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The striking similarities that have been observed between high-multiplicity proton-proton (pp) collisions
and heavy-ion collisions can be explored through multiplicity-differential measurements of identified
hadrons in pp collisions. With these measurements, it is possible to study mechanisms such as collective
flow that determine the shapes of hadron transverse momentum (prt) spectra, to search for possible
modifications of the yields of short-lived hadronic resonances due to scattering effects in an extended
hadron-gas phase, and to investigate different explanations provided by phenomenological models for
enhancement of strangeness production with increasing multiplicity. In this paper, these topics are
addressed through measurements of the K*(892)° and ¢(1020) mesons at midrapidity in pp collisions
at /s = 13 TeV as a function of the charged-particle multiplicity. The results include the pr spectra,
pr-integrated yields, mean transverse momenta, and the ratios of the yields of these resonances to those
of longer-lived hadrons. Comparisons with results from other collision systems and energies, as well as

predictions from phenomenological models, are also discussed.
© 2020 European Organization for Nuclear Research. Published by Elsevier B.V. This is an open access
article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

Recent studies of proton-proton (pp) and proton-lead (p-Pb)
collisions at the LHC with high charged-particle multiplicities have
shown patterns of behavior that are reminiscent of phenomena
observed in heavy nucleus-nucleus (A-A) collisions such as Pb-Pb
and Xe-Xe. The systems created in these collisions are compared
by classifying events according to the final-state charged-particle
multiplicity, which is used as a measure of the “activity” of the
event. In small collision systems such as pp and p-Pb, multiplic-
ities range from a few to a few tens of charged particles per
unit of rapidity, whereas in large systems (A-A collisions), mul-
tiplicities of a few thousand charged particles per unit of rapid-
ity can be produced. As discussed below, measurements of az-
imuthal anisotropies in particle emission [1-7] (quantified using
the Fourier coefficients of azimuthal distributions of produced par-
ticles), the multiplicity evolution of hadron pt spectra [8-11], and
pr-differential baryon-to-meson ratios suggest the possibility of
collective flow even in small systems. Furthermore, the observed
enhancement of strange hadron production [8,9,12] could indicate
the production of a quark-gluon plasma (QGP), while the possi-
ble suppression of the yields of short-lived resonances [8,11] may
suggest the presence of an extended hadronic phase. However, it
remains an open question whether the underlying causes of these
behaviors are truly the same in small and large collision systems.
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In order to investigate this, the ALICE Collaboration has mea-
sured the pt spectra and total yields of identified hadrons as a
function of the charged-particle multiplicity in p-Pb collisions at
JSNN = 5.02 TeV [10,11,13-15] and pp collisions at /s = 7 TeV
[8,12,16] for many species, including 7, K*, K2, K*(892)°, p,
$(1020), A, E~, 7, deuterons, and their antiparticles. This pa-
per reports on an extension of these studies: a measurement of
the multiplicity evolution of the production of K*(892)°, K'(892)°,
and ¢(1020) mesons in pp collisions at /s = 13 TeV, the high-
est energy reached by the LHC in runs 1 and 2. The present study
takes advantage of a pp data set recorded during Run 2 of the LHC
in 2015 with an integrated luminosity of 0.88 nb~! and comple-
ments other recent ALICE papers on light-flavor hadron production
in the same collision system, both in inelastic collisions [17] and
as a function of charged-particle multiplicity [9,18,19]. For the re-
mainder of this paper, the average of K*(892)° and K'(892)° will
be denoted as K*?, while the ¢(1020) will be denoted as .

The ratios of the yields of strange hadrons to pion yields are
observed to be enhanced in A-A collisions relative to minimum
bias pp collisions [20-22], with the yields in central A-A collisions
being well described by statistical thermal models [23-26]. In cen-
tral A-A collisions, strangeness is produced from the hadroniza-
tion of a strangeness-saturated QGP and the relative abundances
of hadrons reflect the degree of equilibration of the system. At
the LHC, hadron-to-pion yield ratios are observed to increase with
the charged-particle multiplicity in pp and p-Pb collisions [8-13];
the magnitude of the change from low to high multiplicity in-
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creases with the strangeness content of the hadron. The ratios
in high-multiplicity pp and p-Pb collisions reach the values ob-
served in peripheral Pb-Pb collisions and generally follow similar
trends as the multiplicity increases from pp to p-A to A-A col-
lisions. Furthermore, the yields of strange particles are consistent
between /s = 7 and 13 TeV for similar charged-particle multi-
plicities. These results suggest that the yields of these hadrons
depend primarily on the charged-particle multiplicity and are in-
dependent of the collision system and energy. This is perhaps a
surprising result: pp, p-Pb, and A-A collisions involve different
physical processes (e.g. different contributions from jets and mul-
tiple partonic interactions) and produce pr spectra with different
shapes. Nevertheless, the total abundances of hadrons, even rare
particles like 2~ and light nuclei, are consistent across the dif-
ferent collision systems for a given charged-particle multiplicity,
suggesting that there may be some underlying similarities between
the different collision systems. Comparisons of these different col-
lision systems at similar multiplicities may, for example, help to
address the question of whether a QGP might be present even in
high-multiplicity pp and p-Pb collisions, or alternatively, whether
non-QGP effects might explain behavior seen in A-A collisions.

Several theoretical explanations of the multiplicity evolution
of strange-hadron production have been put forward, including
canonical suppression, rope hadronization, and core-corona effects.
In statistical thermal models of large collision systems, strangeness
production is described through the use of a grand canonical en-
semble, where strangeness conservation is realized on average
across the volume of the system. In the canonical suppression pic-
ture, strangeness production in small systems is instead described
using a canonical ensemble, requiring the exact local conserva-
tion of strangeness within the small volume [8,27,28]. As the size
of the system decreases, it makes a transition from the grand-
canonical to the canonical description, leading to a decrease in
strange-hadron yields with decreasing multiplicity. In the rope-
hadronization picture, the larger and denser collision systems form
color ropes [29-31], groups of overlapping strings that hadronize
with a larger effective string tension. This effect, implemented in
models such as DIPSY [32-34], also leads to an increase in the pro-
duction of strange hadrons with increasing charged-particle mul-
tiplicity. Core-corona separation is implemented in a variety of
models, including EPOS [35-38] and those described in [39,40].
In these models, the collision is divided into “core” and “coron-
a” regions, with the division determined by the string or parton
density. Regions with a density greater than the threshold den-
sity become the core, which may evolve as a quark-gluon plasma.
This is surrounded by a more dilute corona, for which fragmen-
tation occurs as in the vacuum. Strangeness production is higher
in the core region, which makes up a greater fraction of the vol-
ume of the larger collision systems. This also results in strangeness
enhancement with increasing multiplicity.

The ¢ meson is a useful probe for the study of strangeness
enhancement. The ¢ contains two strange valence (anti)quarks,
but has no net strangeness. Its production should therefore not be
canonically suppressed, while the production of hadrons with open
strangeness (e.g. kaons or E) may be canonically suppressed [8].
It has, in fact, been rather difficult to describe enhancement of
¢-meson production in a framework that involves canonical sup-
pression [8]. In contrast, in the rope-hadronization or core-corona
interpretations, the yields of ¢ mesons evolve with multiplicity
similarly to particles with open strangeness, leading to an expected
increase in the pr-integrated ¢/m ratio with increasing charged-
particle multiplicity. Measurements of ¢-meson production as a
function of the multiplicity may help to distinguish between the
various explanations of strangeness enhancement in small systems.

One of the main motivations for studying resonances like K*°
and ¢ in heavy-ion collisions is to learn more about the prop-

erties (temperature and lifetime) of the hadronic phase of the
collision. When short-lived resonances (such as p(770)°, K*°, and
A(1520)) decay, their daughters may re-scatter in the hadronic
phase, leading to a reduction in the measurable resonance yields;
conversely, resonances may also be regenerated due to quasi-
elastic scattering of hadrons through a resonance state [41-46].
Centrality-dependent suppression of p(770)°, K*®, and A(1520)
production was observed in Pb-Pb collisions [47-50], and a hint
of K*0 suppression was reported for p-Pb collisions [11]. Obser-
vations of a similar suppression in high-multiplicity pp collisions
(e.g., the K*¥/K ratio in pp collisions at /s = 7 TeV [8]) might be
an indication for a hadronic phase with non-zero lifetime in high-
multiplicity pp collisions.

Measurements of identified hadrons can also be used to study
collective motion in A-A collisions and to search for similar ef-
fects in small collision systems. In non-central A-A collisions, the
initial spatial anisotropy in the overlap region of the colliding nu-
clei results in azimuthally anisotropic pressure gradients in the
produced medium, leading to azimuthal anisotropies in particle
emission. This anisotropic flow is a manifestation of hydrodynamic
behavior in the QGP produced in the A-A collision system. Mea-
surements of azimuthal correlations and anisotropies in particle
emission [1-7] also suggest the possibility of collective motion in
small collision systems. It was observed that the slopes of hadron
pr spectra increase with increasing multiplicity in pp and p-Pb
collisions [8-11], while an enhancement in pr-differential baryon-
to-meson ratios (e.g. p/7t and A/Kg’) is observed at intermediate pt
(2 < pr <7 GeV/c). This is at least qualitatively similar to the be-
havior observed in Pb-Pb collisions [51-54], where the effects can
be attributed to a collective expansion of the system. In this in-
terpretation, hadrons receive a momentum boost in the direction
transverse to the beam axis, which increases in magnitude with
increasing multiplicity and is larger for more massive particles. It
should be noted, however, that other effects, including recombina-
tion [55-57], may be able to account for the observed behavior.
The increase in the slopes of the pt spectra is also mirrored in the
trend of the measured mean transverse momenta (pr). In contrast
to the yields, which evolve along a continuous trend with multi-
plicity across different collision systems, the (pt) values of light-
flavor hadrons follow different trends in pp, p-Pb, and Pb-Pb col-
lisions [10-12,51], with a faster increase for the smaller systems.
The (pt) values in the highest multiplicity pp collisions reach, or
in some cases exceed, the (pr) values observed in central Pb-Pb
collisions. The increase in (pt) in pp collisions is due to changes
in the shapes of the pr spectra at low pr; for pr 24 GeV/c, the
shapes of hadron pr spectra are essentially independent of mul-
tiplicity [9,58]. The color reconnection (CR) mechanism [59-63]
describes the interconnections and interactions between strings
that originate from different multi-parton interactions. It is im-
plemented in various forms, sometimes including the formation of
color ropes, in several event generators based on string fragmen-
tation. Color reconnection can also modify the yields of hadron
species (e.g. increasing the rate of baryon formation) and can lead
to collective flow-like effects, even in small collision systems and
in event generators like PYTHIA that do not include QGP formation.

The results reported here will allow the study of K* and ¢
production as functions of both energy and multiplicity in pp col-
lisions. The presented results reach higher values of multiplicity
than previously measured in pp collisions and therefore provide
important additional information on the production of light-flavor
hadrons at LHC energies. This paper is organized as follows. The
ALICE detector and the criteria adopted for data selection are de-
scribed in Section 2. A summary of the data analysis procedure is
given in Section 3. The results are presented and discussed in Sec-
tion 4, followed by a summary and conclusions in Section 5.
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Table 1

Charged-particle multiplicity densities
at midrapidity (dNcy/dn)jp<05 for the
INEL > 0 class and the various VOM
multiplicity classes [9].

Class (dNCh/d)’]>w<0‘5
INEL > 0 6.894+0.11

I 25.7510.40
Il 19.83+0.30
il 16.12+0.24
1\% 13.76+0.21
\ 12.06+0.18
VI 10.11£0.15
Vil 8.07+0.12
Vil 6.484+0.10
IX 4.64+0.07
X 2.5240.04

2. Event and track selection

The ALICE detector is described in detail in [64,65]. The sub-
detectors that are relevant to the analysis described in this paper
are the Time Projection Chamber (TPC), the Time-of-Flight detector
(TOF), the Inner Tracking System (ITS), the VO detectors, and the
TO detectors. The TPC and ITS are used for tracking and finding the
primary vertex, while the TPC and TOF are used for particle identi-
fication. The VO detectors (scintillator arrays) and the TO detectors
(arrays of Cherenkov counters) sit on either side of the nominal
center of the detector at small angles with respect to the beam-
line. The VO detectors are used for triggering and to define the
multiplicity estimator at forward rapidities (pseudorapidity ranges
—3.7<n<-1.7 and 2.8 < n < 5.1). The TO detectors provide tim-
ing information, including a start signal for the TOF.

The K* and ¢ mesons are reconstructed from a sample of
5 x 107 pp collisions at /s = 13 TeV recorded in 2015. The mini-
mum bias trigger required hits in both VO detectors in coincidence
with proton bunches arriving from both directions. Beam-induced
background and pile-up events are removed offline; see [9,65] for
details. Selected events must also have a primary collision vertex
reconstructed with the two innermost layers of the ITS and lo-
cated within £10 cm along the beam axis of the nominal center of
the ALICE detector. Results in this paper are presented for different
event classes corresponding to subdivisions of the “INEL > 0” event
class, which is defined as the set of inelastic collisions with at least
one charged particle in the range || <1 [66]. The INEL > 0 sam-
ple is divided into multiplicity classes based on the total charge
deposited in both VO detectors (called the “VOM amplitude”). Thus,
the event classes are determined by the number of charged parti-
cles at forward rapidities, while the K*0 and ¢ yields are measured
at midrapidity (]y| < 0.5); this is to avoid correlations between
the K*O and ¢ yields and the multiplicity estimator. Particle yields,
yield ratios, and mean transverse momenta are plotted for different
multiplicity classes (which correspond to different centralities for
A-A collisions) as functions of the corrected mean charged-particle
multiplicity density at midrapidity (dNcy/d7) ), <0.5, where 7 is the
pseudorapidity in the lab frame. As in [9], the various multiplicity
classes are denoted using Roman numerals, with class I (X) hav-
ing the highest (lowest) multiplicity. See Table 1 for the values of
(dNcn/dn) <05 measured for each VOM multiplicity class.

Since the K* and ¢ mesons are short-lived (i.e., their lifetimes
are of the order of ~ 10723 s and their decay vertices cannot be
distinguished from the primary collision vertex), they cannot be
measured directly by the detector. Instead, they are reconstructed
via their hadronic decays to charged pions and kaons: K*0 — 7+K¥
(branching ratio 66.503 & 0.014%) and ¢ — K"K~ (branching ra-
tio 49.2 + 0.5%) [67]. Charged tracks are selected using a set of
standard track-quality criteria, described in detail in [11]. Pions

and kaons are identified using the specific ionization energy loss
dE/dx measured in the TPC and the flight time measured in the
TOF. Where the dE/dx resolution of the TPC is denoted as orpc, pi-
ons and kaons are required to have dE/dx values within 2o1pc of
the expected value for p > 0.4 GeV/c, within 4orpc for 0.3 < p <
0.4 GeV/c, and within 6o1pc for p < 0.3 GeV/c (typically, orpc ~
5% of the measured dE/dx value). When a pion or kaon track is
matched to a hit in the TOF, the time-of-flight value is required to
be within 3oror of the expected value (otor ~ 80 ps) [68]. These
event- and track-selection criteria are varied from their default val-
ues and the resulting changes in the yields are incorporated into
the systematic uncertainties, which are summarized in Table 2.

3. Data analysis

The K*® and ¢ signals are extracted using the same invari-
ant mass reconstruction method described in [11,17,48]. Invariant
mass distributions of unlike-charge 7K or KK pairs in the same
event are reconstructed after particle identification. The combi-
natorial background is estimated using multiple methods. In the
“like-charge” method, tracks of identical charge from the same
event are combined to form pairs. This background is 2,/n__n ,
where n__ and ny; are the number of negative-negative and
positive-positive pairs in each invariant mass bin, respectively.
In the “mixed-event” method, tracks from one event are com-
bined with oppositely charged tracks from up to 5 other events
with similar primary vertex positions and multiplicity percentiles.
Specifically, it is required that the longitudinal positions of the
primary vertices differ by less than 1 cm and the multiplicity per-
centiles computed using the VOM amplitude differ by less than
5%. The mixed-event mK (KK) background is normalized so that
it has the same integral as the unlike-charge same-event dis-
tribution in the invariant mass range 1.1 < mygx < 1.15 GeV/c2
(1.05 < mgg < 1.08 GeV/c?). In evaluating the systematic uncer-
tainties, the boundaries of the normalization region for the mixed-
event background are varied by ~ 100 MeV/c? for the K*0 analysis
and ~ 10 MeV/c? for ¢.

After subtraction of the combinatorial background, the invari-
ant mass distribution consists of a resonance peak sitting on
top of a residual background of correlated pairs. This correlated
background contains contributions from jets, resonance decays in
which a daughter is misidentified, and decays with more than
two daughters. In the analysis of the ¢ meson in pp collisions,
the signal-to-background ratio is large and the background is ob-
served to vary slowly in the region of the peak. For these reasons,
a third approach is also used to describe the background in the ¢
analysis; the combinatorial background is not subtracted, but is in-
stead parameterized together with the residual background using
a function as described below. This has the advantage of providing
smaller statistical uncertainties than the other methods.

For ptr <4 GeV/c, all three methods provide good descriptions
of the KK background and give ¢ yields within a few percent of
each other. The final ¢ yields for pt <4 GeV/c are the averages
of those extracted using the three methods of describing the com-
binatorial background, while the spread among the results for the
different methods is incorporated into the systematic uncertainties.
As pr increases, the yields of hadrons decrease, along with the
magnitudes of all of the combinatorial backgrounds studied. The
mixed-event background, which lacks any contribution from cor-
related pairs, is observed to become smaller than the same-event
(like- or unlike-charge) combinatorial backgrounds as pr increases,
eventually tending to O for pr values higher than the ranges con-
sidered here. While the mixed-event background could still be
used for the ¢ analysis for 4 < pr <8 GeV/c, the two other tech-
niques have smaller statistical fluctuations in this pt range. Con-
sequently, the mixed-event technique is not used for the analysis
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Table 2

Sources of systematic uncertainties for the pr spectra of K** and ¢ reported
for low, intermediate, and high pr. When only one value is given for one par-
ticle, the uncertainty does not depend on pt. “Signal extraction” includes varia-
tions of the combinatorial background, mixed-event normalization region, fitting
region, peak shape, and residual background function. The “signal-loss” uncertainty
is multiplicity-dependent, hence values are quoted for the highest and lowest mul-
tiplicity classes (I and X, respectively). The text “negl.” indicates a negligible uncer-
tainty and “had. int. cross sec.” is short for “hadronic interaction cross section.”

Particle K*0 ¢

pr (Gev/c) 02 22 65 0.7 2 6
event/track selection 4.3% 1.6% 2.9% 2.7% 2.9% 3.2%
signal extraction 10.3% 6.7% 7.7% 2.7% 3.1% 3.1%
ITS-TPC matching 2.0% 2.0%
branching ratio negl. 1.0%

material budget 2.0% 0.5% negl. 5.3% 1.0% negl.
had. int. cross sec. 2.6% 1.2% negl. 2.1% 2.6% negl.
signal loss, class [ negl. negl.

signal loss, class X 3.9% 2.4% 0.9% 2.3% 4.8% 2.2%

of ¢ for pr > 4 GeV/c. The mixed-event technique is the primary
method used for the extraction of the K*O yields; variations of the
yield due to the use of a like-charge background are covered by the
systematic uncertainties. However, for pr < 0.8 GeV/c in multiplic-
ity class I, the like-charge method is preferred, since it provides a
better description of the background. At high pt, the mixed-event
background for the K*® analysis exhibits the same behavior as for
the ¢, but the problems appear at higher prt values than for ¢. The
mixed-event technique therefore remains the best available option
for this K*O analysis, even at the high end of the pr range that was
studied.

The invariant mass distributions are fitted with a peak func-
tion added to a smooth residual background function. For K*C, the
peak is described using a Breit-Wigner function. The mass reso-
lution of the detector for the ¢ — K~K* channel is of the same
order of magnitude as the ¢ width. Therefore, the ¢ peak is de-
scribed using a Voigt function: a convolution of a Breit-Wigner
function and a Gaussian which accounts for the mass resolution of
the detector. The K*0 and ¢ width parameters are by default fixed
to their vacuum values; to calculate the systematic uncertainties,
these parameters are allowed to vary freely and the ¢ resolution
parameter is fixed to the values (approximately 1-2 MeV/c?) ex-
tracted from the Monte Carlo simulations described below. The
residual background is parameterized using a second-order poly-
nomial. To evaluate the systematic uncertainties in the K*° yields,
a third-order polynomial is used instead. For the ¢ systematic un-
certainties, a first-order polynomial and a function of the form
A + Bmgg + C/mgx — 2M(K¥) are used. Here, A, B, and C are
free parameters, mgg is the kaon-kaon pair invariant mass, and
M(K*) is the mass of the K*. The fits are performed in the invari-
ant mass intervals 0.75 < m,x < 1.07 GeV/c? for the K** analysis
and 0.995 < myg < 1.09 GeV/c? for the ¢. The ranges of the fits
are varied by ~ 20 MeV/c? for K* and ~ 10 MeV/c? for ¢; the
resulting changes in the yields are included in the systematic un-
certainties. Finally, particle yields are extracted by integrating the
invariant mass distribution in the peak region (0.798 < mug <
0.994 GeV/c? for K* and 1.01 < myk < 1.03 GeV/c? for ¢), sub-
tracting the integral of the residual background function under the
peak, and adding the yields in the tails of the peak fit function out-
side the integration region. The systematic uncertainty arising from
“signal-extraction”, as quoted in Table 2, covers the aforemen-
tioned variations in the combinatorial background, mixed-event
normalization region, residual background function, peak function,
and fit range. An additional uncertainty originates from the proce-
dure used to match track segments in the ITS with tracks in the
TPC. The branching ratio correction for the ¢ yield introduces a 1%
uncertainty, while the corresponding uncertainty for K*? is negligi-

ble. Uncertainties in the yields due to uncertainties in the material
budget of the detector and the cross sections for hadronic interac-
tions in that material are taken from a previous study [11].

The raw particle yields are corrected for the branching ra-
tios, as well as the acceptance and efficiency of the reconstruc-
tion procedure. The correction for acceptance and efficiency (de-
noted as A x ¢) is calculated using several different event gen-
erators (PYTHIA6 Perugia 2011 tune [69], PYTHIA8 Monash 2013
tune [70], and EPOS-LHC [38]), with particles propagated through
a simulation of the detector using GEANT3 [71]. No dependence
on the generator is observed and the average A x ¢ for the three
generators is used in order to reduce statistical fluctuations. This
correction is of the same order as reported in [11]. A dependence
on multiplicity is observed; for pr <3 GeV/c, A x ¢ increases
by ~ 10% from multiplicity class I to class X. In the calculation
of A x &, a weighting procedure is used to account for the fact
that (1) A x & may vary significantly over the width of a pr bin
in the measured spectrum and (2) the simulated pt distributions
used in the calculation do not necessarily have the same shapes as
the measured pr distributions. In the Monte Carlo simulations, the
generated and reconstructed pr spectra (the denominator and nu-
merator in the A x ¢ calculation, respectively) are constructed in
narrow pt bins and then weighted using a fit of the measured pt
spectra. The simulated pr spectra after this weighting are used to
recalculate A x € in the wider pr bins used for the measured pt
spectra. This procedure (also used in [8,9,47,48,50] and others) is
repeated until the changes in the correction factor become negli-
gible between iterations; no more than three iterations are needed
for the process to converge.

A “signal-loss” correction is also applied, which accounts for
K*® and ¢ mesons in non-triggered events. This is evaluated using
the same simulations as the acceptance and efficiency. To calcu-
late this correction factor, the simulated resonance pt spectrum
before triggering and event selection is divided by the correspond-
ing pr spectrum after those selections for each multiplicity class.
The signal-loss correction typically deviates from unity by < 1%,
but can deviate by ~ 10% at low pr for the lowest multiplicity
class. Different event generators provide different descriptions of
the non-triggered component of the various multiplicity classes.
Following [9], the PYTHIA6 simulation is used to obtain the cen-
tral values for this correction, while an uncertainty is evaluated
by comparing the central values to those given by PYTHIA8 and
EPOS-LHC. Finally, the pr spectra are normalized by the number
of accepted events and corrected as in [9] to account for INEL > 0
events that do not pass the event-selection criteria. This correc-
tion, which is calculated using the PYTHIA6 simulation, is most
important (24%) for the lowest multiplicity class and is < 1% for
high-multiplicity collisions (classes I-VIII).

4. Results

The pr spectra for K** and ¢ in the various multiplicity classes,
as well as the ratios of these spectra to the inclusive INEL > 0 spec-
trum, are shown in Fig. 1. For pr <4 GeV/c the increase in the
slopes of the pt spectra from low to high multiplicity is clearly
visible. For higher pr, the spectra in different multiplicity classes
all have the same shape, indicating that the processes that change
the shape of the pr spectra in different multiplicity classes are
dominant primarily at low pr. A similar behavior was reported for
unidentified charged hadrons, K2, A, E, and  for the same colli-
sion system [9,58].

The pr-integrated yields dN/dy and mean transverse momenta
(p7) are extracted from the pr spectra in the different multiplicity
classes. For each multiplicity class, the ¢ yield is extrapolated to
the unmeasured region (pr < 0.5 GeV/c) by fitting a Lévy-Tsallis
function [72-74] to the measured prt spectra. For multiplicity class
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Fig. 2. Mean transverse momenta (pt) of K** and ¢ as functions of (dNcn/dn)|y1<0.5. Results are shown for pp collisions at J/s= 13 and 7 TeV [8], as well as for p-Pb
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multiplicity classes (negligible for p-Pb).

I (X) the extrapolated ¢ yield is 12% (34%) of the total yield. The
K*® is measured down to pr =0 and no low-pr extrapolation is
needed to calculate dN/dy for that particle. The extrapolated yield
at high pr is negligible for both particles. The (p) is evaluated us-
ing the mean value of the fit function within each pr bin, weighted
by the measured yield in each bin. For ¢, the fit function is used
to calculate the yield and mean pt in the low-pr extrapolation
region, but this is not needed for K*?. The sources of systematic
uncertainty for the prt spectra also contribute to the systematic un-
certainties of dN/dy and (pr), except for the ITS-TPC matching and
branching ratio uncertainties, which are pr-independent and do
not contribute to the uncertainties of the (pt) values. Additional
uncertainties in dN/dy and (pt) of ¢ are evaluated by varying the
fit range and the form of the extrapolation function: Bose-Einstein,
Boltzmann, and Boltzmann-Gibbs blast-wave [75] distributions, as

well as an exponential in mr (where mp = /M2 + p2/c2 and M is
the mass of the particle). The uncertainty in the total ¢ yield due
to the extrapolation in class I (X) is 1% (4.4%). There is no extrap-

olation uncertainty for the dN/dy of K*O. Varying the fit function
produces a negligible change in (pr) for K** and such variations
are not included in the systematic uncertainties. The systematic
uncertainties on the yield and (pr) are obtained by varying the
parameters used in the default analysis. To investigate whether the
changes in the yield dN/dy and (pr) are correlated between differ-
ent multiplicity bins, the effect of changing each parameter is si-
multaneously evaluated for both the minimum bias event class and
each individual multiplicity class. The multiplicity-correlated and
uncorrelated components of the systematic uncertainties are sepa-
rated, with the latter being plotted as shaded boxes in Figs. 2-5.
The mean transverse momenta (pt) for K*0 and ¢ are shown
in Fig. 2 as functions of (dNch/dn) |y <0.5 and compared with other
ALICE measurements and results from model calculations. The (pr)
values in pp collisions at /s = 7 TeV [8] and 13 TeV follow ap-
proximately the same trend. The (pr) values of K* and ¢ rise
slightly faster as a function of (dNcn/dn)y <05 in pp collisions
than in p-Pb collisions for (dNew/dn)jy <05 2 5; the (pr) values
in pp and p-Pb collisions both rise faster than those in Pb-Pb
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class and for 2~ + &' are shifted horizontally for visibility. Bars represent statis-
tical uncertainties, open boxes represent total systematic uncertainties, and shaded
boxes show the systematic uncertainties that are uncorrelated between multiplicity
classes.

collisions as discussed in [8,11]. The measured (pt) values are
compared with five different model calculations: PYTHIA6 (Peru-
gia 2011 tune) [69], PYTHIA8 (Monash 2013 tune, both with and
without color reconnection) [70], EPOS-LHC [38], and DIPSY [33].
PYTHIA8 without color reconnection provides an almost constant
(p1) as (dNen/dm) <05 increases; this is a very different behav-
ior with respect to the trends measured by ALICE and given by
the other model calculations. Turning color reconnection on in
PYTHIA8 gives better qualitative agreement with the measure-
ments, although the calculation still somewhat underestimates the
(pT) values for hadrons containing strange quarks (I(0 K9, b, A,
g, and Q) [9]. Color reconnection in PYTHIA8 1ntroduces a flow-
like effect, resulting in an increase in (pr) values with increasing
multiplicity without assuming the formation of a medium that
could flow [62]. PYTHIA 6 provides a good description of the (prt)
values for ¢, but underestimates (pr) for K*°. The (pr) values pre-
dicted by EPOS-LHC are consistent with the measured values for
¢, but slightly below the values for K**. Among the model results
obtained for the present work, EPOS-LHC gives the best agreement
with the measured data. DIPSY gives a larger increase in (pt) from
low to high (dN,/dn) |y <05 than is actually observed; this dis-
crepancy is greater for the ¢ and is also observed for other strange
hadrons [9].

The values of (pr) for K** and ¢ are compared with those for
Kg, (anti)protons, and strange baryons in the same collision sys-
tem in Fig. 3. In central A-A collisions, a mass ordering of the
(pr) values is observed; particles with similar masses (e.g., K*9,
p, and ¢) have similar (pt) [11,51]. This behavior has been in-
terpreted as evidence that radial flow could be a dominant factor
in determining the shapes of hadron pr spectra in central A-A
collisions. However, this mass ordering breaks down for periph-
eral Pb-Pb collisions, as well as p-Pb and pp collisions (see Fig. 7
in [14] and measurements reported in [8,9,18]). In pp collisions at
Vs = 13 TeV, the (pr) values for K*O are greater than those for
the more massive proton and A for the same multiplicity classes.
The (pt) values for ¢ exceed those for A and even approach those
for B, despite the approximately 30% larger mass of the E. This
could be a manifestation of differences between the pt spectra of
mesons and baryons or different behavior for resonances in com-
parison to the longer lived particles. In [8], the Boltzmann-Gibbs
blast-wave model was used to predict the pr spectra of light-
flavor hadrons based on a combined fit of 77+, K*, and (anti)proton
pr spectra. This study suggested that strange hadrons (Kg, A, E,
and 2) and other light-flavor hadrons might participate in a com-

mon radial flow, even in pp collisions, but that K*® and ¢ do
not follow this common radial expansion (for details of this study,
see [8]). The same behavior could result in the violation of mass
ordering for (pr) seen at /s = 13 TeV. A deviation of the (pr) val-
ues of short-lived resonances above the trend for other hadrons
could in principle be explained by re-scattering of the resonance-
decay daughters during the hadronic phase of the collision, which
is expected to be most important at low pr [41]. However, the
strongest re-scattering phenomena occur in central A-A collisions,
where no deviation from mass ordering is observed. In addition,
such effects would be stronger for the shorter lived K*O than for
the ¢, which decays predominantly outside the hadronic phase
(even in central A-A collisions) and should be minimally affected
by re-scattering. On the other hand, the observed violation of mass
ordering could be due to differences between baryon and meson
pr spectra. Baryon-to-meson ratios such as p/7 and A /I(g are ob-
served [8,10] to be enhanced at intermediate pr (~ 3 GeV/c), even
in pp and p-Pb collisions, while similar enhancement is not ob-
served in meson-to-meson ratios like K/7. Differences between
baryons and mesons have also been observed in the mt spectra
of hadrons measured at RHIC energies [76,77]. For mp 2 1 GeV/c,
meson mr spectra follow one common trend, while baryons follow
a different, more steeply falling trend as a function of mry. Such
differences between the shapes of baryon and meson spectra may
result in mesons having larger (pt) values than baryons with com-
parable masses. The breakdown of mass ordering, with (pr(p)) <
(p1(K*0)) ~ (pr(A)) < (p1(d)) ~ (pr(E)), is a common feature of
the models shown in Fig. 2. This behavior may be a consequence
of hadron production via fragmentation at high pr or mr; meson
formation requires only the production of a quark-antiquark pair,
while baryon formation requires a diquark-antidiquark pair [76].

The pr-integrated yields of K*© and ¢ are shown in Fig. 4 as
functions of (dN,/dn) |y <o.5. For both particles, dN/dy exhibits an
approximately linear increase with increasing (dNcnh/dn) |y <o0.5. Re-
sults for pp collisions at /s = 7 and 13 TeV and for p-Pb collisions
at /sy = 5.02 TeV follow approximately the same trends. This in-
dicates that, for a given multiplicity, K*® and ¢ production rates
do not depend on the collision system or energy. Similar results
are seen for strange hadrons [9]. The dN/dy values are also com-
pared with those obtained from the same models studied for the
discussion of (pr). For the K*0, EPOS-LHC and PYTHIA8 without
color reconnection give the best descriptions, the other PYTHIA
calculations exhibit fair agreement with the measured data, and
DIPSY tends to overestimate the K*O yields. The ¢ yields tend to be
slightly overestimated by EPOS-LHC and slightly underestimated by
DIPSY, while the PYTHIA calculations underestimate the ¢ yields
by about 40%. The selected PYTHIA tunes also underestimate the
yields of A, E, and € by similar factors [9]. For these baryons,
the EPOS-LHC description becomes less accurate with increasing
strangeness content; DIPSY describes the A and E yields well, but
underestimates the yields of Q2 [9].

The ratios of the pr-integrated particle yields K*%/K, ¢/mt, ¢/K,
and E/¢ are shown in Fig. 5 as functions of (dN,/dn)y <05 [9,18].
Within their uncertainties the ratios in pp collisions at /s = 7
and 13 TeV and in p-Pb collisions at ,/syy = 5.02 TeV are con-
sistent for similar values of (dN¢,/dn);<0.5. There is a hint of a
decrease in K*%K with increasing (dNch/dn) <05 in all three col-
lision systems; for pp collisions at /s = 13 TeV the K*%K ratio in
the highest multiplicity class is below the low-multiplicity value at
the 2.30 level (considering only the multiplicity-uncorrelated un-
certainties). The decrease in K*%/K in central Pb-Pb collisions [11,
48,49] has been attributed to re-scattering of the K*° decay prod-
ucts in the hadronic phase of the collision [46]. It remains an open
question whether a decrease in pp collisions could be caused by
the same mechanism. EPOS-LHC provides the best description of
the K*¥/K ratio in pp collisions at /s = 13 TeV. PYTHIA and DIPSY
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Fig. 5. Ratios of pr-integrated particle yields K*O/K, ¢/, ¢/K, and E/¢ in pp
collisions at /s = 13 TeV as functions of (dNen/dn)jy<0.5 [9,18]. These measure-
ments are compared with data from pp collisions at /s = 7 TeV [8], p-Pb collisions
at /sy = 5.02 TeV [11,13], and Pb-Pb collisions at /SNy = 2.76 TeV [48,49].
The widths of the boxes for pp collisions at /s = 13 TeV and p-Pb collisions
do not represent the uncertainties of (dNcn/dn)jy<0.5. The measurements for pp
collisions at /s = 13 TeV are also compared to results from common event gener-
ators [33,38,69,70] and a Canonical Statistical Model calculation [8].

tend to overestimate the ratio for large multiplicities and do not
reproduce the apparent decrease with increasing (dNen/dn) 5 <0.5.

The ¢/m ratio gradually increases from the lowest-multiplicity
pp collisions to mid-central Pb-Pb collisions. This ratio compares
the yields of two mesons with zero net strangeness, one of which
has hidden strangeness. The canonical statistical model (CSM) [8]
with a chemical freeze-out temperature of 156 MeV predicts that
this ratio should have little dependence on the multiplicity, since
the ¢ would not be subject to canonical suppression. The results
of the CSM calculation are inconsistent with the observed trend
of the ¢/m ratio. For pp collisions at /s = 13 TeV, the increasing
trend of the ¢/t ratio is reproduced fairly well by the EPOS-LHC
and DIPSY models, while the PYTHIA calculations underestimate
the magnitude of the ratio. The ¢/K ratio also follows a simi-
lar trend in the three collision systems. It is fairly constant as a

function of (dNc/dn)y <05, although there is an apparent small
increase with (dNe,/dn) ;<05 from the lowest multiplicities up
to (dNep/dn)|p <05 = 400. EPOS-LHC somewhat overestimates the
¢&/K ratio, but is closer to the measured values than PYTHIA, which
significantly underestimates ¢/K. While PYTHIA6 and DIPSY under-
estimate the ¢/K ratio, both results exhibit small increases with
increasing multiplicity, which is qualitatively similar to the mea-
sured trend. The CSM calculation does not describe the behavior
of the measured ¢/K ratio for the (dNch/dn) <05 range spanned
by the ALICE pp measurements.

In addition to comparing the yields of ¢ to pions and kaons,
it may be instructive to compare E and ¢. These two particles
contain the same number of strange valence (anti)quarks: ¢ is a
ss bound state and E contains two strange valence quarks. How-
ever, & would be subject to canonical suppression, unlike the
strangeness-neutral ¢. Fig. 5 also shows the E/¢ ratio in pp,
p-Pb, and Pb-Pb collisions. The ratio increases with increasing
(dNew/dn)yi<o.5 for low-multiplicity collisions and is then fairly
constant for a wide range of multiplicities: from pp and p-Pb colli-
sions at (dN¢h/dn)p<0.5 ~ 7 to central Pb-Pb collisions. There is a
possible small increase in the /¢ ratio from (dN¢,/dn) ;<05 ~ 7
to the highest-multiplicity p-Pb collisions, as well as a difference
on the 150 level between the p-Pb and Pb-Pb measurements
at (dN¢/dn)|n <05 ~ 50. Nevertheless, there is no clear increase
in the ratio for (dNeh/dn)y<0.5 > 7. The decrease in E/¢ with
decreasing (dN¢,/dn) ;<05 for low multiplicities could be inter-
preted as evidence of canonical suppression in small systems; the
canonical statistical model predicts a decrease in the E/¢ ratio
with decreasing (dN¢n/dn)y<0.5 that is qualitatively similar to the
measured data. However, canonical suppression would also result
in an increase in the ¢/K ratio with decreasing (dNcw/dn) s <0.5,
which is not observed. Given that £ and K have different num-
bers of strange valence (anti)quarks, it is expected that & would
be more affected by canonical suppression [8]. It will be interest-
ing to extend the study of the ¢/K ratio to lower multiplicities
to test if there is any increase in this ratio due to canonical sup-
pression of kaon yields. The measured multiplicity evolution of the
/¢ and ¢/K ratios suggests that the ¢ meson behaves as if it
had between 1 and 2 units of strangeness: i.e., E is enhanced
more than ¢, which is (possibly) enhanced more than K. In addi-
tion, there are indications of increases in the p/7t and A /K(SJ ratios
with increasing (dNn/dn) ;<05 [8,9] which are qualitatively simi-
lar to the increase in E/¢, but smaller in magnitude. This suggests
that baryon-meson differences (e.g., baryon suppression or meson
enhancement) might be a contributing factor, but not the only rea-
son, for the low-multiplicity behavior of the E/¢ ratio. EPOS-LHC,
which includes core-corona effects, gives an increasing trend in
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multiplicity classes I and X.

E/d with increasing (dN¢h/dn)j; <05, although the values of the
ratio and its flattening at high multiplicity are not particularly well
described. In contrast, PYTHIA gives a constant or decreasing value
of B/¢ with increasing (dNcn/dn) 5 <0.5, which is inconsistent with
the observed trend. DIPSY, which includes rope hadronization, de-
scribes the E/¢ ratio over a wide (dNc,/dn)j, <05 range, only
failing to describe the decrease in the ratio with decreasing multi-
plicity for the lowest (dNch/dn)y<0.5 values.

The pr dependence of the particle ratios K*%/K? and d/K?
is shown in Fig. 6 for low and high multiplicity classes (X and
I, respectively). Both ratios increase at low pr and saturate for
pr 2.5 GeV/c; however, for pr < 2.5 GeV/c the K*%/K2 and ¢/K?
ratios in the high multiplicity class (II) are less than in the lowest
multiplicity class (X). This behavior is qualitatively consistent with
observations in Pb-Pb collisions at /SNy = 2.76 TeV [49], where
the K*9/K and ¢y/K ratios at low pt in central collisions are lower
compared to pp collisions. The decrease in the low-pr K*¥K ratio
in central Pb-Pb collisions with respect to pp collisions is larger
than the decrease in the ¢/K ratio, which could be expected due
to the presence of re-scattering effects. To quantify the decrease
in these particle ratios in pp collisions at /s = 13 TeV, the mid-
dle panels of Fig. 6 show the double ratios: the high-multiplicity
values divided by the low multiplicity values. The double ratios
are consistent with unity for pt = 2.5 GeV/c, which suggests a
common evolution of the pt spectra for these three mesons. How-
ever for pr < 2.5 GeV/c, the suppression of the K*O/I(gJ ratio from
low to high-multiplicity collisions is greater than the suppression
of the d)/l(g ratio. This is quantified in the lower panels of Fig. 6,
where the significance of the deviations of the double ratios from
unity is shown. For pr < 1.2 GeV/c, the K*%K? double ratio de-
viates from unity by 4-6.6 times its standard deviation, while
the cb/l(g double ratio deviates from unity at about the 3o level
for 0.6 < pt < 1.4 GeV/c. This difference may be a hint of re-
scattering in small collision systems.

5. Conclusions

The ALICE Collaboration has reported measurements of the K*°
and ¢ mesons at midrapidity in pp collisions at /s = 13 TeV
in multiplicity classes. The results have many qualitative simi-
larities to those reported for longer lived hadrons in the same
collision system [9,18,19] and are consistent with previous mea-
surements [8] of K** and ¢ in pp collisions at /s = 7 TeV. The

slopes of the pr spectra of K*® and ¢ are observed to increase
with increasing multiplicity for pr <4 GeV/c, which is qualita-
tively similar to the collective radial expansion observed in Pb-Pb
collisions, but can also be explained through color reconnection.
In contrast, the shapes of the pr spectra are the same for all
multiplicity classes at high pt. Both the pr-integrated yields and
the mean transverse momenta increase with increasing charged-
particle multiplicity at midrapidity, with approximately linear in-
creases for the yields. It appears that, for a given multiplicity
value, the yields of these particles are independent of collision sys-
tem and energy, while the (pt) values follow different trends for
different collision systems. The mass ordering of the (pt) values
observed in central Pb-Pb collisions is violated in pp collisions,
with the K*® and ¢ mesons having greater (pr) than baryons
with similar masses. The EPOS-LHC model describes the multi-
plicity dependence of the yields and (pt) fairly well for pp col-
lisions at /s = 13 TeV. There are hints that the yields of K** may
be reduced, particularly at low pr and high multiplicity, by re-
scattering of its decay daughters in a short-lived hadron-gas phase
in pp collisions; similar behavior is observed in Pb-Pb collisions.
The ¢/ ratio increases with increasing (dNch/dn)n<o0.5 and the
yields of the ¢ meson evolve similarly to particles with 1 and
2 units of open strangeness. The ¢/K and E/¢ ratios are both
fairly constant, exhibiting only slow increases over wide multi-
plicity ranges, although the E/¢ ratio decreases with decreasing
(dNcn/dn) <05 for the lowest multiplicity pp and p-Pb collisions.
In high-multiplicity pp and p-Pb collisions, these ratios reach val-
ues observed in central Pb-Pb collisions. This multiplicity evolution
is not consistent with simple descriptions of canonical suppression,
but is qualitatively described by the DIPSY model, which includes
rope hadronization effects. These new measurements of the ¢ pro-
vide further constraints for theoretical models of strangeness pro-
duction in small collision systems.
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