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Abstract
In this study, we performed a systematic analysis of the multiplicity dependence of hadron production at mid-rapidity 
( |y| < 0.5 ), ranging from the light to the charm sector in proton–proton (pp) collisions at 

√
s = 13 TeV . This study used a 

multi-phase transport (AMPT) model coupled with PYTHIA8 initial conditions. We investigated the baryon-to-meson and 
the strange-to-non-strange meson ratios varying with the charged particle density. By tuning the coalescence parameters, 
the AMPT model provides a reasonable description of the experimental data for the inclusive production of both light and 
charm hadrons, comparable to the string fragmentation model calculations with color reconnection effects. Additionally, 
we analyzed the relative production of hadrons by examining the self-normalized particle ratios as a function of the charged 
hadron density. Our findings suggest that parton evolution effects and the coalescence hadronization process in the AMPT 
model result in a strong flavor hierarchy in the multiplicity dependence of the baryon-to-meson ratio. Furthermore, our 
investigation of the p

T
 differential double ratio of the baryon-to-meson fraction between high- and low-multiplicity events 

revealed distinct modifications to the flavor associated baryon-to-meson ratio p
T
 shape in high-multiplicity events when 

comparing the coalescence hadronization model to the color reconnection model. These observations highlight the impor-
tance of understanding the hadronization process in high-energy pp collisions through comprehensive multiplicity-dependent 
multi-flavor analysis.

Keywords  Heavy flavor · Multiplicity dependence · Small system · AMPT

1  Introduction

Collective phenomena have long been considered cru-
cial signatures for the formation of a deconfined state of 
nuclear matter, quark–gluon plasma (QGP), in high-energy 

heavy-ion collisions [1–5]. However, in recent years, a flood 
of similar collectivity-like features has been observed in 
smaller systems, namely, high-multiplicity proton–proton 
(pp) and proton–nucleus (pA) interactions at the Relativ-
istic Heavy-Ion Collider and Large Hadron Collider (LHC) 
[6–12]. These findings, which are largely unanticipated for 
such small systems, indicate potential similarities between 
the collective behaviors observed in small and large systems, 
demanding a paradigm shift in our understanding of QGP 
[13, 14]. Investigating the system size dependence of these 
collectivity phenomena is an important way to understand 
the properties of deconfined quark matter created during dif-
ferent collision processes.

The system sizes of different collisions can be effectively 
classified based on the event multiplicity, frequently rep-
resented by the final-state charged-particle pseudo-rapidity 
density measured at mid-rapidity dN∕d� [15–18]. Variations 
in hadron yields related to particle species [16, 19, 20] and 
characteristic shifts in p

T
-dependent baryon-to-meson ratios 
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[11, 16, 19, 21] with different final-state multiplicities are 
remarkable initial sparks, indicating the existence of the 
collectivity effect identified in small systems. A continu-
ous transition of hadron production as a function of dN∕d� 
has been observed from pp collisions to much heavier ion 
collisions [9, 11]. The smooth evolution of the yield and 
abundance of different hadron species suggests the exist-
ence of a common underlying mechanism that determines 
the chemical composition of the particles produced in these 
different collision systems.

Distinguishing modifications to the hadron production 
process, such as baryon-to-meson fraction changes, were 
initially investigated using hadrons consisting of light-flavor 
quarks. The resemblance of light-flavor hadron production 
between high-multiplicity pp and heavy-ion collisions in the 
soft regime stimulates the application of hydrodynamic and 
thermodynamic modeling to describe bulk particle yields in 
small systems [22–28]. The measured relative abundances 
of the created particles can be used as important experimen-
tal inputs to constrain the temperature, chemical potential, 
and volume of the matter produced in pp collisions [29–32]. 
Another phenomenological modeling approach often relies 
on a modified string fragmentation framework implemented 
based on the multi-parton interaction (MPI) assumption 
[33–38]. Researchers expect that inter-string effects can be 
sizable in a dense environment with multiple MPI string sys-
tems overlapping in the coordinate space. The color recon-
nection and rope hadronization effects implemented in the 
PYTHIA8 model successfully described the multiplicity 
dependence of the flow-like behavior of particle spectra in 
pp collisions [33, 39, 40].

Recently, similar multiplicity-dependent measurements 
have been extended to charm hadrons in high-energy pp col-
lisions, and a sizable enhancement of the baryon-to-meson 
ratio Λ+

c
∕D0 at intermediate p

T
 has also been observed [41, 

42]. Unlike light-flavor hadrons, charm hadrons are fre-
quently produced through the hadronization of charm quarks 
originating from the initial hard-scattering process. The sig-
nificant differences in the charm quark fragmentation frac-
tions observed in LHC pp collisions compared with those in 
electron–positron and electron–proton collisions have been 
surprising. The origin of these discrepancies is currently 
being debated [41, 43, 44]. Calculations based on PYTHIA8 
using fragmentation parameters tuned to electron–positron 
and electron–proton collisions cannot describe this charm 
hadron production characteristic in pp collisions. However, 
the PYTHIA8 results with the color reconnection effect were 
found to provide much better agreement with the experimen-
tal data [41, 42, 45]. Models that consider the coalescence 
mechanism for charm quark fragmentation can also satisfac-
torily reproduce the experimental data, assuming the crea-
tion of deconfined quark matter in a small system [46–50]. 
This array of hadron production measurements across the 

flavor spectrum indicates the necessity of modifying the 
fragmentation process in vacuum. A systematic study to 
understand the multiplicity dependence of the flavor hierar-
chy can be of significant benefit in differentiating the under-
lying explanations for the flow-like effects in pp collisions.

In this work, we employed the string-melting AMPT 
model built on PYTHIA8 initial conditions, including the 
final-state interactions and parton coalescence mechanism, 
to study the multiplicity-dependent hadron production of 
various flavors. The AMPT model with PYTHIA8 initial 
conditions was observed to describe the hadron yield in the 
soft regime and multiparticle correlations reasonably well 
[51, 52]. Being capable of delivering the final-state rescatter-
ing effects at both partonic and hadronic levels, the AMPT 
model provides an important method to test the final-state 
effects for hadron production from light to heavy flavors 
in the presence of deconfined parton matter. We compared 
the AMPT results to the string fragmentation model cal-
culations in the multiplicity-dependent flavor hierarchy of 
hadron production to demonstrate the key features of these 
two widely used physics assumptions for small system col-
lectivity studies.

The remainder of this paper is organized as follows: we 
explain the model setups for the AMPT model and the color 
reconnection included string fragmentation model in Sect. 2. 
The results of the model calculations are presented and com-
pared with experimental data in Sect. 3. We summarize the 
major conclusions and discuss future applications in Sect. 4.

2 � Method

In this study, we used the AMPT model based on the 
PYTHIA8 initial conditions to explore the final-state interac-
tion effects on hadron production with different flavor com-
ponents. The string-melting AMPT model consists of four 
major components: fluctuating initial conditions, final-state 
parton transport interactions, a coalescence hadronization 
model, and final-state hadronic cascade interactions. The 
event-by-event fluctuating initial conditions for the subse-
quent evolution stage were generated using PYTHIA8 [53] 
embedded with the spatial structure at the sub-nucleon level. 
After propagating the initial string system to their formation 
time and converting them to the constituent valence quark 
components, the resultant quark system may experience the 
parton evolution stage with the microscopic scattering pro-
cess implemented by Zhang’s parton cascade (ZPC) model 
[54], with a two-body scattering cross section � frequently 
determined by comparison with anisotropic flow data. In this 
study, the value of the parton scattering cross section was 
set to � = 0.15 mb which provides a satisfactory descrip-
tion of the elliptic flow measurements in pp collisions at √
s = 13 TeV [55]. When partons cease their interactions 
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during the evolution stage, they combine with their nearby 
quarks using an improved spatial coalescence model [56]. 
An overall coalescence parameter r

BM
 has been introduced 

to determine the relative probability of a quark becoming 
a meson or baryon in this model. To describe the hadron 
yield for particles with different quark flavors, we followed 
the prescriptions in Refs. [51, 57, 58] and adjusted the coa-
lescence parameters for each flavor sector. For non-strange 
light-flavor quark clusters, we set the coalescence parameter 
r
BM

= 0.53 . If a strange or charm quark is involved in the 
coalescence process, the value of this parameter changes 
to rs

BM
= 0.9 and rc

BM
= 1.4 , respectively. As discussed in 

Sect. 3, these choices can result in a reasonable description 
of the inclusive production for all investigated hadron spe-
cies. After coalescence, the hadrons may undergo further 
hadronic rescattering, as described by the extended relativ-
istic transport (ART) model [59, 60]. Note that the coales-
cence parameters may significantly influence the magnitude 
of the baryon-to-meson ratio globally; however, they do not 
introduce strong multiplicity dependence. In contrast, the 
fraction of the initial strings surviving the parton evolu-
tion stage also impacts the final hadron production ratios. 
The hadron ratios produced from the initial strings without 
participating in the evolution of the ZPC stage reflect the 
characteristics of the string fragmentation feature. In low-
multiplicity events, hadronization from these non-interacting 
initial strings plays a significant role in hadron production. 
Conversely, in high-multiplicity events, coalescence is the 
dominant factor in determining the particle ratio. This inter-
esting feature provides valuable insights into the collision 
system and its hadronization mechanism.

In this study, we turned on the parton and hadron final-
state transport mechanisms in a step-by-step manner to 
explore the effects developed in different evolution stages. 
When both parton and hadron rescattering were disabled, the 
results were labeled as “noFSI" (no final-state interaction), 
whose behavior should be similar to the pure PYTHIA string 
fragmentation predictions without any collective effect. If 
the parton rescattering stage was enabled while hadron res-
catterings are excluded, it was denoted as the “pFSI" case 
(partonic final-state interaction). When both final-state 
parton and hadron rescattering effects were included, the 
results were indicated as “allFSI" (all final-state interaction), 
in which the evolving system experienced the entire partonic 
and hadronic evolutions.

Collectivity-like behavior in small systems can also 
be induced by modified string fragmentation models that 
consider inter-string effects when a significant number of 
string pieces overlap in the limited transverse space [39]. 
The color reconnection (CR) model has been found to rea-
sonably reproduce inclusive baryon-to-meson ratios with 
different flavors [37, 40, 42, 45]. In this study, we employed 
the beyond leading color (BLC) CR model built in the 

PYTHIA8.309 package [53], in which strings are allowed 
to form between both leading and non-leading connected 
partons [61]. With the possibility of forming junctions in 
BLC CR as an additional source for baryon production, mul-
tiplicity-dependent baryon enhancement is observed in this 
model [33]. We compared the AMPT calculations with the 
results from the CR model to explore the difference between 
these two underlying physical mechanisms. The parameters 
of the CR model used in this study were set by following the 
procedure described in Ref. [40, 62].

3 � Results

This work focused on the hadron productions in pp collisions 
with 

√
s = 13 TeV at mid-rapidity ( |y| < 0.5 ) for eight differ-

ent particle species: �± , K± , p(p̄ ), Λ(Λ̄) , K0

S
 , D0 , D±

s
 , and Λ±

c
 . 

In Sect. 3.1, we present the inclusive productions and their 
ratios for these particle species in minbias events from the 
AMPT and PYTHIA color reconnection models, with com-
parisons to the ALICE experimental data [41, 63]. The mul-
tiplicity-dependent structures of these particle species ratios 
are further examined in Sect. 3.2 and Sect. 3.3. The events 
are classified based on the number of particles accepted by 
the ALICE V0 detector within the pseudo-rapidity regions 
−3.7 < 𝜂 < −1.7 and 2.8 < 𝜂 < 5.1 following the prescrip-
tion in Refs. [16, 19]. The production of these identified 
particles was studied with respect to the variation in charged 
particle density in each event class using the same percen-
tile definition. To illustrate the final-state interaction effects 
embedded in the AMPT model, we present a comparison of 
the AMPT results with parton and hadron transport stages 
switched on, sequentially labeled noFSI, pFSI, and allFSI.

3.1 � Inclusive particle production

The data for all light-flavor particles in this paper represent 
the sum of particles and anti-particles, whereas the data 
for heavy-flavor particles are the sum of particles and anti-
particles divided by 2, following experimental analysis 
conventions. For inclusive hadron production, events 
were selected according to the minbias trigger used in the 
ALICE experiment, which requires signals accepted by 
either side of the V0 detector. The transverse momentum 
spectra for charged pions, kaons, and protons with |y| < 0.5 
are shown in Fig. 1 produced in inelastic pp collisions at √
s = 13 TeV . We observe that the ALICE data of the pion 

and kaon spectra can be roughly described by the allFSI 
model, with a slight overestimation of the pion production 
at p

T
 of approximately 1 GeV/c. In contrast, the proton 

spectra were overestimated by the allFSI model with p
T
 

above 1.5 GeV/c. The overestimation of protons occurred 
because the current coalescence model in AMPT can 
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affect hadrons even in the high-p
T
 region. Coalescence 

overpredicted the baryon spectra at high p
T
 because it 

assumed that quarks combined directly by adding their 
momenta, neglecting the dominance of fragmentation at 
high p

T
 , where baryon production became less efficient. 

In addition, hadronic rescattering, which induced radial 
flow-like effects to the proton spectra, enhanced proton 
production at higher p

T
 . Similar comparisons are presented 

in Sect. 3.3. The CR model results reasonably described 
the kaon p

T
 distribution, whereas the pion spectra were 

overpredicted, even in the higher p
T
 region. The proton 

yield was significantly overestimated in the entire p
T
 

regime owing to the enhanced junction formation in the 
BLC CR model. This enhanced junction formation can 
result in significantly increased baryon production with 
different flavor components and must be regulated with the 
diquark production parameter in the string fragmentation 
model, as discussed in Ref. [45].

We compare the transverse momentum dependence 
of the neutral strange hadrons K0

S
 and Λ production in 

Fig. 2. The strange meson K0

S
 spectra were well described 

in both the allFSI and color reconnection models, with 
a slight overestimation at a p

T
 of approximately 0.5 to 

1 GeV/c at a similar level. The Λ p
T
 distribution was well 

described by the color reconnection model, whereas allFSI 
overestimated the yield at a higher p

T
 . The overestimation 

in allFSI was largely related to the application of the 
coalescence mechanism over the entire transverse 
momentum region. The overall yield of Λ in allFSI roughly 
agreed with the experimental data because of the sensible 
choice of rs

BM
 in strange baryon production.

The transverse momentum spectra for D0 , D±
s
 , and Λ±

c
 

are shown in Fig. 3. We converted the ALICE data from 
d
2
�∕dp

T
dy to d2N∕dp

T
dy using the inelastic cross section 

�
inel

= 77.6 mb estimated in [64] to make a consistent com-
parison with our model calculations. The p

T
 distributions for 

all three charmed hadron species were well described in the 
allFSI model with the refined r

BM
 parameter for charm bar-

yon formation. The calculations from both the allFSI model 
and color reconnection models agreed reasonably well with 
the experimental data.

The particle ratios p∕� , K∕� and Λ∕K0

S
 varying with 

the transverse momentum are shown in Fig. 4. The baryon-
to-meson ratios in allFSI for both p∕� and Λ∕K0

S
 were 

consistent with the experimental data within a p
T
 range 

of less than 2 GeV/c but were significantly overestimated 
at higher p

T
 . This observation was an outcome of our 

implementation of the quark coalescence hadronization 
mechanism over the entire p

T
 range. The strange-to-non-

strange meson ratio K∕� was slightly underestimated at 
p
T
 greater than 1 GeV/c. Figure 4b shows that the color 

reconnection model provided a satisfactory description 
of the baryon-to-meson ratios for p∕� and Λ∕K0

S
 over 

Fig. 1   (Color online) Transverse 
momentum spectra of charged 
�± (black), K± (red), and 
p + p̄ (blue) in 

√
s = 13 TeV 

pp collisions at mid-rapidity 
|y| < 0.5 . The lines represent 
model calculations from AMPT 
with all final-state interactions 
(a) and PYTHIA8 model with 
color reconnection effects (b), 
whereas the open markers rep-
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Fig. 2   (Color online) Trans-
verse momentum spectra of 
K

0

S
 (black) and Λ + Λ̄ (red) in √
s = 13 TeV pp collisions at 

mid-rapidity |y| < 0.5 . The lines 
represent model calculations 
from AMPT with all final-state 
interactions (a) and PYTHIA8 
model with color reconnection 
effects (b), whereas the open 
markers represent ALICE data 
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the examined p
T
 region, emphasizing the importance of 

BLC junction formation to the understanding of baryon 
production in string fragmentation models. However, the 
K∕� ratio was significantly lower than the data for p

T
 values 

greater than 0.5 GeV/c with the CR effect.
Figure 5 shows the p

T
 dependence of the heavy-fla-

vored particle ratios, namely D+
s
∕D0 and Λ+

c
∕D0 . For the 

D
+
s
∕D0 ratio, both the allFSI and color reconnection model 

results agreed with the ALICE data within the uncertain-
ties. No sizable p

T
 dependence of the D+

s
∕D0 ratio was 

found in either model within the examined p
T
 range. For 

the charmed baryon-to-meson ratio Λ+
c
∕D0 , the allFSI 

model described the experimentally observed magnitude 
within the uncertainties, whereas the color reconnection 
model predicted a slightly higher ratio. A characteristic 
peak appeared at a p

T
 of approximately 1.5 GeV/c in the 

Λ+
c
∕D0 ratio from both the AMPT model with all final-

state interactions and the string fragmentation model with 
color reconnection effects, indicating the qualitative simi-
larities of these two approaches.
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Fig. 3   (Color online) Transverse momentum spectra of D0 + D̄0 
(black), D±

s
 (red), and Λ±

c
 (blue) in 

√
s = 13 TeV pp collisions at mid-

rapidity |y| < 0.5 . The experimental data and model data in the figure 

are both the sum of particles and anti-particles divided by 2. The lines 
represent model calculations from AMPT with all final-state interac-
tions (a) and PYTHIA8 model with color reconnection effects (b), 
whereas the open markers represent ALICE data [41]

Fig. 4   (Color online) p
T
 -differential 

p/� ratio (black), K∕� ratio (red), and 
Λ/K0

S
 ratio (blue) in 

√
s = 13 TeV pp 

collisions at mid-rapidity |y| < 0.5 . 
Here, Λ∕K0

S
 is actually (Λ + Λ̄)∕2K0

S
 . 

The lines represent model calculations 
from AMPT with all final-state interac-
tions (a) and PYTHIA8 model with 
color reconnection effects (b), whereas 
the open markers represent ALICE 
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Fig. 5   (Color online) p
T
 -dif-

ferential D+
s
/D0 ratio (black) 

and Λ+
c
/D0 ratio (red) in √

s = 13 TeV pp collisions at 
mid-rapidity |y| < 0.5 . The lines 
represent model calculations 
from AMPT with all final-state 
interactions (a) and PYTHIA8 
model with color reconnection 
effects (b), whereas the open 
markers represent ALICE data 
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3.2 � Multiplicity dependence of particle ratio

After examining the inclusive hadron production, in this 
section, we investigate the variations in the hadron chemical 
compositions by exploring the ratios of different particle 
species with the final-state charged particle density. Figure 6 
shows the p

T
 integrated particle ratios of K∕� , p∕� , and 

Λ∕K0

S
 as functions of ⟨dN

ch
∕d�⟩ . To quantify the impact of 

different transport stages on the multiplicity dependence of 
hadron production, we turned on the final-state parton and 
hadron interactions in the AMPT model in a step-by-step 
manner. Figure 6a shows that no multiplicity dependence of 
the light-flavor particle ratios was generated if all the final-
state interactions were turned off in the AMPT model. The 
Λ∕K0

S
 ratio increased rapidly with the event multiplicity at 

a low ⟨dN
ch
∕d�⟩ and became almost saturated in the high-

⟨dN
ch
∕d�⟩ region when the final-state parton interactions 

and coalescence hadronization are included, as shown in 
Fig. 6b. As indicated in Fig. 6c, further hadronic rescattering 
slightly suppressed the increase in Λ∕K0

S
 ratio and resulted 

in a weak p∕� multiplicity dependence. The AMPT 
model, including all final-state interactions, effectively 
reproduced the multiplicity dependence of the light-flavor 
particle ratios observed in the experimental data [16, 19], 
except for the underestimation of the Λ∕K0

S
 ratio. This 

underestimation can be understood as the initial conditions 
from PYTHIA8 providing too small a strange baryon yield, 
as shown in Fig. 6a. Final-state interactions, together with 
the coalescence hadronization mechanism, were required 

to describe the multiplicity dependence of light hadron 
production in the experiment, particularly for the strange 
baryon-to-meson ratio within the AMPT framework. In 
contrast, the string fragmentation model with CR effects 
predicted a strong multiplicity dependence of the baryon-
to-meson ratio for both p∕� and Λ∕K0

S
 shown in Fig. 6d. The 

multiplicity dependence of the unusual baryon-to-meson 
ratio observed in the experiment was well captured by the 
CR model while the p∕� ratio was overestimated, and the 
K∕� ratio was lower than the experimental data.

In Fig. 7, we compare the charm hadron ratios D+
s
∕D0 

and Λ+
c
∕D0 as a function of ⟨dN

ch
∕d�⟩ from both AMPT 

and CR model, compared with the experimental data. 
This comparison shows that the D+

s
∕D0 ratio barely 

changed with the final-state interactions implemented in 
the current AMPT, and the measured D+

s
∕D0 ratio was 

well described by the model calculations. Nevertheless, 
the Λ+

c
∕D0 ratio was flat over the entire multiplicity 

range and was significantly lower than that of the ALICE 
data if no final-state interactions were included in the 
AMPT, as shown in Fig. 7a. The incorporation of parton 
rescatterings in AMPT resulted in a significant multiplicity 
dependence of the Λ+

c
∕D0 ratio. The charmed baryon-to-

meson ratio increased significantly with ⟨dN
ch
∕d�⟩ , which 

was seemingly faster than the experimental data. The 
increase in this fraction indicated that more charm quarks 
are involved in partonic scatterings in high-multiplicity 
events and will be hadronized via the coalescence process 
with a higher baryon formation probability. The string 

Fig. 6   (Color online) Integrated 
yield ratios of K∕� (red), p∕� 
(black), and Λ∕K0

S
 (blue) as 

a function of the charged-
particle multiplicity density in √
s = 13 TeV pp collisions at 

mid-rapidity |y| < 0.5 . Here, 
Λ∕K0

S
 represents (Λ + Λ̄)∕2K0

S
 . 

The lines represent model 
calculations from AMPT noFSI 
(a), AMPT pFSI (b), AMPT 
allFSI (c), and PYTHIA8 CR 
(d), whereas the point markers 
represent ALICE data [16, 19]
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fragmentation model with CR effects also predicts a 
very rapid increase in Λ+

c
∕D0 ratio, which varied with 

event multiplicity, and a smooth D+
s
∕D0 ratio, which was 

consistent with the experimental data.
An interesting observation was that the Λ+

c
∕D0 ratio in the 

AMPT continued to increase with ⟨dN
ch
∕d�⟩ even in very 

high-multiplicity events, unlike the case observed in Fig. 6 
for strange baryon-to-meson ratio calculations. In the string-
melting AMPT framework, hadron production was not only 
dependent on the coalescence hadronization mechanism but 
was also related to the fraction of unmelted initial strings 
in each event. In high-multiplicity events, the initial strings 
were more likely to be destroyed by the surrounding parton 
matter, and the coalescence hadronization effect became 
more dominant. The saturation of the strange baryon-to-
meson ratio at an intermediate to high multiplicity indicates 
that the initial strings containing the strange quark were fully 
destroyed, and the hadron production ratios were determined 
mostly by the coalescence parameter value in this scenario. 
Charm initial string objects were generated independently 
of the bulk medium and may have not participated fully 
in its evolution. A significant fraction of the undestroyed 
charm strings remained, although this gradually decreased 
with increasing event multiplicity. This discrepancy 
suggested a different degree of thermalization for the charm 
and strange quarks in small systems. Researchers have 
extensively discussed that canonical suppression in the 
statistical hadronization model may play a similar role in 

the determination of multiplicity dependence for both light 
and heavy-flavor hadron production [24, 47, 65], suggesting 
a suppressed baryon-to-meson ratio at low multiplicity and 
a saturated value at high-multiplicity events, even for charm 
and bottom hadrons. Testing the multiplicity dependence of 
heavy-flavor hadron production ratios using high-precision 
experimental data is important for understanding the details 
of these flavor hierarchy structures.

To further identify the multiplicity-dependent shape 
of the particle ratios with different quark flavor compo-
nents, we present the self-normalized particle ratios for 
p∕� , K/� , Λ/K0

S
 , D+

s
∕D0 and Λ+

c
∕D0 in each multiplicity 

event class divided by the minbias–particle ratio as a func-
tion of the charged particle density ⟨dN

ch
∕d�⟩ in Fig. 8. 

Thus, the difference in the magnitude of the particle ratios 
with different flavors is canceled, and the shape of each 
particle ratio can be quantitatively compared on the same 
ground, indicating how rapidly a certain particle ratio 
changes with event multiplicity. Figure 8a shows that the 
self-normalized ratios for all particle species were con-
sistent with unity and independent of the charged particle 
density if all final-state parton and hadron interactions 
were switched off in the AMPT model. The multiplicity 
dependence of the hadron ratios that appeared after the 
partonic-level evolution stage was included, as shown in 
Fig. 8b. Within the coalescence procedure of the AMPT 
model, a clear flavor hierarchy structure was produced, 
indicating an increased slope from p∕� , Λ∕K0

S
 to Λ+

c
∕D0 

ratio, which depended on the final-state multiplicity. The 

Fig. 7   (Color online) Integrated 
yield ratios of D+

s
/D0 (black) 

and Λ+
c
∕D0 (red) as a function 

of charged-particle multiplicity 
density in 

√
s = 13 TeV pp col-

lisions at mid-rapidity |y| < 0.5 . 
The lines represent model 
calculations from AMPT noFSI 
(a), AMPT pFSI (b), AMPT 
allFSI (c), and PYTHIA8 CR 
(d), whereas the point markers 
represent ALICE data [21] 0 5 10 15 20 25 30
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strange-to-non-strange meson ratio was flat across the 
entire multiplicity range. The follow-up hadronic rescat-
tering shown in Fig. 8c resulted in a slight modification of 
the multiplicity dependence of the self-normalized ratio 
for p∕� and Λ∕K0

S
 , whereas the flavor hierarchy structure 

remained unchanged. The experimental data were con-
verted from the measured particle ratios in each multiplic-
ity bin divided by the corresponding ratio obtained for the 
minimum bias events, incorporating all events with differ-
ent multiplicity bins [16, 19, 21]. The converted experi-
mental data show that the slopes for all particle ratios were 
quite small, in contrast to the model calculations, although 
a tantalizing flavor hierarchy structure existed in the three 
baryon-to-meson ratios. We also examined the same self-
normalized particle ratio results from the color reconnec-
tion model calculations shown in Fig. 8d. A much larger 
slope was also predicted for the baryon-to-meson ratios 
with different quark flavors by the color reconnection 
model compared with the experimental data. However, the 
baryon-to-meson ratios Λ∕K0

S
 and p∕� were observed to be 

quite similar in this framework. The ordering between the 
non-strange and strange baryon-to-meson ratios obtained 
with the color reconnection model was not as clear as that 
observed with the coalescence hadronization process.

3.3 � Transverse momentum dependence 
of the double ratio

We further investigated the transverse momentum-
dependent modifications to the hadron production ratios 
induced by the event multiplicities and present the 
double ratios constructed with the particle ratios from 
central collisions (0–5% centrality) divided by those 
from peripheral collisions (64.5–100% centrality) in 
Fig. 9. Because the strange-to-non-strange meson ratios 
K∕� and D+

s
∕D0 were observed to be approximately 

unity, independent of the event multiplicity and p
T
 in 

our model, we only show the baryon-to-meson ratio 
results in this comparison. This was consistent with the 
expectation that all particle ratios will be close to unity 
when the final-state parton and hadron interactions were 
off. The final-state parton evolution and corresponding 
coalescence hadronization process resulted in non-trivial 
p
T
 dependence for three baryon-to-meson ratios with 

different flavors and a clear ordering structure at low p
T
 

shown, as shown in Fig. 9b. Within the investigated p
T
 

range, the Λ∕K0

S
 and p∕� double ratios increased with p

T
 

whereas Λ+
c
∕D0 was almost unrelated to p

T
 . A significant 

Fig. 8   (Color online) Inte-
grated yield ratios normalized 
to the minbias particle ratio 
of p∕� (red), K∕� (black), Λ
/K0

S
 (green), D+

s
∕D0 (blue) and 

Λ+
c
∕D0 (magenta) as a function 

of the charged particle density 
in 
√
s = 13 TeV pp collisions 

at mid-rapidity |y| < 0.5 . Here, 
Λ∕K0

S
 represents (Λ + Λ̄)∕2K0

S
 . 

The lines represent model 
calculations from AMPT noFSI 
(a), AMPT pFSI (b), AMPT 
allFSI (c), and PYTHIA8 CR 
(d), whereas the markers repre-
sent ALICE data [16, 19, 21]
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ordering from Λ+
c
∕D0 to p∕� was observed, particularly 

in the lower p
T
 region. The follow-up hadronic scattering 

suppresses the Λ∕K0

S
 double ratio significantly at p

T
 greater 

than 1 GeV/c whereas the low-p
T
 region preserved the 

flavor hierarchy structure shown in Fig. 9c. Additionally, 
we observed that the color reconnection model exhibited 
an increasing behavior that was dependent on p

T
 for all 

baryon-to-meson ratios. The charm baryon-to-meson 
ratio was enhanced much more strongly than that in the 
light-flavor sectors, but no significant difference was 
observed between the Λ∕K0

S
 and p∕� ratios. The charm 

baryon-to-meson ratio was more sensitive to the color 
reconnection effect in high-multiplicity events compared 
with the light-flavor sectors, which was largely related to 
the fact that heavy-flavor baryons can only be produced 
with baryon junction formations, which were controlled by 
the reconnection probability of the string objects beyond 
the leading color level [61]. Additionally, some radial 
flow-like features were observed in the Λ+

c
∕D0 ratio in 

high-multiplicity pp collisions from color reconnection 
calculations, particularly in the low-p

T
 region, similar 

to the observations in the experimental data [21]. This 
behavior can be attributed to the junction formation 
process beyond the leading color level. Because charmed 
hadrons cannot be created in the fragmentation process, 
enhanced Λ+

c
 production in color reconnection is always 

related to the junctions connecting two dipole strings. In 

low-multiplicity events, the dipole strings are frequently 
parallel to the beam direction; therefore, the CR-induced 
Λ+

c
 favors production in the lowp

T
 region [45]. In contrast, 

higher p
T
 jets are produced in high-multiplicity events, 

resulting in reconnected strings shifting to the higher p
T
 

region. The reconnected junction may capture this p
T
 

increasement and make the CR related Λ+
c
 shifted to a 

larger value p
T
 . The difference between the coalescence 

hadronization model and color reconnection models on 
the flavor associated multiplicity dependence of baryon-
to-meson ratios should be further tested with more precise 
experimental data in the future.

4 � Summary

This study systematically investigated multiplicity-depend-
ent hadron production with different flavors in proton–proton 
collisions at 

√
s = 13 TeV by employing the string-melting 

AMPT model coupled with the PYTHIA8 initial conditions, 
which include final-state interaction effects and the coales-
cence hadronization model. We found that the results from 
the AMPT calculation closely aligned with those of the color 
reconnection model, and both models reasonably described 
the inclusive hadron productions.

Additionally, we observed that the final-state parton stage 
evolutions, in conjunction with the coalescence process, 
result in a pronounced multiplicity dependence for the 

Fig. 9   (Color online) p
T
 

dependence of the double 
ratios, defined as the particle 
ratios in high-multiplicity 
events (0%–5%) divided by 
those in low-multiplicity events 
(64.5%–100%), for p∕� (black), 
Λ/K0

S
 (red) and Λ+

c
∕D0 (blue) in √

s = 13 TeV pp collisions at 
mid-rapidity |y| < 0.5 . The lines 
represent model calculations 
from AMPT noFSI (a), AMPT 
pFSI (b), AMPT allFSI (c), and 
PYTHIA8 CR (d)
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baryon-to-meson ratios, displaying a clear flavor hierarchy. 
The color reconnection model predicts a similar multiplicity 
dependence for the baryon-to-meson ratio, although it does 
not clearly delineate the ordering between p∕� and Λ∕K

S
.

The multiplicity-induced modifications to the p
T
 shape 

of the baryon-to-meson ratio in the AMPT model with dif-
ferent quark components revealed the flavor related medium 
response effects in high-energy pp collisions. We believe 
that the discrepancy in the calculations for the flavor hierar-
chy in the baryon-to-meson ratio and p

T
 shape of the meson 

ratio between the AMPT and color reconnection models can 
be important to distinguishing the hadronization mechanism 
at play in high-multiplicity pp collisions.

This study underscores the importance of conducting 
multiplicity-dependent studies while analyzing the flavor 
hierarchy patterns. Such an approach is essential for gain-
ing insight into the collectivity-like effects observed in small 
systems.
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