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Introduction

Improved AMPT model & sub-nucleon geometry

Results on cumulants

Summary

Based on Xin-Li Zhao, ZWL, Liang Zheng & Guo-Liang Ma, 
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Questions:
●  Do these flow signals come from
  final state collectivity or initial state effects?
● from hydrodynamics or off-equilibrium transport/kinetic theory?

Bzdak & Ma, PRL (2014)
using AMPT (String Melting version).

Bozek & Broniowski, PLB (2013)
using e-by-e viscous hydrodynamics. 

out, with a thermal spread in their relative momenta.
Another important source of correlations comes from the
global transverse-momentum conservation [44, 45]. We im-
pose approximately this constraint by requiring that the
sum over the particles in the generated event fulfills the
condition
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We have found numerically that limiting the total trans-
verse momentum to PT = 5 GeV is sufficient; further
reduction does not affect the studied quantities. This
amounts for retaining about 8% of the least-PT events from
our sample.
We apply the hydrodynamic model to the two most cen-

tral centrality classes used by the CMS Collaboration. The
centrality of the events is defined based on the charged
particle multiplicity in the CMS acceptance. A good ap-
proximation of the centrality cuts in our model is repre-
sented by simple conditions on the number of the partici-
pant nucleons. The most central collisions withNpart ≥ 18
amount to 3.4% of most central events in the Glauber
Monte Carlo model. The second most central class is de-
fined by 16 ≤ Npart ≤ 17 and sums up 4.4% of the cross
section. Cuts on the final multiplicity in the calculations
instead of Npart could be used, once the model of the ini-
tial state were supplemented with effects of fluctuations of
the energy deposited in each elementary collision [46–49],
but this is not crucial for our study.
In the hydrodynamic model the multiplicity fluctuations

are largely decoupled from the collective expansion phase.
Our model gives realistic predictions on the collective flow,
but the multiplicity distribution cannot be reliably calcu-
lated. This has a consequence for the normalization of
the correlation functions. By integrating the per trigger
correlation function one obtains

∫

d∆φd∆η Ctrig(∆η,∆φ) =
〈N(N − 1)〉

〈N〉
, (6)

i.e., the ratio of the average number of pairs over average
multiplicity in a given acceptance window. In the presence
of correlations from collective flow only, a more robust
observable is the 2D correlation function normalized by
the number of pairs instead of N in Eq. (1).
In the hydrodynamic model collective flow dominates

in the correlation function for 2 < |∆η| < 4. There-
fore to make a meaningful estimate of the hydrodynamic
component in the 2D correlation function, we rescale the
calculated functions to get the same subtraction constant
CZYAM in the zero-yield-at-minimum (ZYAM) procedure.
We use the ZYAM values as quoted by the CMS Collabo-
ration for each multiplicity and pT bin [1]. Such rescaled
correlation functions, called normalized correlation func-
tions in the following, should be used to estimate the con-
tribution of the collective flow to the ridge observed in the
experiment.
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Figure 3: The projected and ZYAM-subtracted correlation function
in the region 2 < |∆η| < 4 for the two most central bins in multiplic-
ity (panels extending horizontally) and two pT intervals (panels ex-
tending vertically) for the pPb collisions. The CMS measurement [1]
is shown as dots. The results of our hydrodynamic model with the
normalized correlation functions are shown with the solid lines. The
dashed lines show the results of the hydrodynamic model with sub-
traction of the model ZYAM values and no rescaling.

In the following we describe the results obtained with
our simulations. We begin with the correlation function of
Eq. (1), shown in Fig. 1 for the most central collisions with
two different cuts imposed on the transverse momentum
of each particle in the pair. The 2D correlations func-
tion presents similar features as the experimental one [1].
A sharp same-side peak is formed due to the resonance
decays and the local charge conservation [4]. The ob-
served additional correlations from jet fragmentation at
small ∆φ-∆η, or the Bose-Einstein and Coulomb corre-
lations, are not included in our model. The away- and
same-side ridges are formed in the whole range of ∆η.
The shape of these ridges is determined mainly by the first
3 harmonics in the relative azimuth. The first harmonic
comes predominantly from the transverse-momentum con-
servation and is seen as a tendency for the back-to-back
emission. The second and third harmonics are provided
by the collective expansion of the initial fluctuating source
and describe well the shape and the width of the same- and
away-side ridges. As expected [11, 12], the collective ellip-
tic flow leads to the formation of the same-side ridge in the
2D correlation functions, which is our basic observation.

A qualitatively different behavior is visualized in Fig. 2.
At low pT the correlation displays a ridge (panel a) in the
azimuthal angle direction (near ∆η = 0), which is due to
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FIG. 1: The transverse momentum dependence of the elliptic, v2, and triangular, v3, flow coefficients in p+Pb (upper panel) and
Pb+Pb collisions (lower panel) as obtained in the AMPT model (open symbols) with the string melting mechanism. Different
centrality classes are defined by the number of produced charged particles, Ntrack, measured in |η| < 2.4 and pT > 0.4 GeV/c.
The CMS data are denoted by the full points.
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FIG. 2: The CMS data (full points) vs the AMPT model (open symbols) with the string melting mechanism for the integrated
elliptic, v2, and triangular, v3, flow coefficients in p+Pb (left) and Pb+Pb (right) collisions as a function of the number of
produced charged particles, Ntrack, measured in |η| < 2.4 and pT > 0.4 GeV/c.

and antiquarks which undergo elastic scatterings (in con-
trast to the default model, where only partons from
minijets interact) with a partonic cross-section which is
controlled by the strong coupling constant and the De-
bye screening mass. Subsequently a simple coalescence
model is employed to form hadrons which further un-
dergo hadronic scatterings. The detailed description of
the AMPT model can be found in Ref. [2]. The AMPT
model provides a consistent framework to understand
many phenomena in p+p, p+A and A+A collisions. In
particular, different orders of harmonic coefficients have
been well reproduced in Au+Au collisions at the top
RHIC energy [37] and Pb+Pb collisions at the LHC en-
ergy [38], which indicates that in A+A interactions, the
initial spacial asymmetry is transformed into the final

momentum anisotropy via the incoherent parton scatter-
ings [39].

In our previous study, the long-range two-particle az-
imuthal correlations have been observed in p+p and
p+Pb collisions at the LHC energies with a modest
parton-parton cross-section of σ = 1.5−3 mb [1]. There-
fore, it is important to check if the flow coefficients vn
extracted from the long-range two-particle azimuthal cor-
relation function are comparable with the data. In this
work we simulate p+Pb collisions at

√
s = 5.02 TeV and

peripheral Pb+Pb collisions (50 − 100%) at
√
s = 2.76

TeV with the parton-parton cross-section of 3 mb, being
consistent with our previous study.

In Fig. 1 we present the elliptic and triangular Fourier
coefficients from the long-range two-particle azimuthal

Recent small system data at LHC exhibit large anisotropic flows; 
 both hydrodynamics and transport can describe the flows.

Collectivity in small systems
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● For large systems: c2{4}<0 is expected as final state effect dominates.
● For small systems: more complicated due to nonflow and flow fluctuations.
● We use a multi-phase transport (AMPT) model in this study:
  has nonflow and flow fluctuations,
  can address non-equilibrium evolution.

Zhou, Zhao, Murase & Song, NPA (2020); Zhao, Zhou, Murase & Song, EPJC (2020) 

Hydrodynamics:
 can reproduce 2-particle correlations “with carefully tuned parameters”, 
 but c2{4} cannot be reproduced & have the wrong sign.

Collectivity in small systems
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A+B

ZPC (parton cascade)

Strings melt to q & qbar 
via intermediate hadrons

HIJING1.0:
minijet partons (hard),    excited strings (soft),  spectator nucleons

Extended ART (hadron cascade)

Partons freeze out

Structure of AMPT (String Melting version)

Hadrons freeze out

Final particles
Source codes at the ECU website 
https://myweb.ecu.edu/linz/ampt/
ZWL, Ko, Li, Zhang, Pal, Phys Rev C (2005);
ZWL & L Zheng, Nucl Sci Tech (2021)

Constant cross section 
𝜎 for parton scatterings 

Hadronization (        Quark Coalescence)

https://myweb.ecu.edu/linz/ampt/
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A+B

Hadronization (new Quark Coalescence)

Strings melt to q & qbar 
via intermediate hadrons

HIJING1.0:+modernPDF/heavyFlavor/sub-nucleon
minijet partons (hard),    excited strings (soft),  spectator nucleons

Extended ART (hadron cascade)

Partons freeze out

Structure of improvedAMPT (String Melting version)

C Zhang et al, PRC (2019);
L Zheng et al, PRC (2020);
L Zheng et al, EPJC (2021)

He & ZWL, PRC (2017)

Constant cross section 
𝜎 for parton scatterings 

Source codes at the ECU website 
https://myweb.ecu.edu/linz/ampt/
ZWL, Ko, Li, Zhang, Pal, Phys Rev C (2005);
ZWL & L Zheng, Nucl Sci Tech (2021)

Hadrons freeze out

Final particles

ZPC (parton cascade)

https://myweb.ecu.edu/linz/ampt/
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Improved AMPT model with sub-nucleon geometry

In 3-quark AMPT model:
• we consider proton as 3 constituent quarks, 

with coordinates sampled according to

• partons are randomly assigned to each 
collision center of interacting constituent pairs

𝜌 𝑟 ∝ 	 𝑒!"/$

L Zheng et al, EPJC (2021)

Mäntysaari & Schenke, 
PRL (2016);
Loizides, PRC 2016); 
Bozek, Broniowski
& Rybczynski, PRC (2016);
Bozek et al., Comp. 
Phys. Comm. (2019);
…

Sub-nucleon geometry 
for the proton:

Overlapping protons     proton as 3 quarks           proton as point particle
        (3-quark AMPT)   (Normal AMPT)
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Δ𝜂 > 2
3-quark AMPT

L Zheng et al, EPJC (2021)

Normal AMPT

Overlapping 
protons

Overlapping protons     proton as 3 quarks           proton as point particle
        (3-quark AMPT)   (Normal AMPT)

Improved AMPT model with sub-nucleon geometry
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Zhao, ZWL, Zheng & Ma, PLB (2023)

Normal AMPT & 3-quark AMPT

• both reasonably describe
multiplicity and pT spectrum.

•  but spatial eccentricities 𝜀! 
are very different

Improved AMPT model with sub-nucleon geometry
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Without η-gap:
  sensitive to parton 
  cross section σ;
  dependence is
  non-monotonous.

c2{2} is closely related to 
spatial eccentricities 𝜀!:  
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σ=

c2{2} 2-particle cumulant:
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With η-gap:
  nonflow effect
  is suppressed,
  especially at 
  low Nch.
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c2{2} 2-particle cumulant:

Without η-gap:
  sensitive to parton 
  cross section σ;
  dependence is
  non-monotonous.
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c2{4} 4-particle cumulant:

c2{4} including its sign 
  is sensitive to σ;
  >0 without scatterings

3-quark AMPT model:
  trend is similar to data;
  c2{4}<0 at certain high Nch
 for certain σ;
  c2{4} at σ=0.15mb or 1.5mb 
 are closest to data
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c2{4} including its sign: dependence on σ is non-monotonous;
        very sensitive to σ. even if σ is small
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cε2{4} is closely related to c2{4}:
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(c)

c2{4}:  pT -dependence is qualitatively similar to data:

Standard 
cumulant method

3-subevent 
cumulant method

Jia, Zhou & Trzupek, 
PRC (2017)
• nonflow effect
  is suppressed
• weaker pT-dep
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An improved multi-phase transport (AMPT) model
is used to study 2- and 4-particle cumulants in 13 TeV p+p collisions

• Both c2{2} & c2{4} depend sensitively & non-monotonously 
 on (small) parton scattering cross section σ, 
 indicating significant effects from off-equilibrium kinetic response 

• Nonflow has large effects at low Nch, but is not modeled correctly

• Incorporating proton sub-nucleon structure (here with 3 quarks) 
 gives the correct qualitative features of c2{4} vs Nch
 & c2{4}<0 at certain high Nch

• Data cannot be well reproduced;  further work are needed on
  parton cross section σ T   as h/𝑠 ∝ %

&!' ,
  more general proton sub-nucleon structure.

Summary


