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Precision measurements of transverse momentum-differential elliptic flow, 𝑣2 (𝑝T), of identified
particles have been done in p + Pb collisions. The characteristic mass ordering of 𝑣2 (𝑝T) at low 𝑝T

and the grouping/splitting of 𝑣2 (𝑝T) for mesons and baryons at intermediate 𝑝T, which have been
regarded as the smoking gun of QGP signal, are observed in p + Pb collisions. However, the exact
physics mechanism is not entirely clear. A multi-phase transport (AMPT) model incorporating a
partonic phase followed by quark coalescence mechanism can reproduce the flow measurements.
The mass ordering can be reproduced in p + Pb collisions by the default AMPT, while the
grouping/splitting remains challenging. This work improves the coalescence in AMPT model
by implementing an accurate quark phase-space distribution, which reproduces the measured
grouping/splitting of 𝑣2 (𝑝T) at intermediate 𝑝T in 0-20% central p + Pb collisions.
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1. Introduction

Relativistic heavy-ion collisions can produce a hot and dense QCD matter, the quark-gluon
plasma (QGP). The properties of QGP matter can be studied by the anisotropic flow, which is
defined as the Fourier coefficients [1],

𝐸
𝑑3𝑁

𝑑𝑝3 =
1

2𝜋
𝑑2𝑁

𝑝T𝑑𝑝T𝑑𝑦

(
1 +

∞∑︁
𝑛=1

2𝑣n cos [𝑛 (𝜙 − 𝜓n)]
)
, (1)

where 𝑝T is the transverse momentum, 𝑦 is the rapidity, 𝜙 is the azimuthal angle of final particle in
transverse plane, 𝜓n is the n-th order harmonic event plane angle, and 𝑣n is the n-th harmonic flow.

Recently, the transverse momentum-differential elliptic flow, 𝑣2(𝑝T), of identified particles
(PID) has been studied in the theory [2–4] and experiment [5]. These studies show a mass ordering
effect at low 𝑝T and a baryon-meson grouping/splitting effect at intermediate 𝑝T in small collision
systems. The PID 𝑣2(𝑝T) in p + Pb collisions has been studied by the Hydro-Coal-Frag model [2]
and the AMPT model [3], respectively. The Hydro-Coal-Frag model provides a good calculation of
𝑣2 for pion, kaon, and proton in the range of 0 to 6 GeV/𝑐, whereas the AMPT model exhibits a mass
ordering effect at low 𝑝T and fails to reproduce the baryon-meson grouping effect at intermediate
𝑝T. Furthermore, the Hydro-Coal-Frag model demonstrates an approximate number of constituent
quarks (NCQ) scaling behavior at intermediate 𝑝T regarded by the quark coalescence hadronization
mechanism, similar to what has been observed in heavy-ion collisions [6]. Thus, the baryon-meson
grouping effect is the signature of partonic collectivity in small collision systems. This work
aims to improve the quark coalescence mechanism in AMPT model to reproduce the baryon-meson
grouping/splitting effect with transport model involving the partonic scattering in evolution process.

2. Methodology

2.1 The AMPT model with old and updated hadronization mechanisms

The AMPT model with string melting mechanism contains four main stages of relativistic
heavy-ion collisions [7]: the initial conditions simulated by HIJING model, parton cascade generated
by ZPC model, hadronization, and hadron cascade described by ART model. Here, hadronization
is performed by a simple quark coalescence model, combining two or three nearest partons into
hadrons including mesons and baryons, regardless of the relative momentum among the coalescing
partons.

Compared to the old quark coalescence mechanism, a updated hadronization mechanism is
implemented in the AMPT model. This updated hadronization mechanism contains both quark co-
alescence and string fragmentation. In the quark coalescence process, the momentum distributions
of mesons and baryons are defined as [8],

𝑑𝑁M

𝑑3PM
=𝑔M

∫
𝑑3x1𝑑
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∫
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(2)
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where 𝑔M,B is the statistical factor for forming a meson or baryon of certain spin, 𝑓 q,q̄(x, p) are the
quark and antiquark phase-space distribution functions and 𝑊M,B is the smeared Wigner function
of mesons or baryons as a function of the relative coordinates and momenta (y and k). The
remnant partons are merged into the strings in the fragmentation hadronization mechanism. These
strings will fragment into hadrons by using the “hadron standalone mode" of PYTHIA 8. Further
information can be found in the References [2, 8, 9].

2.2 Two-particle correlation and non-flow subtraction
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Figure 1: Left panel: The correlation function distribution in 𝜂 − 𝜙 plane. Right panel: The non-flow
contributions in 𝑣2 measurement.

The two-particle correlation (2PC) method is widely employed to extract the flow signal in
small collision systems. Meanwhile, the two-particle azimuthal correlations are constructed using
three distinct sets of pairs, referred to as the three-subevent method, which was first introduced by
the PHENIX Collaboration [10]. The left panel in Fig 1 shows the double ridge structure from
the correlation function 𝐶 (Δ𝜂,Δ𝜙), with long-range correlations established between the charged
particles in central pseudorapidity (−0.8 < 𝜂 < 0.8, denoted as “Cent" in Eq. (3)), forward
pseudorapidity (2.5 < 𝜂 < 4.0, denoted as “Fwrd" in Eq. (3)), and backward pseudorapidity
(−4.0 < 𝜂 < 2.5, denoted as “Bwrd" in Eq. (3)) in the updated version of AMPT model,

𝑣n =

√︄
𝑉Cent-Fwrd

n ×𝑉Cent-Bwrd
n

𝑉Fwrd-Bwrd
n

, (3)

where 𝑉n refers to the two-particle n-th order harmonic correlation, which is derived from the
template-fit approach after non-flow subtraction process, and is used to extract the flow coefficients.

Additionally, the dominant non-flow contributions, primarily originating from jet correlations
in small collision systems, can be generally grouped into two categories: the near-side jet and
the away-side jet. These non-flow contributions are subtracted through long-range correlation and
template fit method, as developed by the ATLAS Collaboration [11]. The method assumes that the
correlation function in the high-multiplicity event is from the superposition of the non-flow term
and the flow-related Fourier expansion term, as the following equation,

𝑌 (Δ𝜙)cent = 𝐹𝑌 (Δ𝜙)peri + 𝐺

[
1 +

∞∑︁
𝑛=2

2𝑉nΔ cos(𝑛Δ𝜙)
]
, (4)
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where the 𝑌 (Δ𝜙)cent/peri represents the correlation function of Δ𝜙 between correlated particles
in central (high-multiplicity) and peripheral (low-multiplicity) events. The 𝐹 and 𝐺 are fitting
parameters, and the 𝑉nΔ is the n-th order of the Fourier coefficient. The “forward multiplicity”
with the pseudorapidity within 2.8 < 𝜂 < 5.1 determines the centrality to the sort event classes.
Furthermore, the events are also selected by the charged particle multiplicity (𝑁ch) within the “TPC"
acceptance (−0.8 < 𝜂 < 0.8) with 𝑁ch > 25 for central events and 𝑁ch < 15 for peripheral events.
The right panel in Fig 1 presents the 𝑣2 of pion before and after non-flow subtraction via the template
fit, demonstrating that non-flow contributions significantly impact the study of 𝑣2 in small collision
systems.

3. Results

In this study, we employ the string-melting version of the AMPT model with previous and
updated hadronization mechanisms to simulate p + Pb collisions at √𝑠NN = 5.02 TeV. The results
from the previous and updated hadronization mechanisms were referred as “default AMPT” and
“improved AMPT”. In addition, we focus on the transverse momentum-differential elliptic flow,
𝑣2(𝑝T), of identified particles (𝜋±,K±, p(p̄)) from both the default and improved AMPT models.

We firstly apply these two hadronization models to calculate the 𝑝T spectra of 𝜋±,K±, and
p(p̄) in p + Pb collisions at √𝑠NN = 5.02 TeV, and compare the results with the ALICE data [12].
As shown in Fig 2, these two models reproduce well the 𝑝T spectra of pion and kaon in p + Pb
collisions. Also, the improved AMPT model generates more soft protons than the default AMPT
model and the ALICE data, indicating that the improved AMPT model needs further improvement.
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Figure 2: The 𝑝T spectra of 𝜋±,K±, and p(p̄) from the old AMPT model (solid dots) and improved AMPT
model (colored lines) in p + Pb collisions, compared to the ALICE data (open dots) [12].

Figure 3 shows the 𝑝T-differential 𝑣2 of 𝜋±,K±, and p(p̄) in 0-20% central p + Pb collisions
using the improved multi-phase transport model with an accurate quark coalescence mechanism.
In comparison to the default AMPT model [3], the improved AMPT model exhibits an enhanced
baryon-meson splitting effect at intermediate 𝑝T due to the accurate quark coalescence mechanism.
However, the improved AMPT model fails to accurately reproduce the baryon-meson grouping
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effect in p + Pb collisions. The challenge of AMPT in reproducing the observed baryon-meson
grouping effect in experiments is likely due to the fact that a diluted partonic system was recreated
in the AMPT model, which did not undergo sufficient partonic interactions during the system’s
expansion.
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Figure 3: The 𝑝T-differential elliptic flow of 𝜋±,K±, and p(p̄) in 0-20% central p + Pb collisions using the
improved multi-phase transport model with an accurate quark coalescence mechanism.

4. Conclusions

The 𝑝T-differential elliptic flow of pion, kaon, and proton has been studied in 0-20% central
p + Pb collisions at √𝑠NN = 5.02 TeV using an improved multi-phase transport (AMPT) model
with an accurate quark coalescence mechanism. A two-particle correlation method, with non-
flow subtraction techniques, has been applied to extract the flow signal and subtract non-flow
contamination. The improved AMPT model accurately reproduces the 𝑝T spectra of pion and kaon,
but provides more soft protons than the ALICE data. Furthermore, the baryon-meson splitting effect
is enhanced at intermediate 𝑝T due to the usage of an updated quark coalescence mechanism in the
improved AMPT model. However, the improved AMPT model fails to reproduce the baryon-meson
grouping effect in p + Pb collisions, which may be attributed to the diluted density of the evolution
systems in the transport models. In the future, we plan to further improve the updated hadronization
mechanism by combining the old hadronization mechanism to better describe the 𝑝T spectrum of
proton and address the mass ordering effect at low 𝑝T.
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