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 a b s t r a c t

The first measurements of the average transverse-momentum fraction (⟨𝑧⟩) as a function of transverse momentum 
(𝑝T) for strange baryons (Λ and Λ) and strange mesons (K0

S), produced in mini-jets defined through angular 
correlations in pp collisions at √𝑠 = 13 TeV, are reported by the ALICE Collaboration at the LHC. The observable 
is obtained using a novel method, where the angular correlation between the strange hadrons and inclusive 
charged hadrons is weighted by the 𝑝T of correlated particles at small angular distance. As a function of strange 
particles’ 𝑝T, the results reveal a flat trend for strange mesons and a decreasing trend for strange baryons in 
the measured 𝑝T region, indicating distinct hadronization mechanisms for K0

S and Λ (Λ). The measurements are 
compared to Monte Carlo models, namely Pythia 8 (with both Monash and Color Rope tunes) and the AMPT 
(A Multi-Phase Transport) model with string melting. None of these models provides a satisfactory description 
of the ⟨𝑧⟩ distributions at low and intermediate 𝑝T.

1. Introduction

Hadronic collisions at the LHC (pp, p–Pb, and Pb–Pb) provide the 
opportunity to study particle production across a wide range of charged-
particle multiplicities and corresponding initial energy densities [1–6]. 
One of the most intriguing discoveries at the LHC is that phenom-
ena traditionally associated with heavy-ion collisions, and attributed to 
the formation of quark–gluon plasma (QGP), exhibit a continuous on-
set as a function of multiplicity across all collision systems. These fea-
tures include collective fluid-like behavior [7–9], strangeness enhance-
ment, and baryon-to-meson yield enhancement in the intermediate 𝑝T
range [10–12].

In the so-called “small systems”, such as pp and p–Pb collisions, 
the size of the interaction region is approximately one femtometer. 
At LHC energies, partonic systems produced in multiparton interac-
tions (MPIs) are expected to overlap within this small region. Given 
that the range of the strong force is of comparable size, interactions 
among strings produced nearby at early times may induce effects on the 
final-state kinematics and hadronization beyond those expected from 
a simple incoherent superposition of MPIs. In Pb–Pb collisions, final-
state interactions are well established and give rise to strong collective
effects.

The presence of collective effects in small systems raises the intrigu-
ing possibility that droplets of QGP may already be forming in such 
systems. Furthermore, understanding how MPI-driven effects manifest 
themselves in small systems can shed light on collective phenomena ob-
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served in Pb–Pb collisions. Addressing these issues is important for de-
veloping a common understanding of particle production mechanisms 
across small and large collision systems, and for identifying the condi-
tions that give rise to QGP-like behavior.

The enhancement of strange baryon-to-meson hadron yield ratios 
(Λ∕K0

S, Ξ∕K0
S, Ω∕K0

S) in the intermediate 𝑝T region, observed across 
all collision systems and progressively increasing with multiplicity, has 
been attributed to the interplay between radial flow and parton recom-
bination [13–15]. To further investigate the origin of this effect, ALICE 
has measured these ratios within charged-particle jets with 𝑝T above 
10 GeV/𝑐 and for particles in the underlying event of these jets [16,17]. 
The results show that, within the precision of the measurements, the en-
hancement is small or absent within jets, while in the underlying event, 
it matches the inclusive results. However, a limitation of this approach 
is that the production of a particle outside a jet with a minimum en-
ergy threshold does not necessarily indicate it was not produced in a 
hard-scattering process. For example, the increase of the ratios between 
particle yields measured at √𝑠 = 13 TeV and 7 TeV with rising 𝑝T sug-
gests that hard scatterings begin to dominate particle production already 
for 𝑝T > 2 GeV/𝑐 [18]. This raises the need for a complementary ob-
servable to study particle production mechanisms. Assuming that parti-
cle production is predominantly governed by parton fragmentation, the 
fraction of the parton’s transverse momentum carried by the final-state 
particle (𝑝T/𝑝jetT ) provides complementary insight into the fragmentation 
process and is therefore a more informative observable than the hadron 
𝑝T alone.
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 The ALICE Collaboration

In the low- and intermediate-𝑝T region (𝑝T < 5GeV/c), the distinc-
tion between jets and soft bulk particle production becomes ambiguous, 
effectively precluding reliable event-by-event jet reconstruction. There-
fore, the present analysis does not rely on associating strange particles 
with reconstructed jet cones. Instead, the average momentum fraction 
(⟨𝑧⟩) of Λ (Λ) and K0

S hadrons in mini-jets is measured. The mini-jets are 
defined via Δ𝜑–Δ𝜂 angular correlations between these strange hadrons 
and primary charged particles, where Δ𝜑 and Δ𝜂 denote the differences 
in azimuthal angle and pseudorapidity, respectively. The angular differ-
ential distribution is weighted by the 𝑝T of the associated particles in 
order to estimate the 𝑝T of the originating partons.

Jet-like structures manifest themselves as a short-range near-side 
peak centered at Δ𝜑 = Δ𝜂 = 0 in the angular correlation distribution. 
After normalizing the 𝑝T-weighted angular correlation distribution by 
the number of trigger particles and subtracting the uncorrelated back-
ground, the integral below the short-range near-side peak measures the 
summed 𝑝T correlated with the strange particles (

∑NS 𝑝T). A proxy for 
the original parton 𝑝T can then be obtained by adding the 𝑝T of the trig-
ger particle to ∑NS 𝑝T. This approach provides essential complementary 
information for the understanding of particle production dynamics and 
the role of parton fragmentation in the intermediate 𝑝T region.

2. Experimental setup and data samples

The ALICE detector [19] has been optimized for the study of heavy-
ion collisions at the LHC. The main objective of ALICE is to explore the 
physics of strongly-interacting matter in proton-proton collisions and 
the QGP produced in the extreme conditions of temperature and den-
sity created in nucleus-nucleus collisions. The ALICE detector and its 
performance during Run 2 of the LHC are described in Refs. [20,21]. Its 
setup consists of central-barrel detectors covering the pseudorapidity 
range |𝜂| < 0.9, forward detectors, and the magnet systems.

The central-barrel detectors – Inner Tracking System (ITS), Time Pro-
jection Chamber (TPC), Transition Radiation Detector (TRD), Time Of 
Flight (TOF), Photon Spectrometer (PHOS), Electromagnetic Calorime-
ter (EMCal), and High Momentum Particle Identification Detector 
(HMPID) – are surrounded by the L3 solenoid, which provides a mag-
netic field of up to 0.5 T in strength along the beam direction. These 
detectors are optimized for tracking and particle identification. The Pho-
ton Multiplicity Detector (PMD), Forward Multiplicity Detector (FMD), 
V0, T0, and Zero Degree Calorimeter (ZDC) – the forward detectors – 
provide triggering and information on global event properties. The mea-
surements presented in this paper use the information from V0 [21], 
ITS [22], TPC [23], and TOF [24,25], which are described in more de-
tail in the following paragraphs.

The V0 is used to provide event triggering information. It is com-
posed of two scintillator arrays, V0A and V0C, placed around the beam 
pipe on each side of the interaction point, covering the pseudorapidity 
intervals 2.8 < 𝜂 < 5.1 and −3.7 < 𝜂 < −1.7, respectively.

The ITS is the detector closest to the interaction region. The ITS 
used in Run 2 was made of six cylindrical layers of silicon detectors. 
The two innermost layers comprise the Silicon Pixel Detector (SPD), 
which mainly provides hit position information for vertexing and track-
ing. The intermediate two layers form the Silicon Drift Detectors (SDD), 
and the outermost two layers form the Silicon Strip Detectors (SSD). 
They mainly provide tracking information and particle identification 
via the measurement of ionization energy loss.

The TPC is the main tracking detector of ALICE. It is a cylindrical 
detector with a volume of about 90 m3, designed to be filled with a gas 
mixture of 90% Ne and 10% CO2. By measuring ionization energy loss, 
the TPC is also used for particle identification.

The TOF, placed outside of the TPC, is made of Multigap Resis-
tive Plate Chambers (MRPC). Complementary to the ITS and the TPC, 
the TOF provides particle identification at the intermediate momentum 
range (from 0.5 GeV/𝑐 to 3–4 GeV/𝑐) [25] via time-of-flight measure-
ments.

The present analysis is performed with pp collision data at √𝑠 = 13 
TeV, which were collected by ALICE during the LHC Run 2 from 2016 
to 2018. The events used for the analysis are those satisfying the mini-
mum bias (MB) trigger condition requiring at least one hit in both V0A 
and V0C. Pileup events are rejected using vertex and tracking informa-
tion. The events are accepted only if the reconstructed primary vertex 
position in the beam direction is located in the range ±10 cm from the 
ALICE nominal interaction point. Approximately 1.7 × 109 events pass 
these selection criteria.

Monte Carlo (MC) data samples have been generated using Pythia 
8 with the Monash tune [26,27] as the primary event generator for pp 
collisions. The detector response is simulated by transporting the pri-
mary events through a model of the ALICE detector using Geant 3 [28]. 
These MC samples are used to evaluate the tracking efficiency and the 
secondary contamination contribution.

3. Analysis procedure

The goal of the present analysis is to study an observable that can 
approximate the transverse-momentum fraction 𝑧 of strange particles in 
low-energy jets. For reconstructed jets, 𝑧 is defined as 𝑧 = 𝑝sT∕𝑝

jet
T , where 

𝑝sT is the transverse momentum of the strange particle and 𝑝jetT  the trans-
verse momentum of the jet. Very low-energy jets (𝑝jetT ≪ 5 GeV/𝑐) cannot 
be reconstructed event-by-event over the fluctuating background of the 
underlying event. This is particularly true in high-multiplicity pp colli-
sions. An alternative method to assess the fragmentation properties of 
low-energy jets is the study of Δ𝜑 − Δ𝜂 angular correlations between 
particles, given that jet-like correlations produce a distinct peak in the 
correlation function centered at Δ𝜑 = Δ𝜂 = 0, the so-called short-range 
near-side peak. In the angular correlation study, Δ𝜑 and Δ𝜂 are defined 
as the azimuthal angle and pseudorapidity difference between the trig-
ger and the associated particles, respectively. In this measurement, the 
strange particles are used as trigger particles, and all primary charged 
particles are used as associated particles. Primary charged particles are 
defined as charged particles with a mean proper lifetime 𝜏 larger than 
1 cm/𝑐, which are produced either promptly at the primary interaction 
vertex or from decays of particles with 𝜏 < 1 cm/𝑐 restricted to decay 
chains leading to the interaction [29]. For the present analysis, the long-
lived charged-strange baryons (Σ±, Ξ−, Ω−, and their antiparticles) are 
excluded from the primary charged-particle definition in order to avoid 
biases, as their reconstruction requires dedicated topological selections 
beyond those used for primary charged particles.

3.1. Particle reconstruction

The strange particles, K0
S, Λ, and Λ, are reconstructed through their 

decay daughters in the central barrel region via the K0
S → 𝜋+ + 𝜋− , 

Λ → p + 𝜋− , and Λ → p + 𝜋+ decay channels, with the branching ra-
tios of 69.20 ± 0.05%, 64.1 ± 0.5%, and 64.1 ± 0.5%, respectively [30]. The 
reconstruction is performed in the kinematic range 0.6 < 𝑝T < 20.0 
GeV/𝑐 and |𝜂| < 0.75. They are selected based on their characteristic 
V-shaped decay topology. Being electrically neutral, these strange par-
ticles are also referred to as V0 particles. The selection criteria include 
the V0 decay radius in the transverse plane, the distance of the closest 
approach (DCA) between the daughter tracks, the cosine of the point-
ing angle (CPA), which is the angle between the line connecting the 
PV to the decay vertex and the direction of the momentum vector. Ad-
ditional selection criteria are applied to the daughter tracks of the V0, 
including pseudorapidity requirements, the DCA of each daughter to 
the primary vertex (PV), and PID and track-quality selections based on 
the TPC information. These criteria follow those presented in an ear-
lier ALICE publication [17] and are summarized in Table 1. To suppress 
misidentification between K0

S and Λ (Λ) candidates, the invariant mass 
is also computed under the competing mass hypothesis, and a selection 
criterion is applied accordingly. In addition, in order to reject strange 
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Table 1 
V0 candidate selection criteria.
V0 selection K0

S Λ (Λ)
|

|

𝜂V0 |
|

< 0.75 < 0.75
V0 2D decay radius (cm) > 0.5 > 0.5
 Proper lifetime (cm/𝑐) < 20 < 30
 DCA between V0 daughter tracks (N𝜎) < 1 < 1
 CPA of V0 > 0.97 > 0.995
 Competing mass (GeV/𝑐2) > 0.005 > 0.010

V0 daughters selection
|

|

𝜂trk || < 0.8
V0 daughter track DCA to PV (cm) > 0.06
 TPC d𝐸∕d𝑥 (N𝜎) < 5
 TPC refit flag  true
 Number of TPC crossed rows > 70
 TPC crossed rows / findable ratio > 0.8

particle candidates from out-of-bunch pileup, at least one daughter track 
is required to satisfy the ITS refit condition, exploiting the superior time 
resolution of the ITS.

Primary charged particles are reconstructed in the kinematic range 
0.2 < 𝑝T < 20 GeV/𝑐 and |𝜂| < 0.8 using the ITS and the TPC. Contam-
ination from secondary particles is reduced by applying the selection 
criteria described in Ref. [31]. Selected primary charged tracks are re-
quired to have at least 70 crossed pad rows in the TPC (out of a max-
imum of 159), and a ratio of crossed rows to the number of findable 
clusters of at least 0.8. Only tracks with a fraction of shared clusters 
with other tracks smaller than 0.4 are accepted. The DCA to the pri-
mary vertex in the transverse plane (𝑥𝑦-plane) and the beam direction 
(𝑧-direction) are required to be within 2.4 cm and 3.2 cm, respectively. 
The tracks are also required to have a good tracking fit quality in both 
the TPC and the ITS, characterized by goodness-of-fit values 𝜒2 per clus-
ter smaller than 4 and 36 in the TPC and the ITS, respectively. Only 
tracks with at least one hit in the two innermost layers of the ITS are 
selected. Tracks originating from kink topologies, where a charged par-
ticle decays into another charged particle and a neutral particle, are 
rejected.

3.2. 𝑝T-weighted two-particle correlation function

A novel 𝑝T-weighted two-particle correlation method is employed to 
obtain the average 𝑧(𝑝sT) of strange particles in any given 𝑝sT interval. 
The corresponding correlation function is defined as:

𝐶𝑝T-weighted(Δ𝜂, Δ𝜑) =
1

𝑁trig

d2
∑

𝑝T
dΔ𝜑dΔ𝜂

, (1)

where 𝑁trig is the number of trigger strange particles. The term d2
∑

𝑝T
dΔ𝜑dΔ𝜂

represents the summed 𝑝T of all the associated particles in any given 
Δ𝜑 − Δ𝜂 interval. Both 𝑁trig and d2

∑

𝑝T
dΔ𝜑dΔ𝜂  are summed over all selected 

events.
The correlation function is corrected for acceptance, efficiency, and 

uncorrelated background, which will be described in detail in the next 
section. Finally, the summed 𝑝T of the associated particles per trigger 
particle ⟨∑NS 𝑝T⟩ is calculated by integrating the correlation function, 
and the average ⟨𝑧(𝑝sT)⟩ is computed as

⟨𝑧(𝑝sT)⟩ =
𝑝sT

⟨

∑NS 𝑝T⟩ + 𝑝sT
. (2)

As will be explained in the following paragraphs in more detail, ⟨𝑧⟩
is obtained as a function of the strange particle 𝑝sT by constructing 
the correlation function and applying the corrections independently 
in each 𝑝sT interval. Due to the steeply falling trigger-particle 𝑝sT spec-
tra and the finite width of the 𝑝sT intervals, especially at high trans-
verse momenta, the 𝑝sT in Eq. (2) is calculated as the average trans-

verse momentum in each 𝑝T interval instead of the value of the interval
center.

It is important to emphasize the differences between the present ap-
proach and a standard jet analysis. In the latter, jets are reconstructed 
event by event and the jet 𝑝T is required to be either above a threshold 
value imposed by the jet reconstruction efficiency or within a specific 
range. The 𝑧 is thus obtained event by event, and the resulting 𝑧 distri-
bution might be affected by the jet 𝑝T selection. In contrast, the present 
analysis does not rely on explicit jet reconstruction and therefore does 
not impose any jet-𝑝T selection. Since the jets are not reconstructed in-
dividually, an event-by-event determination of 𝑧 is not possible. Instead, 
the observable ⟨𝑧⟩ is obtained as an event-averaged quantity, calculated 
as 𝑝sT/⟨𝑝

jet
T ⟩ in intervals of the trigger-particle 𝑝sT.

Let 𝐷(𝑧) denote the fragmentation function, the probability for a par-
ticle to carry a fraction 𝑧 of the originating parton momentum. Assum-
ing that the parton transverse momentum spectrum falls as (1∕𝑝partonT )𝑛, 
where typical values of 𝑛 are between 5 and 6 at high 𝑝T [2]. At fixed 
trigger-particle transverse momentum 𝑝T, and assuming that 𝑧 is mea-
sured on an event-by-event basis, the probability density of 𝑧 is pro-
portional to 𝐷(𝑧)𝑧𝑛−2 [32,33]. The factor 𝑧𝑛−2 biases the distribution 
towards larger values of 𝑧 compared to what would be obtained at 
fixed 𝑝partonT . This effect is known as the leading particle bias or trigger 
bias [32,33]. In the present analysis, one instead averages over ∑NS 𝑝T
which is proportional to 𝑝sT∕𝑧. As a result, the weighting factor is re-
duced to 𝑧𝑛−3. This reduced trigger bias represents an advantage of the 
present method.

3.3. Corrections

The reconstructed strange particles consist of both real signal parti-
cles and combinatorial background (fake strange particles). To obtain 
the correlation function for the signal particles, the contribution to the 
𝑝T-weighted correlation function from the combinatorial background is 
removed using the sideband subtraction method [12,31]. The invariant 
mass distributions of the strange particle candidates in each 𝑝sT interval 
are fitted with a Gaussian function for the signal combined with a lin-
ear function describing the combinatorial background. Using the mean 
and variance (𝜎) of the Gaussian, the signal and the sideband regions 
are defined. The signal region is defined as the ±3𝜎 range centered at 
the mean value, while the sideband regions, used to estimate the combi-
natorial background, are located between 6𝜎 and 9𝜎 symmetric around 
the mean value. The 𝑝T-weighted correlation functions are constructed 
using triggers from the signal and sideband regions, respectively. The 
sideband correlation distributions, which provide an estimation of the 
combinatorial background, are subtracted from the signal correlation 
distributions.

To account for tracking efficiency, a dedicated efficiency correction 
is applied to the associated particles. The tracking efficiency (𝜀) is ob-
tained from MC simulations and is defined as the ratio of the number of 
reconstructed particles to the number of generated particles satisfying 
the primary charged-particle definition (see Section 1). In this work, the 
tracking efficiency increases from approximately 70% at the lowest 𝑝T, 
and reaches a plateau of 85% above 𝑝T ≈ 1.5 GeV/𝑐. This correction is 
achieved by using 𝜀 as another part of the weight when filling the 𝑝T-
weighted correlation function. Not all charged tracks passing the selec-
tion criteria are primary tracks. The secondary contamination fraction 
(𝑓sec) is defined as the ratio of secondary particles to the total num-
ber of particles passing the selection, and is also determined using MC 
simulations. The estimated secondary fraction decreases from approx-
imately 3.8% at low 𝑝T to below 1% for 𝑝T > 1 GeV/𝑐. To correct for 
both effects, an additional weight factor beyond the associated particle’s 
𝑝T, namely (1 − 𝑓sec)∕𝜀, is introduced when calculating the correlation
functions.

The corrected 𝑝T-weighted correlation functions are still strongly af-
fected by the limited and non-uniform acceptance of the detector. In 
particular, the finite pseudorapidity acceptance leads to a characteristic
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triangular shape in the Δ𝜂 direction, which is a purely geometrical ef-
fect rather than a consequence of physical correlations. To correct for 
this non-physical modification, the event-mixing technique is applied. In 
this method, with the same selection criteria, the trigger particles and 
the associated particles are chosen from different events to construct 
the mixed-event correlation function, 𝑀(Δ𝜂, Δ𝜑) = d2𝑁mix

dΔ𝜑dΔ𝜂 , where 
𝑁mix denotes the number of trigger-associate pairs in mixed events. The 
events are mixed only if the difference in the 𝑧-vertex position is less 
than 2 cm. Since trigger and associated particles come from different 
events, no physical correlation occurs; thus, the mixed-event distribu-
tion reflects only the detector effects. For each trigger 𝑝sT interval, the 
𝑝T-weighted correlation function 𝐶𝑝T-weighted(Δ𝜂, Δ𝜑) and the mixed-
event distribution 𝑀(Δ𝜂, Δ𝜑) are constructed independently in differ-
ent associated particle 𝑝T intervals. By dividing 𝐶𝑝T-weighted(Δ𝜂, Δ𝜑) and 
𝑀(Δ𝜂, Δ𝜑), the corrected 𝑝T-weighted correlation function is obtained 
as

𝐶corrected
𝑝T-weighted

(Δ𝜂, Δ𝜑) =
𝐶𝑝T-weighted(Δ𝜂, Δ𝜑)

𝛼𝑀(Δ𝜂, Δ𝜑)
, (3)

where 𝛼 is the normalization factor for the mixed-event correlation func-
tion given by the inverse of the average along the Δ𝜑-axis of bin con-
tents for the bins where Δ𝜂 = 0. This normalization is motivated by the 
fact that, at the limit of very small angular distance, the acceptance is 
expected to approach unity.

Finally, the corrected correlation functions from different associated 
particle 𝑝T intervals are summed to obtain the final 𝑝T-weighted cor-
relation functions in each 𝑝sT interval. Examples of the fully corrected 
𝑝T-weighted correlation functions for K0

S and Λ (Λ) are shown in Fig. 1. 
The broader structure along Δ𝜂 for Λ (Λ) suggests a weaker collima-
tion with respect to the jet axis compared to K0

S, possibly related to the 
different production mechanisms of baryons and mesons.

To compute the ⟨∑NS 𝑝T⟩ from the jet-like correlations, the com-
bined, corrected correlation function is projected onto the Δ𝜑 axis 
within |Δ𝜂| < 1.2. This “short-range” projection is assumed to contain 
the full jet signal and the contribution from the uncorrelated background 
(underlying event). Similarly, the projection within 1.2 < |Δ𝜂| < 1.4 is 
also obtained. This “long-range” projection is dominated by the un-
derlying event and therefore can be used to provide an estimation of 
the uncorrelated background in the “short-range”. For this purpose, the 
“long-range” projection needs to be normalized per unit of rapidity and 
be subtracted from the “short-range” projection. Examples are shown 
in Fig. 2, where the “short-range” projection is shown in green points 
and the normalized “long-range” projection is drawn in the red. Then, 
⟨

∑NS 𝑝T⟩ can be extracted from the jet-like correlations as the integral 
of the near-side peak region. In most cases, the integration is performed 
within the (−0.5𝜋, 0.5𝜋) region in the Δ𝜑 in order to include all jet contri-
butions. However, for 0.6 < 𝑝sT < 1.0 GeV/𝑐 for K0

S and 0.6 < 𝑝sT < 0.8
GeV/𝑐 for Λ (Λ), a broader near-side peak is observed and the integra-
tion range is therefore extended to (−0.6𝜋, 0.6𝜋).

4. Systematic uncertainties

The systematic uncertainties are evaluated by varying the selection 
criteria or other analysis parameters. In each 𝑝sT interval, the individ-
ual systematic uncertainties are considered uncorrelated, and the total 
systematic uncertainty is calculated as the square root of the sum of 
their squares. For each source, the difference Δ between the varied and 
nominal results is divided by the corresponding statistical uncertainty, 
𝜎Δ =

√

|

|

𝜎2𝑣𝑎𝑟 − 𝜎2𝑛𝑜𝑚||, which is computed taking into account the cor-
relation between the nominal and varied results. The symbols 𝜎𝑣𝑎𝑟 and 
𝜎𝑛𝑜𝑚 denote the statistical uncertainties associated with the varied and 
nominal results, respectively [34]. If 𝑁𝜎 = Δ∕𝜎Δ < 2, the varied re-
sult is considered statistically compatible with the nominal result, and 
no systematic uncertainty for this source is assigned. Otherwise, the con-

Fig. 1. Example of the fully corrected 𝑝T-weighted correlation functions for 
K0

S–primary charged-particles correlation (top) and for Λ (Λ)–primary charged-
particles correlation (bottom).

tribution is added to the total systematic uncertainty. The summary of 
all systematic uncertainties is given in Table 2.

The uncertainty due to the primary vertex 𝑧-position selection is esti-
mated by tightening the allowed range from |

|

𝑧vtx|| < 10 cm to |
|

𝑧vtx|| < 7
cm, resulting in a more uniform detector acceptance. For K0

S, the sys-
tematic uncertainty is negligible compared to the statistical one, and 
for Λ (Λ), the uncertainty rises to 0.6% in the highest 𝑝T interval.

The uncertainty due to the V0 signal extraction is determined by 
varying the signal and sideband regions, which accounts for the effect of 
the combinatorial background subtraction. The definition of the signal 
region is varied between 3𝜎 and 7𝜎 centered at the mean of the Gaussian 
function, and the corresponding lower and upper bounds of the sideband 
regions are varied between 4𝜎–7𝜎 and 8𝜎–14𝜎, respectively. For this 
source, the uncertainty is less than 0.4% for K0

S and Λ (Λ) in most 𝑝T
intervals. For Λ (Λ), it goes up to 1.2% in the highest 𝑝T interval.

To assess the systematic uncertainty of the geometrical acceptance 
correction, the scale factor 𝛼 for the mixed-event distribution is com-
puted using the inverse of the bin content centered at Δ𝜑 = Δ𝜂 = 0, 
rather than the default procedure, which uses the average evaluated at 
Δ𝜂 = 0. The systematic uncertainty from this source is below 0.5% 
for K0

S and Λ (Λ) in most 𝑝T intervals, rising to 1.2% in the highest 𝑝T
interval for K0

S.
The systematic uncertainty related to the primary charged track se-

lection is estimated by using a tighter DCA requirement. Tracks need to 
satisfy a 𝑝T-dependent selection ||

|

DCA𝑥𝑦
|

|

|

< 0.0105 + 0.0350∕𝑝1.1T  cm in 
the 𝑥𝑦-plane and |

|

DCA𝑧
|

|

< 2 cm in the 𝑧-direction. For this source, the 
uncertainty is less than 0.4% for K0

S and Λ (Λ).
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Fig. 2. Examples of Δ𝜑 projections of the fully corrected 𝑝T-weighted correlation functions for K0
S–primary charged-particles correlation (left) and for Λ (Λ)–primary 

charged-particles correlation (right). The “short-range” (|Δ𝜂| < 1.2) and the normalized “long-range” (1.2 < |Δ𝜂| < 1.4) projections are shown in green and red points, 
respectively.

The systematic uncertainty associated with the choice of the short-
range region peak and the control region used for the subtraction 
of the uncorrelated background is assessed by changing the bound-
aries of these regions. The following boundaries for the short-range 
peak region (control region) are used for the estimation, |Δ𝜂| < 1.1
(1.1 < |Δ𝜂| < 1.4), |Δ𝜂| < 1.3 (1.3 < |Δ𝜂| < 1.4), |Δ𝜂| < 1.3
(1.3 < |Δ𝜂| < 1.5), and |Δ𝜂| < 1.4 (1.4 < |Δ𝜂| < 1.5). For this source, 
the systematic uncertainty is less than 2.5% in most 𝑝T intervals for K0

S
and Λ (Λ).

By default, the V0 candidates are required to have at least one decay 
track with ITS information to reject the out-of-bunch pileup. As a vari-
ation of this selection, the candidates are required to have at least one 
decay track with information in ITS and TOF. For this source, the uncer-
tainty is less than 1% in most intervals for K0

S. For Λ (Λ), the systematic 
uncertainty from this source is negligible compared to the statistical one.

To take into account the systematic uncertainty related to the resid-
ual contamination from in-bunch (IB) pileup, the full sample is divided 
into two sets of equal size but different 𝜇, the average number of proton-
proton interactions per bunch crossing. The average 𝜇 value for the full 
sample is 0.0178, and for the two sub-samples, the corresponding values 
are 0.0085 and 0.0271, respectively. For this source, the uncertainty is 
less than 2% for K0

S and for most 𝑝T intervals for Λ (Λ).
The imperfect description of the ALICE detector in the MC simula-

tion [35] leads to systematic biases in the estimation of the tracking 
efficiency and therefore of the ∑NS 𝑝T. The corresponding systematic 
uncertainty of ⟨𝑧⟩ is calculated by varying the tracking efficiency by 
± 3%  [36,37] and is found to be less than 1.4% for K0

S and Λ (Λ).
Strange baryon Λ and Λ candidates can also originate from the de-

cay of Σ±, Ξ−, Ω−, and their corresponding antiparticles. For the sys-
tematic uncertainty related to this source, the ⟨𝑧⟩ of primary- and feed-
down Λ (Λ) are studied in simulations. The study indicates that ⟨𝑧⟩ is 
not highly sensitive to the origin of the baryon. For this source, a 2% 
uncertainty uncorrelated with 𝑝T is assigned.

5. Results and discussion

The average transverse-momentum fractions ⟨𝑧⟩ as a function of 
strange particle 𝑝sT in pp collisions at 

√

𝑠 = 13 TeV for K0
S and Λ pro-

duced in the |𝜂| < 0.75 are shown in Fig. 3. The summed transverse 
momentum of the associated particles (⟨∑NS 𝑝T⟩) has been measured 
for particles with 0.2 < 𝑝T < 20 GeV/𝑐 and no extrapolation outside this 
fiducial region has been performed.

At high 𝑝sT (> 6 GeV/𝑐), ⟨𝑧⟩ is approximately 0.6 for both particle 
species. This relatively large value compared to typical momentum frac-
tions of light hadrons in jets (⟨𝑧⟩ ≈ 0.3) [38] is expected due to the trig-
ger bias, characteristic of particles originating from the fragmentation of 

Table 2 
Systematic uncertainties of ⟨𝑧⟩ for K0

S and Λ (Λ). The uncertainties vary 
within the indicated ranges depending on the 𝑝sT interval.
 Source  Systematic uncertainties (%)

K0
S Λ (Λ)

𝑧vtx selection negligible  0.0 – 0.6
V0 signal extraction 0.0 – 0.4  0.1 – 1.2
 Mixed-event scale 0.0 – 0.5  0.0 – 1.2
 Primary charged track selection 0.0 – 0.1  0.0 – 0.4
 Uncorrelated background subtraction 0.3 – 2.5  0.5 – 2.1
 Out-of-bunch pileup 0.0 – 1.1  negligible
 In-bunch pileup 0.0 – 1.6  0.1 – 2.4
 Material budget 1.1 – 1.3  0.7 – 1.4
 Feed-down N/A  2.0
 Total 1.5 – 2.9  2.3 – 4.0 

partons, whose 𝑝T-differential production rate follows a steeply falling 
power-law spectrum (see discussion in Section 3.2).

For K0
S mesons, there is no indication of a significant change in the 

production mechanism over the measured 𝑝sT range as ⟨𝑧⟩ remains sta-
ble at ≈ 0.6 within uncertainties. On the other hand, interestingly, for 
the Λ (Λ) baryons, ⟨𝑧⟩ increases as 𝑝sT decreases, showing a rise from 
intermediate to low 𝑝T and deviating from that of the K0

S below ap-
proximately 4 GeV/𝑐. For the lowest 𝑝sT interval, ⟨𝑧⟩ = 0.78, which is 
around 30% higher than the high 𝑝sT limit. Qualitatively, a rise can be 
expected from a steeper than power-law parent-particle 𝑝T spectrum in 
the intermediate 𝑝sT region, which would worsen the aforementioned 
bias. However, if this were the only effect, it should be similar for K0

S
and Λ (Λ). Hence, the increase of ⟨𝑧⟩ for Λ (Λ) is either because Λ (Λ) 
take a larger momentum fraction of the originating partons, or because 
there is a larger contribution from the isolated Λ (Λ) production in soft 
processes, which corresponds to 𝑧 = 1. The observed difference in ⟨𝑧⟩
between K0

S and Λ (Λ) may also be attributed to strangeness and baryon 
number conservation. For Λ (Λ), balancing can mainly occur via strange 
baryons, none of which contribute to ∑NS 𝑝T, while K0

S can be balanced 
by kaons, including the charged ones contributing to ∑NS 𝑝T.

In order to investigate potential differences in the hadroniza-
tion mechanisms, the results are compared with several Monte Carlo 
model calculations employing different hadronization schemes, includ-
ing Pythia 8.3 [39] (Monash and Color Rope tunes) and AMPT (with 
string melting) [40], as shown in Fig. 4. The same kinematic and ac-
ceptance selections are applied in the simulation. All primary charged 
particles are used as associated particles, excluding the long-lived 
charged strange baryons discussed in Section 3, and the same analysis
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Fig. 3. The average transverse-momentum fraction (⟨𝑧⟩) for Λ (Λ) (blue) and 
K0

S (red) as a function of 𝑝sT in minimum bias pp collisions at √𝑠 = 13 TeV. 
The 𝑝sT ranges from 0.6 to 20 GeV/𝑐. Statistical and systematic uncertainties of 
⟨𝑧⟩ are represented by vertical error bars and empty boxes, respectively. Data 
points are drawn at the corresponding average 𝑝sT values in each interval. The 
horizontal bars represent the 𝑝sT interval widths. The statistical and systematic 
uncertainties of the average 𝑝sT values are negligible.

procedure is followed. Unlike in data, the particle identity is known at 
generator level and no detector effects are involved. Therefore, neither 
the side-band subtraction nor the additional weight (1 − 𝑓sec)∕𝜀 is re-
quired for the correction on reconstruction inefficiency and secondary-
particle contamination. The band widths represent the quadratic sum of 
the statistical uncertainties and the systematic uncertainties associated 
with the uncorrelated background subtraction, as described in Section 4. 
The hadronization mechanism in PYTHIA8 is based on the Lund string 
fragmentation model. Coherence between strings from different parton-
parton interactions is implemented via the so-called color reconnection 
(CR) mechanism. Partons from different strings or parton showers are 
allowed to reconnect their color flow, potentially forming shorter or 
more energetically favorable strings before hadronization. The mech-
anism affects the final-state multiplicity and improves the description 
of the increase of the average 𝑝T with multiplicity. Since version 8.2, 
Monash 2013 is the default tune. It is a general-purpose tune that pro-
vides a consistent description of many observables measured at LHC 
and previous collider data [27]. Since CR alone is not able to describe 
strangeness enhancement, the Color Rope mechanism has been intro-
duced. Overlapping strings merge or interact forming “ropes”—color 
flux tubes with higher color charge. These ropes have an increased 
effective string tension compared to normal strings which enhances 
strangeness production. In the AMPT model, the initial state is gener-
ated using HIJING [41], followed by partonic scatterings described by 
the Zhang’s Parton Cascade model [42]. The hadronization process is 
then implemented through quark coalescence, where partons close in 
phase space are recombined to form hadrons.

As expected, in the high 𝑝sT region, the observed ⟨𝑧⟩ is well repro-
duced by the models. In the intermediate 𝑝sT region, the models under-
estimate the data by approximately 10%. For K0

S, they predict a min-
imum close to 2 GeV/𝑐 and a steep rise towards lower 𝑝sT. For Λ (Λ), 
the calculations show a steep rise below 2 GeV/𝑐, without a significant 
minimum, unlike the case for K0

S. In contrast, the measurement exhibits 
a smooth and continuous behavior over the measured 𝑝sT interval.

For the PYTHIA tunes, primary V0 production is compared to produc-
tion including K0

S triggers originating from the decays of the resonances 
K∗(892)0, K∗(892)±, and 𝜙(1020), and Λ (Λ) triggers coming from the 
decays of Σ±, Ξ−, Ω− and their corresponding antiparticles, as shown 
in Fig. 4 with solid-filled bands and hatched bands, respectively. In the 

Fig. 4. The average transverse-momentum fraction (⟨𝑧⟩) for K0
S (top) and Λ (Λ) 

(bottom) in data compared with model calculations. The data are compared to
Pythia 8 with the Monash tune (red band), the Color Rope tune (green band) 
and the AMPT model with the string melting (blue band). For both Pythia 8
tunes, the hatched bands represent the results excluding K0

S triggers coming from 
decays of the resonances K∗(892)0, K∗(892)±, and 𝜙(1020), and Λ (Λ) triggers 
coming from decays of Σ±, Ξ−, Ω− and their corresponding antiparticles.

case of Λ (Λ), ⟨𝑧⟩ does not change significantly when excluding the feed-
down contribution, while for K0

S, ⟨𝑧⟩ increases by at most about 10%.

6. Conclusion

The first measurement of the average transverse-momentum fraction 
⟨𝑧⟩ as a function of strange particle 𝑝T for the strange baryon Λ (Λ) and 
the strange meson K0

S within mini-jets in pp collisions at 
√

𝑠 = 13 TeV is 
reported. The results show different behavior for K0

S and Λ (Λ) in the low 
and intermediate 𝑝T regions, suggesting different hadronization proper-
ties for mesons and baryons in these ranges. The higher ⟨𝑧⟩ of Λ (Λ) 
observed in the intermediate 𝑝T region could be attributed to either a 
harder fragmentation or a larger production of isolated Λ. This could 
be related to the enhancement of strange-baryon-to-meson yield ratios 
(Λ∕K0

S) observed in previous measurements, in this 𝑝T region [18]. For 
K0
S, there is no strong 𝑝T dependence of ⟨𝑧⟩, which may indicate that 

there is no significant change of the production mechanism in the in-
termediate 𝑝T region with respect to the high 𝑝T region. The Pythia 8
Monash and Color Rope tunes, as well as the AMPT model, do not de-
scribe the K0

S data. For Λ (Λ), the models overestimate the values at low 
𝑝T but reproduce the overall decreasing trend toward higher 𝑝T, with 
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AMPT showing the closest behavior in the intermediate region. Overall, 
all used models fail to satisfactorily reproduce the measured ⟨𝑧⟩. They 
predict a different trend and strongly underestimate the ⟨𝑧⟩ of K0

S at 
the intermediate 𝑝T, while for Λ (Λ), they show a steeper decrease than 
observed in the data at low and intermediate 𝑝T. Future studies will 
extend the analysis to multi-strange baryons and investigate the multi-
plicity dependence of the transverse-momentum fraction. This will pro-
vide further information on the origin of the baryon enhancement in the 
intermediate 𝑝sT region.
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