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Abstract

One of the key challenges for nuclear physics today is to understand from first principles the effec-
tive interaction between hadrons with different quark content. First successes have been achieved
using techniques that solve the dynamics of quarks and gluons on discrete space-time lattices [[1} 2]].
Experimentally, the dynamics of the strong interaction have been studied by scattering hadrons off
each other. Such scattering experiments are difficult or impossible for unstable hadrons [3H6] and
so high-quality measurements exist only for hadrons containing up and down quarks [7]. Here
we demonstrate that measuring correlations in the momentum space between hadron pairs [8H12]
produced in ultrarelativistic proton—proton collisions at the CERN Large Hadron Collider (LHC)
provides a precise method with which to obtain the missing information on the interaction dynamics
between any pair of unstable hadrons. Specifically, we discuss the case of the interaction of baryons
containing strange quarks (hyperons). We demonstrate how, using precision measurements of p—Q~
baryon correlations, the effect of the strong interaction for this hadron—hadron pair can be studied
with precision similar to, and compared with, predictions from lattice calculations [13} [14]]. The
large number of hyperons identified in proton—proton collisions at the LHC, together with an accu-
rate modelling [15] of the small (approximately one femtometre) inter-particle distance and exact
predictions for the correlation functions, enables a detailed determination of the short-range part of
the nucleon-hyperon interaction.
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Introduction

Baryons are composite objects formed by three valence quarks bound together by means of the strong
interaction mediated through the emission and absorption of gluons. Between baryons, the strong in-
teraction leads to a residual force and the most common example is the effective strong force among
nucleons (N)-baryons composed of up (#) and down (d) quarks: proton (p) = uud and neutron (n) = ddu.
This force is responsible for the existence of a neutron—proton bound state, the deuteron, and manifests
itself in scattering experiments [[7]] and through the existence of atomic nuclei. So far, our understanding
of the nucleon—nucleon strong interaction relies heavily on effective theories [16], where the degrees
of freedom are nucleons. These effective theories are constrained by scattering measurements and are
successfully used in the description of nuclear properties [[17, [18]].

The fundamental theory of the strong interaction is quantum chromodynamics (QCD), in which quarks
and gluons are the degrees of freedom. One of the current challenges in nuclear physics is to calculate
the strong interaction among hadrons starting from first principles. Perturbative techniques are used to
calculate strong-interaction phenomena in high-energy collisions with a level of precision of a few per
cent [19]]. For baryon—baryon interactions at low energy such techniques cannot be employed; however,
numerical solutions on a finite space-time lattice have been used to calculate scattering parameters among
nucleons and the properties of light nuclei [1, 2. Such approaches are still limited: they do not yet
reproduce the properties of the deuteron [20] and do not predict physical values for the masses of light
hadrons [21]].

Baryons containing strange (s) quarks, exclusively or combined with u and d quarks, are called hyperons
(Y) and are denoted by uppercase Greek letters: A = uds, £° = uds, Z~ = dss, Q™ = sss. Experimentally,
little is known about Y-N and Y-Y interactions, but recently, major steps forward in their understanding
have been made using lattice QCD approaches [13} 14, 22]]. The predictions available for hyperons are
characterized by smaller uncertainties because the lattice calculation becomes more stable for quarks
with larger mass, such as the s quark. In particular, robust results are obtained for interactions involving
the heaviest hyperons, such as E and €, and precise measurements of the p—E~ and p—€2~ interactions
are instrumental in validating these calculations. From an experimental point of view, the existence
of nuclei in which a nucleon is replaced by a hyperon (hypernuclei) demonstrates the presence of an
attractive strong A-N interaction [23]] and indicates the possibility of binding a =~ to a nucleus [24} 23]
A direct and more precise measurement of the Y-N interaction requires scattering experiments, which are
particularly challenging to perform because hyperons are short-lived and travel only a few centimetres
before decaying. Previous experiments with A and ¥ hyperons on proton targets [3-3]] delivered results
that were two orders of magnitude less precise than those for nucleons, and such experiments with &
(ref. [6]) and Q beams are even more challenging. The measurement of the Y-N and Y-Y interactions
has further important implications for the possible formation of a Y-N or Y-Y bound state. Although
numerous theoretical predictions exist [[13} 26-30], so far no clear evidence for any such bound states
has been found, despite many experimental searches [31H335]].

Additionally, a precise knowledge of the Y-N and Y-Y interactions has important consequences for the
physics of neutron stars. Indeed, the structure of the innermost core of neutron stars is still completely un-
known and hyperons could appear in such environments depending on the Y-N and Y-Y interactions [36].
Real progress in this area calls for new experimental methods.

Studies of the Y-N interaction via correlations have been pioneered by the HADES collaboration [37].
Recently, the ALICE collaboration has demonstrated that pp and p—Pb collisions at the LHC are best
suited to study the N-N and several Y-N, Y=Y interactions precisely [8-12]. Indeed, the collision en-
ergy and rate available at the LHC opens the phase space for an abundant production of any strange
hadron [38]], and the capabilities of the ALICE detector for particle identification and the momentum
resolution—with values below 1% for transverse momentum pt < 1GeV /c—facilitate the investigation of
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correlations in momentum space. These correlations reflect the properties of the interaction and hence
can be used to test theoretical predictions by solving the Schrddinger equation for proton—hyperon colli-
sions [39]. A fundamental advantage of pp and p—Pb collisions at LHC energies is the fact that all hadrons
originate from very small space-time volumes, with typical inter-hadron distances of about 1 fm. These
small distances are linked through the uncertainty principle to a large relative momentum range (up to
200MeV/c¢) for the baryon pair and enable us to test short-range interactions. Additionally, detailed
modelling of a common source for all produced baryons [15]] allow us to determine accurately the source
parameters.

Similar studies were carried out in ultrarelativistic Au—Au collisions at a centre-of-mass energy of
200 GeV per nucleon pair by the STAR collaboration for A—A [40} 41]] and p—Q~ [42] interactions.
This collision system leads to comparatively large particle emitting sources of 3—5fm. The resulting
relative momentum range is below 40 MeV /¢, implying reduced sensitivity to interactions at distances
shorter than 1 fm.

In this work, we present a precision study of the most exotic among the proton-hyperon interactions,
obtained via the p—Q~ correlation function in pp collisions at a centre-of-mass energy /s = 13 TeV at
the LHC. The comparison of the measured correlation function with first-principle calculations [13]] and
with a new precision measurement of the p—=~ correlation in the same collision system provides the first
observation of the effect of the strong interaction for the p—Q~ pair. The implications of the measured
correlations for a possible p—€Q~ bound state are also discussed. These experimental results challenge
the interpretation of the data in terms of lattice QCD as the precision of the data improves.

Our measurement opens a new chapter for experimental methods in hadron physics with the potential to
pin down the strong interaction for all known proton—hyperon pairs.

Analysis of the Correlation Function

Figure|[I|shows a schematic representation of the correlation method used in this analysis. The correlation
function can be expressed theoretically [43, 44]] as C(k*) = [d>r*S(r*) x |w(k*,r*)|?, where k* and r*
are the relative momentum and the relative distance of the pair of interest. S(r*) is the distribution
of the distance r* = |r*| at which particles are emitted (defining the source size), y(k*,r*) represents
the wave function of the relative motion for the pair of interest and k* = |k*| is the reduced relative
momentum of the pair (k* = |p; — pj|/2). Given an interaction potential between two hadrons as a
function of their relative distance, a non-relativistic Schrédinger equation can be used [39] to obtain
the corresponding wave function and hence also predict the expected correlation function. The choice
of a non-relativistic Schrodinger equation is motivated by the fact that the typical relative momenta

relevant for the strong final-state interaction have a maximal value of 200 MeV /c. Experimentally, this
Nsame (k*)

Nmixed (k*) ’
experimental effects, Ngame (k™) is the number of pairs with a given k* obtained by combining particles

produced in the same collision (event), which constitute a sample of correlated pairs, and Npyixeq(k*) is
the number of uncorrelated pairs with the same k*, obtained by combining particles produced in different
collisions (the so-called mixed-event technique). Fig. |1, panel d, shows how an attractive or repulsive
interaction is mapped into the correlation function. For an attractive interaction the magnitude of the
correlation function will be above unity for small values of k*, whereas for a repulsive interaction it will
be between zero and unity. In the former case, the presence of a bound state would create a depletion of
the correlation function with a depth increasing with increasing binding energy.

correlation function is computed as C(k*) = & (k*) where & (k*) denotes the corrections for

Correlations can occur in nature from quantum mechanical interference, resonances, conservation laws
or final-state interactions. Here, it is the final-state interactions that contribute predominantly at low
relative momentum; in this work we focus on the strong and Coulomb interactions in pairs composed of
a proton and either a £~ or a Q™ hyperon.
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Figure 1: Schematic representation of the correlation method. a, A collision of two protons generates a particle
source S(r*) from which a hadron—hadron pair with momenta p; and p, emerges at a relative distance r* and can
undergo final-state interaction before being detected. Consequently, the relative momentum k* is either reduced or
increased via an attractive or a repulsive interaction, respectively. b, Example of attractive (green) and repulsive
(dotted red) interaction potentials, V(r*), between two hadrons, as a function of their relative distance. Given a
certain potential, a non-relativistic Schrodinger equation is used to obtain the corresponding two-particle wave
function, y(k*,r*). ¢, The equation of the calculated (second term) and measured (third term) correlation function
C(k*), where Ngame (k) and Npixeq (k*) represent the k* distributions of hadron—hadron pairs produced in the same
and in different collisions, respectively, and & (k*) denotes the corrections for experimental effects. d, Sketch of
the resulting shape of C(k*). The value of the correlation function is proportional to the interaction strength. It is
above unity for an attractive (green) potential, and between zero and unity for a repulsive (dotted red) potential.

Protons do not decay and can hence be directly identified within the ALICE detector, but = and Q™
baryons are detected through their weak decays, =~ — A +7~ and Q~ — A+K™. The identification and
momentum measurement of protons, Z~, Q™ and their respective antiparticles are described in
Figure [2| shows a sketch of the Q~ decay and the invariant mass distribution of the AK~ and AK™ pairs.
The clear peak corresponding to the rare QQ~ and o baryons demonstrates the excellent identification
capability, which is the key ingredient for this measurement. The contamination from misidentification
18 < 5%. For the &~ (§+) baryon the misidentification amounts to 8 % [11]].

Once the p, Q™ and E~ candidates and charge conjugates are selected and their 3-momenta measured,
the correlation functions can be built. Since we assume that the same interaction governs baryon—baryon
and antibaryon—antibaryon pairs [8]], we consider in the following the direct sum (&) of particles and
antiparticles (p—-Z~ & §—§+ =p-E and p-Q~ & §—§+ = p—Q7). The determination of the correction
& (k*) and the evaluation of the systematic uncertainties are described in

Comparison of the p—-Z~ and p—Q~ interactions

The obtained correlation functions are shown Fig. |3 panels a and b, for the p—-=~ and p—Q~ pairs,
respectively, along with the statistical and systematic uncertainties. The fact that both correlations are
well above unity implies the presence of an attractive interaction for both systems. For opposite-charge
pairs, as considered here, the Coulomb interaction is attractive and its effect on the correlation function
is illustrated by the green curves in both panels of Fig. 3] These curves have been obtained by solv-
ing the Schrédinger equation for p—E~ and p—Q™ pairs using the Correlation Analysis Tool using the
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Figure 2: Reconstruction of the Q= and o signals. Sketch of the weak decay of Q™ into a A and a K™,
and measured invariant mass distribution (blue points) of AK™ and AK™ combinations. The dotted red line rep-
resents the fit to the data including signal and background, and the black dotted line the background alone. The
contamination from misidentification is < 5 %.

Schrodinger equation (CATS) equation solver [39], considering only the Coulomb interaction and as-
suming that the shape of the source follows a Gaussian distribution with a width equal to 1.02£0.05 fm
for the p—Z~ system and to 0.95 £ 0.06 fm for the p—Q~ system, respectively. The source-size values
have been determined via an independent analysis of p—p correlations [15], where modifications of the
source distribution due to strong decays of short-lived resonances are taken into account, and the source
size is determined as a function of the transverse mass mr of the pair, as described in The
average mr of the p—E~ and p—Q~ pairs are 1.9GeV/c and 2.2 GeV /c, respectively. The difference in
size between the source of the p—E~ and p—€Q~ pairs might reflect the contribution of collective effects
such as (an)isotropic flow. The width of the green curves in Fig. [3| reflects the quoted uncertainty of
the measured source radius. The correlations obtained, accounting only for the Coulomb interaction,
considerably underestimate the strength of both measured correlations. This implies, in both cases, that
an attractive interaction exists and exceeds the strength of the Coulomb interaction.

To discuss the comparison of the experimental data with the predictions from lattice QCD, it is useful
to first focus on the distinct characteristics of the p—E~ and p—Q~ interactions. Figure 4| shows the
radial shapes obtained for the strong-interaction potentials calculated from first principles by the HAL
QCD (Hadrons to Atomic nuclei from Lattice QCD) collaboration for the p—EZ~ (ref. [[14]) and the p—Q~
systems [13], see for details. Only the most attractive (isospin I = 0 and spin S = 0) of the four
components [[14] of the p—Z~ interaction and the isospin / = 1/2 and spin S = 2 component of the p—Q~
interaction are shown. Aside from an attractive component, we see that the interaction contains also a
repulsive core starting at very small distances, below 0.2 fm. For the p—Q~ system no repulsive core is
visible and the interaction is purely attractive. This very attractive interaction can accommodate a p—Q~
bound state, with a binding energy of about 2.5 MeV, considering the Coulomb and strong forces [13]].
The p—E~ and p—Q~ interaction potentials look very similar to each other above a distance of 1 fm. This
behaviour is not observed in phenomenological models that engage the exchange of heavy mesons and
predict a quicker fall off of the potentials [435].

The inset of Fig. [ shows the correlation functions obtained using the HAL QCD strong interaction
potentials for: (i) the channel p—EZ~ with isospin / = 0 and spin S = 0, (ii) the channel p—E~ including all
allowed spin and isospin combinations, and (iii) the channel p—Q~ with isospin / = 1/2 and spin § = 2.
The correlation functions are computed using the experimental values for the p—E~ and p—€2~ source-
size. Despite the fact that the strong p—€Q~ potential is more attractive than the p-E~ I =0 and S =0
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Figure 3: Experimental p-Z~ and p—Q~ correlation functions. a, b, Measured p—=~ (a) and p—Q~ (b) cor-
relation functions in high multiplicity pp collisions at /s = 13 TeV. The experimental data are shown as black
symbols. The black vertical bars and the grey boxes represent the statistical and systematic uncertainties. The
square brackets show the bin width and the horizontal black lines represent the statistical uncertainty in the de-
termination of the mean k* for each bin. The measurements are compared with theoretical predictions, shown as
coloured bands, that assume either Coulomb or Coulomb + strong HAL QCD interactions. For the p—Q~ system
the orange band represents the prediction considering only the elastic contributions and the blue band represents
the prediction considering both elastic and inelastic contributions. The width of the curves including HAL QCD
predictions represents the uncertainty associated with the calculation (see[Methods|section *Corrections of the cor-
relation function’ for details) and the grey shaded band represents, in addition, the uncertainties associated with the
determination of the source radius. The width of the Coulomb curves represents only the uncertainty associated
with the source radius. The considered radius values are 1.02 4+ 0.05 fm for p-Z~ and 0.95 £0.06 fm for p—Q~
pairs, respectively. The inset in b shows an expanded view of the p—Q~ correlation function for C(k*) close to
unity. For more details see text.

potential, the resulting correlation function is lower. This is due to the presence of the bound state in
the p—Q~ case [46]. If we consider all four isospin and spin components of the p—Z~ interaction [[11]]
the prediction for the global p—=~ correlation function is lower than that for p—Q~. Experimentally,
as shown in Fig. 3| the less attractive strong p—=~ interaction translates into a correlation function that
reaches values of 3 in comparison with the much higher values of up to 6 that are visible for the p—Q~
correlation. The theoretical predictions shown in Fig. [3|also include the effect of the Coulomb interaction.

Regarding the p—=~ interaction, it should be considered that strangeness-rearrangement processes can
occur, such as pE~ — AA, XX, AXY. This means that the inverse processes (for example, AA — pE™)
can also occur and modify the p—=~ correlation function. These contributions are accounted for within
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Figure 4: Potentials for the p—-=~ and p—Q~ interactions. p—Z~ (pink) and p—Q~ (orange) interaction poten-
tials as a function of the pair distance predicted by the HAL QCD collaboration [13}[14]. Only the most attractive
component, isospin / = 0 and spin S = 0, is shown for p—Z~. For the p—Q~ interaction the / = 1/2 and spin S = 2
component is shown. The widths of the curves correspond to the uncertainties (see section ’Corrections
of the correlation function’ for details) associated with the calculations. The inset shows the correlation functions
obtained using the HAL QCD strong interaction potentials for: (i) the channel p—Z~ with isospin I = 0 and spin §
=0, (ii) the channel p—=~ including all allowed spin and isospin combinations (dashed pink), and (iii) the channel
p—Q~ with isospin I = 1/2 and spin S = 2. For details see text.

lattice calculations by exploiting the well known quark symmetries [[14]] and are found to be very small.
Moreover, the ALICE collaboration measured the A—A correlation in pp and p—Pb collisions [10] and
good agreement with the shallow interaction predicted by the HAL QCD collaboration was found.

The resulting prediction for the correlation function, obtained by solving the Schrodinger equation for
the single p—Z~ channel including the HAL QCD strong and Coulomb interactions, is shown in Fig.
panel a. The first measurement of the p—=~ interaction using p—Pb collisions [11] showed a qualita-
tive agreement to lattice QCD predictions. The improved precision of the data in the current analysis
of pp collisions is also in agreement with calculations that include both the HAL QCD and Coulomb

interactions.

Detailed Study of the p—Q~ Correlation

Concerning the p—Q~ interaction, strangeness-rearrangement processes can also occur [47]], such as
pQ~ — EA, EX. Such processes might affect the p—2~ interaction in a different way depending on the
relative orientation of the total spin and angular momentum of the pair. Since the proton has J, = 1/2
and the Q has Jo = 3/2 and the orbital angular momentum L can be neglected for correlation studies
that imply low relative momentum, the total angular momentum J equals the total spin S and can take
on values of J/ =2 or J = 1. The J = 2 state cannot couple to the strangeness-rearrangement processes
discussed above, except through D-wave processes, which are strongly suppressed. For the J =1 state
only two limiting cases can be discussed in the absence of measurements of the pQ~ — ZA, EX cross
sections.

The first case assumes that the effect of the inelastic channels is negligible for both configurations and
that the radial behaviour of the interaction is driven by elastic processes, following the lattice QCD
potential (see Fig. [)), for both the / =2 and J = 1 channels. This results in a prediction, shown by the
orange curve Fig. [3] panel b, that is close to the data in the low k* region. The second limiting case
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assumes, following a previous prescription [47/]], that the J = 1 configuration is completely dominated by
strangeness-rearrangement processes. The obtained correlation function is shown by the blue curve in
Fig. 3] panel b. This curve clearly deviates from the data. Both theoretical calculations also include the
effect of the Coulomb interaction and they predict the existence of a p—Q~ bound state with a binding
energy of 2.5 MeV, which causes a depletion in the correlation function in the k£* region between 100
and 300 MeV /c, because pairs that form a bound state are lost to the correlation yield. The inset of
Fig. 3| shows that in this £* region the data are consistent with unity and do not follow either of the two
theoretical predictions.

At the moment, the lattice QCD predictions underestimate the data, but additional measurements are
necessary to draw a firm conclusion on the existence of the bound state. Measurements of A—E~ and
¥0_Z~ correlations will verify experimentally the strength of possible non-elastic contributions. Mea-
surements of the p—Q~ correlation function in collision systems with slightly larger size (for example,
p—Pb collisions at the LHC [[I1]]) will clarify the possible presence of a depletion in C(k*). Indeed, the
appearance of a depletion in the correlation function depends on the interplay between the average intra-
particle distance (source size) and the scattering length associated with the p—Q™ interaction [47].

Summary

We have shown that the hyperon—proton interaction can be studied in unprecedented detail in pp colli-
sions at /s = 13 TeV at the LHC. We have demonstrated, in particular, that even the as-yet-unknown
p—Q~ interaction can be investigated with excellent precision. The comparison of the measured correla-
tion functions shows that the p—Q~ signal is up to a factor two larger than the p—Z~ signal. This reflects
the large difference in the strong-attractive interaction predicted by the first-principle calculations by
the HAL QCD collaboration. The correlation functions predicted by HAL QCD are in agreement with
the measurements for the p—E~ interaction. For the p—~ interaction, the inelastic channels are not
yet accounted for quantitatively within the lattice QCD calculations. Additionally, the depletion in the
correlation function that is visible in the calculations around £* = 150 MeV /¢, owing to the presence
of a p—Q~ bound state, is not observed in the measured correlation. To draw quantitative conclusions
concerning the existence of a p—Q~ bound state, we plan a direct measurement of the A—=~ and X0-=~
correlations and a study of the p—Q~ correlation in p—Pb collisions in the near future. Indeed, with the
upgraded ALICE apparatus [48] and the increased data sample size expected from the high luminosity
phase of the LHC Run 3 and Run 4 [49], the missing interactions involving hyperons will be measured
in pp and p—Pb collisions and this should enable us to answer the question about the existence of a new
baryon—-baryon bound state. Since this method can be extended to almost any hadron—hadron pair, an
unexpected avenue for high-precision tests of the strong interaction at the LHC has been opened.
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A Methods

Event Selection

Events were recorded from inelastic pp collisions by ALICE[[50][[51])at the LHC. A trigger that requires
the total signal amplitude measured in the VO detector to exceed a certain threshold was used to
select high-multiplicity (HM) events. The VO detector comprises two plastic scintillator arrays placed
on both sides of the interaction point at pseudorapidities 2.8 < 1 < 5.1 and —3.7 < n < —1.7. The
pseudorapidity is defined as 1 = —In [tan (%)] , where 0 is the polar angle of the particle with respect to
the proton beam axis.

At /s = 13 TeV, in the HM events, 30 charged particles in the range |n| < 0.5 are produced on average.
This 1 range corresponds to the region within 26 degrees of the transverse plane that is perpendicular
to the beam axis. The HM events are rare, constituting 0.17% of the pp collisions that produce at least
one charged particle in the pseudorapidity range || < 1.0. It was shown [38]] that HM events contain an
enhanced yield of hyperons, which facilitates this analysis. The yield of Q™ in HM events is at least a
factor 5 larger, on average, compared with that in total inelastic collisions A total of 1 x 10° HM
events were analysed. Additional details on the HM event selection can be found in a previous work [12].
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Particle Tracking and Identification

For the identification and momentum measurement of charged particles, the Inner Tracking System
ITS) Time Projection Chamber (TPC) and Time-Of-Flight (TOF) detectors of ALICE
are used. All three detectors are located inside a solenoid magnetic field (0.5 T) leading to a bending of
the trajectories of charged particles. The measurement of the curvature is used to reconstruct the particle
momenta. Typical transverse momentum (pr) resolutions for protons, pions and kaons vary from about
2% for tracks with pr = 10GeV /c to below 1% for pr < 1GeV /c. The particle identity is determined by
the energy lost per unit of track length inside the TPC detector and, in some cases, by the particle velocity
measured in the TOF detector. Additional experimental details are discussed in a previous work [51]|

Protons are selected within a transverse momentum range of 0.5 <pr < 4.05GeV /c. They are identified
requiring TPC information for candidate tracks with momentum p < 0.75GeV /¢, whereas TPC and TOF
information are both required for candidates with p > 0.75GeV /c. An incorrect identification of primary
protons occurs in 1% of the cases, as evaluated by Monte Carlo simulations.

Direct tracking and identification is not possible for =~ and Q™ hyperons and their antiparticles, be-
cause they are unstable and decay as a result of the weak interaction within a few centimetres after
their production. The mean decay distances (evaluated as ¢ X T, where 7 is the particle lifetime) of
TE) > AMA)+n (nt) and Q(Q7) — A(A)+K~(K") are 4.9 and 2.5 cm, respectively
Both decays are followed by a second decay of the unstable A (A) hyperon, A(A) — p(p) +n~ (n),
with an average decay path of 7.9 cm (ref. . Consequently, pions (n), kaons (K¥) and protons
have to be detected and then combined to search for £~ §+) and Q_(§+) candidates. Those secondary
particles are identified by the TPC information in the case of the reconstruction of E*(§+), and in the
case of Q™ (§+) it is additionally required that the secondary protons and kaons are identified in the TOF
detector. To measure the E*(fr) and Q*(ﬁJr) hyperons, the two successive weak decays need to be
reconstructed. The reconstruction procedure is very similar for both hyperons and is described in detail
previously Topological selections are performed to reduce the combinatorial background, evaluated
via a fit to the invariant mass distribution.

Determination of the source size

The widths of the Gaussian distributions constituting S(r*), and defining the source size, are calculated
on the basis of the results of the analysis of the p—p correlation function in pp collisions at /s = 13 TeV
by the ALICE collaboration [15]. Assuming a common source for all baryons, its size was studied as a
function of the transverse mass of the baryon—baryon pair, mp = (kT 24 m2) 1/ 2, where m is the average
mass and kt =| pr 1+ pr, 2 |12 is the transverse momentum of the pair. The source size decreases with
increasing mass, which could reflect the collective evolution of the system. The average transverse mass
(mt) for the p—E~ and p-Q~ pairs differ and are equal to 1.9 GeV/c and 2.2 GeV /c, respectively. To
determine the source sizes for these values, the measurement from p—p correlations (shown in figure 5 of
ref. [[15]]) is parameterized as rcore = a - mt b4 ¢, where reope denotes the width of the Gaussian distribution
defining the source before taking into account the effect produced by short lived resonances.

In pp collisions at /s = 13 TeV, E~ and Q~ baryons are produced mostly as primary particles, but
about 2/3 of the protons originate from the decay of short-lived resonances with a lifetime of a few fm
per c. As a result, the effective source size of both p—E~ and p—Q~ is modified. This effect is taken into
account by folding the Gaussian source with an exponential distribution following the method outlined
previously [15]]. The resulting source distribution can be characterized by an effective Gaussian source
radius equal to 1.02 £ 0.05 fm for p—E~ pairs and to 0.95 £ 0.06 fm for p—Q~ pairs. The quoted uncer-
tainties correspond to variations of the parametrization of the p—p results according to their systematic
and statistical uncertainties.
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Corrections of the Correlation Function

The correction factor & (k*) accounts for the normalization of the k* distribution of pairs from mixed-
events, for effects produced by finite momentum resolution and for the influence of residual correlations.

The mixed-event distribution, Nyixed(k*), has to be scaled down, because the number of pairs available
from mixed events is much higher than the number of pairs produced in the same collision used in
Nsame (k). The normalization parameter .4 is chosen such that the mean value of the correlation function
equals to unity in a region of k* values where the effect of final-state interactions are negligible, 500 <
k* < 800MeV/c.

The finite experimental momentum resolution modifies the measured correlation functions at most by
8% at low k*. A correction for this effect is applied. Resolution effects due to the merging of tracks that
are very close to each other were evaluated and found to be negligible.

The two measured correlation functions are dominated by the contribution of the interaction between
p—E~ and p—Q~ pairs. Nevertheless, other contributions also influence the measured correlation func-
tion. They originate either from incorrectly identified particles or from particles stemming from other
weak decays (such as protons from A — p+ 7~ decays) combined with primary particles. Because weak
decays occur typically some centimetres away from the collision vertex, there is no final-state interac-
tion between their decay products and the primary particles of interest. Hence, the resulting correlation
function either will be completely flat or will carry the residual signature of the interaction between the
particles before the decay. A method to determine the exact shape and relative yields of the residual
correlations has been previously developed [8][59]} and it is used in this analysis. Such contributions
are subtracted from the measured p—Z~ and p—Q~ correlations to obtain the genuine correlation func-
tions. The residual correlation stemming from misidentification is evaluated experimentally [11]] and its
contribution is also subtracted from the measured correlation function.

The systematic uncertainties associated with the genuine correlation function arise from the following
sources: (i) the selection of the proton, &~ (§+) and Q™ (§+), (i1) the normalization of the mixed-
event distributions, (iii) uncertainties on the residual contributions, and (iv) uncertainties due to the finite
momentum resolution. To evaluate the associated systematic uncertainties: (i) all single-particle and
topological selection criteria are varied with respect to their default values and the analysis is repeated
for 50 different random combinations of such selection criteria so that the maximum change introduced
in the number of p—Z~ and p—Q~ pairs is 25% and the changes in the purity of protons, =~ (§+) and
Q- (§+) are kept below 3%; (ii) the k*-normalization range of the mixed-events is varied, and a linear
function of k* is also used for an alternative normalization which results in an asymmetric uncertainty;
(iii) the shape of the residual correlations and its relative contribution are altered; and (iv) the momentum
resolution and the used correction method are changed. The total systematic uncertainties associated
with the genuine correlation function are maximal at low k*, reaching a value of 9% and 8% for p—E~
and p—Q~, respectively.

HAL QCD potentials

Results from calculations by the HAL QCD Collaboration for the p—=~ [14]] and p—Q~ [13]] interactions
are shown in Figs. Such interactions were studied via (2+1)-flavor lattice QCD simulations with
nearly physical quark masses (m, = 146 MeV/c?).

In Fig. E], the p—Z~ and p—Q~ potentials are shown for calculations with #/a = 12, with ¢ the Euclidean
time and a the lattice spacing of the calculations. The HAL QCD Collaboration provided 23 and 20
sets of parameters for the description of the shape of the p—=~ and p—Q ™~ potentials, respectively. Such
parametrizations result from applying the jackknife method, which takes into account the statistical un-
certainty of the calculations. The width of the curves in Fig. [ corresponds to the maximum variations

14



Unveiling the strong interaction among hadrons at the LHC ALICE Collaboration

observed in the potential shape by using the different sets of parameters.

To obtain the correlation functions shown in Fig. 3] we consider the calculations with #/a = 12, both for
p—E and p—Q~. The statistical uncertainty of the calculations is evaluated using the jackknife variations,
and a systematic uncertainty is added in quadrature evaluated by considering calculations with t/a = 11
and t/a = 13.
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