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 a b s t r a c t

The first results of K∗(892)± production at midrapidity (|𝑦| < 0.5) in pp collisions at √𝑠 = 13 TeV as a function 
of the event multiplicity are presented. The K∗(892)± has been reconstructed via its hadronic decay channel 
K∗(892)± → 𝜋± + K0

S using the ALICE detector at the LHC. For each multiplicity class, the differential transverse 
momentum (𝑝T) spectrum, the mean transverse momentum ⟨𝑝T⟩, the 𝑝T-integrated yield (d𝑁/d𝑦), and the ratio 
of the K∗(892)± to K0

S yields are reported. These are consistent with previous K∗(892)0 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)±/K0

S suppression in pp collisions is observed 
at a 7𝜎 level passing from low to high multiplicity events. The ratios of the 𝑝T-differential yields of K∗(892)±

and K0
S in high and low multiplicity events are also presented along with their double ratio. For 𝑝T ≲ 2 GeV/𝑐

this double ratio persists below unity by more than 3𝜎 suggesting that the suppression affects mainly low 𝑝T
resonances. The measured decreasing trend of the K∗(892)±/K0

S 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 (𝑝T) 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 (𝑇𝑐 ≃ 155 MeV and 𝜖𝑐 ≃ 0.5-1 GeV/fm3, 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.

 Contact: Dr. ALICE Publications (alice-publications@cern.ch).
1 See Appendix A for the list of collaboration members.

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) (𝜏 ≈ 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 𝜙(1020) (𝜏 ≈ 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 𝑝T-integrated particle yields 𝜌(770)0∕𝜋 [27–29], 
K∗(892)0∕K [28,30–37], Λ(1520)∕Λ [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)0∕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)0∕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)0∕K 
suppression from low to high multiplicity events is measured with a sig-
nificance of about 2𝜎 [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 K0𝑆
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 √𝑠 = 13 TeV at the LHC with 
the ALICE detector. In particular, the 𝑝T-differential yields, the mean 
transverse momenta ⟨𝑝T⟩, the 𝑝T-integrated yields (d𝑁/d𝑦), as well as 
the ratios of the K∗(892)± to the K0

S yields, are studied as a function of 
the event multiplicity. Comparisons with the existing K∗(892)0 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)0 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∗0 is used to denote K∗(892)0 and K∗(892)0, K∗± to 
denote K∗(892)±, while K∗ indicates in general both K∗0 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 V0A 
and V0C 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 𝑝T ≈ 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 |𝜂| <0.9. 

Table 1 
Average charged-particle multiplicity densi-
ties at midrapidity (⟨d𝑁ch∕d𝜂⟩|𝜂|<0.5) for var-
ious multiplicity classes in pp collisions at 
√

𝑠 = 13 TeV [3].
 Multiplicity (%)  V0M Class ⟨d𝑁ch∕d𝜂⟩|𝜂|<0.5

 –  INEL > 0  6.94 ± 0.10
 0–1  I  26.02 ± 0.35
 1–5  II  20.02 ± 0.27
 5–10  III  16.17 ± 0.22
 10–20  IV+V  12.91 ± 0.18
 20–30  VI  10.02 ± 0.14
 30–40  VII  7.95 ± 0.11
 40–50  VIII  6.32 ± 0.09
 50–70  IX  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 µm, with the best pre-
cision (12 µm) for the SPD detectors, which cover the pseudorapidity 
range |𝜂| < 1.3.

The TPC is the main tracking detector of ALICE, covering the pseudo-
rapidity range |𝜂| < 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 𝑝T. A separation between 𝜋
and K and K and p larger than ∼ 2𝜎 is possible for 𝑝T < 0.8 GeV/𝑐 and 
1.6 GeV/𝑐, respectively [46].

The V0 detector consists of two arrays of scintillator tiles, called V0A 
and V0C, 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 < 𝜂 < 5.1 (V0A) and −3.7 < 𝜂 < −1.7 (V0C). 
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 √𝑠 = 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 V0A and 
V0C detectors in coincidence with the arrival of proton bunches from 
both beam directions. A total number of about 1.3 ×109 events was used 
for this analysis. The contamination from beam–gas interactions is re-
moved offline using the timing information from the V0 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 |𝜂| < 1 [50] . The INEL> 0
sample is divided into several V0M multiplicity classes based on the to-
tal charge deposited in both V0 detectors. The average charged-particle 
multiplicity densities at midrapidity ⟨d𝑁ch∕d𝜂⟩|𝜂|<0.5 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 √𝑠 = 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 √𝑠NN = 5.02 TeV [42]. Mean-
while, the d𝑁ch∕d𝜂 values for the interval 5–10% are similar to the 
values for the peripheral collisions (80-90%) of Pb–Pb collisions at 
√

𝑠NN = 5.02 TeV [51].

3.  Data analysis

3.1. The K∗± selection

The K∗±, due to its short lifetime (𝜏 ∼ 10−23 s), cannot be directly 
measured by the ALICE detector. Therefore, it is reconstructed via 
its hadronic decay channel K∗± → 𝜋± + K0

S with a branching ratio 
(B.R.) of (33.300 ± 0.003)% [52], which is the combined effect of the 
K∗± → 𝜋± + K0 decay and of the probability of K0 to be in a K0

S state. 
The K0

S is reconstructed via its decay into an oppositely charged pion 
pair (V0 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 K0

S 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 (𝑐𝜏) < 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 
(𝜎TPC) from the specific energy loss expected for pions in the case of 
primary particles, while a looser selection of 5𝜎TPC is required for sec-
ondary pions.

The V0 reconstructed from the identified secondary tracks has to ful-
fill some topological criteria. The secondary vertex (i.e. the K0

S 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 
V0 momentum and the vector defined by the primary and secondary 
vertices, is required to be larger than 0.97. The DCA between the V0

daughter tracks is required to be smaller than one standard deviation 
with respect to the ideal value of zero, and the DCA of the V0 to the 
primary vertex is required to be less than 0.3 cm. The difference be-
tween the invariant mass of the 𝜋+𝜋− pairs and the nominal K0

S mass 
(𝑚 = 0.497611 GeV/𝑐2 [52]) should be lower than 0.03 GeV/𝑐2. This 
value is about 8.5(5) times the mass resolution value for K0

S with a trans-
verse momentum of 0(10) GeV/𝑐. The K0

S 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 K0

S momentum. 
Finally, the V0 candidates are rejected if their mass is compatible with 
the Λ or Λ mass [[52]] within 0.0043 GeV/𝑐2, which is about three times 
the typical mass resolution for the reconstructed Λ (Λ) 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 K0

S 𝜋± pairs in different 
𝑝T intervals in the range 0 < 𝑝T < 10 GeV/𝑐 and multiplicity classes (see 
Table 1), similar to the procedure used for the K∗0 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 

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 < 𝑀K0

S𝜋
± < 1.2 GeV/𝑐2. 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 (𝐹𝐵𝐺):

𝐹 (𝑀K0
S𝜋

± ) =
𝐷
2𝜋

Γ0

(𝑀K0
S𝜋

± −𝑀0)2 +
Γ20
4

+ 𝐹𝐵𝐺(𝑀K0
S𝜋

± ), (1)

where 𝐷 is the integral of the peak function from 0 to ∞, while 𝑀0
and Γ0 are the mass and the width of K∗±. For the default measurement 
of the yields, the width was fixed to its natural value Γ0 = (0.0508 ±
0.0009) GeV/𝑐2 [52], whereas for the estimation of the systematic un-
certainties it was kept as a free parameter or fixed to different values 
(Γ1 = 0.0499 GeV/𝑐2 and Γ2 = 0.0517 GeV/𝑐2).

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

𝐹𝐵𝐺(𝑀K0
S𝜋

± ) = [𝑀K0
S𝜋

± − (𝑚𝜋± + 𝑚K0
S
)]𝑛 𝑒

(𝐴+𝐵𝑀K0
S𝜋

±+𝐶𝑀2
K0
S𝜋

±
)
, (2)

where 𝑚𝜋± = (0.13957061 ± 0.00000002) GeV/𝑐2 [52] and 
𝑚K0

S
= (0.497611 ± 0.000013) GeV/𝑐2 [52] are the pion and K0

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/𝑐2 for every 𝑝T interval of 
each multiplicity class, which was varied for the systematic studies.

The raw yield (𝑁raw) of K∗± is computed by integrating the counts in 
the measured invariant mass distribution over the peak region (𝐼min <
𝑀K0

S𝜋
< 𝐼max, where 𝐼min = 𝑀0 − 2Γ0 = 0.79 GeV/𝑐2 and 𝐼max = 𝑀0 +

2Γ0 = 0.99 GeV/𝑐2), subtracting the integral of the residual background 
portion estimated by integrating the function 𝐹𝐵𝐺 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 𝑚𝜋± + 𝑚K0

S
 to 𝑀0 − 2Γ0 and from 𝑀0 + 2Γ0 to ∞), which 

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 K0

S𝜋
± invariant mass distribution before and after the 

combinatorial background subtraction.
A simulated dataset was also analyzed in order to evaluate the prod-

uct (𝐴 × 𝜖rec) of the detector geometrical acceptance (𝐴) and the K∗± re-
construction efficiency (𝜖rec). 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 V0 decay topology 
are used for the real and simulated data. The obtained 𝐴 × 𝜖rec values as 
a function of 𝑝T for the different multiplicity classes are consistent with 
the acceptance×efficiency 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 × 𝜖rec 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 𝑝T spectra are
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Fig. 1. The K0
S𝜋

± invariant mass distribution at |𝑦| < 0.5 in pp collisions at 
√

𝑠 = 13 TeV for the 1.6 < 𝑝T < 2.0 GeV/𝑐 interval in the VI V0M 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/𝑐2) 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 (𝑓SL) to account for the loss of K∗± mesons in non-triggered 
events. To calculate this correction factor for each multiplicity class, the 
simulated resonance 𝑝T spectrum before triggering and event selection 
is divided by the corresponding 𝑝T spectrum after those selections. This
correction is a 𝑝T-dependent factor which is peaked at low 𝑝T with 
the larger deviation from unity in the lowest multiplicity class for 
𝑝T < 1 GeV/𝑐. In the 𝑝T interval 0–0.4 GeV/𝑐 𝑓SL 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 K0

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/𝑐) 

Table 2 
Sources of systematic uncertainties and the relative multiplicity-
averaged values (expressed in %) on the K∗± 𝑝T-differential dis-
tributions reported for low, intermediate, and high 𝑝T intervals. 
The contributions from each source are summed in quadrature to 
obtain the total systematic uncertainty.
𝑝T (GeV/𝑐)  0 – 1.2  1.2 – 3.0  3.0 – 10.0
 Signal extraction (%)  3.9  2.8  3.2
 Primary pion selection (%)  1.5  0.9  1.4
K0

S 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

𝑝T. The main contribution arises from the signal extraction procedure 
(3–4%) 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 K0

S 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 2.5𝜎TPC and 4𝜎TPC were used.

The contribution to the systematic uncertainty originating from the 
K0
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 K0

S decay products and to the primary ver-
tex, the cosine of pointing angle, and the V0 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 K0

S 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 K0

S 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 𝑝T <1.2 GeV/𝑐 to 1.5% for 1.2<𝑝T < 3 GeV/𝑐 inter-
val and 0.7% at higher 𝑝T) and of the hadronic interaction cross section 
(1.1% for 𝑝T < 3 GeV/𝑐 and 0.5% at higher 𝑝T). These effects are evalu-
ated by combining the uncertainties for a pion and a K0

S, 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 𝑝T 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∗0 measurements at specific low (0.2 GeV/𝑐), interme-
diate (2.2 GeV/𝑐), and high (6.5 GeV/𝑐) 𝑝T 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∗0 [43] 𝑝T distributions in pp collisions at 
√

𝑠 = 13 TeV 
for the different multiplicity classes studied, scaled by the indicated factors. 
Lower panel: ratios of the 𝑝T 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, K0

S 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 𝑝T-differential yields of K∗± in the various multiplicity classes 
for pp collisions at √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 𝑝T distributions of the charged and neutral mesons 
are consistent within the uncertainties. As for the K∗0, the 𝑝T-differential 
distributions of the K∗± get harder with increasing multiplicity and for 
higher multiplicity classes the 𝑝T 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 𝑝T distribution measured in each individual mul-
tiplicity class to the inclusive spectrum (INEL> 0 class). The hardening 
of the spectra is significant for 𝑝T ≲ 4 GeV/𝑐, while at higher 𝑝T 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 
√

𝑠 = 13 TeV [3,57], and are consistent with previous measurements 
of hadronic resonances in small collisions systems [42,43,60,61].

Fig. 3. The per-event 𝑝T-integrated yields d𝑁/d𝑦 (upper panel) and mean trans-
verse momenta ⟨𝑝T⟩ (lower panel) for K∗± and K∗0 [43] as a function of the av-
erage charged-particle multiplicity density ⟨d𝑁ch∕d𝜂⟩|𝜂|<0.5. 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 𝑝T-integrated K∗± yields per-event (corresponding to 1/𝑁INEL×
d𝑁/d𝑦, hereby denoted as d𝑁/d𝑦 for brevity) and the mean transverse 
momenta ⟨𝑝T⟩ in the different multiplicity classes are determined by 
integrating and averaging the transverse momentum spectra over the 
measured range (0 < 𝑝T < 10 GeV/𝑐).

Fig. 3 shows the 𝑝T-integrated yields and the mean 𝑝T of the K∗±
and K∗0 as a function of the average charged-particle multiplicity den-
sity ⟨d𝑁ch∕d𝜂⟩|𝜂|<0.5, 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 ⟨d𝑁ch∕d𝜂⟩|𝜂|<0.5 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 ⟨𝑝T⟩ 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 ⟨d𝑁ch∕d𝜂⟩|𝜂|<0.5 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 ⟨𝑝T ⟩ increases with the event 
multiplicity too, showing a sign of saturation in high-multiplicity events. 
The PYTHIA6 - 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 𝑝T from low 
to high multiplicity than data.

As already discussed in Section 1 the ratio of 𝑝T-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∗±/K0
S ratio in pp 

collisions at √𝑠 = 13 TeV, compared to the K∗0/K0
S one, with the K0

S
data from ref. [57]. The decreasing trend passing from low to high mul-
tiplicity pp collisions, already outlined by the K∗0 analysis [43], is con-
firmed by the K∗± results. The K∗±/K0

S  results provide a more signif-
icant evidence for this suppression thanks to the smaller uncertainties 
as compared to the previous K∗0 results. Indeed, the suppression of the 
K∗0/K0

S ratio between the highest and lowest multiplicity classes was 
measured at a significance level of about 2𝜎 [43]. Due to increased pre-
cision, the K∗±/K0

S suppression between the highest and lowest multi-
plicity classes is measured at a significance level of 7𝜎, 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 ⟨𝑝T⟩. The prediction of EPOS-
LHC for K∗0/K0

S reported in ref. [43] is also shown. EPOS-LHC provides 
good agreement with the measured data, well reproducing the decreas-

Fig. 4. Ratios of K∗±/K0
S and K∗0/K0

S [43] yields in pp collisions at 
√

𝑠 = 13 TeV 
as a function of the average charged-particle multiplicity density at midrapid-
ity ⟨d𝑁ch∕d𝜂⟩|𝜂|<0.5. 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∗0/K0

S ratio distribution 
reported in Acharya et al. [43] is also shown.

ing trend. The K∗0/K0
S distribution is better reproduced. The PYTHIA6, 

PYTHIA8, 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 𝑝T dependence of the K∗±/K0
S ratio is shown in Fig. 5 for low 

and high multiplicity classes (X and I, respectively). The ratios increase 
with increasing 𝑝T at low transverse momentum and become flat for 
𝑝T ≳ 3 GeV/𝑐, with the K∗±/K0

S 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∗±/K0

S as 
a function of 𝑝T for the two multiplicity classes is also shown. PYTHIA8 
- Monash 2013 well reproduces the ratio obtained in low multiplicity 
events, but for high multiplicity events overestimates the ratio for 𝑝T
lower that 3 GeV/𝑐 while underestimates the same ratio for 𝑝T larger 
than 3 GeV/𝑐. EPOS-LHC well reproduces the yields measured in high 
multiplicity events for 𝑝T less than 4 GeV/𝑐, while overestimates the 
data in low multiplicity events especially for 𝑝T larger than 1.5 GeV/𝑐. 
To quantify the multiplicity dependence of the K∗±/K0

S ratio in pp colli-
sions at √𝑠 = 13 TeV, the middle panel of Fig. 5 shows the double ratio, 
i.e. the high-multiplicity K∗±/K0

S 𝑝T-dependent ratio divided by that in 
the lowest multiplicity class. This is close to unity for 𝑝T ≳ 2.5 GeV/𝑐
while for 𝑝T ≲ 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 𝑝T ≲ 2 GeV/𝑐 the deviation is measured at more than 3𝜎 level. In 
heavy-ion collisions a suppression at low 𝑝T is commonly understood as 
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Fig. 5. Upper panel: ratios of K∗±/K0
S as a function of 𝑝T for low (X) and high 

(I) multiplicity classes. Predictions for PYTHIA8 - Monash2013 (dashed lines) 
and EPOS-LHC (continuous lines) are also reported. Middle panel: the highest 
multiplicity K∗±/K0

S 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 3𝜎 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 𝑝T 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 PYTHIA8- 
Monash 2013 tune is able to reproduce the shape of the 𝑝T distribution 
of the ratio.

5.  Conclusion

Precise measurements of the K∗± resonance production in pp colli-
sions at √𝑠 = 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∗0 at the same collision energy [43]. 
For 𝑝T ≲ 4 GeV/𝑐 the K∗± differential 𝑝T spectra get harder with increas-
ing multiplicity, while for higher 𝑝T values the same spectral shape can 
be noticed for all multiplicity classes. The multiplicity-dependent behav-
ior in the low 𝑝T 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 𝑝T-integrated yields and the mean transverse momenta are 
computed from the measured 𝑝T 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 ⟨𝑝T ⟩ values, reproducing the general in-
creasing trend with the event multiplicity.

Considering the 𝑝T-integrated particle yield ratios, a suppression 
of the K∗±/K0

S ratio at a ∼ 7𝜎 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 2𝜎 level was observed in K∗0/K0

S ratio in pp collisions at 
√

𝑠 = 13 TeV [43]. The 𝑝T-differential K∗±/K0
S ratio at high multiplicity 

to the low-multiplicity one helps to quantify the observed decrease of 
the particle ratios. For 𝑝T ≲ 2 GeV/𝑐, the K∗±/K0

S double ratio deviates 
from unity by more than 3𝜎 suggesting that the observed suppression 
occurs mainly at low 𝑝T. The K∗±/K0

S 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-𝑝T 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 𝑝T 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.

Data availability

Data will be made available on request.

Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgements

The ALICE Collaboration would like to thank all its engineers and 
technicians for their invaluable contributions to the construction of the 
experiment and the CERN accelerator teams for the outstanding per-
formance of the LHC complex. The ALICE Collaboration gratefully ac-
knowledges the resources and support provided by all Grid centres and 
the Worldwide LHC Computing Grid (WLCG) collaboration. The ALICE 
Collaboration acknowledges the following funding agencies for their 
support in building and running the ALICE detector: A. I. Alikhanyan 
National Science Laboratory (Yerevan Physics Institute) Foundation 
(ANSL), State Committee of Science and World Federation of Scientists 
(WFS), Armenia; Austrian Academy of Sciences, Austrian Science Fund 
(FWF): [M 2467-N36] and Nationalstiftung für Forschung, Technolo-
gie und Entwicklung, Austria; Ministry of Communications and High 
Technologies, National Nuclear Research Center, Azerbaijan; Rede Na-
cional de Física de Altas Energias (Renafae), Financiadora de Estudos 
e Projetos (Finep), Fundação de Amparo à Pesquisa do Estado de São 
Paulo (FAPESP) and The Sao Paulo Research Foundation (FAPESP), 
Brazil; Bulgarian Ministry of Education and Science, within the Na-
tional Roadmap for Research Infrastructures 2020–2027 (object CERN), 
Bulgaria; Ministry of Education of China (MOEC) , Ministry of Science 
& Technology of China (MSTC) and National Natural Science Founda-
tion of China (NSFC), China; Ministry of Science and Education and 
Croatian Science Foundation, Croatia; Centro de Aplicaciones Tecnológ-
icas y Desarrollo Nuclear (CEADEN), Cubaenergía, Cuba; Ministry of 
Education, Youth and Sports of the Czech Republic, Czech Republic; 
The Danish Council for Independent Research | Natural Sciences, the 
VILLUM FONDEN and Danish National Research Foundation (DNRF), 
Denmark; Helsinki Institute of Physics (HIP), Finland; Commissariat 
à l’Energie Atomique (CEA) and Institut National de Physique Nu-
cléaire et de Physique des Particules (IN2P3) and Centre National de 
la Recherche Scientifique (CNRS), France; Bundesministerium für Bil-
dung und Forschung (BMBF) and GSI Helmholtzzentrum füicr Scahwe-
rionenforschung GmbH, Germany; General Secretariat for Research and
Technology, Ministry of Education, Research and Religions, Greece; 

Physics Letters B 874 (2026) 140253 

7 



ALICE Collaboration

National Research, Development and Innovation Office, Hungary; De-
partment of Atomic Energy Government of India (DAE), Department 
of Science and Technology, Government of India (DST), University 
Grants Commission, Government of India (UGC) and Council of Sci-
entific and Industrial Research (CSIR), India; National Research and 
Innovation Agency - BRIN, Indonesia; Istituto Nazionale di Fisica Nu-
cleare (INFN), Italy; Japanese Ministry of Education, Culture, Sports, 
Science and Technology (MEXT) and Japan Society for the Promo-
tion of Science (JSPS) KAKENHI, Japan; Consejo Nacional de Cien-
cia (CONACYT) y Tecnología, through Fondo de Cooperación Interna-
cional en Ciencia y Tecnología (FONCICYT) and Dirección General de 
Asuntos del Personal Academico (DGAPA), Mexico; Nederlandse Or-
ganisatie voor Wetenschappelijk Onderzoek (NWO), Netherlands; The 
Research Council of Norway, Norway; Pontificia Universidad Católica 
del Perú, Peru; Ministry of Science and Higher Education, National Sci-
ence Centre and WUT ID-UB, Poland; National Research Foundation of 
Korea (NRF), Republic of Korea; Ministry of Education and Scientific 
Research, Institute of Atomic Physics, Ministry of Research and Inno-
vation and Institute of Atomic Physics and Universitatea Nationala de 
Stiinta si Tehnologie Politehnica Bucuresti, Romania; Ministerstvo skol-
stva, vyskumu, vyvoja a mladeze SR, Slovakia; National Research Foun-
dation of South Africa, South Africa; Swedish Research Council (VR) 
and Knut & Alice Wallenberg Foundation (KAW), Sweden; European 
Organization for Nuclear Research, Switzerland; Suranaree University 
of Technology (SUT), National Science and Technology Development 
Agency (NSTDA) and National Science, Research and Innovation Fund 
(NSRF via PMU-B B05F650021), Thailand; Turkish Energy, Nuclear and 
Mineral Research Agency (TENMAK), Turkey; National Academy of Sci-
ences of Ukraine, Ukraine; Science and Technology Facilities Council 
(STFC), United Kingdom; National Science Foundation of the United 
States of America (NSF) and United States Department of Energy, Of-
fice of Nuclear Physics (DOE NP), United States of America. In addition, 
individual groups or members have received support from: Czech Sci-
ence Foundation (grant no. 23-07499S), Czech Republic; FORTE project, 
reg. no. CZ.02.01.01/00/22_008/0004632, Czech Republic, co-funded 
by the European Union, Czech Republic; European Research Council 
(grant no. 950692), European Union; Deutsche Forschungs Gemein-
schaft (DFG, German Research Foundation) “Neutrinos and Dark Matter 
in Astro- and Particle Physics” (grant no. SFB 1258), Germany; ICSC - 
National Research Center for High Performance Computing, Big Data 
and Quantum Computing and FAIR - Future Artificial Intelligence Re-
search, funded by the NextGenerationEU program (Italy). 

Appendix A. 

ALICE Collaboration

I. J. Abualrob113�, S. Acharya50�, G. Aglieri Rinella32�, L. 
Aglietta24�, M. Agnello29�, N. Agrawal25�, Z. Ahammed132�, S. 
Ahmad15�, I. Ahuja36�, Z. Akbar80, A. Akindinov138�, V. Akishina38, M. 
Al-Turany95�, D. Aleksandrov138�, B. Alessandro56�, H. M. Alfanda6�, 
R. Alfaro Molina67�, B. Ali15�, A. Alici25�, A. Alkin102�, J. Alme20�, G. 
Alocco24�, T. Alt64�, A. R. Altamura50�, I. Altsybeev93�, C. Andrei45�, 
N. Andreou112�, A. Andronic123�, E. Andronov138�, V. Anguelov92�, 
F. Antinori54�, P. Antonioli51�, N. Apadula72�, H. Appelshäuser64�, 
C. Arata71�, S. Arcelli25�, R. Arnaldi56�, J. G. M. C. A. Arneiro108�, 
I. C. Arsene16�, M. Arslandok135�, A. Augustinus32�, R. Averbeck95�, 
D. Averyanov138�, M. D. Azmi15�, H. Baba121, A. R J Babu134, 
A. Badalá53�, J. Bae102�, Y. Bae102�, Y. W. Baek40�, X. Bai117�, 
R. Bailhache64�, Y. Bailung48�, R. Bala89�, A. Baldisseri127�, B. 
Balis2�, S. Bangalia115, Z. Banoo89�, V. Barbasova36�, F. Barile31�, 
L. Barioglio56�, M. Barlou24,76�, B. Barman41�, G. G. Barnaföldi46�, 
L. S. Barnby112�, E. Barreau101�, V. Barret124�, L. Barreto108�, K. 
Barth32�, E. Bartsch64�, N. Bastid124�, S. BasuI,73�, G. Batigne101�, 
D. Battistini93�, B. Batyunya139�, D. Bauri47, J. L. Bazo Alba99�, I. 
G. Bearden81�, P. Becht95�, D. Behera48�, S. Behera47, I. Belikov126�, 

V. D. Bella126�, F. Bellini25�, R. Bellwied113�, S. Belokurova138�, L. 
G E Beltran107�, Y. A. V. Beltran44�, G. Bencedi46�, A. Bensaoula113, 
S. Beole24�, Y. Berdnikov138�, A. Berdnikova92�, L. Bergmann92�, 
L. Bernardinis23�, L. Betev32�, P. P. Bhaduri132�, T. Bhalla88, A. 
Bhasin89�, B. Bhattacharjee41�, S. Bhattarai115, L. Bianchi24�, J. 
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