fit is performed in the range k* < 180 MeV/c, above which
the simple Gaussian model fails to describe the data. In addition, the
correlation functions practically coincide at higher k*, so no additional
information can be extracted by extending the fit range. Subsequently,
the »2 values are related to p-values through a bootstrapping procedure.
To this end, 103 artificial correlation functions are generated using the
same bin size as the data. In each bin, the value of the best fit func-
tion is taken as the central value. This value is replaced by a random
value from a Gaussian distribution with a standard deviation equal to
the total uncertainty of the respective data point. The resulting corre-
lation functions are fitted again, resulting in a probability distribution
that allows the given y? value of a bin to be related to its p-value. Fi-
nally, the p-values are used to define the 1, 2, and 3¢ intervals using
the relation p-value = erf(n,/ V/2). The resulting exclusion plots for the
Reid-like and Gaussian potentials are shown in Fig. 3, together with
several model predictions.

The scattering lengths from the statistical analysis and their uncer-
tainties are summarized in Table 2. The results are in agreement within
the given uncertainties, which indicates that there is only a modest
model dependence in the analysis. That said, since a Reid-like potential
ansatz is physically much better motivated and also more constraining,
the values obtained with that interaction are considered to have greater
significance. In detail, for the singlet state, attraction is found, where
the corresponding potential strength is around 15% smaller than that
for the (Reid) pp potential. In the triplet channel, the data indicate a
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fairly weak repulsion, which excludes the two model predictions that
produce either a stronger repulsion [17] or an attraction [14] by more
than 3o. Interestingly, the scattering parameters of the Jiilich ’04 meson-
exchange model show the best agreement with the constraints from the
measured correlation function and lie within the 1o region. The cor-
relation functions corresponding to the 1o regions and the correlation
function calculated with the Jiilich ’04 model are shown in Fig. A.4 in
the appendix.

4. Conclusion

In this letter, the first measurement of the p—X* femtoscopic correla-
tion function is reported. These data are compared with results based on
several p-=* interaction potentials from the literature. Given the lim-
ited experimental data so far, the theory predictions exhibit significant
discrepancies, particularly in the triplet channel. Although the statis-
tical uncertainty of the measured correlation function is still sizeable,
the reported measurement makes it possible to distinguish between the
model predictions and to exclude some of them by more than 3¢. In
particular, in contrast to scattering experiments [53], for the first time,
one can discriminate between attractive and repulsive triplet interac-
tions. Furthermore, it was possible to obtain a first determination of
the p-Z* scattering parameters. The data indicate a weak repulsion in
the triplet channel, which is best described by the Jiilich ’04 meson-
exchange model.

Regarding the implications for the possible presence of X baryons
in neutron star matter, sophisticated calculations are required that are
beyond the scope of this letter. However, the data presented provide
valuable input for such calculations.

This measurement not only provides the most precise constraint on
the N-X interaction to date, but also paves the way for further mea-
surements of the interaction in the p-=* channel, with unprecedented
statistics, by ALICE in the LHC Runs 3 and 4.
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Fig. A.4. p-X* correlation function in high-multiplicity triggered pp collisions
at /s = 13 TeV with several model calculations using the full wave functions
and the effective Gaussian parametrization of the source. The blue and ma-
genta regions correspond to all parameter sets within the 1o contours of Fig. 3.
The Jiilich ’04 meson-exchange model, which resides within the 1¢ contours, is
shown as a black line. For comparison, the SMS NLO (V2) is also shown as a
green line.
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