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ABSTRACT

The first results of K*(892)* production at midrapidity (]y| < 0.5) in pp collisions at \/E = 13 TeV as a function
of the event multiplicity are presented. The K*(892)* has been reconstructed via its hadronic decay channel
K*(892)* —» #* + K‘S) using the ALICE detector at the LHC. For each multiplicity class, the differential transverse
momentum (p;) spectrum, the mean transverse momentum (pr), the p;-integrated yield (dN/dy), and the ratio
of the K*(892)* to K‘S’ yields are reported. These are consistent with previous K*(892)" resonance results with a
higher level of precision. Comparisons with phenomenological models such as PYTHIA6, PYTHIA8, EPOS-LHC,
and DIPSY are also discussed. For the first time, a significant K* (892)i/K2 suppression in pp collisions is observed
at a 7o level passing from low to high multiplicity events. The ratios of the p-differential yields of K*(892)*
and Kg in high and low multiplicity events are also presented along with their double ratio. For p; <2 GeV/c
this double ratio persists below unity by more than 3¢ suggesting that the suppression affects mainly low p;
resonances. The measured decreasing trend of the K*(892)*/KJ ratio with increasing multiplicity, which in
heavy-ion collisions is typically attributed to the rescattering of decay particles of the short-lived resonances, is
reproduced by the EPOS-LHC model without the use of hadronic afterburners .

1. Introduction

Recent studies on pp and p-Pb collisions at the LHC for events with
high charged-particle multiplicities have shown patterns that are rem-
iniscent of phenomena observed in heavy-ion collisions [1]. Those, for
light flavor probes, include the strangeness enhancement [2], the hard-
ening of hadron transverse momentum (py) spectra with increasing mul-
tiplicity [3,4], and the presence of long-range multiparticle azimuthal
correlations [5-8]. These phenomena are understood as due to the for-
mation of the quark-gluon plasma (QGP) [1] in ultrarelativistic heavy-
ion (A-A) collisions, where the pseudocritical values of temperature
and energy density (7, ~ 155 MeV and ¢, ~ 0.5-1 GeV/fm?, according
to lattice-QCD calculations [9,10]) of the cross-over from the confined
hadronic matter to the deconfined QGP state can be achieved. The QGP
created in the collision expands and cools down until it reaches the tem-
perature of the transition to a hadron gas. After the hadronization, the
hadron gas evolves and cools down until the temperatures of the chem-
ical and the kinetic freeze-out are reached. At the chemical freeze-out
the abundances of the different hadron species are fixed (except for res-
onance decays). There are still significant elastic interactions between
hadrons, affecting the momentum distributions of the different particle
species that persist until the kinetic freeze-out occurs, when the elastic
collisions also cease.
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Traditionally, it was assumed that small collision systems, such as
pp, evolve very differently from heavy-ion collisions. Hadronic colli-
sions were thought to involve only multiparticle production in the final
state, without any QCD phase transition. However, the unprecedented
energies achieved at the LHC have challenged this view, opening the
possibility of the formation of QGP droplets in these collision systems.
This hypothesis continues to be an open question despite different recent
measurements at RHIC [11-18] and LHC [19-24].

Short-lived hadronic resonances with a lifetime comparable to the
duration of the hadronic phase, such as K*(892) (r = 4 fm/c), are per-
fect probes to characterize the evolution of the late hadronic phase,
as they may be sensitive to the competing mechanisms of rescattering
and regeneration [25,26]. When a resonance decays inside the hadronic
medium, the decay products may rescatter with the other particles of
the hadron gas. Since resonances are reconstructed from the invariant
mass distribution of their decay products, the rescattering effect causes
a loss of reconstructed resonances, leading to a suppression of the mea-
sured resonance yield with respect to the abundance produced at the
chemical freeze-out. However, resonances may also be regenerated by
pseudo-elastic collisions of the particles of the hadronic medium, result-
ing in an enhancement of the measured yield. Longer-lived resonances,
such as ¢(1020) (r ~ 46 fm/c) decaying mainly at the end or after the
hadronic phase, should not be affected by any of these processes. The
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best way to quantify the net effect for the suppression or enhancement
of the reconstructed resonance yields is by comparing them to ground-
state hadrons with similar quark content. The multiplicity-dependent
suppression of ratios of pr-integrated particle yields p(770)°/z [27-291,
K*(892)°/K [28,30-371, A(1520)/A [28,38,39], and K*(892)*/K [40]
were observed in heavy-ion collisions at ultrarelativistic energies, which
suggests the dominance of rescattering over regeneration. A first es-
timate of the lower limit for the duration of the hadronic phase was
done using the K*(892)°/K ratio measured in pp, p-Pb and heavy-ion
collisions at RHIC and LHC energies [41]. From this analysis, it re-
sults that the hadronic phase lifetime strongly depends on the final-state
charged-particle multiplicity, system size, and collision energy. In par-
ticular, the hadronic lifetime estimated for pp collisions at LHC energies,
0-2 fm/c for low and high multiplicity event is similar to the ones esti-
mated in heavy-ion collisions at RHIC energies. Longer lifetimes of about
2-6 fm/c are estimated for heavy-ion collisions at the LHC energies.

It is thus interesting to study the production of resonances as a func-
tion of multiplicity in pp collisions to complement the results obtained
in heavy-ion collisions and to provide possible further insight into the
properties of the system created in small collision systems. A hint of sup-
pression of the K*(892)? /K yield ratios was measured in high-multiplicity
p-Pb and pp collisions [4,42,43] that could be interpreted as an evidence
for the possible presence of a hadronic phase with a non-zero lifetime
even in small collision systems. These results should be improved and
corroborated by measurements with higher precision, as the K*(892)° /K
suppression from low to high multiplicity events is measured with a sig-
nificance of about 2¢ [4,42,43]. It is possible to increase the precision
by measuring charged instead of neutral K*(892) resonances, as observed
in ref. [44]. The systematic uncertainties linked to the reconstruction of
charged K*(892) are expected to be lower than those of their neutral
counterparts in ALICE, because of the different strategy used for the Kg,
and K= identification [4,45].

This article reports the first measurement of the multiplicity evolu-
tion of the K*(892)* production at midrapidity (|y| <0.5) in pp colli-
sions at the center-of-mass energy of \/E = 13 TeV at the LHC with
the ALICE detector. In particular, the p-differential yields, the mean
transverse momenta (py), the pp-integrated yields (dN/dy), as well as
the ratios of the K*(892)* to the Kg yields, are studied as a function of
the event multiplicity. Comparisons with the existing K*(892)° measure-
ments at the same collision energy [43] and model predictions are also
presented. The results presented here achieve higher precisions than pre-
vious K*(892)° measurements [43] and represent the first evidence of a
significant suppression of the K*(892)/K ratio in small collision systems.

The paper is organized as follows: the ALICE detector and the event
selection criteria are described in Section 2, with a specific focus on
the main sub-detectors involved in performing the present analysis; Sec-
tion 3 provides details on the data analysis procedure with the evalu-
ation of the systematic uncertainties; results and data comparisons are
reported and discussed in Section 4, followed by summary and conclu-
sion in Section 5.

In the following, K*¥ is used to denote K*(892)° and K*(892)°, K** to
denote K*(892)*, while K* indicates in general both K** and K**.

2. Experimental setup and event selection

A detailed description of the ALICE apparatus and its performance
can be found in refs. [46]. The main sub-detectors used to accom-
plish the analysis reported in this paper are the Inner Tracking Sys-
tem (ITS) [46], the Time Projection Chamber (TPC) [48], and the VOA
and VOC scintillators [49]. All tracking detectors are positioned in a
solenoidal magnetic field of 0.5 T parallel to the LHC beam axis.

Charged particle tracks are reconstructed with the TPC and the ITS
detectors, which provide high tracking efficiency down to p; ~ 0.1
GeV/c [46]. The ITS is the detector closest to the interaction point, di-
rectly surrounding the beam pipe and covering the region of radius be-
tween 4 and 43 cm and covering the pseudorapidity interval |5| <0.9.

Physics Letters B 874 (2026) 140253

Table 1

Average charged-particle multiplicity densi-
ties at midrapidity ((dN,/dn),<s) for var-
ious multiplicity classes in pp collisions at
Vs = 13 Tev [3].

Multiplicity (%) ~ VOM Class (AN, /dn) <05
- INEL>0  6.94+0.10
0-1 I 26.02 + 0.35
1-5 I 20.02 + 0.27
5-10 I 16.17 + 0.22
10-20 IV+V 12.91 +0.18
20-30 VI 10.02 +0.14
30-40 VII 7.95 + 0.1
40-50 VI 6.32 + 0.09
50-70 X 4.50 + 0.07
70-100 X 2.55 + 0.04

It is essential in the determination of the primary vertex and consists of
six concentric cylindrical layers, based on three different types of silicon
detectors: pixels (SPD), drifts (SDD), and strips (SSD), from the inner-
most to the outermost region, respectively. The ITS detectors have a
spatial resolution of the order of a few tens of um, with the best pre-
cision (12 pm) for the SPD detectors, which cover the pseudorapidity
range |n| < 1.3.

The TPC is the main tracking detector of ALICE, covering the pseudo-
rapidity range || < 0.9. It has a cylindrical shape with an overall length
along the beam direction of 500 cm and with inner and outer radii of
~ 90 cm and ~ 250 cm, respectively. Particle identification (PID) with
the TPC is performed by means of the charge collected in the readout
pads, which, in turn, is used to measure the specific ionization energy
loss with a resolution of about 5-6% at low p;. A separation between =
and K and K and p larger than ~ 2¢ is possible for pr < 0.8 GeV/c and
1.6 GeV/c, respectively [46].

The VO detector consists of two arrays of scintillator tiles, called VOA
and VOC, placed along the beam axis on each side of the nominal inter-
action point (IP) at z = 340 cm and z = -90 cm and covering the
pseudorapidity regions 2.8 < n < 5.1 (VOA) and —3.7 < n < —1.7 (VOC).
With a time resolution better than 1 ns, they are used for global event
characterization, triggering, and beam background suppression.

The analysis presented in this paper is performed on the data sam-
ple of pp collisions at \/E = 13 TeV collected with the ALICE apparatus
during 2016, 2017, and 2018. The events were selected with a mini-
mum bias trigger, which is given by the logical AND of the VOA and
VOC detectors in coincidence with the arrival of proton bunches from
both beam directions. A total number of about 1.3 x10° events was used
for this analysis. The contamination from beam-gas interactions is re-
moved offline using the timing information from the VO detector [49].
Beam-induced background and pile-up events are also rejected by ex-
ploiting the correlation between the number of SPD hits and of SPD
tracklets, which are track segments defined by pairs of clusters, one in
each SPD layer, as explained in ref. [46]. Selected events are required
to have a primary collision vertex reconstructed from SPD tracklets and
located along the beam axis within +10 cm from the center of the AL-
ICE detector. For the multiplicity dependent analysis the “INEL> 0" class
is used. It is defined as the set of inelastic collisions with at least one
charged particle in the pseudorapidity range || < 1 [50] . The INEL> 0
sample is divided into several VOM multiplicity classes based on the to-
tal charge deposited in both VO detectors. The average charged-particle
multiplicity densities at midrapidity (dNy,/dn)), <05 related to the dif-
ferent multiplicity classes are listed in Table 1. They are indicated with
Roman numbers, with the first class (I) corresponding to high multiplic-
ity events, while the last one (X) refers to low multiplicity ones.

It is worth to note as the average charged particle multiplicity den-
sities at midrapidity related to the pp collision at \/E = 13 TeV, re-
ported in Table 1, for the multiplicity intervals 50-70% and 0-1% are
similar to the ones for the intervals 80-100% (peripheral) and 20%
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-40% (semicentral) for p-Pb collisions at /syy = 5.02 TeV [42]. Mean-
while, the dN,/dn values for the interval 5-10% are similar to the
values for the peripheral collisions (80-90%) of Pb-Pb collisions at

S = 5.02 TeV [51].

3. Data analysis
3.1. The K** selection

The K*%, due to its short lifetime (z ~ 1023 s), cannot be directly
measured by the ALICE detector. Therefore, it is reconstructed via
its hadronic decay channel K** - z* + K‘S’ with a branching ratio
(B.R.) of (33.300 + 0.003)% [52], which is the combined effect of the
K** — z* + K decay and of the probability of K° to be in a K state.
The Kg is reconstructed via its decay into an oppositely charged pion
pair (VO topology), with a B.R. of (69.2 +0.05)% [52]. Therefore, the
particles directly detected for the K** reconstruction are charged pions.
The pion from the K** decay is denoted as a primary track because it
originates from the interaction point, while the pions originating from
the Kg decay are secondary tracks. According to ALICE convention [53],
primary particles are those produced directly in the interaction together
with all the decay products from particles with a mean proper decay
length (¢7) < 1 cm. All the other particles measured in the experiment
are called instead secondary particles, including e.g., particles produced
through interactions with the detector material and coming from weak
decays. The distance of closest approach (DCA) of the track to the pri-
mary vertex is commonly used to discriminate primary and secondary
particles. The reconstructed tracks are selected by applying a set of stan-
dard high-quality criteria using the information from the ITS and the
TPC. The same selection criteria described in detail in ref. [44] are used
to select primary and secondary tracks. Pions are identified through
their specific ionization energy loss (dE/dx) measured in the TPC. The
measured value of dE/dx is required to lie within 3 standard deviations
(orpc) from the specific energy loss expected for pions in the case of
primary particles, while a looser selection of So1pc is required for sec-
ondary pions.

The V° reconstructed from the identified secondary tracks has to ful-
fill some topological criteria. The secondary vertex (i.e. the Kg decay
point) should have a radial distance from the primary vertex larger than
0.5 cm and the cosine of the pointing angle, i.e. the angle between the
VY momentum and the vector defined by the primary and secondary
vertices, is required to be larger than 0.97. The DCA between the V°
daughter tracks is required to be smaller than one standard deviation
with respect to the ideal value of zero, and the DCA of the V to the
primary vertex is required to be less than 0.3 cm. The difference be-
tween the invariant mass of the z*z~ pairs and the nominal Kg mass
(m = 0.497611 GeV/c? [52]) should be lower than 0.03 GeV/c®. This
value is about 8.5(5) times the mass resolution value for K(S’ with a trans-
verse momentum of 0(10) GeV/c. The Kg candidates are further selected
by requiring their rapidity to be in the range |y| < 0.8 and their proper
lifetime (mL/p) to be lower than 20 cm/c, where L is the distance be-
tween the primary and secondary vertices and p is the Kg momentum.
Finally, the V° candidates are rejected if their mass is compatible with
the A or A mass [[52]] within 0.0043 GeV/c2, which is about three times
the typical mass resolution for the reconstructed A (A) in ALICE [54].
These selection criteria were varied from the default value in order to
evaluate the systematic uncertainties, as explained in Section 3.3.

3.2. Signal extraction

The K** raw yield in the rapidity range |y| < 0.5 is extracted from
the same-event invariant mass distribution of K z* pairs in different
pr intervals in the range 0 < p; < 10 GeV/c and multiplicity classes (see
Table 1), similar to the procedure used for the K** multiplicity depen-
dent analysis performed by ALICE at the same collision energy and sys-
tem [43]. The shape of the uncorrelated background is estimated via
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the event-mixing technique, by evaluating the invariant mass distri-
bution of pairs taken from different events. To ensure a similar event
structure and to avoid mismatch due to different acceptance, events are
mixed only if they have similar vertex position along the z direction
and track multiplicity. To reduce statistical uncertainties, each event is
mixed with nine other events. The mixed-event distribution is finally
normalized to the same event distribution in the invariant mass region
of 1.1 < MK‘S’ni < 1.2 GeV/c?. The normalization range for the mixed-

event background is one of the parameters varied for the study of the
systematic uncertainties related to the signal extraction procedure.

After the combinatorial background subtraction, the remaining in-
variant mass distribution was fitted with a non-relativistic Breit-Wigner
function to model the resonance peak and an ad-hoc function to describe
the residual correlated background (Fg):

I'y

D
F(MK(SJ,,:) = . = + FBG(MKgni)’ 1

(Mygzs = Mo)* +

where D is the integral of the peak function from 0 to oo, while M,
and I'j are the mass and the width of K**. For the default measurement
of the yields, the width was fixed to its natural value I';, = (0.0508 +
0.0009) GeV/c? [52], whereas for the estimation of the systematic un-
certainties it was kept as a free parameter or fixed to different values
(T'; = 0.0499 GeV/c? and T, = 0.0517 GeV/c?).

As for the analysis of K** production in inelastic pp collisions [44],
the residual background shape is parameterized with the following func-
tion:

(A+BM

+CM]2<
FBG(MK(S)ﬂi) = [MK(S)”i - (miri + ng)]n e

0,+)

CH @

Kgni

where  m . = (0.13957061 + 0.00000002)  GeV/c? [52] and
mgo = (0497611 +0.000013) GeV/c?> [52] are the pion and Kg
S

masses, while n, A, B, and C are fit parameters. For the estimation
of the systematic uncertainties second- and third-order polynomial
functions were also considered to fit the residual background. The
default fitting range used is 0.66-1.10 GeV/c? for every py interval of
each multiplicity class, which was varied for the systematic studies.
The raw yield (NV,,,) of K** is computed by integrating the counts in
the measured invariant mass distribution over the peak region (/,,;, <
Mo, < Inax, Where Iy, = Mo =2 =079 GeV/c? and I, = My +

2T, = 0.99 GeV/c?), subtracting the integral of the residual background
portion estimated by integrating the function Fp; over that same in-
terval, and adding the integral of the tails of the non-relativistic Breit—
Wigner fit function on both sides of the peak outside the integration
region (from m_ . +mygo to M — 2I'y and from M, + 2I'; to o), which

max> min max

accounts for about 13% of the yield. The integration range is another pa-
rameter varied for the systematic uncertainty estimation. Fig. 1 shows
an example of the Kgni invariant mass distribution before and after the
combinatorial background subtraction.

A simulated dataset was also analyzed in order to evaluate the prod-
uct (A X €. ) of the detector geometrical acceptance (A) and the K** re-
construction efficiency (e, ). This was generated using particle distribu-
tions from the PYTHIA8 Monte Carlo event generator with the Monash
2013 tune [55] and a GEANT3-based simulation [56] of the ALICE de-
tector. The same event selection, track quality, and V° decay topology
are used for the real and simulated data. The obtained A X ¢,., values as
a function of py for the different multiplicity classes are consistent with
the acceptancexefficiency computed in the inclusive K** analysis and
reported in ref. [44] (see Fig. 2 in ref. [44]). No dependence on multi-
plicity is observed, therefore the A X ¢,.. computed in the multiplicity-
integrated INEL> 0 class is used as the correction factor for all the mul-
tiplicity classes.

For each multiplicity class the differential transverse momentum
yield was calculated using Eq. 3 of ref. [44]. The p; spectra are
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Table 2

Sources of systematic uncertainties and the relative multiplicity-
averaged values (expressed in %) on the K** p-differential dis-
tributions reported for low, intermediate, and high p; intervals.
The contributions from each source are summed in quadrature to
obtain the total systematic uncertainty.

pr (GeV/c) 0-1.2 12-3.0 3.0-10.0
Signal extraction (%) 3.9 2.8 3.2
Primary pion selection (%) 1.5 0.9 1.4
Kg selection (%) 1.8 1.3 1.7
Primary vertex (%) 1.3 1.3 1.7
Material budget (%) 3.0 1.5 0.7
Hadronic interaction (%) 1.1 1.1 0.5
Global tracking efficiency (%) 1.3 2.1 2.5
Total (%) 5.9 4.5 5.0
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Fig. 1. The Kgni invariant mass distribution at |y| < 0.5 in pp collisions at
/s = 13 TeV for the 1.6 < p; < 2.0 GeV/c interval in the VI VOM multiplic-
ity class (black full circles), before (upper panel) and after (lower panel) the
uncorrelated background subtraction. Statistical uncertainties are shown with
error bars. In the upper panel the red open circles describe the background
shape evaluated via the event-mixing technique, while the yellow-filled area
represents the normalization region (1.1-1.2 GeV/c?) between the mixed-event
background and the same-event pair invariant mass distribution. In the lower
panel the solid green curve is the result of the fit with Eq. 1, while the dashed
red and blue line describe, respectively, the residual background given by Eq.
2 and the non-relativistic Breit-Wigner function. The blue regions represent the
tails of the non-relativistic Breit-Wigner fit outside the integration region.

normalized by the number of accepted events and corrected for the
signal-loss (fg; ) to account for the loss of K** mesons in non-triggered
events. To calculate this correction factor for each multiplicity class, the
simulated resonance py spectrum before triggering and event selection
is divided by the corresponding p spectrum after those selections. This
correction is a pr-dependent factor which is peaked at low pr with
the larger deviation from unity in the lowest multiplicity class for
pr < 1 GeV/e. In the py interval 0-0.4 GeV/c fg; is equal to 1.01 and
1.14 in I and X multiplicity classes, respectively. A correction for the pri-
mary vertex reconstruction efficiency (< 1%) is also taken into account.

3.3. Systematic uncertainties

The sources of systematic uncertainties considered for the measure-
ment of the K** yields are related to the signal extraction procedure,
the track selection and particle identification criteria for the primary
pions, the selections on the K(S) decay topology, the primary vertex posi-
tion range, the imperfect description of the ALICE material budget and
of the hadronic interaction cross section in the simulation, and a pos-
sible discrepancy between data and Monte Carlo in the TPC-ITS track
prolongation efficiency for primary tracks, as outlined in Table 2. For
each source, the average systematic uncertainty over all the multiplicity
classes is quoted for three different transverse momentum ranges: low
(0-1.2 GeV/c¢), intermediate (1.2-3.0 GeV/c¢), and high (3.0-10.0 GeV/¢)

pr- The main contribution arises from the signal extraction procedure
(8-4%) that encloses all the aforementioned variations with respect to
the default configuration of the mixed-event normalization range, fit
range, residual background function, integration region, and resonance
width.

The systematic uncertainties related to the primary pion identifica-
tion, to the reconstruction of secondary tracks and Kg decay vertices,
and to the selected range of primary vertex position are estimated by
varying the corresponding selection criteria both in the data and in
Monte Carlo simulations. The uncertainty due to the primary pion se-
lection is about 1-1.5%, estimated by repeating the analysis varying the
track-quality selection criteria. To study the effect of PID, the selection
criteria based on the TPC energy loss were varied with respect to the
default setting previously described. Specifically, PID selection criteria
of 2.561pc and 4oppc were used.

The contribution to the systematic uncertainty originating from the
K‘S’ reconstruction ranges from 1.3% to 1.8%. It was estimated by vary-
ing the selection criteria on the track quality and PID for the secondary
pions, the DCA between the Kg decay products and to the primary ver-
tex, the cosine of pointing angle, and the V° decay radius, invariant
mass, rapidity, and proper lifetime. As in the case of the inclusive K**
analysis [44], the total systematic uncertainty due to the Kg reconstruc-
tion and selection is lower than the corresponding uncertainty on the
K* measurement for the same collision system and energy [3]. In par-
ticular, the large contribution to the uncertainty due to primary track
and PID selection for K* is here avoided thanks to the Kg topology. The
dependence of the results on the position of the primary vertex along the
beam axis was tested by varying the vertex selection window by +2 cm
with respect to the default value (i.e. 10 cm). A systematic uncertainty of
1.3-1.7% was estimated on the measured K** yields. Additional uncer-
tainties are those related to the knowledge of the ALICE material budget
(varying from 3% for p; <1.2 GeV/c to 1.5% for 1.2<p; < 3 GeV/c inter-
val and 0.7% at higher p1) and of the hadronic interaction cross section
(1.1% for pp < 3 GeV/c and 0.5% at higher p;). These effects are evalu-
ated by combining the uncertainties for a pion and a Kg, determined as
in refs. [54,57], according to the kinematics of the decay. An additional
uncertainty originates from an imperfect description in the simulation
of the probability of prolonging a TPC track to the ITS. This system-
atic uncertainty was estimated by comparing the matching efficiency
for primary particles in data and simulations and ranges from 1.3% to
2.5%.

The total K** systematic uncertainty for the considered p; intervals
is obtained by adding in quadrature the contributions from the different
sources. Its value is about 4.5-6%, while the total systematic uncertainty
obtained for the K*¥ measurements at specific low (0.2 GeV/c), interme-
diate (2.2 GeV/c), and high (6.5 GeV/c¢) py ranges from 8% to 12%. The
systematic uncertainties were studied independently for INEL>0 events
and in each individual multiplicity class, to separate the sources that
are correlated and uncorrelated across multiplicity intervals, following
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Fig. 2. The K** and K*° [43] p; distributions in pp collisions at \/Z = 13 TeV
for the different multiplicity classes studied, scaled by the indicated factors.
Lower panel: ratios of the p spectra in each multiplicity class to the multiplicity-
integrated INEL> 0 spectrum.

the same procedure as in refs. [4,57]. In particular, signal extraction,
primary pion selection, Kg reconstruction and selection, and primary
vertex are uncorrelated sources, whereas TPC-ITS matching efficiency,
material budget, and hadronic cross sections are correlated among dif-
ferent event multiplicity classes.

4. Results

The pr-differential yields of K** in the various multiplicity classes
for pp collisions at y/s = 13 TeV, as well as their ratios to the inclusive
INEL>0 distributions, are shown in Fig. 2. In this figure, the K*0 distri-
butions measured for the same system and energy [43] are also reported
for comparison.

The yields and py distributions of the charged and neutral mesons
are consistent within the uncertainties. As for the K*°, the pr-differential
distributions of the K** get harder with increasing multiplicity and for
higher multiplicity classes the p value at which the yield is maximum
shifts towards higher momenta. This trend is qualitatively similar to the
behavior observed in heavy-ion collisions [27,30,31,33,38,58] and at-
tributed to a collective radial expansion of the system, although as men-
tioned in Section 1, the color reconnection mechanism seems to mimic
collective-like effects in small systems [59]. The lower panel of Fig. 2
shows the ratios of the py distribution measured in each individual mul-
tiplicity class to the inclusive spectrum (INEL> 0 class). The hardening
of the spectra is significant for p; < 4 GeV/c, while at higher p; the ra-
tios are flat for all multiplicity classes. The results have many qualitative
similarities to those obtained for longer lived hadrons in pp collisions at
\/E = 13 TeV [3,57], and are consistent with previous measurements
of hadronic resonances in small collisions systems [42,43,60,61].
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Fig. 3. The per-event p;-integrated yields d N /dy (upper panel) and mean trans-
verse momenta (p;) (lower panel) for K** and K*0 [43] as a function of the av-
erage charged-particle multiplicity density (dN,/dn), s- Bars represent sta-
tistical uncertainties, open boxes represent total systematic uncertainties, and
shaded boxes are the systematic uncertainties uncorrelated with multiplicity.
Symbol dimension represents the average charged-particle density uncertainty.
The measurements are also compared to predictions from different event gen-
erators [55,62-64].

The pp-integrated K** yields per-event (corresponding to 1/Nyygp X
dN/dy, hereby denoted as dN/dy for brevity) and the mean transverse
momenta (pr) in the different multiplicity classes are determined by
integrating and averaging the transverse momentum spectra over the
measured range (0 < pp < 10 GeV/c¢).

Fig. 3 shows the pr-integrated yields and the mean p; of the K**
and K*0 as a function of the average charged-particle multiplicity den-
sity (dNg,/dn) <05, together with predictions from different event gen-
erators (PYTHIA6, Perugia 2011 tune [62]; PYTHIA8, Monash 2013
tune [55]; EPOS-LHC [63]; and DIPSY [64]). The <chh/dn>\r]|<0A5 values
for the multiplicity classes utilized for charged and neutral K* refer to
different datasets and are consistent within the estimated uncertainties.
The dN/dy and (py) of charged and neutral K* are in agreement within
the systematic and statistical uncertainties.

PYTHIA is a general purpose Monte Carlo event generator used for
the description of several types of high energy collisions. The Lund string
model is used in PYTHIA to convert the partons into hadrons [65]. The
QCD force between partons is described in terms of phenomenological
strings which break to produce hadrons. The PYTHIA event generator
has been updated over the years implementing different new tunings. In
particular, in PYTHIA tunes including the color reconnection effect [66]
the string connecting two partons follows the evolution of the partonic
endpoints resulting in a common boost of the string fragments (i.e. the
hadrons), mimicking the collective flow that affects the hadron spectra
in heavy-ion collisions [59]. Furthermore, color reconnection suppresses
the relative production of meson resonances such as K* [66] reducing
the K* /K ratio.
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EPOS-LHC is a Monte Carlo event generator based on the parton-
based Gribov-Regge theory [67]. It applies a common approach for pp,
p-A, and A-A collisions using the same formalism but different param-
eterizations. This model is based on the core—corona separation, where
the string segments are grouped into two different regions: a high den-
sity area known as “core" surrounded by a low density one, referred as
“corona". The core represents a region with a high density of string seg-
ments that is larger than some critical density for which the hadroniza-
tion is treated collectively and the corona is the region with a lower
density of string segments for which the hadronization is treated non
collectively. The modeling of the collective flow of the core depends on
the collision system. It varies from a quick expansion of a very dense sys-
tem compressed in a small volume, as could happen in high multiplicity
pp collisions, to a large volume medium as the one created in heavy-ion
collisions. The high density core can be formed by the overlap of the
string fragments as a consequence of multiple parton interactions in the
case of pp collisions or for multiple nucleon interactions for A-A colli-
sions. Furthermore, EPOS-LHC doesn’t include any hadronic afterburner
which could take care to reproduce rescattering and regeneration effects
in the hadronic phase.

DIPSY [64,68,69] is a Monte-Carlo event generator based on
Mueller’s dipole cascade model which is a formulation of leading logar-
itimic BFKL (Baltisky-Fadin—Kuraev-Lipatov) evolution equation [70-
72] in transverse coordinate space. It is used to simulate complete
minimum-bias non-diffractive hadronic collision events and to investi-
gate soft and semi-hard processes involved in both hadronic and heavy-
ion collisions.

The measured dN/dy values exhibit an approximately linear in-
crease with increasing (dNg,/dn)), <05 Well described by EPOS-LHC,
while PYTHIA and DIPSY calculations tend to overestimate the data.
The observed differences between charged and neutral K* production in
EPOS-LHC are due to an overestimation of the isospin symmetry break-
ing in the string fragmentation [73]. The (p; ) increases with the event
multiplicity too, showing a sign of saturation in high-multiplicity events.
The PYTHIAG6 - Perugia2011 and PYTHIA8 - Monash 2013 predictions
have a consistent trend similar to the data although they largely un-
derpredict them. The EPOS-LHC predictions are consistent with the ob-
served trend although the values are slightly underestimated. DIPSY, on
the other hand, shows a more pronounced increase in mean py from low
to high multiplicity than data.

As already discussed in Section 1 the ratio of p-integrated resonance
yields to their ground states is an important tool to verify the presence
of modifications in resonance production and its dependence on the sys-
tem size. In heavy-ion collisions a suppression of the ratio of the yield of
resonances relative to ground-state particles is interpreted as the dom-
inance of the rescattering mechanism over regeneration processes. For
similarity, in pp collisions the observation of a suppression could be a
hint of the presence of a hadronic phase also in elementary collisions.

Fig. 4 shows the multiplicity dependence of the K*i/K‘S) ratio in pp
collisions at /s = 13 TeV, compared to the K**/K{ one, with the K{
data from ref. [57]. The decreasing trend passing from low to high mul-
tiplicity pp collisions, already outlined by the K*° analysis [43], is con-
firmed by the K** results. The K*i/Kg results provide a more signif-
icant evidence for this suppression thanks to the smaller uncertainties
as compared to the previous K*° results. Indeed, the suppression of the
K*O/K‘S) ratio between the highest and lowest multiplicity classes was
measured at a significance level of about 2¢ [43]. Due to increased pre-
cision, the K*i/Kg suppression between the highest and lowest multi-
plicity classes is measured at a significance level of 7¢, taking into ac-
count the multiplicity-uncorrelated uncertainties. This result represents
the first observation of a clear K*/K suppression in a small collision sys-
tem. The yield ratios shown in Fig. 4 are also compared to the same
models considered for the dN/dy and the (pr). The prediction of EPOS-
LHC for K*O/Kg reported in ref. [43] is also shown. EPOS-LHC provides
good agreement with the measured data, well reproducing the decreas-
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Fig. 4. Ratios of K**/K{ and K*/K{ [43] yields in pp collisions at y/s = 13 TeV
as a function of the average charged-particle multiplicity density at midrapid-
ity (dN,/dn)),<o5- Bars represent statistical uncertainties, open boxes repre-
sent total systematic uncertainties, and shaded boxes are the systematic uncer-
tainties uncorrelated with multiplicity. The measurements are also compared to
predictions from the PYTHIA6, PYTHIA8, EPOS-LHC, and DIPSY event gener-
ators [55,62-64]. The prediction from EPOS-LHC for K"O/K;J ratio distribution
reported in Acharya et al. [43] is also shown.

ing trend. The K*0/K} distribution is better reproduced. The PYTHIAS,
PYTHIAS, and DIPSY models tend to overestimate the ratios at high mul-
tiplicities and exhibit a fairly flat trend. It is worth to note that none of
these event generators considers the evolution of a hadronic phase and
of eventually hadronic interactions of generated particles. Moreover,
EPOS-LHC without the use of any hadronic afterburner is able to repro-
duce fairly well the measured decreasing trend of the K*/K ratio with the
multiplicity. This is a consequence of the varying relative contributions
of core and corona importance across different multiplicity classes, as
well as the distinct hadronization scenarios associated with each region.
Core production becomes dominant in high-multiplicity events, whereas
corona production plays a more significant role at low multiplicities. In
the core, hadronization proceeds collectively due to the high density of
string segments, while it follows a non-collective behavior in the corona
region.

The p; dependence of the K*i/Kg ratio is shown in Fig. 5 for low
and high multiplicity classes (X and I, respectively). The ratios increase
with increasing p; at low transverse momentum and become flat for
pr 2 3 GeV/c, with the K*i/Kg ratio computed in the highest multiplic-
ity class (I) being consistent with the one measured in the lowest multi-
plicity class (X). This behavior is consistent with the results obtained for
K*0 in pp [43] and Pb-Pb [33]. The prediction of the ratios K*i/Kg as
a function of py for the two multiplicity classes is also shown. PYTHIAS8
- Monash 2013 well reproduces the ratio obtained in low multiplicity
events, but for high multiplicity events overestimates the ratio for p
lower that 3 GeV/c while underestimates the same ratio for py larger
than 3 GeV/c. EPOS-LHC well reproduces the yields measured in high
multiplicity events for p; less than 4 GeV/c, while overestimates the
data in low multiplicity events especially for pr larger than 1.5 GeV/c.
To quantify the multiplicity dependence of the K*i/K(S’ ratio in pp colli-
sions at \/§ = 13 TeV, the middle panel of Fig. 5 shows the double ratio,
i.e. the high-multiplicity K*i/Kg pr-dependent ratio divided by that in
the lowest multiplicity class. This is close to unity for pr > 2.5 GeV/c
while for pr <2.5 GeV/c a suppression from low to high-multiplicity
collisions is appreciable. This is quantified in the lower panel where the
significance of the deviations of the double ratio from unity is shown.
For pr <2 GeV/c the deviation is measured at more than 3¢ level. In
heavy-ion collisions a suppression at low p is commonly understood as
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Fig. 5. Upper panel: ratios of K*i/K‘S’ as a function of p; for low (X) and high
(D) multiplicity classes. Predictions for PYTHIA8 - Monash2013 (dashed lines)
and EPOS-LHC (continuous lines) are also reported. Middle panel: the highest
multiplicity K**/ Kg ratio divided by the lowest multiplicity one (double ratio).
Lower panel: significance of the deviation of the double ratio from unity. The
dashed black line indicates a deviation at the 3¢ level. Bars represent the statis-
tical uncertainties, while boxes represent the part of the systematic uncertainty
that is uncorrelated between the multiplicity classes.

an indication of the presence of a hadronic phase and the dominance of
rescattering processes over the regeneration one. For similarity, in pp
collisions, the observed suppression at low p; could be interpreted as
a hint of a hadronic phase with a short lifetime [41]. However, QCD
event generators are able to reproduce the main characteristics of the
K** production without including a hadronic phase. EPOS-LHC without
any hadronic afterburner is able to reproduce fairly well the measured
decreasing trend of the K*/K ratios versus multiplicity, while PYTHIAS-
Monash 2013 tune is able to reproduce the shape of the p distribution
of the ratio.

5. Conclusion

Precise measurements of the K** resonance production in pp colli-
sions at \/E = 13 TeV in different multiplicity classes have been re-
ported. The results have many qualitative similarities to those reported
for longer-lived hadrons in the same collision system [3,4,45,57] and are
consistent with previous results of K* at the same collision energy [43].
For pp < 4 GeV/c the K** differential p; spectra get harder with increas-
ing multiplicity, while for higher p; values the same spectral shape can
be noticed for all multiplicity classes. The multiplicity-dependent behav-
ior in the low py region is qualitatively similar to the trend observed in
heavy-ion collisions [27,30,31,33,38,58], where this effect is attributed
to the collective expansion of the fireball. However, for small collision
systems, in PYTHIA event generator color reconnection mechanism can
mimic a flow-like pattern [59].

Both the pr-integrated yields and the mean transverse momenta are
computed from the measured p; spectra as a function of the average
charged-particle multiplicity density and exhibit an increase (approxi-
mately linear for integrated yields) from low to high multiplicity. The
multiplicity dependence of the yields is fairly well described by EPOS-
LHC, which underpredicts the (p ) values, reproducing the general in-
creasing trend with the event multiplicity.
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Considering the pr-integrated particle yield ratios, a suppression
of the K*i/Kg ratio at a ~ 7o level is observed passing from low to
high multiplicity pp collisions. This is the first observation of K*/K
suppression in small collision systems. Previously, a hint of suppres-
sion at 20 level was observed in K*O/K‘S’ ratio in pp collisions at
\/s = 13 TeV [43]. The pr-differential K*“—'/K(S) ratio at high multiplicity
to the low-multiplicity one helps to quantify the observed decrease of
the particle ratios. For p; <2 GeV/c, the K*i/K‘S’ double ratio deviates
from unity by more than 3¢ suggesting that the observed suppression
occurs mainly at low py. The K*i/Kg multiplicity evolution is consis-
tent with the hypothesis of significance of rescattering process of the
short-lived resonances decay particles which is expected to have greater
strength for low-p resonances. This trend, for similarity with heavy-ion
collisions, could suggest the presence of a short hadronic phase in small
systems. However, considering that the distributions of the K*/K ratios
as a multiplicity and py function are rather well reproduced by QCD gen-
erators without any hadronic phase, the presence of a hadronic phase
in pp collisions is still an open question.
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