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ABSTRACT: The probability to observe a specific number of strange and multi-strange
hadrons (ng), denoted as P(ng), is measured by ALICE at midrapidity (Jy| < 0.5) in
Vs =5.02TeV proton-proton (pp) collisions, dividing events into several multiplicity-density
classes. Exploiting, for the first time, a technique based on counting the number of strange-
particle candidates event-by-event, this measurement allows one to extend the study of
strangeness production beyond the mean of the distribution. This constitutes a new test
bench for production mechanisms, probing events with a large imbalance between strange
and non-strange content. The analysis of a large-statistics data sample makes it possible to
extract P(ns) up to a maximum ng of 7 for K&, 5 for A and A, 4 for =~ and =7, and 2 for
Q- and Q7. From this, the probability of producing strange hadron multiplets per event
is calculated, thereby enabling the extension of the study of strangeness enhancement to
extreme situations where several strange quarks hadronize in a single event at midrapidity.
Moreover, comparing hadron combinations with different u and d quark compositions and
equal overall s quark content, the contribution to the enhancement pattern coming from
non-strangeness related mechanisms is isolated. The results are compared with state-of-the-art
phenomenological models implemented in commonly used Monte Carlo event generators,
including PYTHIA 8 Monash 2013, PYTHIA 8 with QCD-based Color Reconnection and
Rope Hadronization (QCD-CR + Ropes), and EPOS LHC, which incorporates both partonic
interactions and hydrodynamic evolution. These comparisons show that the new approach
dramatically enhances the sensitivity to the different underlying physics mechanisms modeled
by each generator.
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1 Introduction

Strange-hadron production measurements hold a central role in the study of light-flavor
hadron formation in hadronic collisions and, in general, in the phenomenological modelling of
the non-perturbative quantum chromo-dynamical processes involved in the hadronization
phase of extended colored systems.

An enhanced production rate of (multi-)strange particles in heavy-ion collisions with
respect to hadronic collisions was originally proposed as a signature of the formation of the
thermalized partonic medium called quark—gluon plasma (QGP) [1, 2]. The strangeness-
enhancement (SE) phenomenon was first studied at the BNL Alternating Gradient Synchrotron
(AGS) [3, 4], observed experimentally at the CERN Super Proton Synchrotron (SPS) [5-7]
and then confirmed at higher center-of-mass collision energies at the BNL Relativistic Heavy
Ion Collider (RHIC) [8] and at the CERN Large Hadron Collider (LHC) [9, 10]. Nonetheless,
the origin of this phenomenon is still uncertain. Statistical hadronization models (SHM)
have proven to be effective in reproducing strangeness production in heavy-ion collisions [11—-
14], explaining the modified probability for strange-hadron production in small collision
systems with either the imposition of local flavor and charge conservation laws [15], or with
an incomplete equilibration of the strange quantum number [16]. From the experimental
perspective, in the last decade the ALICE Collaboration has released a comprehensive set of
measurements of strange hadron-to-pion yield ratios as a function of the average charged-
particle multiplicity density at midrapidity ((dNen/dn),<0.5) in different collision systems
and for different center-of-mass energies (pp [17-20], p—Pb [21] and Pb-Pb [9, 10]). The
results showcase an enhancement pattern proportional to the strangeness content of the



hadron and independent of the collision system or center-of-mass energy. In particular, the
observation of SE in high-multiplicity pp collisions challenges the idea of pure in-vacuum
hadronization in hadron-hadron interactions [22]. In addition to this, several phenomena
traditionally attributed to the creation of a hydrodynamically-expanding partonic medium in
A—A collisions have been observed in high-multiplicity pp and p—Pb interactions [23—29].

Following all these observations in smaller systems, several phenomenological models
implemented in commonly used Monte Carlo (MC) event generators [30, 31] have been
extended to cope with particle production in high parton density environments [32-34].
In particular, PYTHIA [30] is a general purpose MC generator that incorporates pertur-
bative quantum-chromodynamics (pQCD) processes, hadronization through color string
fragmentation and Multi Parton Interactions (MPI). The PYTHIA 8 Monash 2013 tune also
implements a basic version of the color-reconnection (CR) mechanism [35]. An advanced CR
implementation of QCD-allowed 3-leg junctions [32] and a modified string-tension model in
dense QCD environments are features included in the PYTHIA 8 QCD-CR + Ropes version
of the model [33], with the purpose of describing the aforementioned experimental results.
Other theoretical approaches implementing the interplay between a thermalized medium and
in-vacuum hadronization, such as EPOS [36] and DCCI (Dynamical Core-Corona Initializa-
tion) [37, 38], have been developed to describe particle production in all collision systems.
Specifically, EPOS [39] is based on the Gribov-Regge theory at parton level [40]. Collective
effects and modified hadronization in high-multiplicity environments are obtained by means
of the “core-corona” mechanism [41], which includes two different regimes: a high-density
core, implementing statistical hadronization and parametrized hydrodynamic expansion, and
a low-density corona which features string fragmentation. SHM fits have been also extended
to the lowest multiplicities which characterize pp interactions [42—44].

The qualitative agreement of the revised models in reproducing SE patterns, though show-
ing tensions when a quantitative comparison is performed, triggered additional experimental
activity targeted at defining the connections between strange-particle production and local or
global characteristics of the events under study in pp collisions. In this respect, the connection
of strangeness production with the presence of jets [45, 46], the classification of events accord-
ing to their isotropy in the final-state charged particle distribution [47], and the tentative
connection of SE to global event properties such as effective energy [48] are all to be considered
as relevant follow-ups. Moreover, two-particle correlation techniques have been exploited to
study strange quantum number conservation in small and large collision systems [49, 50].

In all previous yield measurements, strange-particle abundances are extracted by counting
their total sum in a given data set — dividing the sample according to topological or
dynamical properties of the events or of the strange-particle candidates — and then, after
acceptance and efficiency corrections, normalizing to the total number of analyzed inelastic
events in the sample. In this sense, these measurements account for the average of the
strange-particle-multiplicity distribution underlying the physical production mechanism for
a specific particle species. In this article, an extension of these results is reported: for the
first time, the probability to observe a specific number of strange particles (ng) per event, i.e.
the strange-particle-multiplicity distribution P(ns), is measured for K§, A, A, =, §+, Q-
and O in pp collisions at /s = 5.02TeV. This is performed in different charged-particle



multiplicity-density classes, exploiting an analysis technique based on counting the number of
strange particles event-by-event. This method, for the first time applied to strange particle
yield measurement, allows the extraction of the probability to observe, e.g., events with a
very limited overall charged-particle multiplicity density but featuring the presence of several
cascades and, conversely, high-multiplicity events with a very limited number (or absence) of
a single-strange Kg mesons. Additionally, the measurement of P(ng) allows the calculation of
the average production yield of multiplets of a given strange particle. It is then possible to
explore SE at its extremes, not limited to the ratio of /7, but extending to the presence of
six s quarks in ) doublets or = triplets. At the same time, it is now possible to highlight
the non-strangeness-related component in the SE pattern, by studying the ratio of A and K%
multiplets versus multiplicity and, in general, to explore the relative hadronization probability
into different final-state strange hadron multiplets in events characterized by the presence
of a given number of s quarks created in the collision.

The paper is organized as follows. In section 2, the experimental setup is briefly discussed,
while details on the analysis are provided in section 3. Results are presented, discussed
and compared to phenomenological models in section 4, and conclusions are summarized
in section 5.

2 Experimental setup

ALICE (A Large Ion Collider Experiment) is the general-purpose heavy-ion experiment at
the LHC that is optimized to perform tracking and particle identification down to as low as
pr ~ 50 MeV. A detailed description of the ALICE detector and its performance during the
LHC Run 1 and 2 campaigns can be found in refs. [51, 52|, while in this section, the main
sub-detectors used for the measurement presented in this article are briefly described.

Tracking at central pseudorapidity (|n| < 0.9) is performed employing the Inner Tracking
System (ITS) and the Time Projection Chamber (TPC), located inside a solenoidal magnet
providing a 0.5 T magnetic field. The ITS [53] is the detector closest to the beam pipe and
is composed of six cylindrical layers of silicon sensors located at radii between 3.9 and 43.0
cm from the beam line. Due to the high track density in central Pb—PDb collisions, the two
innermost layers consist of silicon pixel detectors (SPD), which guarantee high granularity,
while the two middle and two outer layers are formed by silicon drift (SDD) and micro-strip
(SSD) detectors, respectively, and can be used for particle identification (PID) at very low
momentum. The TPC [54] is the main tracking detector, featuring a large cylindrical gaseous
drift chamber (two drift regions divided by a central electrode) covering the full azimuth
and radii between 78.8 and 248.9 cm from the beam line. Its endcaps consist of multi-wire
proportional chambers with pad readout, providing up to 159 tracking points. It also provides
PID information via the measurement of the specific ionization energy loss (dE/dx) in the
detector gas. PID is complemented by the Time-Of-Flight (TOF) system [55], a large array
of multigap resistive plate chambers at a radial distance of 3.7 m from the beam line. Thanks
to its very good time resolution of less than 60 ps, the TOF discriminates among different
particle species through a measurement of their time-of-flight.

The ALICE apparatus also includes several forward/backward pseudorapidity detectors.
Among those, the VO [56] are two sets of plastic scintillator hodoscopes located around the



beam pipe on both sides of the interaction point, covering 2.8 < n < 5.1 (VOA section) and
—3.7 <n < —1.7 (VOC section). The VO provides the main inelastic trigger in pp collisions
by performing the logical AND of the digital signals from the A and C sides and, at the same
time, it is used to classify events according to their multiplicity, by evaluating the sum of the
analog signal amplitudes from the A and C sides (VOM multiplicity estimator, see section 3.1).

3 Analysis details

The analysis steps are described here, from event and charged-particle multiplicity categoriza-
tion, to strange-particle candidate selection, raw multiplicity distribution building, corrections
and systematic uncertainty evaluation. The analysis procedure, though being very different
from the one reported in refs. [17-20], exploits the experience documented therein in terms
of event, multiplicity, and candidate selection. Data collected in 2017 during the LHC Run 2
operations in pp collisions at /s = 5.02 TeV are analyzed [57]. This data sample features
large statistics and very stable detector conditions, given by the rather limited time span over
which all data were acquired (less than one month). Accelerator conditions were tuned to cope
with the ALICE experiment requirements, featuring proton bunches sparsely populating the
full orbit and a beam focusing strategy complying with the ALICE rate capability (5* = 10
m). All this makes the analyzed sample the most suitable for this work.

3.1 Event selection and multiplicity categorization

A signal from both VOA and VOC in coincidence with the arrival of a proton bunch from
each LHC direction defines the Minimum Bias (MB) trigger. A total of 1.1 -10° MB events,
corresponding to an integrated luminosity Lin; = 2.3 nb~!, are considered. Only events with
a primary vertex (PV) positioned within |z| < 10 cm around the nominal IP are selected for
the analysis, where the coordinate z is measured along the beam direction. The probability of
more than one interaction occurring in one bunch crossing is smaller than 2 - 1073 throughout
the whole data-taking period, and this residual contamination from in-bunch pile-up is
reduced to a negligible level offline by excluding events with multiple vertices reconstructed
with the SPD. Contamination from beam-gas interactions is removed offline by using the
timing information from the V0 and by exploiting the correlation between the number of
hits and tracks detected by the standalone SPD [52]. The results reported here correspond
to the event class INEL > 0, including all inelastic events with at least one charged track in
In| < 1, corresponding to about 75% of the total inelastic cross section.

Charged-particle multiplicity density at central pseudorapidity (|n| < 0.5) is one of the
main ingredients of this study. It is selected (as detailed in ref. [58]) by defining percentile
classes in the VOM amplitude distribution (VOM class), which is proportional to the overall
multiplicity in the event. This forward rapidity estimator was previously shown to be unbiased
in terms of charged-to-neutral particle ratios at midrapidity [18] and more connected to the
global event activity, rather than to local midrapidity fluctuations in particle production [48].
For each VOM class, the average of the corresponding midrapidity multiplicity distribution
is computed, fully corrected for acceptance, tracking and vertexing efficiency as well as for
contamination from secondary particles. This average is denoted as (dNen/dn)jyj<0.5 (VOM
class). Table 1 reports (dNen/dn)y<0.5 (VOM class) for all the multiplicity classes used for



dNg, /d VOM class
VOM class | Multiplicity (%) (dNen/ 77>|77| <05 ( )
Kg, A =, 0
I+II+11T 0—0.9152 18.50 £ 0.17 18.50 £ 0.17
v 0.9152 — 4.5770 | 14.51 +£0.18 14.51 +0.18
A% 4.5770 — 9.1560 | 11.93 +0.11
11.24 +0.13
VI 9.1560 — 13.740
9.70 £0.13
VII 13.740 — 18.320
8.38 +£0.12
VIII 18.320 — 27.510 | 7.76 £0.11
IX 27.510 — 36.760 | 6.34 +0.08
5.78 + 0.08
X 36.760 — 46.110 | 5.22 +£0.07
XI 46.110 — 65.450 | 3.94 £0.06 3.94 + 0.06
XIT 65.450 — 100 2.42 4+ 0.04 2.424+0.04
INEL > 0 0— 100 5.48 + 0.07

Table 1. List of VOM multiplicity event classes (first column), percentile intervals (second column)
and corresponding charged-particle pseudorapidity densities (|n| < 0.5) in pp collisions at /s =
5.02 TeV [58] used for the different particles under study (K% and A in third, E and 2 in fourth
column). Class names and percentile boundaries are chosen to match those defined in ref. [20].

this study. Each VOM class corresponds to a broad midrapidity multiplicity distribution, with
a relative root mean square (RMS) ranging from 70% to 30% from the lowest to the highest
multiplicity classes reported in table 1. More details on the implications of multiplicity
variability on this specific study are given in section 4.1, where multiplicity fluctuations and
the strangeness-induced charged-particle multiplicity bias are discussed.

3.2 Candidate selection and raw multiplicity distribution engineering

V0 and cascade candidates are reconstructed at midrapidity (|y| < 0.5) through the iden-
tification of their weak-decay topology [59]:

K — 7t +7~ B.R. = (69.20 £ 0.05)%
AA) = p®) + 7 (77T) B.R. = (63.9+0.5)%

= ED) 5 AR) + 7 (7) B.R. = (99.887 & 0.035)%
QO Q) > AA) + K~ (KH) B.R. = (67.8+£0.1)%

V0 daughter tracks are first selected and then, for the cascade analysis, an additional
pion or kaon (bachelor track) is associated to the topology. The reconstructed tracks are
selected in the pseudorapidity region || < 0.8 to maximize the TPC acceptance throughout
their full length. Moreover, they are required to fulfill a set of quality criteria, including
a minimum number of TPC crossed rows (Nyrows) and a minimum ratio between Ny yows
and the number of TPC findable clusters (Nandable). The PID is performed by means of



the specific energy loss (dF/dz) in the TPC gas volume, selecting a maximum distance
in resolution units (04p/4,) from the expected average determined using a Bethe-Bloch
parametrization. Several topological selections are applied to the reconstructed weak-decay
geometry in order to ensure that the candidates are genuine strange particles and to reduce
the combinatorial background. The distance of closest approach (DCA) of daughter tracks to
the PV is required to be larger than a given threshold, to exclude primary particles in the
building of the weak decay. Similarly, in the cascade analysis the reconstructed V9 candidate
is required to have a large DCA. On the contrary, small DCA is required between the 1°
daughter tracks (DCA V° daughters), and between the V° and the corresponding bachelor
track in the cascade reconstruction (DCA cascade daughters). A minimum distance in the
transverse direction between the PV and the secondary or tertiary decay vertex (transverse
decay radius, R,,) is imposed to avoid large contamination from primary particles, while a
maximum proper lifetime is set to avoid candidates that decay too far from the PV. The
cosine of the angle between the candidate momentum and the vector connecting the primary
and secondary (or tertiary) vertices (cosflpa ) is a very selective variable which is set to be
larger than a minimum value to avoid decays not pointing to the right vertex. To reject
residual out-of-bunch (OOB) pileup, it is required that at least one of the decay daughters
has either a hit in the TOF detector or is reconstructed by both ITS and TPC. All selections,
optimized based on detailed studies done on MC simulations, are extensively described in
ref. [60] and the values are summarized in table 2.

After the application of all the aforementioned selections, the probability of a candidate to
be signal or background is determined through a prior fitting procedure of the invariant-mass
distribution in several pr bins and for all multiplicity classes. A sum of a double-sided
Crystal Ball (dsCB [61]) and a first degree polynomial (Gaussian for the ) is used to fit the
signal and the combinatorial background of the distribution, respectively. Examples of the
invariant-mass distributions for strange and multi-strange particles are reported in the top
and bottom panels of figure 1, respectively, for the INEL > 0 event class. The distributions
are reported for low and high transverse-momentum (pr) intervals together with the fits
used to determine the signal probability.

This procedure allows the definition of weights, to be applied to each candidate, associated
to its probability of being signal or background, according to its pr, invariant mass and the
multiplicity measured in the event to which it belongs:

_ dsCB (pr, Miny; VOM)
"~ Total (P, Miny; VOM)

wg (pr, Minv; VOM) { wrp(pT; VOM) }, wp=1—ws (3.1)

where wrp(pr; VOM) is a factor that only applies to the A (A) analysis, where the
feed-down component coming from the decay of =~ (§+) and =° has to be taken into account.
wpp is evaluated as the ratio between reconstructed primary and inclusive A in the MC,
once the pr distributions of both = and A have been corrected at the generated level to
match those measured in ref. [20]. Note that the Z° p shape is considered equal to the shape
measured for charged =. This procedure, different with respect to the one adopted in previous
analyses and based on the determination of the feed-down matrix, relies on the previous
determination of the pr distribution for the particles under study. The comparison between
the feed-down fractions determined with the two techniques shows very good agreement.



Daughter track selection K2 (A) =(92)
pseudorapidity In| < 0.8 In| < 0.8
Necrows > 69(70) > 69(67)
Nx-rows /Nindable > 0.8 > 0.8
TPC dE/dz <5(A)0dp/a | < 5(5.5)0um)ds
Ny with (TOF || ITS) >1 > 1
Candidate selection K2 (A) =(92)
rapidity ly| < 0.5 ly| < 0.5
DCA VY daughter to PV | > 0.035(0.06) cm > 0.11cm
DCA VY daughters < 0.5(0.6)0 < 0.8(0.7)0
DCA V9 to PV — > 0.04 cm
DCA bachelor to PV — > 0.03(0.02) cm
DCA cascade daughters — < 0.8(0.7) cm
Ry VO > 0.35(0.5) cm > 0.6 cm
R, cascade — > 0.4(0.35) cm
Proper Lifetime (mL/p) < 40(30) cm < 17(10) cm
VY cosfpa > 0.99(0.996) > (0.985(0.98)
cascade cosfpy — > 0.985(0.98)
A invariant mass window — 10.008 GeV/c?

Table 2. List of selection criteria applied to V? and cascade candidates.

For the INEL > 0 event class, within the measured transverse-momentum range 0 < pr <
10 GeV/c, the resulting feed-down fraction shows a pronounced pp dependence: it is about
0.11 (0.12) in the lowest pr interval, increases to a maximum of approximately 0.23 (0.24)
at pr ~ 5.5 GeV/c, and then decreases towards higher transverse momenta, reaching values
of about 0.07 (0.02) in the highest pr interval.

The left panel of figure 2 shows wg as a function of the candidate’s p for all particles
under study in two different regions of the invariant-mass distribution: at the peak position
and at a -logsop distance from it. wg is in general very high at peak, and remains larger than
0.9 even at logscp distance for all particles except €2, where the poorer S/B ratio translates
into smaller signal probabilities. It is worth noting that wg has a smooth evolution with
pr, demonstrating that the pp granularity chosen in this study is sufficiently large not to
have wg weights rapidly changing inside the pr bins.

Each of the NV candidates in every event is then considered with its corresponding wg

and the combined probability for all candidates to be signal, background and all intermediate
N!

MI(N—M)!

In this way, for each event with N candidates a fully reconstructed probability distribution

combinations with M signals and N — M backgrounds are evaluated and summed.

spanning from 0 to N is extracted. As an example, with three V9 candidates in the event i,
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Figure 1. Invariant-mass distributions for K2 (a), A (b), Z~ (¢) and Q= (d), at low and high
transverse momentum for the INEL > 0 event class. The dashed lines illustrate the fits used for the
definition of the signal probability.

the reconstructed distribution R; is composed by four bins, whose contents are calculated as:

R;[0] = wp(1) - wp(2) - wp(3)
Ri[1] = ws(1) - wp(2) - wp(3) + wp(1) - ws(2) - wp(3) + wp(1) - wp(2) - ws(3)
Ri[2] = wg(1) - wg(2) - wp(3) + ws(1l) - wp(2) - ws(3) + wp(l) - ws(2) - ws(3)
Ri[3] = wg(1) - ws(2) - ws(3)

Summing over all the analyzed events (over all ¢ in the example above) and normalizing to
the total number of events, the fully uncorrected distribution is extracted. The procedure is
carried out for the INEL > 0 event class and in every VOM multiplicity class. The right panel
of figure 2 reports the uncorrected multiplicity distribution for all particles and antiparticles
before normalization, where statistical errors have been evaluated using the sub-samples
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Figure 2. (left) Signal weights at the signal peak position (circles) and at 1o distance from the
peak (square markers) for all particles under study as a function of pr in the INEL > 0 event class.
Dashed lines are shown to guide the eye. (right) Uncorrected multiplicity distribution ng"® for all
particles under study in the INEL > 0 event class, where statistical uncertainties are evaluated using
the sub-samples method [62] and are smaller than the marker size. Particles correspond to full markers,
antiparticles to hollow markers.

method [62]. The distribution is truncated at an ng"® which features at least 10 occurrences
in the analyzed sample.

3.3 Corrections: unfolding and trigger efficiency

The correction for detector response, normally applied to estimate the acceptance and
efficiency factor (A x¢€), is here performed by means of a one-dimensional Bayesian unfolding
procedure implemented in the package RooUnfold [63]. A dedicated MC simulation has been
performed featuring PYTHIA 8 Monash 2013 events plus injected strange particles generated
according to their measured pr distribution from ref. [20]. Strange hadrons simulated by
PYTHIA are removed a-posteriori, as their pt distribution is different from the one observed
in real data and, hence, they would introduce a bias in the procedure. Realistic detector
conditions, as monitored during the whole data-taking period, are taken into account in the
simulation by implementing particle propagation through the detector material with the
GEANT 4 [64] transport code. The track reconstruction and candidate selection are identical
to what is done for real events. On top of all the selection criteria previously discussed, the
correspondence between the reconstructed candidate and the originally generated particle of
the correct type is ensured. Strange particles are injected with a sub-sample scheme ensuring
to have similar statistics in events featuring the presence of very different strange-particle
multiplicities. This results in a flat distribution of the number of events as a function of
the generated strange-particle multiplicity.

Figure 3 shows the response matrices in the INEL > 0 class for Kg, A, =7 and Q7. Since
the pr-averaged A xe corresponding to the implemented selections is generally lower than
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Figure 3. Response matrices showing the number of generated particles per event as a function of
the number of reconstructed particles per event, used for the multiplicity measurement of Kg (a), A
(b), E= (¢) and Q~ (d) in pp collisions at /s = 5.02 TeV for the INEL > 0 event class.

10% for all particles, the response matrix turns out to be rather limited in the number of
reconstructed particles, especially for cascades. This translates into large correction factors
for the high tail of the multiplicity distribution, factors that need to be accurately studied
in terms of stability. The regularization parameter in the Bayesian unfolding procedure
corresponds to the number of iterations needed to stabilize the result. It is observed that
in the first ~ 10 iterations the unfolded distribution changes significantly, as the starting
point in the response matrix is a flat generated distribution, while the result turns out to
be a rapidly-falling distribution. Generally, after 10 iterations the unfolded result fluctuates
less than ~ 1% if the number of iterations is increased. For this reason, after the first 10
iterations, a preliminary unfolded distribution is fitted with a negative binomial distribution
(NBD [65]), which reproduces the data well (see section 4), and a new unfolding procedure
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is started by weighing the generated distribution in the response matrix to correspond to
the extracted preliminary NBD. In this configuration the Bayesian procedure necessitates a
smaller regularization parameter to converge (typically 34 iterations at most), and the MC
closure test verifies this procedure starting from different generated multiplicity distributions
at the ~ 2% level for all particles. The evaluation of a systematic uncertainty on the prior
choice for the unfolding procedure is detailed in section 3.4.

It has been previously shown [20] that the pp-differential A x e does not depend on the
event multiplicity for any of the particles under study in pp collisions. Nonetheless, the
evolution with multiplicity of the p distribution associated to strange-particle production
translates, when integrating over pr, into a different average A xe as the VOM class changes.
For this reason, detector response in different multiplicity classes has been obtained starting
from the same MC simulation and applying, to every candidate, suitable weights to arrange
the pr distribution to the measured one in the VOM class under study.

The statistical uncertainty related to the particle-multiplicity distribution is estimated
using the sub-sample method [62]. The initial dataset is divided into 20 sub-samples for V¥ and
15 for cascades, all of equal size. For each sub-sample the multiplicity distribution is obtained
following the procedure previously discussed. The central point and the statistical uncertainty
associated to each bin of the multiplicity distribution are obtained as the mean and the
standard deviation of the 20 (15) obtained values. This procedure serves also as an important
test for the stability of the whole procedure, since the distribution of the 20 (15) values turns
out to be peaked at the mean value, rapidly falling symmetrically. There are no outliers
observed in the distribution, which demonstrates that the unfolding procedure is stable.

Event trigger inefficiency affects the measurement in two distinct ways. Firstly, the
normalization of the strange-particle-multiplicity distribution to the total number of analyzed
events should take into account the trigger efficiency factor (eqig) estimated and reported in
ref. [58]. eqig is applied differentially to each bin of the multiplicity distribution, taking into
account its dNg, /dn dependence and the multiplicity bias discussed in section 4.1. Secondly,
lost events may contain strange-particle candidates and, for this reason, a correction factor
that counts the number of lost candidates (epart) is estimated from MC simulations. In
this case, the pp-differential factor evaluated in ref. [20] is averaged taking into account the
correct pr spectrum for all particles in every multiplicity class. epar is applied to each bin
n of the multiplicity distribution elevated to the n-th power.

As a result, the multiplicity distribution for the strange-particle (S) production is ob-
tained as:

P(?’LS) _ €trig ] {Zivtit Rz[n} } (32>
p Unfolded

2::part NtOt
where Ny is the total number of analyzed events.

3.4 Systematic uncertainty evaluation

Several sources of systematic uncertainty are considered, and the effect on the final results is
evaluated. Table 3 reports the relative systematic uncertainty estimated in the INEL > 0
event class for all particles under study at the lowest (zero), intermediate and highest ng
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Systematic uncertainty (%)
Hadron Kg A = Q
ng o[ 3] 7] o] 2|5 [0 2|4 o | 1 | 2
Cut variation 03 | 56 | 21 0.07 5.7 38 0 6.3 38 0 44 10
Signal extraction 0.09 | 0.4 | 0.6 0 0.17 | 0.9 0 0.19 | 0.23 | 0.01 | 0.04 | 0.07
Unfolding procedure 1.6 | 17.8 | 22.5 0.4 16.8 65 0.2 15.1 65 0 10.7 24
Epart 09 | 63 | 158 | 0.2 3.7 95 | 004 | 7.3 14 0 2.95 5.9
pr distribution 0.4 | 11.9 | 12,5 3.5 4.9 45 3 3.3 5.6 0 5.4 13
OOB pile-up cut 0.09 | 85 | 16.5| 0.4 9.8 26 | 0.01 2.6 5 0 043 | 0.85
Feed-down correction 0.15 3.01 7.8
material budget 0.6 1.6 | 3.7 1.1 2.2 5.4 1.2 2.3 4.7 1 1.1 2
Strangeness from material | 0.15 | 0.38 | 0.9 0.4 0.7 1.7 | 0.48 0.9 1.8 0.25 | 0.31 0.44
Hadronic interaction — | — | — [(0.17) | (0.31) | (0.8) | (0.2) | (0.36) | (0.72) | (0.2) | (0.28) | (0.36)
Total | 2 [235] 37 | 37 | 215 [ o0 [ 33 ] 176 | 66 | 11| 144 | 30 |

Table 3. Systematic-uncertainty sources and corresponding values in three different ng (zero,
intermediate and highest) of the INEL > 0 multiplicity distribution of all strange hadrons under study.
The last two sources are evaluated separately for particles and antiparticles, with only the highest
value reported in the table (in parentheses if it is the one corresponding to antiparticles).

considered. The general outcome is that the systematic uncertainty smoothly increases with
ng, as the effect of any bias contributes more as ng gets higher: for ng = 0 the multiplicity
dependent systematic uncertainties are always smaller than 4%, while they reach tens of
percent for the highest values of ng.

Potential differences in the distribution of selection variables in MC and real data can
impact the final result. To study this, a multi-trial procedure is followed. For each selection
variable, a window around the default value is defined by identifying two extreme values
which lead to a raw signal increase or decrease of no more than 10% with respect to the
default. Afterward, 500 different combinations of selection criteria are randomly chosen inside
their respective variability window and the full analysis chain is performed for every trial,
from signal-extraction to raw distribution determination, unfolding and trigger-efficiency
corrections. For the A and A analyses the feed-down weight is also re-evaluated for each trial,
as the correction is applied at the reconstructed-candidate level. For each bin of P(ng), the
procedure leads to 500 values which are Gaussian distributed around the default and the
standard deviation of the distribution defines the systematic uncertainty. Given the complex
and resource-consuming procedure, this systematic uncertainty is evaluated on the P(ng) in
the INEL > 0 class and then applied to all the P(ng) in the different VOM classes.

The systematic uncertainty on the signal-extraction procedure is evaluated by changing
the pp granularity in the determination of wg. These weights depend on pr (as shown in
figure 2 (left)) because the selection variables have a pr dependence and the combinatorial
background evolves with the transverse momentum. The default binning in pr is chosen to
guarantee sufficient statistics in every invariant-mass distribution, so that a reliable fit can
be performed. The systematic uncertainty is evaluated by slightly changing the number of
pr bins (12, 11, 11 and 9 for K&, A, = and Q, respectively) and following the full analysis
procedure for the modified binning configuration. The difference between the new result and
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the default one is considered as a systematic uncertainty. The effect is sub-leading, never
reaching 1% for any ng, demonstrating that the pt granularity chosen in the default analysis
is sufficient to guarantee a solid wg determination.

As previously mentioned, the stability of the unfolding procedure is extensively tested.
In this case, a systematic uncertainty can originate from the choice of the prior generated
multiplicity distribution in the response matrix. In the default procedure, the NBD obtained
from a fit to the unfolded distribution after 10 initial iterations is used as a starting point.
Two different functions for each VOM class ¢ are considered, namely the preliminary NBD fit
corresponding to classes i — 1 and ¢ + 1. For the lowest(highest) VOM class, where i — 1(7 + 1)
is absent, the i 4+ 2(7 — 2) case is considered, while in the INEL > 0 case the two adjacent
classes V and VI are used. The largest difference between the result obtained with the default
approach and the two alternative ones is retained as systematic uncertainty. At low ng, the
relative uncertainty is very small, while it increases significantly for higher ng, becoming the
dominant one for the highest ng for all particles. Low-multiplicity classes are those where
the effect is the highest, while the uncertainty decreases at high multiplicity.

Corrections due to trigger inefficiencies can also be sources of systematic uncertainty.
Etrig 18 known to a very high precision [58] and, therefore, cannot lead to sizeable systematic
uncertainty. On the contrary, epa,t is model dependent and different MC generators are
used to estimate variations on this correction factor. This procedure is the one followed in
ref. [20], leading to a pr-dependent uncertainty (depart) which can be exploited to study the
effect on the strange-particle-multiplicity distribution determination. Applying two different
Epart factors corresponding to epart &+ depart, two new corrected P(ng) for each VOM class
are obtained and the maximum variation with respect to each default case is considered
as systematic uncertainty.

One of the key ingredients in the analysis reported here, that allows one to perform a
one-dimensional unfolding procedure, is the previous determination of the prt distribution
for all hadrons under study [20]. Transverse-momentum spectra are known up to a given
experimental precision and their shape in the un-measured low-pr region is extrapolated,
S0 a systematic uncertainty can arise by the use of a different pr parametrization. For this
reason, the INEL > 0 pr spectrum is interpolated at low pr by re-scaling two functional forms
associated to different VOM classes (one leading to larger and one to smaller extrapolation
factors) and the response matrix is reweighted with the new pp parametrizations. The full
analysis is then performed in both cases and the maximum difference with respect to the
default procedure is retained as systematic uncertainty.

The systematic uncertainty due to the OOB pileup rejection is obtained by changing the
number of daughter tracks that are required to match the (TOF||ITS) condition (see table 2)
to at least two, therefore tightening the cut with respect to the default case. The difference
in the final result, only significant for the highest ng in the V0 analysis, is considered as
systematic uncertainty.

A and A distributions are also affected by a systematic bias coming from the feed-down
evaluation, given the uncertainty in the knowledge of the = pr distributions. The feed-down
fraction is re-calculated varying the measured cascade pr spectra inside their respective
systematic uncertainties, which leads to slightly different wrp factors that are applied to
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perform signal extraction. After performing the full analysis procedure to these varied
reconstructed distributions, the relative systematic uncertainty is obtained evaluating the
maximum difference with respect to the default case.

The imperfect reproduction of the detector material budget in the MC is also taken into
account. The uncertainty on the material budget determination is discussed in ref. [52] and
amounts to +4.5%. In several previous analyses [10, 18, 19], the effect of this uncertainty on
the A xe for strange-particle measurements has been explored and reported. To translate this
systematic effect on the multiplicity distribution determination, the pp-dependent uncertainty
is weighted for the measured pr distribution, thus obtaining a .t factor which accounts for
the efficiency bias associated to each reconstructed candidate. For this reason, the systematic
uncertainty due to material budget determination is obtained as (1 — dypat)"S.

Finally, two minor sources of systematic uncertainty come from the limited knowledge of
the cross section for strange-particle formation in the interaction of primary hadrons with the
detector material and for the annihilation of strange antiparticles with the detector material.
In both cases, the results reported in previous publications ([10]) are considered. Like for
the material budget uncertainty, pp-dependent systematics are weighed for the measured pr
distribution and applied for each candidate. The relative systematic uncertainty is negligible
with respect to all other sources.

3.5 Average yield of strange-hadron multiplets

P(ng) is the measurement of the probability of observing a specific number of strange
particles (ng) in the final state. From this strange-particle-multiplicity distribution, the
average production yield of n strange particles per event (multiplets of order n) can be
calculated through:

max
na

S

where ng'®* is the highest measured bin of the multiplicity distribution for particle S. The
combinatorial factor in front of P(ig) takes into account all the combinations of ig strange

particles contributing to the order-n average production yield:

(Yis) = P(1g) +2-P(25) + 3-P(3g) + - - -
(Yog) = P(25) +3-P(3g) +6-P(4g) + - - -
(Yss) =P(3s) +4-P(4s) + 10 - P(5g) + - -

(Y1s) is the average of the multiplicity distribution, hence the mean rate for the production of
hadron S, corresponding to what was called (dN/dy) or “yield” in previous publications [17—
20]. As such, a comparison to previous results is possible, thus allowing to check the solidity
of this new analysis technique. (Y,~1g) identifies the average production yield of multiplets
(doublets, triplets, etc.) of the given particle. Statistical and systematic uncertainty on
each bin of the multiplicity distribution are considered as fully uncorrelated and propagated
accordingly in eq. (3.3). Also in this case, uncertainties are comparable to previous results
for (Y1g), demonstrating perfect agreement.
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Sum truncation systematic uncertainty (%)
hadron
(Yis) ‘ (Yas) ‘ (Yss) ‘ (Yas) ‘ (Yss)
Kg <1 1.3 6.6 23.7 79.0
A <1 <1 1.5 6.1 —
= <1 <1 <1 — —
Q <1 <1 — — —

Table 4. Relative systematic uncertainty related to the sum truncation of eq. (3.3) in the (Y,g)
determination for the INEL > 0 event class.

It is worth noting that eq. (3.3) would theoretically extend to infinity, as in the determi-
nation of the multiplets’ probability, the whole multiplicity distribution counts. Nonetheless,
as it will be clear from section 4, P(ng) are rapidly falling distributions, with a few orders of
magnitude difference in the probability associated to contiguous bins. For this reason, one
can naively expect that truncating the calculation to ng'®* introduces a small bias in the
(Yys) determination. As a general rule, the n-plet determination is only attempted up to
n = ng®* — 1 for all particles except €2, where the calculation is extended to n = ng**. An
additional source of systematic uncertainty associated to the (Y,g) determination is added by
estimating the bias introduced by the sum truncation. An extrapolation is performed on the
tail of the multiplicity distribution, by fitting its last three bins with an exponential function,
and the sum in eq. (3.3) is extended up to n = 100, where P(ng > n™) are taken from the
extrapolated values. The relative difference with respect to the default approach is considered
as a one-tailed systematic uncertainty (which affects the yields upwards). Table 4 reports
the relative systematic uncertainty due to the sum truncation for all average n-plet yields
in the INEL > 0 event class. A similar procedure is followed for each VOM class considered.
As it is clear from the table, this uncertainty increases dramatically with the order n of the
multiplet, because the fast decrease in P(ng) is balanced by a larger combinatorial factor

in eq. (3.3). For this reason, the calculation of <Y6Kg> is dropped.

4 Results and discussion

The strange-particle-multiplicity distributions P(ng) measured in pp collisions at /s =
5.02 TeV are reported in figure 4 for all the hadrons under study in several VOM multiplicity
classes. Particle and antiparticle distributions are compatible with each other within system-
atic uncertainties, as previously reported for the average probability [17-19]. For this reason,
in the following text A, = and €2 will refer to both particles and antiparticles.

With the data sample under study, P(ng) can be measured up to 7 K%, 5 A, 4 = (3 in the
lowest multiplicity bin) and 2 Q particles per event. On account of this, the result represents
a unique opportunity to test the connection between charged and strange particle multiplicity
production throughout very extreme situations, e.g. spanning from events with 7 Kg at low
average multiplicity — where (AN, /dn) ~ 3 — to events with zero K2 at high-multiplicity

— where (dNg,/dn) ~ 20. P(ng) with n > 0 increases as a function of the multiplicity,
consistently with what was previously reported for the average production [20]. The increase
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Figure 4. (Multi-)strange-particle-multiplicity distributions (P(ng)) for K (a), A and A (b), =~
and Z° (c) and Q~ and a (d) for several VOM multiplicity classes. Continuous (dashed) lines are
the NBD [65] fit for particles (antiparticles) to the multiplicity distributions.

is steeper for higher n, as shown by the larger spacing between the curves corresponding
to low- and high- multiplicity classes in the high-n tail of the distribution when plotted on
a logarithmic scale. In the same figure, the NBD [65] fit to all multiplicity distributions is
shown. The NBD discrete distribution is able to accommodate all the data, similarly to
what previously observed for the charged-particle-multiplicity distribution [66, 67], with x>
lower than 1 for VOs and lower than 3 for cascades.

In figure 4, the multiplicity-integrated (INEL > 0) result is also reported and it is worth
noting that the shape of the INEL > 0 multiplicity distribution falls less steeply at high ng
with respect to the multiplicity differential distributions. This is particularly visible for K%
and A, where P(ng) extends to larger ng. This reflects a key feature, which is important for
exploring the correct interpretation of the results reported here (see next section).
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Figure 5. Illustration of the strangeness-induced charged-particle multiplicity bias effect from
PYTHIA 8 QCD-CR + Ropes simulation. (left) dNen/dnljyj<o.5 distribution in the INEL > 0, VOM-
(I+II+I1I) and VOM-XII event classes. Open markers are the corresponding dNey/dn||,<o.5 resulting
from the additional request of at least 5 Kg in the event. Continuous and dashed vertical lines show
the averages of the unbiased and biased multiplicity distributions, respectively. (right) Relative shift
in the (dNey/dn) for all the different VOM event classes when requiring at least one (full markers) or
more than one (open markers) strange particles in the event. Lines are shown to guide the eye.

4.1 The strangeness-induced charged-particle multiplicity bias

The charged-particle-multiplicity distribution at midrapidity spans over a large range, from
zero to more than 50 charged particles per event, as reported in ref. [67]. Events with large
ng in the INEL > 0 class will be characterized by a midrapidity multiplicity distribution
which is biased towards higher values with respect to the unbiased one, reflected by a
different (dN.,/dn). Conversely, events with low ng are associated to a charged-particle-
multiplicity distribution which is moved towards lower values. For this reason, the data
points corresponding to the INEL > 0 class in figure 4(a) are closer to those corresponding
to the higher VOM multiplicity classes X-XI in the left side of the distribution, while they
lean towards the mid-multiplicity class VI in the right-hand tail. Even when restricting to
narrower VOM classes, the corresponding d N, /dn distribution at midrapidity is characterized
by a large relative RMS, as discussed in ref. [20]. Therefore, this “multiplicity bias” effect
is also present, with a different magnitude, when considering the multiplicity-differential
analysis. To quantify this effect, a MC study has been performed making use of several
MC event generators. In figure 5, the results of this study are reported for the PYTHIA 8
QCD-CR + Ropes model.

In the left panel of figure 5, the unbiased d N, /dn distributions corresponding to the
INEL > 0, VOM-(I4II+IIT) and VOM-XII event classes are compared with the corresponding
distributions when the requirement of having at least 5 Kg per event is imposed. From this
comparison, one can appreciate that the biased and unbiased distributions are qualitatively
similar, but shifted on average (dashed lines). The magnitude of the bias depends on the
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number of strange particles requested and on the strange-particle species under study. This
is shown on the right side of the same figure, where the relative shift in terms of (dN,/dn)
is shown as a function of the unbiased (dN¢,/dn) in all the VOM classes considered and for
different biasing requirements in terms of ng. Full markers correspond to a minimal bias
(ng > 1), while open markers are associated to a more extreme bias (ng > 5,4, 3,2 for Kg,
A, E7 and Q7, respectively, reflecting the available statistics). The outcome is that the
bias depends on the requirement on ng, being the highest for large ng. Moreover, the bias
depends on the strange particle considered, with a larger effect for multi-strange hadrons, as

testified by the fact that requiring at least 3 Z~ induces a similar relative bias as requiring at
least 5 K. It is also worth noting that the relative shift in (dN,/dn) is more important in
low-multiplicity classes, while it reaches values lower than 50% for all particles and ng at
the highest multiplicity: this makes the absolute increase in average multiplicity not larger
than 4 and 6 in the lowest and highest VOM classes, respectively.

Qualitatively, similar results have been obtained with EPOS LHC and PYTHIA 8 Monash
2013, but with a magnitude that can vary in the different models. As an example, in the
lowest multiplicity class requiring ny > 4 induces a relative (dNg, /dn) shift of 320%, 215%
and 500% in the PYTHIA 8 QCD-CR + Ropes, PYTHIA 8 Monash 2013 and EPOS LHC
cases, respectively. This difference does not come as a surprise, as it reflects the different
correlations between strange and non-strange hadron formation arising from the microscopic
production mechanisms in the phenomenological models. In a sense, the strangeness-induced
charged-particle multiplicity bias is a complementary way of looking into the strangeness-
enhancement puzzle: in a model that correctly reproduces the bias, strangeness-enhancement
arises automatically correct.

This multiplicity bias can pose a potential issue when looking into particle ratios as a
function of the multiplicity. As an example, when the Q /7 ratio is computed, as in ref. [17],
the average charged-particle multiplicity of events containing at least one € is 50% higher than
the unbiased average (see figure 5), so that the ratio itself is evaluated at two slightly different
multiplicities. The effect is even more important if, e.g., the ratio of production probabilities
for multi-strange multiplets with respect to single Kg is calculated, as the multiplicity bias
for the numerator and denominator can be very different. Despite this, when comparing
results to MC generators the exact multiplicity position where the ratio is shown for the given
VOM class is not an essential information, as the degree of agreement/disagreement would be
completely determined by the ability of the model in reproducing the relative production
probabilities of particles containing different amounts of strange quarks. For this reason,
particle ratios as a function of the multiplicity will be shown at the (dNg,/dn) measured
in the unbiased sample, named (dN, /d77)|n| < 0.5 (VOM class). This has to be regarded
as the value of the ratio that is measured when a set of collisions corresponding to a given
VOM class is analyzed. This is consistent with what has been previously done in all ALICE
publications when yield ratios to pions have been presented.

4.2 Multiple strange-hadron production yields

From the measurement of P(ng), eq. (3.3) permits one to calculate the average yield (Yyg)
for the production of n particles of type S per event, namely the (dN/dy) when n =1 (mean
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Figure 6. Top panel: (Yig) and (Yy515)/(Y1s) in the INEL > 0 event class for all particles under
study. Model predictions by PYTHIA 8 Monash 2013, PYTHIA 8 QCD-CR + Ropes and EPOS LHC
are shown as dotted, continuous, and dashed lines, respectively. Central panel: deviation between data
and models in units of the total uncertainty. Bottom panel: deviation from independent production
hypothesis for both data and models. Results for different particles are shifted in  to improve visibility.

of the strange-particle-multiplicity distribution), and all the multiple production yields (from
particle pairs up to where the P(ng) measurement extends).

The upper plot of figure 6 shows (Y1g) and several average yield ratios to (Yis) for all
the hadrons under study in the INEL > 0 event class. The ratio makes it possible to test the
ability of MC generators to reproduce the strange-particle-multiplicity distribution beyond
the first moment, since the normalization to (Yig) factors out potential incompatibilities
in the average strange-particle production rate. The central panel of the figure shows
the difference between data and MC normalized to the quadratic sum of statistical and
systematic uncertainty from the data. The compatibility of PYTHIA 8 QCD-CR + Ropes
and EPOS LHC to the average of the distribution (first column) is within 2-3¢ for all particles,
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while PYTHIA 8 Monash 2013 shows a larger discrepancy, testifying the importance of the
improvements in the PYTHIA generator with the introduction of QCD-inspired CR and
color-ropes hadronization. The impact of these improvements is evident when considering
the baryons, while the Kg yield remains practically unchanged. The comparison of the
ratios (Yn>15)/(Y1s) to model predictions shows disagreements not larger than 2.50 across
n and particle species.

The bottom panel of the figure shows the deviation from the independent production
hypothesis (i.e. the n-order multiplet yield is the n-th power of the single particle yield:
(Yns) = (Yi1s) ™) for both data and models. Data do not exhibit a significant deviation
from independent production, although the large systematic uncertainties make it difficult to
draw strong conclusions. On the other hand, models tend to underestimate the production
at high n relative to the independent assumption.

Multiple production yields are also calculated in different VOM multiplicity classes, and
the results are reported in figure 7 for particles (full markers) and antiparticles (open markers).
As discussed in section 4.1, the x-axis position of the data points is here defined as the
average of the unbiased charged-particle-multiplicity distribution in the VOM class, while
for multiple strange-particle production, a bias can be expected that moves the averages
to larger values. It is worth noting, however, that this bias would make the enhancement
of the yields with multiplicity even more prominent, as the largest effect is expected at
low multiplicity (see figure 5).

As already mentioned, (Yig) corresponds to the usual (dN/dy) progression with multi-
plicity, as previously measured. Indeed, the comparison of these results with those reported
in ref. [20] shows perfect agreement, further demonstrating the solidity of this novel technique
for strange-particle yield measurements. The rise with multiplicity is more than linear for the
production of multiple strange particles and it becomes steeper as the number of produced
hadrons increases. <Y5Kg ), (Yaa), (Ysz) and (Yoq) have an increase of ~ 2 — 3 orders of
magnitude from the lowest to the highest charged-particle multiplicity classes. In figure 7,
the comparison with phenomenological models is also displayed. PYTHIA 8 Monash 2013
has the poorest agreement with the data, with discrepancies that are significant even for
(Y1s) for baryons and that get larger as the number of strange hadrons considered increases,
reaching 2 orders of magnitude in the worst cases. The situation improves significantly with
the PYTHIA 8 QCD-CR + Ropes model for baryons, but it remains unchanged for Kg,
demonstrating that strange-quark production is still an open issue in PYTHIA. EPOS LHC
has a better agreement with the data at high-multiplicity for baryons, but it undershoots
the trend at low multiplicity, suggesting that the model works better in the region where
the in-medium hadronization dominates. For K2, no clear difference among the three tested
models is visible.

Strangeness-enhancement is observed when taking the ratio between production yields of
particles with different strangeness content. The reference can be pions (as in ref. [17]) or
hadrons with a single strange quark like K3 (as in ref. [19]). In previous works, the maximum
unbalance of strange-quark content (AS) between numerator and denominator was limited
to three, as the ratio was performed between yields of single particles and the maximum
strangeness content of a single hadron is three for the 2.
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Figure 7. Multiple strange-hadron production yields as a function of the unbiased average charged-
particle multiplicity (dNCh/dn>|77| < 0.5 (VOM class) for K$ (a), A (b), E (c) and © (d). Full markers
correspond to particles, open markers to antiparticles. Model predictions are reported for PYTHIA 8
Monash 2013, PYTHIA 8 QCD-CR + Ropes and EPOS LHC as dotted, continuous and dashed
lines respectively.

The measurement of multiple strange-hadron production yields opens the possibility
to study strangeness-enhancement with larger AS. This is reported in figure 8, where the
ratios (Ysz-)/ <Yan> and (Yon-)/ <Yan> are shown as a function of the charged-particle
multiplicity. For the first time, the maximum AS achieved is five, which corresponds to an
unprecedented enhancement of two orders of magnitude from the lowest to the highest VOM
class. Smaller AS are also shown, leading to progressively lower enhancement factors, as
expected. The relative increases observed for AS = 3 and 2 are compatible, within systematic
uncertainties, to those previously observed in the Z/7 and /7 ratios [17].
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Figure 8. Ratios between the average production yield of m baryons, (Ym baryon), and n Kg, (Y, Kg),
as a function of the unbiased average charged-particle multiplicity, (d N,/ d77>|77| < 0.5 (VOM class).

The case m = 3, corresponding to (Ysz-), is illustrated with full markers, while m = 2, corresponding
to (Yoq-), is shown with open markers. The value of n ranges from 1 to 4, from top to bottom,
respectively. Open markers are shifted to the right by 10% to enhance visibility.

It is worth noting that the trends observed with (Ys3=-) and (Yyn-) are compatible,
both in terms of relative increase and in absolute value (note that the (Yoq-) ratios are
shifted to the right by 10% to enhance visibility). This observation, which follows from the
agreement between (Ys=z-) and (Y,n-) in the bottom plots of figure 7, indicates that the
enhancement pattern is mostly determined by the strangeness content in the hadron, rather
than by other factors such as the number of baryons that have to be formed, the overall
mass to be created or the number of light quarks involved. More considerations on this will
be done later by comparing ratios with AS = 0.

The comparison with MC generators is performed in figure 9. EPOS LHC shows a
In| < 0.5 (VOM class), but the
trend with multiplicity does not match the one observed, underestimating the ratio by two

very good agreement with the data at the highest (dNg,/dn)

orders of magnitude at very low multiplicity in the AS = 5 case. This indicates that relative
strangeness production in the core, modeled as statistical production, is well described
while the transition to a corona-dominated system at low multiplicity tends to severely
underestimate the production of multiple multi-strange baryons. PYTHIA 8 QCD-CR +
Ropes shows a reasonable agreement with the data at high multiplicity, while also in this
case the multiplicity progression departs from the measured trend, underestimating the data
at low multiplicity, though less severely than EPOS LHC. It is worth noting that, despite
the observed consistency between (Ys=-)/ (YanS)> and (Yoq-)/ (Yan> in the data, both MC
generators have different multiplicity dependencies, with a steeper increase with multiplicity
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Figure 9. (Y3z-)/(Yuxg) (left) and (Yaq-)/(Yuko) (right) as a function of the unbiased charged-
particle multiplicity density compared with MC generators: PYTHIA 8 Monash 2013 (dotted line),
PYTHIA 8 QCD-CR + Ropes (continuous line) and EPOS LHC (dashed line).

when a larger number of baryons is involved ((Y3=-)). This demonstrates that the multiplicity
increase in these two models is affected by the different final states in the numerator (3=~
or 2Q27), a feature that is not observed in the data.

The enhancement pattern in the strange-to-pion ratio as a function of the multiplicity is
generally attributed to the strangeness content in the hadron. The argument is that such an
effect was not observed in ratios with equal amount of strange quarks in the numerator and in
the denominator. It is the case for A/K% and p/7 that there is no clear enhancement pattern
in the midrapidity multiplicity range between ~ 5 and ~ 50 [17]. For lower multiplicity,
a significant depletion of these ratios was observed, but limited to a single data point in
each case. To further test the potential presence of a non strangeness-related effect in the
evolution of particle ratios with multiplicity, the relative production of different multiplets
with AS = 0 are computed and reported in figures 10 and 11.

In figure 10, for the first time the (Yyua)/ (Yan> ratio shows an increase with
(dNen/dn) In] < 0.5 (VOM class) for n > 1, demonstrating that the evolution with multiplicity
of multi-particle yield ratios is not solely connected to the strangeness imbalance between
numerator and denominator. For n = 1 the ratio is consistent with what was reported in
refs. [17, 19], confirming that the observed enhancement at AS = 0 is sub-leading with respect
to the strangeness-related effect. Whether the (Yp)/ (Yan> enhancement with multiplicity
is connected to a baryon effect, to the larger total mass in the numerator, to the presence of
Kg pairs with zero net strangeness, most prominent at low multiplicity, or to the amount of
u and d quarks required to form a A or a Kg cannot be concluded from figure 10 alone.

Figure 11 presents additional examples of AS = 0 multiplet ratios as a function of
the charged particle multiplicity. In the left panel, (Yi=-)/ <Y2Kg ), (Yio-)/ <Y3Kg ), and
(Yo=-)/ <Y4Kg ) are reported. All these combinations feature a higher overall mass and a
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Figure 11. Ratios of the average production yield of m multi-strange baryons (Ym baryon), to those
of n single-strange particles, (Y, ko) (left) and (Yua) (right), as a function of the unbiased average
charged-particle multiplicity, (d Ny /dn) In| < 0.5 (VOM class). The measurements are compared to MC
predictions from PYTHIA 8 Monash 2013 (dotted lines), PYTHIA 8 QCD-CR + Ropes (continuous
lines) and EPOS LHC (dashed lines). (left) (Y1z-)/(Yako), (Yio-)/(Yskg) and (Yoz-)/(Ysko) from
top to bottom respectively. (right) (Yi=-)/(Yaa), (Y1ia-)/{Ysa) and (Yo=-)/(Y4a) from top to
bottom respectively.
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higher baryon content in the numerator, but the ratios decrease with multiplicity. This
suggests that mass and baryon number are not directly correlated with an enhancement
as multiplicity increases. On the other hand, within a naive quark coalescence scenario,
the trends reported in figure 10 and the left panel of figure 11 can be explained. Taking
the (Yin-)/ <Y3Kg> ratio as an example, the requirement of an Q= or three K2 fixes the
minimum number of strange quarks to 3. However, forming an 2~ requires no additional u
or d, while forming three Kg requires three light quarks. In a low-multiplicity environment,
the scarcity of light quarks increases the likelihood that the three strange quarks will form
an )~ rather than three Kg. Conversely, in a high-multiplicity environment, light quarks are
abundant, making it easier to pair them with a strange one. Note that quark coalescence
in small collision systems has been recently proposed to describe the distinctive grouping
of identified hadron vg based on their valence quark number [29]. A qualitatively similar
pattern is observed in the right panel of figure 11, which shows the ratios (Yi=-)/(Yaa),
(Yi0-)/(Y3r) and (Yo=-)/(Y4a). Quantitatively, when ratios to K§ or A are compared
fixing the number of = or €2 in the numerator, the decreasing trend with multiplicity is more
pronounced when a baryon is present in the denominator. This can again be interpreted
considering that a A baryon contains two light quarks, while a Kg meson only one. Despite
the simplicity of this explanation, the qualitative idea provides a consistent description for
all the ratios shown in figure 10 and figure 11.

Model comparisons in this context are very enlightening. PYTHIA 8 Monash 2013
underestimates all particle ratios to K[S) (figure 10 and the left panel of figure 11), while it
overestimates ratios to A (right panel of figure 11), with the only exception of (Y1o-)/(Ysa).
Additionally, it fails to reproduce the magnitude of the observed increasing or decreasing
trends. In contrast, PYTHIA 8 QCD-CR + Ropes provides an excellent description of all
trends, both qualitatively and quantitatively, demonstrating that the QCD-CR mechanism
implemented in the model effectively captures the reconnection of strange and light quarks
as a function of multiplicity. EPOS LHC reasonably explains the multiplicity trend for all
ratios to K2, while when the ratio is performed with respect to A production, it consistently
overestimates the observed values.

5 Summary

The production probability of multiple (multi-)strange hadrons, P(ng), has been studied at
midrapidity analyzing /s = 5.02 TeV proton-proton collisions, dividing events into several
charged-particle multiplicity-density classes. The analysis technique, used for the first time
for strange particle yields extraction, is based on counting the number of strange particles
event-by-event and then correcting the raw multiplicity distribution with a one-dimensional
Bayesian unfolding procedure. This technique allows one to extend the study of strangeness
production beyond the average of the multiplicity distribution and constitutes a new test
bench for MC generators, probing events with a large imbalance between the number of
strange and non-strange hadrons produced.

The probability of producing more than one strange-particle of a given species per event
increases more than linearly with the event charged-particle multiplicity. When high ng
are accessed, P(ng) in the INEL > 0 class shows a tail which approaches the probabilities
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measured in high-multiplicity VOM classes. This feature originates from the bias in the
charged-particle-multiplicity distribution induced by the request of having a large number of
strange particles in the event. The study of this bias in MC generators is an important tool
to explore the connection between strange and non-strange-particle production.

From the measurement of P(ng), the average multiplet production yields (Y,g) have been
calculated in every VOM multiplicity class and for all particles under study. An enhancement
with multiplicity is observed, with a steeper increase for higher n. The comparison with
the PYTHIA MC generator shows improvements achieved in the PYTHIA 8 QCD-CR +
Ropes implementation of the model for baryons, while no specific improvement is observed
for Kg. The EPOS LHC model has a better agreement with the data at high multiplicity,
while it severely underestimates (Y,s) at low multiplicity.

Strangeness-enhancement has been shown with unprecedented magnitude by evaluating
the ratio of cascade multiplets to single K(S] production, thus reaching strange content
imbalances between numerator and denominator up to AS = 5. Comparing (Ysz)/ (YHK(S))
and (Ysq-)/ <Yan> a perfect agreement is observed, demonstrating that the enhancement
is dominated by the strangeness-content imbalance. Nonetheless, multiplet ratios with AS
= ( showcase an evolution with multiplicity, which demonstrates that a sub-leading role is
played by light u and d quarks as well. In particular, (Y,5)/ (Yan> shows for the first time
an enhancement pattern with multiplicity for large n, while in the (Ymbaryon)/ (Yan> and
(Ymbaryon)/(Yna) ratios a decreasing trend is observed. These features can be reconciled in
a basic coalescence scenario, where the probability to associate a light u or d quark to a s
quark evolves with the event multiplicity. All the AS = 0 ratios are well reproduced by the
PYTHIA 8 QCD-CR + Ropes model, further supporting the specific QCD-CR mechanism
there implemented for strange baryons.

The results reported in this paper pave the way to a new generation of strange-particle
yield measurements, allowing studies of the relative probability, for a given number of strange
quarks produced in a pp event, to hadronize in different combinations of strange hadrons
in the final state. Larger statistics acquired during the LHC Run 3 campaign will allow
a significant extension of the measurements to higher strange-particle multiplicities and,
potentially, to study the simultaneous production of different strange-hadron species.
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