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Abstract: Event-by-event fluctuations in the initial energy density of nuclear collisions lead to the decorrelation of
second order flow vector, which is known as its transverse-momentum ( ) and pseudorapidity (η) dependence as
observed in high-energy heavy-ion collisions. Existing measurements at the CERN Large Hadron Collider showed
that these decorrelations are also observed in small collision systems. In this work, a systematic study of the trans-
verse-momentum-  and  pseudorapidity-dependent  flow  vector  decorrelation  is  performed  in p–Pb  collisions  at  the
5.02 TeV with A Multi-Phase Transport (AMPT) model using different tunings of initial conditions and partonic and
hadronic interactions. The string-melting version of the AMPT model provides a reasonable description of the meas-
ured flow vector decorrelation as a function of   and η. We demonstrate that hadronic scatterings do not have a sig-
nificant effect on decorrelation in p–Pb collisions for different centrality selections, while both initial conditions and
partonic interactions affect the magnitude of the decorrelations. In addition, we found that the subtraction of the non-
flow, especially the long-range jet  correlation, is  crucial  for the accurate extraction of flow vector decorrelation in
small collision systems. The comparison of data and model presented in this paper provide further insights in under-
standing the fluctuations of the flow vector with   and η in small collision systems and has referential value for fu-
ture measurements.
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I.  INTRODUCTION

High-energy heavy-ion collisions such as those at the
Relativistic  Heavy-Ion  Collider  (RHIC)  and  the  Large
Hadron Collider (LHC) [1−8] offer a unique opportunity
to study nuclear matter under extreme conditions of tem-
perature and density. These collisions create quark-gluon
plasma  (QGP)  [9,  10],  which  is  a  state  of  matter  where
quarks and gluons are no longer confined within hadrons
but  instead  form  a  hot,  dense  medium.  One  of  the  most
important observables for the formation of the QGP is the

azimuthal anisotropy of produced particles, which is typ-
ically characterized by the Fourier expansion of the had-
ron yield distribution as a function of azimuthal angle φ: 

dN
dφ
∝ 1+2

∞∑
n

vncos[n(φ−Ψn)], (1)

vn

Ψn

nth Vn ≡ vneinΨn

where  the  Fourier  coefficient    and  symmetry  plane
angle    represent  the  magnitude  and  orientation  of  the
  order  flow  vector  ,  respectively  [11,  12].
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Several  measurements  focusing  on  the  second  harmonic
flow   (elliptic flow) have been performed at both RHIC
[13−17]  and  LHC  [18−28].  Comparisons  to  theoretical
model calculations provided unprecedented constraints on
the fundamental transport properties of the QGP medium
[29−32],  such  as  the  ratio  of  shear  viscosity  to  entropy
density  (η/s),  which  indicate  that  the  QGP  created  in
heavy-ion collisions behaves as a nearly perfect fluid.

V2
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Owing to event-by-event fluctuations in the initial en-
ergy density of the nuclear collisions [29, 33], the fluctu-
ations of second order flow vector   as well as its trans-
verse-momentum  ( )  dependence  have  been  shown  in
hydrodynamical  models  [34−36].  These  fluctuations  can
result  in  the  breakdown  of  the  factorization  of  two-
particle  angular  correlations  into  a  product  of  single-
particle  flow  coefficients  in  different    intervals  [34,
37−40],  which  were  discovered  in  Pb–Pb  collisions  by
the ALICE and CMS Collaborations [41−44]. In addition,
flow vector fluctuations along the pseudorapidity (η) dir-
ection  was  investigated  by  hydrodynamic  and  parton
transport models, where the factorization breakdown in η
was  found  to  be  sensitive  to  event-plane  fluctuations  at
different η [45−48]. The LHC experiments measured the
ratio of two-particle Fourier coefficients in rapidity bins η
and   [42, 49, 50], and the results showed that the lon-
gitudinal fluctuations  lead  to  a  linear  decrease  of  the   ra-
tio  with  η,  i.e.,  longitudinal  flow  decorrelations.  These
studies provide further constraint on initial conditions and
new insights to the longitudinal evolution of the medium
formed in heavy ion collisions.
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In  recent  years,  the  observation  of  non-zero    in
p–Pb  and  pp  collisions  [51−59]  raised  the  question  of
whether hydrodynamic  flow  exists  in  these  small   colli-
sion systems. The extracted flow harmonics in p–Pb colli-
sions  have  been  studied  in  detail  as  a  function  of  , η,
and  event  multiplicity  [54,  60].  On  the  other  hand,  the
fluctuations  of  flow  vector  as  a  function  of    and η  in
small collision systems are measured by the LHC experi-
ments [41, 42, 50, 57]. The effect of factorization break-
down  was  observed  in p–Pb  collisions  and  considerably
smaller than that in Pb–Pb collisions. The measurements
of longitudinal flow decorrelations were extended to even
the  smaller  pp  collisions  by  the  ATLAS  Collaboration
[57], and the results reveal significant sensitivity to non-
flow  correlations.  Since  the  origin  of  collective  flow  in
small  collision  systems  remains  unclear  [61],  there  are
significant uncertainties in the study of   and η-depend-
ent flow vector decorrelations in these systems. The study
based  on  event-by-event  hydrodynamic  calculations
demonstrated the important role of longitudinal decorrel-
ations  in  small  collision  systems  and  predicted  rapidity-
asymmetric flow decorrelations across different colliding
energies  [62−66].  On the other  hand,  the transpot  model
has been successfully applied to describe collective phe-
nomena  in  small  collision  systems,  including  charged-
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particle  elliptic  flow  ( ),  triangular  flow  ( )  [67],  and
flavor-dependent  -differential  flow  [68−73].  Building
on these successful applications, we present the first sys-
tematic study of the  - and η-dependent flow vector de-
correlation in p–Pb collisions using A Multi-Phase Trans-
port (AMPT) model.

pT

This paper  is  organized as  follows.  A brief   introduc-
tion  about  the  AMPT  and  its  various  configurations  is
given in Sec. II. The observables to characterize the flow
vector  decorrelation  as  a  function  of    and  η,  respect-
ively, are introduced in Sec. III. The two-particle correla-
tion  method  and  advanced  nonflow  subtraction  strategy
are also presented. The results and related discussions are
provided  in  Sec.  IV.  Finally,  a  summary  of  this  work  is
given in Sec. V. 

II.  MODEL

κ ∝ 1
b(2+a)

The  string-melting  version  of  the  AMPT  model  [74,
75] is employed in this work to study flow vector decor-
relation in p–Pb collisions at 5.02 TeV. The AMPT mod-
el includes four stages: initial conditions, partonic scatter-
ing,  hadronization,  and  hadronic  rescattering.  The  heavy
ion  jet  interaction  generator  (HIJING)  [76] is   incorpor-
ated  in  the  model  to  generate  initial  conditions,  where
minijet partons and soft-excited strings are produced and
then converted to primordial hadrons based on Lund frag-
mentation. The  strength  of  Lund  fragmentation  is   con-
trolled by two key parameter,  namely,  Lund string para-
meters  a  and  b,  which  are  approximately  related  to  the

string  tension  by  .  With  the  string  melting
mechanism, primordial  hadrons  are  converted  into   par-
tons, which are determined by their flavor and spin struc-
tures. Subsequent parton interactions are treated with the
Zhang's  parton  cascade  (ZPC)  model  [77].  Only  elastic
scattering between the partons is considered in the model,
and  the  cross-section  of  the  two-body scattering  is   de-
scribed by the simplified equation 

σ =
9πα2

s

2µ2
, (2)

αs

tmax

tmax = 30 fm/c

where   and μ represent strong coupling and the Debye
screening mass, respectively. Once the partons stop scat-
tering, the nearest two or three quarks are combined into
mesons or baryons using a quark coalescence model. The
generated  hadrons  then  enter  the  hadronic  rescatterings
process,  which  is  described  by  an  extended  relativistic
transport  (ART)  model  [78],  including  both  elastic  and
inelastic  scatterings  for  baryon-baryon,  baryon-meson,
and  meson-meson interactions.  Finally,  hadronic   scatter-
ings  are  terminated  at  a  cutoff  time  ( ) when  the   ob-
servables  of  interest  are  stable;  a  default  cutoff  time  of

   is used.
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η/s

a = 0.3
b = 0.15

a = 0.5 b = 0.9

tmax c

tmax = 0 c

In order to separate the effect from different physical
processes on the flow vector decorrelation, we varied the
key  parameters  of  the  model  in  the  calculations  of  the
flow vector.  The effect  of the partonic phase is   investig-
ated  by  varying  the  partonic  scattering  cross  section  σ
from 0 mb and 0.5 mb to 3 mb.  A smaller  cross  section
corresponds to a higher shear viscosity to entropy density
ratio ( ) in viscous hydrodynamics in the AMPT mod-
el, and 0 mb of the cross section represents the exclusion
of  the  parton  scattering  effect.  Following  the  previous
studies about the elliptic flow in p–Pb collisions [70−72],
the default settings of Lund string parameters are 
and  . In  this  work,  we  studied  the  initial   condi-
tions by varying   and  , which correspond to
a  smaller  string  tension,  when  the  partonic  scattering
cross  section  σ  is  set  to  0.5  mb.  In  addition,  the  cutoff
time   is set to 0.6 fm/  to turn off hadronic rescatter-
ings, whereas  resonance  decays  are  still  included.   Fur-
ther,  we  analyzed  hadrons  obtained  right  after  the  quark
coalescence  in  the  AMPT evolution  (i.e.,    fm/ ),
where  both  hadronic  rescatterings  and  resonance  decays
are  disabled.  All  configurations  are  summarized  in
Table 1. 

III.  OBSERVABLES AND METHOD

v2

Npair

∆φ = φa−φb

Flow  vector  decorrelation  is  studied  using  the  two-
particle correlation  method,  which  has  been  widely   ap-
plied in previous   measurements in p–Pb collisions [52,
79].  For  simplicity,  the  azimuthal  correlation  between
two emission particles can be represented by   particle
pairs  as  a  function  of  the  relative  azimuthal  angle

  between  particles a  and b  and  expanded  in
the Fourier series as 

C(∆φ) =
dNpair

d∆φ
∝ 1+2

∞∑
n=1

Vn∆(pa
T,p

b
T)cos[n(∆φ)], (3)

Vn∆

pT

pa
T

where   refers to the two-particle n-th order harmonic.
The  traditional  approach  to  calculate  the  -differential
flow of particle a (i.e., the particle of interest, POIs) is to
determine the flow coefficient of reference particles (RPs,
labeld as "ref") over a wide kinematic range, called refer-
ence flow, and then, the flow coefficient from   interval
can be expressed as 

vn{2}(pa
T) =

Vn∆(pa
T, ref)√

Vn∆(ref, ref)

=
⟨vn(pa

T)vref
n cos[n(Ψn(pa

T)−Ψn)]⟩»
⟨vref

n
2⟩

, (4)

Vn∆(pa
T, ref) Vn∆(ref, ref)

C(∆φ)
where    and    are obtained  by   con-
struting the two particle correlation function  as Eq.

Ψn(pa
T) pT

pT

Ψn

Ψn(pa
T) Ψn

cos[n(Ψn(pa
T)−Ψn)] pT

⟨vn(pa
T)vref

n ⟩√
⟨vn(pa

T)2⟩»
⟨vref

n
2⟩ pT

vn[2](p2
T)

(3) between the POIs and RPs, and the RPs, respectively.
  represents  the  -differential  symmetry  plane

angles at a specific   range, which may fluctuate around
the reference symmetry plane angles  . The effect of the
difference between   and   is quantified by the co-
sine term  , which is called  -depend-
ent flow angle fluctuations. On the other hand, the fluctu-
ations of the flow magnitude are observed when the fac-
torization  hypothesis  is  broken  [43,  44],  i.e., 
cannot  be  factorized  into  the  product  of    and

.  Another    differential flow  observable,   de-
noted  as  ,  is  proposed  in  [80], which  is  not   af-
fected by  fluctuations  in  the  flow  angle  or  flow   mag-
nitude: 

vn[2](pa
T) =

√
Vn∆(pa

T, p
a
T) =

√
⟨vn(pa

T)2⟩. (5)

vn{2}(pa
T) vn[2](pa

T)
pT

The  ratio  of    and    is  proposed  to
probe  -dependent flow vector fluctuations: 

vn{2}(pa
T)

vn[2](pa
T)
=
⟨vn(pa

T)vref
n cos[n(Ψn(pa

T)−Ψn)]⟩√
⟨vn(pa

T)2⟩
»
⟨vref

n
2⟩

. (6)

pT

pT

rn

One can see that, if  -dependent flow vector fluctu-
ations  are  present,  the  ratio  value  is  smaller  than  unity.
Similarly, another observable to probe the  -differential
factorization ratio   has been proposed in [80, 81], 

rn =
Vn∆(pa

T, p
b
T)√

Vn∆(pa
T, p

a
T)Vn∆(pb

T, p
b
T)

=
⟨vn(pa

T)vn(pb
T)cos[n(Ψn(pa

T)−Ψn(pb
T))]⟩√

⟨vn(pa
T)2⟩⟨vn(pb

T)2⟩
. (7)

rn <
pT

  1  indicates  the  breaking  of  factorization,  which
suggests the presence of  -dependent flow vector fluctu-
ations.

Vn∆(ηa,ηb)

ηa ηb

pa
T pb

T ηa

Similarly, the η-dependent flow harmonics 
are  calculated  by  constructing  two-particle  correlations
between  pseudorapidity  bins    and  ,  following  the
same method as Eq. (3) but replacing   and   with 

 

Table 1.    Different configurations of AMPT parameters used
in this work

Lund a Lund b Partonic cross section /mb tmax c fm/

Par1 0.3 0.15 0.5 30

Par2 0.3 0.15 3 30

Par3 0.3 0.15 0 30

Par4 0.5 0.9 0.5 30

Par5 0.3 0.15 0.5 0

Par6 0.3 0.15 0.5 0.6
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ηb

rn(ηa,ηb)
and  . In  order  to  investigate  the  longitudinal   fluctu-
ations of the flow vector, the decorrelation ratio 
was proposed in Ref. [42], which is defined as 

rn(ηa,ηb) =
Vn∆(−ηa,ηb)
Vn∆(ηa,ηb)

=
⟨vn(−ηa)vn(ηb)cos[n(Ψn(−ηa)−Ψn(ηb))]⟩
⟨vn(ηa)vn(ηb)cos[n(Ψn(ηa)−Ψn(ηb))]⟩ , (8)

cos[n(Ψn(ηa)−Ψn(ηb))]
ηa ηb

⟨vn(−ηa)vn(ηb)⟩ ,√
⟨v2

n(−ηa)⟩
√
⟨v2

n(ηb)⟩
vn

[vn(ηa)] [vn(−ηa)]

rn(ηa,ηb)

rn(ηa,ηb)

vn(ηa) vn(−ηa)

rn(ηa,ηb) rn(−ηa,−ηb)

where   represents the impact of the
variation  in  symmetry  plane  angles  between    and 
bins, resulting from η-dependent flow angle fluctuations.
In addition,  flow magnitude decorrelation introduces  ad-
ditional η-dependent fluctuations,  breaking the factoriza-
tion  of  flow  coefficient  products: 

.  For  symmetric  collision  systems
such  as  Pb–Pb collisions,   obtained from the   symmet-
ric  positive    and  negative   η  regions  are
identical  after  averaging  over  all  events.  Therefore,  the

  is  expected to converge to unity if  neither flow
magnitude nor flow angle fluctuate along the longitudin-
al direction. If either of these effects, or both, are present,
the   will be less than unity [50]. However, in an
asymmetric  collision  system,  such  as  p–Pb  collisions,

  and    are generally  not  identical.   Con-
sequently, it is not possible to isolate the η-dependent ef-
fects of symmetry-plane fluctuations in Eq. (8). The CMS
collaboration proposed a method [42] to take the product
of   and  :  √

rn(ηa,ηb)rn(−ηa,−ηb)

=

 
⟨vn(−ηa)vn(ηb)⟩⟨vn(ηa)vn(−ηb)⟩
⟨vn(ηa)vn(ηb)⟩⟨vn(−ηa)vn(−ηb)⟩ · 

⟨cos[n(Ψn(−ηa)−Ψn(ηb))]⟩
⟨cos[n(Ψn(ηa)−Ψn(ηb))]⟩

⟨cos[n(Ψn(ηa)−Ψn(−ηb))]⟩
⟨cos[n(Ψn(−ηa)−Ψn(−ηb))]⟩ .

(9)

vnIn this case, the   terms can be canceled if there is no
flow  vector  magnitude  fluctuations,  and  then,  the  η-de-
pendent  flow vector  decorrelation in p–Pb collisions can
also be studied.

In  small  collision  systems,  the  main  contributions  of
the  nonflow  is  from  the  jets,  including  both  the  short-
range  and  long-range (also  called  "recoil")  jet   correla-
tions [82]. The former can be effectively removed by in-
troducing a large rapidity gap between the trigger and as-
sociated particles  during  the  construction  of  the   correla-
tions, and the latter can be suppressed by many methods
in  measurements  based  on  different  assumptions.  In  this
work,  the  template  fit  method developed by the  ATLAS
collaboration  [60] is  applied,  which  has  been  proven  ef-
fective  for  nonflow  subtraction  in  our  previous  studies

pT

cos(n∆φ) n > 1

[70]  in  the  AMPT.  For  the  given    and η  integral,  the
correlation  function  distribution  obtained  in  high-multi-
plicity events is assumed to result from the superposition
of  the  distribution  obtained  in  low-multiplicity  events
scaled  up  by  a  multiplicative  factor  F  and  a  constant
modulated by   for  , as shown in 

C(∆φ) = FCLM(∆φ)+G(1+2
3∑

n=1

Vn∆cos(n∆φ)), (10)

Vn∆

CLM

where G denotes the normalization factor and   repres-
ents  the  two-particle  n-th order  harmonic  after  the   non-
flow subtraction. The  represents correlation distribu-
tions  obtained  from  the  low-multiplicity  events,  and  in
this work, collisions with 60%–100% centrality are selec-
ted.  By  replacing  Eq.  (3)  with  Eq.  (10),  the  flow  vector
fluctuations after the long-range nonflow subtraction can
be calculated. 

IV.  RESULTS AND DISCUSSION
 

A.    Transverse-momentum dependence of decorrelation
pT v2

|η| <

v2{2} v2[2]
pT

v2{2} v2[2}

|∆η| > 0.8
v2

v2{2}/v2[2}
pT ≃

pT

pT

v2

pT > v2{2}/v2[2}

pT

We  first  examine  the  -differential    of  charged
hadrons  in  the  pseudorapidity  region    0.8  using  the
AMPT model  with  the  default  configuration  (Par1)   de-
scribed in Table 1.   and   are calculated accord-
ing to Eq. (4) and Eq. (5). Figure 1 shows the  -differ-
ential    and    for  0–20%,  20%–40%,  and
40%–60% centrality bins obtained from the AMPT calcu-
lations,  compared  with  those  obtained  through  ALICE
measurements [41]. To suppress contributions from short-
range  jet  correlations,  is applied.  The   calcula-
tions reasonably reproduce   data  from central  to  semi-
central  collisions,  and  the  ratio    shows  devi-
ations  from unity  above   2  GeV/c.  These deviations
increase  with  ,  which  is  similar  to  the  findings  in
Pb–Pb  collisions,  indicating  -dependent  flow  vector
fluctuations  in  p–Pb  collisions  from  the  AMPT  model.
Unlike Pb–Pb collisions, these deviations do not signific-
antly  depend  on  centrality  selections.  To  determine  if
these  deviations  are  caused  by  non-flow  effects  from
long-range jet correlations, we apply the template fit sub-
traction method described in Eq. (10). As expected, the 
after  subtraction,  shown in Fig.  1 (dashed line),  is  lower
than  that  of  the  results  without  subtraction,  especially  at
high   2 GeV/c. The ratio   after subtraction
is consistent  with  that  before  subtraction  within   uncer-
tainties.  This  indicates  that  the  long-range jet   contribu-
tion to  the  decorrelations  is  negligible  here,  and  the   ob-
served  -dependent  flow  vector  fluctuations  in  p–Pb
collisions are caused by real flow signals.

pT v2{2}/v2[2}Figure  2  shows the  -dependent    ratio  in
0–20%,  20%–40%,  and  40%–60% centrality  classes   ob-
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v2{2} v2[2] pTFig. 1.    (color online)   and   as a function of   and their ratio obtained from the AMPT model in 0–20%, 20%–40%, and
40%–60% p–Pb collisions at 5.02 TeV, in comparison of those obtained via ALICE measurements [41]. Results with the nonflow sub-
traction obtained from the AMPT model are also shown.

 

pT v2{2} v2[2]Fig. 2.      (color online)  -dependent  /  ratio in 0–20%, 20%–40%, and 40%–60% centrality classes from the AMPT model
with different configurations. ALICE data points [41] are shown as black open circles for comparison.
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σ = 0

v2{2} v2[2]

tained  from  AMPT  model  with  different  configurations,
compared to ALICE data points [41]. For direct compar-
ison  with  the  data,  nonflow  subtraction  is  not  applied
here. The impact of partonic scattering on the ratio can be
seen by comparing the results from Par1, Par2, and Par3,
as  shown  in  Fig.  2(top).  The  ratio  obtained  from  larger
parton  scattering  cross  section  (Par2)  is  slightly  higher
than the results from Par1. On the other hand, a large de-
viation to unity is observed when the cross section is set
to   mb (Par3). It may attribute to the break of factor-
ization  from  the  nonflow  because  the  parton  scattering
process proved to be the main contribution to the flow in
small collision systems [70]. The effect from varying ini-
tial conditions via the Lund string parameters, namely, a
and  b,  can  be  seen  by  comparing  the  results  from  Par4
and Par1,  as  shown in Fig.  2 (top).  One can see that  the

/ ratio obtained with larger Lund a and b (Par4)
is lower in most 0–20% collisions. With the increaing of
centralities, the  resuts  from  Par4  are  enhanced,  and   fi-
nally, they are higher than the results from Par1. The ef-
fects from hadronic scatterings are studied by varying the
cutoff  time  of  hadronic  rescatterings,  which  can  be  seen

v2{2} v2[2]

pT

v2

v2{2} v2[2] pT < 0.8
pT > 1.4

pT pT

pT

in the comparison of the results of Par1, Par5, and Par6,
as  shown  in  Fig.  2  (bottom).  The  /   ratio  from
Par1 and Par6 are consistent within uncertainties from the
central to peripheral collisions, indicating that the impact
from hadronic scatterings on the flow vector fluctuations
are negligible. It is consistent with previous findings that
hadronic scatterings have almost no effects on the  -dif-
ferential   in p–Pb collisions [70]. For the case of Par5,
where both the resonance decay and hadronic scatterings
are  turned  off,  the  /   ratio  is  lower  at 
GeV/c but higher at   GeV/c compared to the res-
ults of  Par1 and Par6.  It  is  expected that,  the decay pro-
cesses convert high-  hadrons into low-  particles, and
therefore, it shifts the overall ratio toward the low-  re-
gion. One can see that the results of all configurations un-
derestimate the data, suggesting that the model needs fur-
ther tuning.

r2

pb
T

The factorization ratio   definded in Eq. (7) is calcu-
lated in  different  centrality  and    ranges  and compared
with  the  ALICE  data  points  [41]  in  Fig.  3.  The  results
from the  AMPT model  with  different  configurations  are
shown  in  Fig.  3(a)  (Par1,  Par2  vs.  Par3)  and  Fig.  3(b)

 

r2 pa
T pb

TFig. 3.    (color online) Factorization ratio   as a function of   obtained from AMPT calculations in different centrality and   ranges
is compared to those of ALICE data points [41].
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pT r2

|pa
T− pb

T| r2

r2

σ = 0
|pa

T− pb
T|

pT

r2 pT

r2 v2{2} v2[2]

r2

v2{2} v2[2]

(Par1,  Par4,  Par5,  and  Par6).  Simlar  to  Fig.  2,  nonflow
subtraction is not applied here. The model with a 0.5 mb
cross  section, a =  0.3, b =  0.15,  and τ =  30 fm/c  (Par1),
provides a fair description of the data in all centrality and
bins.  The  deviation  of    from unity  has  no   depend-

ence  on  centrality  selections,  and  it  is  more  pronounced
with an increasing  . The   obtained with a larger
Lund a and b  (Par4) are higher in more peripheral  colli-
sions,  which  reflects  effects  from  the  initial  conditions.
Changing  the  partonic  scattering  cross  section  from  0.5
mb to 3 mb (Par1 vs. Par3) slightly enhances  , while the
results obtained with   mb show a significant break-
down  of  the  factorization  at  large  .  The  impacts
from hadronic  scatterings  are  negligible  for  all   centralit-
ies  and   bins  (Par1  vs.  Par6);  however,  the  resonance
decay process still  has large impacts on the   at low-
region (Par1 vs.  Par5).  One can see that  the calculations
of   and  / ratio have a generally similar depend-
ence on the initial conditions, parton scattering cross sec-
tion, and hadron scattering process. It is expected since 
is basically a double-differential  /  ratio [59]. 

B.    Pseudorapidity-dependence of decorrelation
v2The η-dependent   is first calculated before studying

the  decorrelation.  We follow the  two-particle  correlation
method  and  nonflow  subtraction  strategy  used  by  the
ALICE  experiment  [54].  The  correlation  between  three
groups of particles is constructed based on Eq. (10),  and
then, the flow coefficients are extracted for three combin-
ations: 

vn(ηa) =

 
Vn∆(ηa,ηb)Vn∆(ηa,ηc)

Vn∆(ηb,ηc)
, (11)

pT >
vn(ηa) vn(ηb)

v2 pT >

v2

v2

where a, b, and c represent hadrons with   0 GeV/c at
different rapidity bins. Similarly,   and   can be
obtained  by  alternating  indices  a,  b,  and  c  in  Eq.  (11).
Figure  4  shows  the    of  charged  hadrons  for    0
GeV/c as a function of η  in 0–5%, 5%–10%, 10%–20%,
and  20%–40%  centrality  ranges,  and  the  comparison  to
the  ALICE  data  [54].  Results  obtained  from  different
configurations of the AMPT model are shown in Fig. 4(a)
and Fig.  4(b).  Calculations obtained with a 0.5 mb cross
section, a = 0.3, b = 0.15, and τ = 30 fm/c (Par1) provide
a good description of the data at mid-rapidity but slightly
underestimate    at  forward  and  backward  rapidity.  On
the  other  hand,  the  Par2  calculations  with  a  larger  cross
section (σ = 3 mb) describe the data at forward and back-
ward rapidity but significantly overestimate the   at mid-
rapidity.  The  calculations  without  hadron  rescatterings
(Par6) are lower compared to those of the Par1 results, es-
pecially  at  mid-rapidity, whereas  the  deviation  is   negli-
gible at forward and backward rapidity. A similar behavi-
or is observed in results obtained with larger Lund a and

v2

b (Par4). Furthermore, the results obtained from Par5 are
significantly enhanced for all rapidity bins, indicating the
effect  of  resonance  decay  on  the  integrated- .  One  can
see that the results from all  configurations cannot simul-
taneously  describe  the  data  at  mid-  and  forward/back-
ward-rapidity. This suggests that the rapidity dependence
of parameters (e.g.,  the initial  conditions,  the strength of
parton interactions)  must  be  considered in  further  devel-
opments of the model [75].√

r2(ηa,ηb)r2(−ηa,−ηb)
< ηb < 4.4 < ηb < 5.0

ηa

pT

σ = 0.5
σ = 3

ηa <
ηa >

a = 0.5 b = 0.9
< ηb < < ηb <

σ = 0
4.4 < ηb < 5.0

< ηb < ηa > 1

As  defined  in  Eq.  (9),  the  η-dependent
 in p–Pb collisions at 5.02 TeV for

3   4 and   are shown in Fig. 5. The res-
ults  obtained  from  AMPT  with  all  configurations  are
compared to the measurements from the CMS collabora-
tion [42].  In order  to  compare with the data  directly,  we
do not  apply  the  nonflow  subtraction  here.  All   calcula-
tions  show a  larger  breakdown of  factorization  as    in-
creases, as observed in data. Similar to the findings in the
-dependent  flow  vector  decorrelation,  a  significant

breakdown  of  factorization  is  observed  when  the  parton
scattering  cross  section  is  set  to  0  (Par3);  however,  the
difference between the results of cross section   mb
(Par1)  and   mb (Par2)  is  small.  Decorrelations  ob-
tained  without  hadronic  scatterings  (Par6)  are  consistent
with  Par1  calculations,  suggesting  that  η-dependent  de-
correlation has  no sensitivity  to  the hadronic  scatterings.
No significant  effect  of  the  resonance  decay  is  observed
for    1,  whereas  a  slight  enhancement  is  shown  for

  1  (Par1  vs  Par5).  On  the  other  hand,  varying  the
Lund  parameters  to    and    (Par4)  lead  to  a
smaller decorrelation for both 3   4 and 4.4   5
(Par4 vs Par1), which reflects the effects from initial con-
ditions. In  general,  the  model  calculations  with  all   tun-
ings,  except  for  ,  provide  a  fair  description  of  the
data for  ; however, they systematically over-
estimate  the  deviation from unity  of  decorrelations  for  3

 4 and  . √
r2(ηa,ηb)r2(−ηa,−ηb)

ηa
Figure 6 shows the   as a func-

tion of   in 0–20%, 20%–40%, and 40%–60% centrality
classes before  and  after  nonflow  subtraction.  The   tem-
plate  fit  method  described  in  Eq.  (10)  is  applied  for  the
calculations of  Eq.  (8)  and  Eq.  (9),  where  the   contribu-
tion  from  the  long-range  jet  correlations  is  suppressed.
After subtraction,  the  decorrelation  decreases   signific-
antly  across  all  three  centrality  classes,  approaching
unity. This indicates that the η-dependent flow vector de-
correlation  in  p–Pb  collisions  is  strongly  influenced  by
nonflow effects (e.g., dijets). This is consistent with find-
ings in recent measurements in smaller pp collisions per-
formed  by  the  ATLAS  collaboration  [57].  On  the  other
hand,  the difference between the results  before and after
the  nonflow  subtraction  becomes  larger  with  increasing
centrality.  Especially  in  the  40%–60%  centrality  class,
the  tendency  of  the  decorrelation  completely  changes
after nonflow  subtraction,  first  increasing  then   decreas-
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ηa

pT

|η| <
v2

ing with an increasing  . It is worth noting that such an
effect  from  the  long-range  jet  correlations  is  negligible
for  the  -dependent  decorrelation  at  mid-rapidity
( 0.8), as shown in Fig. 1. This is because the contri-
bution from long-range jet  correlations to the    is  more

significant  at  forward/backward  rapidity  compared  to
mid-rapidity in small collision systems [83]. This hints at
the important role of the subtraction of long-range jet cor-
relations in the calculations of longitudinal fluctuations of
the  flow  vector  in  the  small  collision  systems.  More

 

v2Fig. 4.    (color online)   as a function of pseudorapidity η in in different centrality ranges obtained from the AMPT model with vari-
ous configurations. ALICE data points [54] are shown as black open circles for comparison.
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measurements  of  the  flow  vector  decorrelation  in  p–Pb
collisions  with  a  proper  long-range jet  contribution   sub-
tration are required in the future. 

V.  SUMMARY

pT √
sNN =

The  -  and  η-dependent  decorrelation  of  the  flow
vector in p–Pb collisions at   5.02 TeV are system-
atically studied with the AMPT model in this paper. The
sensitivity  of  the  decorrelations  to  the  initial  conditions,
partonic scatterings, and haronic rescatterings are probed
by  varying  the  configurations  of  the  model.  It  is  found

that the observables are driven by the partonic scatterings
and  initial  conditions  together;  however,  they  have  a
weak dependence on the hadronic rescattering. This sug-
gests  that  the  event-by-event  fluctuations  of  the  initial
state lead to the fluctuations of the flow vector observed
in  the  final  state  through  the  parton  interactions.  These
results point to the possibility for employing flow vector
decorrelation for investigating the transport  properties of
the hot  and  dense  medium  likely  formed  in  small   colli-
sion  systems.  Furthermore,  we  demonstrate  that  long-
range jet correlations significantly affect the longitudinal
decorrelation  in  p–Pb collisions.  It  provides  further   in-

 

√
r2(ηa,ηb)r2(−ηa,−ηb) ηa < ηb <

4.4 < ηb < 5.0

Fig. 5.    (color online) Square root of the product of factorization ratios   as a function of   for 3.0   4.0
(left) and   (right) in the 0–20% centrality class of p–Pb collisions at 5.02 TeV obtained from the AMPT model with vari-
ous tunings. The CMS data points [42] are shown as black open circles for comparison.

 

√
r2(ηa,ηb)r2(−ηa,−ηb) ηa < ηb <Fig. 6.    (color online) Comparison of the  as a function of   for 3.0   4.0 in p–Pb collisions at 5.02 TeV

between before and after nonflow subtraction. The results in 0–20% (left), 20%–40% (middle), and 40%–60% (right) centrality classes
are all shown.

Investigating the transverse-momentum- and pseudorapidity-dependent flow... Chin. Phys. C 49, 124104 (2025)

124104-9



sights in  understanding  the  fluctuations  of  the  flow vec-
tor in small collision systems and has referential value for
future measurements.
 

ACKNOWLEDGEMENT

The computation is completed in the HPC Platform of
Wuhan Textile University.

 

 

References 

 M.  Gyulassy  and  L.  McLerran,  Nucl.  Phys.  A  750,  30
(2005), arXiv: nucl-th/0405013

[1]

 J. Adams et al., Nucl. Phys. A 757, 102 (2005), arXiv: nucl-
ex/0501009

[2]

 K.  Adcox  et  al.,  Nucl.  Phys.  A  757,  184  (2005),  arXiv:
nucl-ex/0410003

[3]

 B. Muller, J. Schukraft, and B. Wyslouch, Ann. Rev. Nucl.
Part. Sci. 62, 361 (2012), arXiv: 1202.3233[hep-ex]

[4]

 S.  Acharya  et  al.,  Eur.  Phys.  J.  C  84,  813  (2024),  arXiv:
2211.04384[nucl-ex]

[5]

 A. Hayrapetyan et al., Phys. Rept. 1115, 219 (2025), arXiv:
2405.10785[nucl-ex]

[6]

 B.  B.  Back  et  al.,  Nucl.  Phys.  A  757,  28  (2005),  arXiv:
nucl-ex/0410022

[7]

 I.  Arsene et  al., Nucl.  Phys.  A 757, 1  (2005),  arXiv: nucl-
ex/0410020

[8]

 E. V. Shuryak, Phys. Lett. B 78, 150 (1978)[9]
 E. V. Shuryak, Phys. Rept. 61, 71 (1980)[10]
 S. Voloshin and Y. Zhang, Z. Phys. C 70, 665 (1996)[11]
 A. M. Poskanzer and S. A. Voloshin, Phys. Rev. C 58, 1671
(1998)

[12]

 K.  H.  Ackermann  et  al.,  Phys.  Rev.  Lett.  86,  402  (2001),
arXiv: nucl-ex/0009011

[13]

 L. Adamczyk et al., Phys. Rev. C 88, 014902 (2013), arXiv:
1301.2348[nucl-ex]

[14]

 S.  S.  Adler  et  al.,  Phys.  Rev.  Lett.  91,  182301  (2003),
arXiv: nucl-ex/0305013

[15]

 L. Adamczyk et al., Phys. Rev. C 88, 014904 (2013), arXiv:
1301.2187[nucl-ex]

[16]

 A. Adare et al., Phys. Rev. Lett. 115, 142301 (2015), arXiv:
1507.06273[nucl-ex]

[17]

 K.  Aamodt  et  al.,  Phys.  Rev.  Lett.  105,  252302  (2010),
arXiv: 1011.3914[nucl-ex]

[18]

 K.  Aamodt  et  al.,  Phys.  Rev.  Lett.  107,  032301  (2011),
arXiv: 1105.3865[nucl-ex]

[19]

 B.  B.  Abelev  et  al,  JHEP  2015,  190  (2015),  arXiv:
1405.4632[nucl-ex]

[20]

 J. Adam et al., Phys. Rev. Lett. 116, 132302 (2016), arXiv:
1602.01119[nucl-ex]

[21]

 S.  Acharya  et  al.,  Phys.  Lett.  B  773,  68  (2017),  arXiv:
1705.04377[nucl-ex]

[22]

 G.  Aad  et  al.,  Phys.  Rev.  C  86,  014907  (2012),  arXiv:
1203.3087[hep-ex]

[23]

 G.  Aad  et  al.,  Phys.  Lett.  B  707,  330  (2012),  arXiv:
1108.6018[hep-ex]

[24]

 G.  Aad  et  al.,  JHEP  2013,  183  (2013),  arXiv:  1305.2942
[hep-ex]

[25]

 S. Chatrchyan et al., Eur. Phys. J. C 72, 2012 (2012), arXiv:
1201.3158[nucl-ex]

[26]

 S.  Chatrchyan  et  al.,  Phys.  Rev.  C  87,  014902  (2013),
arXiv: 1204.1409[nucl-ex]

[27]

 S.  Chatrchyan et  al., Phys.  Rev.  Lett. 109, 022301  (2012),
arXiv: 1204.1850[nucl-ex]

[28]

 U.  Heinz  and  R.  Snellings, Ann.  Rev.  Nucl.  Part.  Sci. 63,[29]

123 (2013), arXiv: 1301.2826[nucl-th]
 M. Luzum and H.  Petersen, J.  Phys.  G 41, 063102 (2014),
arXiv: 1312.5503[nucl-th]

[30]

 E.  Shuryak,  Rev.  Mod.  Phys.  89,  035001  (2017),  arXiv:
1412.8393[hep-ph]

[31]

 H. Song,  Y.  Zhou,  and K. Gajdosova, Nucl.  Sci.  Tech. 28,
99 (2017), arXiv: 1703.00670[nucl-th]

[32]

 S.  A.  Voloshin,  A.  M.  Poskanzer,  and R.  Snellings,  arXiv:
0809.2949[nuclex]

[33]

 P.  Bożek,  Phys.  Rev.  C  98,  064906  (2018),  arXiv:
1808.04248[nucl-th]

[34]

 P.  Bozek  and  R.  Samanta,  Phys.  Rev.  C  105,  034904
(2022), arXiv: 2109.07781[nucl-th]

[35]

 I.  Kozlov,  M.  Luzum,  G.  Denicol  et  al.,  arXiv:
1405.3976[nucl-th]

[36]

 L.-G. Pang, H. Petersen, and X.-N. Wang, Phys. Rev. C 97,
064918 (2018), arXiv: 1802.04449[nucl-th]

[37]

 F.  G.  Gardim,  F.  Grassi,  P.  Ishida et  al., Phys.  Rev.  C 97,
064919 (2018), arXiv: 1712.03912[nucl-th]

[38]

 W.  Zhao,  H.-j.  Xu,  and  H.  Song,  Eur.  Phys.  J.  C 77,  645
(2017), arXiv: 1703.10792[nucl-th]

[39]

 E. G. Nielsen and Y. Zhou, Eur. Phys. J. C 83, 545 (2023),
arXiv: 2211.13651[nucl-ex]

[40]

 S.  Acharya  et  al.,  JHEP  2017,  032  (2017),  arXiv:
1707.05690[nucl-ex]

[41]

 V.  Khachatryan  et  al.,  Phys.  Rev.  C  92,  034911  (2015),
arXiv: 1503.01692[nucl-ex]

[42]

 S.  Acharya  et  al.,  Phys.  Rev.  C  107,  L051901  (2023),
arXiv: 2206.04574[nucl-ex]

[43]

 S. Acharya et al., Phys. Rev. C 109, 065202 (2024), arXiv:
2403.15213[nucl-ex]

[44]

 L.-G.  Pang,  G.-Y.  Qin,  V.  Roy  et  al.,  Phys.  Rev.  C  91,
044904 (2015), arXiv: 1410.8690[nucl-th]

[45]

 P.  Bozek  and  W.  Broniowski,  Phys.  Rev.  C  97,  034913
(2018), arXiv: 1711.03325[nucl-th]

[46]

 X.-Y.  Wu,  L.-G.  Pang,  G.-Y.  Qin et  al.,  Phys.  Rev.  C 98,
024913 (2018), arXiv: 1805.03762[nucl-th]

[47]

 P.  Bozek  and  W.  Broniowski,  Phys.  Lett.  B  752,  206
(2016), arXiv: 1506.02817[nucl-th]

[48]

 G. Aad et  al., Phys.  Rev.  Lett. 126, 122301 (2021),  arXiv:
2001.04201[nucl-ex]

[49]

 S. Acharya et al., Phys. Lett. B 850, 138477 (2024), arXiv:
2307.11116[nucl-ex]

[50]

 S. Chatrchyan et al., Phys. Lett.  B 718, 795 (2013),  arXiv:
1210.5482[nucl-ex]

[51]

 B.  Abelev  et  al.,  Phys.  Lett.  B  719,  29  (2013),  arXiv:
1212.2001[nucl-ex]

[52]

 G. Aad et  al., Phys.  Rev.  Lett. 110, 182302 (2013),  arXiv:
1212.5198[hep-ex]

[53]

 S. Acharya et al., JHEP 2024, 199 (2024)[54]
 S. Acharya et al., arXiv: 2411.09323[nucl-ex][55]
 S. Acharya et al., arXiv: 2504.02359[nucl-ex][56]
 G. Aad et al., arXiv: 2308.16745[nucl-ex][57]
 V. Chekhovsky et al., arXiv: 2502.07525[nucl-ex][58]
 A. Hayrapetyan et al., Phys. Rev. Lett. 133, 142301 (2024),
arXiv: 2312.17103[hep-ex]

[59]

Siyu Tang, Zuman Zhang, Chao Zhang et al. Chin. Phys. C 49, 124104 (2025)

124104-10

https://doi.org/10.1016/j.nuclphysa.2004.10.034
https://doi.org/10.1016/j.nuclphysa.2004.10.034
https://doi.org/10.1016/j.nuclphysa.2004.10.034
https://doi.org/10.1016/j.nuclphysa.2004.10.034
https://doi.org/10.1016/j.nuclphysa.2004.10.034
https://doi.org/10.1016/j.nuclphysa.2004.10.034
https://doi.org/10.1016/j.nuclphysa.2004.10.034
https://doi.org/10.1016/j.nuclphysa.2004.10.034
https://doi.org/10.1016/j.nuclphysa.2004.10.034
https://arxiv.org/abs/0405013
https://arxiv.org/abs/0405013
https://arxiv.org/abs/0405013
https://doi.org/10.1016/j.nuclphysa.2005.03.085
https://doi.org/10.1016/j.nuclphysa.2005.03.085
https://doi.org/10.1016/j.nuclphysa.2005.03.085
https://doi.org/10.1016/j.nuclphysa.2005.03.085
https://doi.org/10.1016/j.nuclphysa.2005.03.085
https://doi.org/10.1016/j.nuclphysa.2005.03.085
https://doi.org/10.1016/j.nuclphysa.2005.03.085
https://doi.org/10.1016/j.nuclphysa.2005.03.085
https://doi.org/10.1016/j.nuclphysa.2005.03.085
https://doi.org/10.1016/j.nuclphysa.2005.03.085
https://arxiv.org/abs/0501009
https://arxiv.org/abs/0501009
https://arxiv.org/abs/0501009
https://doi.org/10.1016/j.nuclphysa.2005.03.086
https://doi.org/10.1016/j.nuclphysa.2005.03.086
https://doi.org/10.1016/j.nuclphysa.2005.03.086
https://doi.org/10.1016/j.nuclphysa.2005.03.086
https://doi.org/10.1016/j.nuclphysa.2005.03.086
https://doi.org/10.1016/j.nuclphysa.2005.03.086
https://doi.org/10.1016/j.nuclphysa.2005.03.086
https://doi.org/10.1016/j.nuclphysa.2005.03.086
https://doi.org/10.1016/j.nuclphysa.2005.03.086
https://doi.org/10.1016/j.nuclphysa.2005.03.086
https://arxiv.org/abs/0410003
https://arxiv.org/abs/0410003
https://arxiv.org/abs/0410003
https://doi.org/10.1146/annurev-nucl-102711-094910
https://doi.org/10.1146/annurev-nucl-102711-094910
https://doi.org/10.1146/annurev-nucl-102711-094910
https://doi.org/10.1146/annurev-nucl-102711-094910
https://doi.org/10.1146/annurev-nucl-102711-094910
https://doi.org/10.1146/annurev-nucl-102711-094910
https://doi.org/10.1146/annurev-nucl-102711-094910
https://doi.org/10.1146/annurev-nucl-102711-094910
https://doi.org/10.1146/annurev-nucl-102711-094910
https://doi.org/10.1146/annurev-nucl-102711-094910
https://doi.org/10.1146/annurev-nucl-102711-094910
https://arxiv.org/abs/1202.3233
https://arxiv.org/abs/1202.3233
https://arxiv.org/abs/1202.3233
https://doi.org/10.1140/epjc/s10052-024-12935-y
https://doi.org/10.1140/epjc/s10052-024-12935-y
https://doi.org/10.1140/epjc/s10052-024-12935-y
https://doi.org/10.1140/epjc/s10052-024-12935-y
https://doi.org/10.1140/epjc/s10052-024-12935-y
https://doi.org/10.1140/epjc/s10052-024-12935-y
https://doi.org/10.1140/epjc/s10052-024-12935-y
https://doi.org/10.1140/epjc/s10052-024-12935-y
https://doi.org/10.1140/epjc/s10052-024-12935-y
https://doi.org/10.1140/epjc/s10052-024-12935-y
https://arxiv.org/abs/2211.04384
https://arxiv.org/abs/2211.04384
https://arxiv.org/abs/2211.04384
https://doi.org/10.1016/j.physrep.2024.11.007
https://doi.org/10.1016/j.physrep.2024.11.007
https://doi.org/10.1016/j.physrep.2024.11.007
https://doi.org/10.1016/j.physrep.2024.11.007
https://doi.org/10.1016/j.physrep.2024.11.007
https://doi.org/10.1016/j.physrep.2024.11.007
https://doi.org/10.1016/j.physrep.2024.11.007
https://doi.org/10.1016/j.physrep.2024.11.007
https://doi.org/10.1016/j.physrep.2024.11.007
https://doi.org/10.1016/j.physrep.2024.11.007
https://arxiv.org/abs/2405.10785
https://arxiv.org/abs/2405.10785
https://arxiv.org/abs/2405.10785
https://doi.org/10.1016/j.nuclphysa.2005.03.084
https://doi.org/10.1016/j.nuclphysa.2005.03.084
https://doi.org/10.1016/j.nuclphysa.2005.03.084
https://doi.org/10.1016/j.nuclphysa.2005.03.084
https://doi.org/10.1016/j.nuclphysa.2005.03.084
https://doi.org/10.1016/j.nuclphysa.2005.03.084
https://doi.org/10.1016/j.nuclphysa.2005.03.084
https://doi.org/10.1016/j.nuclphysa.2005.03.084
https://doi.org/10.1016/j.nuclphysa.2005.03.084
https://doi.org/10.1016/j.nuclphysa.2005.03.084
https://arxiv.org/abs/0410022
https://arxiv.org/abs/0410022
https://arxiv.org/abs/0410022
https://doi.org/10.1016/j.nuclphysa.2005.02.130
https://doi.org/10.1016/j.nuclphysa.2005.02.130
https://doi.org/10.1016/j.nuclphysa.2005.02.130
https://doi.org/10.1016/j.nuclphysa.2005.02.130
https://doi.org/10.1016/j.nuclphysa.2005.02.130
https://doi.org/10.1016/j.nuclphysa.2005.02.130
https://doi.org/10.1016/j.nuclphysa.2005.02.130
https://doi.org/10.1016/j.nuclphysa.2005.02.130
https://doi.org/10.1016/j.nuclphysa.2005.02.130
https://doi.org/10.1016/j.nuclphysa.2005.02.130
https://arxiv.org/abs/0410020
https://arxiv.org/abs/0410020
https://arxiv.org/abs/0410020
https://doi.org/10.1016/0370-2693(78)90370-2
https://doi.org/10.1016/0370-2693(78)90370-2
https://doi.org/10.1016/0370-2693(78)90370-2
https://doi.org/10.1016/0370-2693(78)90370-2
https://doi.org/10.1016/0370-2693(78)90370-2
https://doi.org/10.1016/0370-2693(78)90370-2
https://doi.org/10.1016/0370-2693(78)90370-2
https://doi.org/10.1016/0370-2693(78)90370-2
https://doi.org/10.1016/0370-2693(78)90370-2
https://doi.org/10.1016/0370-2693(78)90370-2
https://doi.org/10.1016/0370-1573(80)90105-2
https://doi.org/10.1016/0370-1573(80)90105-2
https://doi.org/10.1016/0370-1573(80)90105-2
https://doi.org/10.1016/0370-1573(80)90105-2
https://doi.org/10.1016/0370-1573(80)90105-2
https://doi.org/10.1016/0370-1573(80)90105-2
https://doi.org/10.1016/0370-1573(80)90105-2
https://doi.org/10.1016/0370-1573(80)90105-2
https://doi.org/10.1016/0370-1573(80)90105-2
https://doi.org/10.1016/0370-1573(80)90105-2
https://doi.org/10.1007/s002880050141
https://doi.org/10.1007/s002880050141
https://doi.org/10.1007/s002880050141
https://doi.org/10.1007/s002880050141
https://doi.org/10.1007/s002880050141
https://doi.org/10.1007/s002880050141
https://doi.org/10.1007/s002880050141
https://doi.org/10.1007/s002880050141
https://doi.org/10.1007/s002880050141
https://doi.org/10.1007/s002880050141
https://doi.org/10.1103/PhysRevC.58.1671
https://doi.org/10.1103/PhysRevC.58.1671
https://doi.org/10.1103/PhysRevC.58.1671
https://doi.org/10.1103/PhysRevC.58.1671
https://doi.org/10.1103/PhysRevC.58.1671
https://doi.org/10.1103/PhysRevC.58.1671
https://doi.org/10.1103/PhysRevC.58.1671
https://doi.org/10.1103/PhysRevC.58.1671
https://doi.org/10.1103/PhysRevC.58.1671
https://doi.org/10.1103/PhysRevLett.86.402
https://doi.org/10.1103/PhysRevLett.86.402
https://doi.org/10.1103/PhysRevLett.86.402
https://doi.org/10.1103/PhysRevLett.86.402
https://doi.org/10.1103/PhysRevLett.86.402
https://doi.org/10.1103/PhysRevLett.86.402
https://doi.org/10.1103/PhysRevLett.86.402
https://doi.org/10.1103/PhysRevLett.86.402
https://doi.org/10.1103/PhysRevLett.86.402
https://doi.org/10.1103/PhysRevLett.86.402
https://arxiv.org/abs/0009011
https://arxiv.org/abs/0009011
https://arxiv.org/abs/0009011
https://doi.org/10.1103/PhysRevC.88.014902
https://doi.org/10.1103/PhysRevC.88.014902
https://doi.org/10.1103/PhysRevC.88.014902
https://doi.org/10.1103/PhysRevC.88.014902
https://doi.org/10.1103/PhysRevC.88.014902
https://doi.org/10.1103/PhysRevC.88.014902
https://doi.org/10.1103/PhysRevC.88.014902
https://doi.org/10.1103/PhysRevC.88.014902
https://doi.org/10.1103/PhysRevC.88.014902
https://doi.org/10.1103/PhysRevC.88.014902
https://arxiv.org/abs/1301.2348
https://arxiv.org/abs/1301.2348
https://arxiv.org/abs/1301.2348
https://doi.org/10.1103/PhysRevLett.91.182301
https://doi.org/10.1103/PhysRevLett.91.182301
https://doi.org/10.1103/PhysRevLett.91.182301
https://doi.org/10.1103/PhysRevLett.91.182301
https://doi.org/10.1103/PhysRevLett.91.182301
https://doi.org/10.1103/PhysRevLett.91.182301
https://doi.org/10.1103/PhysRevLett.91.182301
https://doi.org/10.1103/PhysRevLett.91.182301
https://doi.org/10.1103/PhysRevLett.91.182301
https://doi.org/10.1103/PhysRevLett.91.182301
https://arxiv.org/abs/0305013
https://arxiv.org/abs/0305013
https://arxiv.org/abs/0305013
https://doi.org/10.1103/PhysRevC.88.014904
https://doi.org/10.1103/PhysRevC.88.014904
https://doi.org/10.1103/PhysRevC.88.014904
https://doi.org/10.1103/PhysRevC.88.014904
https://doi.org/10.1103/PhysRevC.88.014904
https://doi.org/10.1103/PhysRevC.88.014904
https://doi.org/10.1103/PhysRevC.88.014904
https://doi.org/10.1103/PhysRevC.88.014904
https://doi.org/10.1103/PhysRevC.88.014904
https://doi.org/10.1103/PhysRevC.88.014904
https://arxiv.org/abs/1301.2187
https://arxiv.org/abs/1301.2187
https://arxiv.org/abs/1301.2187
https://doi.org/10.1103/PhysRevLett.115.142301
https://doi.org/10.1103/PhysRevLett.115.142301
https://doi.org/10.1103/PhysRevLett.115.142301
https://doi.org/10.1103/PhysRevLett.115.142301
https://doi.org/10.1103/PhysRevLett.115.142301
https://doi.org/10.1103/PhysRevLett.115.142301
https://doi.org/10.1103/PhysRevLett.115.142301
https://doi.org/10.1103/PhysRevLett.115.142301
https://doi.org/10.1103/PhysRevLett.115.142301
https://doi.org/10.1103/PhysRevLett.115.142301
https://arxiv.org/abs/1507.06273
https://arxiv.org/abs/1507.06273
https://arxiv.org/abs/1507.06273
https://doi.org/10.1103/PhysRevLett.105.252302
https://doi.org/10.1103/PhysRevLett.105.252302
https://doi.org/10.1103/PhysRevLett.105.252302
https://doi.org/10.1103/PhysRevLett.105.252302
https://doi.org/10.1103/PhysRevLett.105.252302
https://doi.org/10.1103/PhysRevLett.105.252302
https://doi.org/10.1103/PhysRevLett.105.252302
https://doi.org/10.1103/PhysRevLett.105.252302
https://doi.org/10.1103/PhysRevLett.105.252302
https://doi.org/10.1103/PhysRevLett.105.252302
https://arxiv.org/abs/1011.3914
https://arxiv.org/abs/1011.3914
https://arxiv.org/abs/1011.3914
https://doi.org/10.1103/PhysRevLett.107.032301
https://doi.org/10.1103/PhysRevLett.107.032301
https://doi.org/10.1103/PhysRevLett.107.032301
https://doi.org/10.1103/PhysRevLett.107.032301
https://doi.org/10.1103/PhysRevLett.107.032301
https://doi.org/10.1103/PhysRevLett.107.032301
https://doi.org/10.1103/PhysRevLett.107.032301
https://doi.org/10.1103/PhysRevLett.107.032301
https://doi.org/10.1103/PhysRevLett.107.032301
https://doi.org/10.1103/PhysRevLett.107.032301
https://arxiv.org/abs/1105.3865
https://arxiv.org/abs/1105.3865
https://arxiv.org/abs/1105.3865
https://doi.org/10.1007/JHEP06%282015%29190
https://doi.org/10.1007/JHEP06%282015%29190
https://doi.org/10.1007/JHEP06%282015%29190
https://doi.org/10.1007/JHEP06%282015%29190
https://doi.org/10.1007/JHEP06%282015%29190
https://doi.org/10.1007/JHEP06%282015%29190
https://doi.org/10.1007/JHEP06%282015%29190
https://doi.org/10.1007/JHEP06%282015%29190
https://doi.org/10.1007/JHEP06%282015%29190
https://doi.org/10.1007/JHEP06%282015%29190
https://arxiv.org/abs/1405.4632
https://arxiv.org/abs/1405.4632
https://arxiv.org/abs/1405.4632
https://doi.org/10.1103/PhysRevLett.116.132302
https://doi.org/10.1103/PhysRevLett.116.132302
https://doi.org/10.1103/PhysRevLett.116.132302
https://doi.org/10.1103/PhysRevLett.116.132302
https://doi.org/10.1103/PhysRevLett.116.132302
https://doi.org/10.1103/PhysRevLett.116.132302
https://doi.org/10.1103/PhysRevLett.116.132302
https://doi.org/10.1103/PhysRevLett.116.132302
https://doi.org/10.1103/PhysRevLett.116.132302
https://doi.org/10.1103/PhysRevLett.116.132302
https://arxiv.org/abs/1602.01119
https://arxiv.org/abs/1602.01119
https://arxiv.org/abs/1602.01119
https://doi.org/10.1016/j.physletb.2017.07.060
https://doi.org/10.1016/j.physletb.2017.07.060
https://doi.org/10.1016/j.physletb.2017.07.060
https://doi.org/10.1016/j.physletb.2017.07.060
https://doi.org/10.1016/j.physletb.2017.07.060
https://doi.org/10.1016/j.physletb.2017.07.060
https://doi.org/10.1016/j.physletb.2017.07.060
https://doi.org/10.1016/j.physletb.2017.07.060
https://doi.org/10.1016/j.physletb.2017.07.060
https://doi.org/10.1016/j.physletb.2017.07.060
https://arxiv.org/abs/1705.04377
https://arxiv.org/abs/1705.04377
https://arxiv.org/abs/1705.04377
https://doi.org/10.1103/PhysRevC.86.014907
https://doi.org/10.1103/PhysRevC.86.014907
https://doi.org/10.1103/PhysRevC.86.014907
https://doi.org/10.1103/PhysRevC.86.014907
https://doi.org/10.1103/PhysRevC.86.014907
https://doi.org/10.1103/PhysRevC.86.014907
https://doi.org/10.1103/PhysRevC.86.014907
https://doi.org/10.1103/PhysRevC.86.014907
https://doi.org/10.1103/PhysRevC.86.014907
https://doi.org/10.1103/PhysRevC.86.014907
https://arxiv.org/abs/1203.3087
https://arxiv.org/abs/1203.3087
https://arxiv.org/abs/1203.3087
https://doi.org/10.1016/j.physletb.2011.12.056
https://doi.org/10.1016/j.physletb.2011.12.056
https://doi.org/10.1016/j.physletb.2011.12.056
https://doi.org/10.1016/j.physletb.2011.12.056
https://doi.org/10.1016/j.physletb.2011.12.056
https://doi.org/10.1016/j.physletb.2011.12.056
https://doi.org/10.1016/j.physletb.2011.12.056
https://doi.org/10.1016/j.physletb.2011.12.056
https://doi.org/10.1016/j.physletb.2011.12.056
https://doi.org/10.1016/j.physletb.2011.12.056
https://arxiv.org/abs/1108.6018
https://arxiv.org/abs/1108.6018
https://arxiv.org/abs/1108.6018
https://doi.org/10.1007/JHEP11%282013%29183
https://doi.org/10.1007/JHEP11%282013%29183
https://doi.org/10.1007/JHEP11%282013%29183
https://doi.org/10.1007/JHEP11%282013%29183
https://doi.org/10.1007/JHEP11%282013%29183
https://doi.org/10.1007/JHEP11%282013%29183
https://doi.org/10.1007/JHEP11%282013%29183
https://doi.org/10.1007/JHEP11%282013%29183
https://doi.org/10.1007/JHEP11%282013%29183
https://doi.org/10.1007/JHEP11%282013%29183
https://arxiv.org/abs/1305.2942 
https://arxiv.org/abs/1305.2942 
https://arxiv.org/abs/1305.2942 
https://arxiv.org/abs/1305.2942 
https://doi.org/10.1140/epjc/s10052-012-2012-3
https://doi.org/10.1140/epjc/s10052-012-2012-3
https://doi.org/10.1140/epjc/s10052-012-2012-3
https://doi.org/10.1140/epjc/s10052-012-2012-3
https://doi.org/10.1140/epjc/s10052-012-2012-3
https://doi.org/10.1140/epjc/s10052-012-2012-3
https://doi.org/10.1140/epjc/s10052-012-2012-3
https://doi.org/10.1140/epjc/s10052-012-2012-3
https://doi.org/10.1140/epjc/s10052-012-2012-3
https://doi.org/10.1140/epjc/s10052-012-2012-3
https://arxiv.org/abs/1201.3158
https://arxiv.org/abs/1201.3158
https://arxiv.org/abs/1201.3158
https://doi.org/10.1103/PhysRevC.87.014902
https://doi.org/10.1103/PhysRevC.87.014902
https://doi.org/10.1103/PhysRevC.87.014902
https://doi.org/10.1103/PhysRevC.87.014902
https://doi.org/10.1103/PhysRevC.87.014902
https://doi.org/10.1103/PhysRevC.87.014902
https://doi.org/10.1103/PhysRevC.87.014902
https://doi.org/10.1103/PhysRevC.87.014902
https://doi.org/10.1103/PhysRevC.87.014902
https://doi.org/10.1103/PhysRevC.87.014902
https://arxiv.org/abs/1204.1409
https://arxiv.org/abs/1204.1409
https://arxiv.org/abs/1204.1409
https://doi.org/10.1103/PhysRevLett.109.022301
https://doi.org/10.1103/PhysRevLett.109.022301
https://doi.org/10.1103/PhysRevLett.109.022301
https://doi.org/10.1103/PhysRevLett.109.022301
https://doi.org/10.1103/PhysRevLett.109.022301
https://doi.org/10.1103/PhysRevLett.109.022301
https://doi.org/10.1103/PhysRevLett.109.022301
https://doi.org/10.1103/PhysRevLett.109.022301
https://doi.org/10.1103/PhysRevLett.109.022301
https://doi.org/10.1103/PhysRevLett.109.022301
https://arxiv.org/abs/1204.1850
https://arxiv.org/abs/1204.1850
https://arxiv.org/abs/1204.1850
https://doi.org/10.1146/annurev-nucl-102212-170540
https://doi.org/10.1146/annurev-nucl-102212-170540
https://doi.org/10.1146/annurev-nucl-102212-170540
https://doi.org/10.1146/annurev-nucl-102212-170540
https://doi.org/10.1146/annurev-nucl-102212-170540
https://doi.org/10.1146/annurev-nucl-102212-170540
https://doi.org/10.1146/annurev-nucl-102212-170540
https://doi.org/10.1146/annurev-nucl-102212-170540
https://doi.org/10.1146/annurev-nucl-102212-170540
https://arxiv.org/abs/1301.2826
https://arxiv.org/abs/1301.2826
https://arxiv.org/abs/1301.2826
https://doi.org/10.1088/0954-3899/41/6/063102
https://doi.org/10.1088/0954-3899/41/6/063102
https://doi.org/10.1088/0954-3899/41/6/063102
https://doi.org/10.1088/0954-3899/41/6/063102
https://doi.org/10.1088/0954-3899/41/6/063102
https://doi.org/10.1088/0954-3899/41/6/063102
https://doi.org/10.1088/0954-3899/41/6/063102
https://doi.org/10.1088/0954-3899/41/6/063102
https://doi.org/10.1088/0954-3899/41/6/063102
https://doi.org/10.1088/0954-3899/41/6/063102
https://arxiv.org/abs/1312.5503
https://arxiv.org/abs/1312.5503
https://arxiv.org/abs/1312.5503
https://doi.org/10.1103/RevModPhys.89.035001
https://doi.org/10.1103/RevModPhys.89.035001
https://doi.org/10.1103/RevModPhys.89.035001
https://doi.org/10.1103/RevModPhys.89.035001
https://doi.org/10.1103/RevModPhys.89.035001
https://doi.org/10.1103/RevModPhys.89.035001
https://doi.org/10.1103/RevModPhys.89.035001
https://doi.org/10.1103/RevModPhys.89.035001
https://doi.org/10.1103/RevModPhys.89.035001
https://doi.org/10.1103/RevModPhys.89.035001
https://arxiv.org/abs/1412.8393
https://arxiv.org/abs/1412.8393
https://arxiv.org/abs/1412.8393
https://doi.org/10.1007/s41365-017-0245-4
https://doi.org/10.1007/s41365-017-0245-4
https://doi.org/10.1007/s41365-017-0245-4
https://doi.org/10.1007/s41365-017-0245-4
https://doi.org/10.1007/s41365-017-0245-4
https://doi.org/10.1007/s41365-017-0245-4
https://doi.org/10.1007/s41365-017-0245-4
https://doi.org/10.1007/s41365-017-0245-4
https://doi.org/10.1007/s41365-017-0245-4
https://arxiv.org/abs/1703.00670
https://arxiv.org/abs/1703.00670
https://arxiv.org/abs/1703.00670
https://arxiv.org/abs/0809.2949
https://doi.org/10.1103/PhysRevC.98.064906
https://doi.org/10.1103/PhysRevC.98.064906
https://doi.org/10.1103/PhysRevC.98.064906
https://doi.org/10.1103/PhysRevC.98.064906
https://doi.org/10.1103/PhysRevC.98.064906
https://doi.org/10.1103/PhysRevC.98.064906
https://doi.org/10.1103/PhysRevC.98.064906
https://doi.org/10.1103/PhysRevC.98.064906
https://doi.org/10.1103/PhysRevC.98.064906
https://doi.org/10.1103/PhysRevC.98.064906
https://arxiv.org/abs/1808.04248
https://arxiv.org/abs/1808.04248
https://arxiv.org/abs/1808.04248
https://doi.org/10.1103/PhysRevC.105.034904
https://doi.org/10.1103/PhysRevC.105.034904
https://doi.org/10.1103/PhysRevC.105.034904
https://doi.org/10.1103/PhysRevC.105.034904
https://doi.org/10.1103/PhysRevC.105.034904
https://doi.org/10.1103/PhysRevC.105.034904
https://doi.org/10.1103/PhysRevC.105.034904
https://doi.org/10.1103/PhysRevC.105.034904
https://doi.org/10.1103/PhysRevC.105.034904
https://arxiv.org/abs/2109.07781
https://arxiv.org/abs/2109.07781
https://arxiv.org/abs/2109.07781
https://arxiv.org/abs/1405.3976
https://arxiv.org/abs/1405.3976
https://arxiv.org/abs/1405.3976
https://doi.org/10.1103/PhysRevC.97.064918
https://doi.org/10.1103/PhysRevC.97.064918
https://doi.org/10.1103/PhysRevC.97.064918
https://doi.org/10.1103/PhysRevC.97.064918
https://doi.org/10.1103/PhysRevC.97.064918
https://doi.org/10.1103/PhysRevC.97.064918
https://doi.org/10.1103/PhysRevC.97.064918
https://doi.org/10.1103/PhysRevC.97.064918
https://doi.org/10.1103/PhysRevC.97.064918
https://arxiv.org/abs/1802.04449
https://arxiv.org/abs/1802.04449
https://arxiv.org/abs/1802.04449
https://doi.org/10.1103/PhysRevC.97.064919
https://doi.org/10.1103/PhysRevC.97.064919
https://doi.org/10.1103/PhysRevC.97.064919
https://doi.org/10.1103/PhysRevC.97.064919
https://doi.org/10.1103/PhysRevC.97.064919
https://doi.org/10.1103/PhysRevC.97.064919
https://doi.org/10.1103/PhysRevC.97.064919
https://doi.org/10.1103/PhysRevC.97.064919
https://doi.org/10.1103/PhysRevC.97.064919
https://arxiv.org/abs/1712.03912
https://arxiv.org/abs/1712.03912
https://arxiv.org/abs/1712.03912
https://doi.org/10.1140/epjc/s10052-017-5186-x
https://doi.org/10.1140/epjc/s10052-017-5186-x
https://doi.org/10.1140/epjc/s10052-017-5186-x
https://doi.org/10.1140/epjc/s10052-017-5186-x
https://doi.org/10.1140/epjc/s10052-017-5186-x
https://doi.org/10.1140/epjc/s10052-017-5186-x
https://doi.org/10.1140/epjc/s10052-017-5186-x
https://doi.org/10.1140/epjc/s10052-017-5186-x
https://doi.org/10.1140/epjc/s10052-017-5186-x
https://arxiv.org/abs/1703.10792
https://arxiv.org/abs/1703.10792
https://arxiv.org/abs/1703.10792
https://doi.org/10.1140/epjc/s10052-023-11693-7
https://doi.org/10.1140/epjc/s10052-023-11693-7
https://doi.org/10.1140/epjc/s10052-023-11693-7
https://doi.org/10.1140/epjc/s10052-023-11693-7
https://doi.org/10.1140/epjc/s10052-023-11693-7
https://doi.org/10.1140/epjc/s10052-023-11693-7
https://doi.org/10.1140/epjc/s10052-023-11693-7
https://doi.org/10.1140/epjc/s10052-023-11693-7
https://doi.org/10.1140/epjc/s10052-023-11693-7
https://doi.org/10.1140/epjc/s10052-023-11693-7
https://arxiv.org/abs/2211.13651
https://arxiv.org/abs/2211.13651
https://arxiv.org/abs/2211.13651
https://doi.org/10.1007/JHEP09%282017%29032
https://doi.org/10.1007/JHEP09%282017%29032
https://doi.org/10.1007/JHEP09%282017%29032
https://doi.org/10.1007/JHEP09%282017%29032
https://doi.org/10.1007/JHEP09%282017%29032
https://doi.org/10.1007/JHEP09%282017%29032
https://doi.org/10.1007/JHEP09%282017%29032
https://doi.org/10.1007/JHEP09%282017%29032
https://doi.org/10.1007/JHEP09%282017%29032
https://doi.org/10.1007/JHEP09%282017%29032
https://arxiv.org/abs/1707.05690
https://arxiv.org/abs/1707.05690
https://arxiv.org/abs/1707.05690
https://doi.org/10.1103/PhysRevC.92.034911
https://doi.org/10.1103/PhysRevC.92.034911
https://doi.org/10.1103/PhysRevC.92.034911
https://doi.org/10.1103/PhysRevC.92.034911
https://doi.org/10.1103/PhysRevC.92.034911
https://doi.org/10.1103/PhysRevC.92.034911
https://doi.org/10.1103/PhysRevC.92.034911
https://doi.org/10.1103/PhysRevC.92.034911
https://doi.org/10.1103/PhysRevC.92.034911
https://doi.org/10.1103/PhysRevC.92.034911
https://arxiv.org/abs/1503.01692
https://arxiv.org/abs/1503.01692
https://arxiv.org/abs/1503.01692
https://doi.org/10.1103/PhysRevC.107.L051901
https://doi.org/10.1103/PhysRevC.107.L051901
https://doi.org/10.1103/PhysRevC.107.L051901
https://doi.org/10.1103/PhysRevC.107.L051901
https://doi.org/10.1103/PhysRevC.107.L051901
https://doi.org/10.1103/PhysRevC.107.L051901
https://doi.org/10.1103/PhysRevC.107.L051901
https://doi.org/10.1103/PhysRevC.107.L051901
https://doi.org/10.1103/PhysRevC.107.L051901
https://doi.org/10.1103/PhysRevC.107.L051901
https://arxiv.org/abs/2206.04574
https://arxiv.org/abs/2206.04574
https://arxiv.org/abs/2206.04574
https://doi.org/10.1103/PhysRevC.109.065202
https://doi.org/10.1103/PhysRevC.109.065202
https://doi.org/10.1103/PhysRevC.109.065202
https://doi.org/10.1103/PhysRevC.109.065202
https://doi.org/10.1103/PhysRevC.109.065202
https://doi.org/10.1103/PhysRevC.109.065202
https://doi.org/10.1103/PhysRevC.109.065202
https://doi.org/10.1103/PhysRevC.109.065202
https://doi.org/10.1103/PhysRevC.109.065202
https://doi.org/10.1103/PhysRevC.109.065202
https://arxiv.org/abs/2403.15213
https://arxiv.org/abs/2403.15213
https://arxiv.org/abs/2403.15213
https://doi.org/10.1103/PhysRevC.91.044904
https://doi.org/10.1103/PhysRevC.91.044904
https://doi.org/10.1103/PhysRevC.91.044904
https://doi.org/10.1103/PhysRevC.91.044904
https://doi.org/10.1103/PhysRevC.91.044904
https://doi.org/10.1103/PhysRevC.91.044904
https://doi.org/10.1103/PhysRevC.91.044904
https://doi.org/10.1103/PhysRevC.91.044904
https://doi.org/10.1103/PhysRevC.91.044904
https://arxiv.org/abs/1410.8690
https://arxiv.org/abs/1410.8690
https://arxiv.org/abs/1410.8690
https://doi.org/10.1103/PhysRevC.97.034913
https://doi.org/10.1103/PhysRevC.97.034913
https://doi.org/10.1103/PhysRevC.97.034913
https://doi.org/10.1103/PhysRevC.97.034913
https://doi.org/10.1103/PhysRevC.97.034913
https://doi.org/10.1103/PhysRevC.97.034913
https://doi.org/10.1103/PhysRevC.97.034913
https://doi.org/10.1103/PhysRevC.97.034913
https://doi.org/10.1103/PhysRevC.97.034913
https://arxiv.org/abs/1711.03325
https://arxiv.org/abs/1711.03325
https://arxiv.org/abs/1711.03325
https://doi.org/10.1103/PhysRevC.98.024913
https://doi.org/10.1103/PhysRevC.98.024913
https://doi.org/10.1103/PhysRevC.98.024913
https://doi.org/10.1103/PhysRevC.98.024913
https://doi.org/10.1103/PhysRevC.98.024913
https://doi.org/10.1103/PhysRevC.98.024913
https://doi.org/10.1103/PhysRevC.98.024913
https://doi.org/10.1103/PhysRevC.98.024913
https://doi.org/10.1103/PhysRevC.98.024913
https://arxiv.org/abs/1805.03762
https://arxiv.org/abs/1805.03762
https://arxiv.org/abs/1805.03762
https://doi.org/10.1016/j.physletb.2015.11.054
https://doi.org/10.1016/j.physletb.2015.11.054
https://doi.org/10.1016/j.physletb.2015.11.054
https://doi.org/10.1016/j.physletb.2015.11.054
https://doi.org/10.1016/j.physletb.2015.11.054
https://doi.org/10.1016/j.physletb.2015.11.054
https://doi.org/10.1016/j.physletb.2015.11.054
https://doi.org/10.1016/j.physletb.2015.11.054
https://doi.org/10.1016/j.physletb.2015.11.054
https://arxiv.org/abs/1506.02817
https://arxiv.org/abs/1506.02817
https://arxiv.org/abs/1506.02817
https://doi.org/10.1103/PhysRevLett.126.122301
https://doi.org/10.1103/PhysRevLett.126.122301
https://doi.org/10.1103/PhysRevLett.126.122301
https://doi.org/10.1103/PhysRevLett.126.122301
https://doi.org/10.1103/PhysRevLett.126.122301
https://doi.org/10.1103/PhysRevLett.126.122301
https://doi.org/10.1103/PhysRevLett.126.122301
https://doi.org/10.1103/PhysRevLett.126.122301
https://doi.org/10.1103/PhysRevLett.126.122301
https://doi.org/10.1103/PhysRevLett.126.122301
https://arxiv.org/abs/2001.04201
https://arxiv.org/abs/2001.04201
https://arxiv.org/abs/2001.04201
https://doi.org/10.1016/j.physletb.2024.138477
https://doi.org/10.1016/j.physletb.2024.138477
https://doi.org/10.1016/j.physletb.2024.138477
https://doi.org/10.1016/j.physletb.2024.138477
https://doi.org/10.1016/j.physletb.2024.138477
https://doi.org/10.1016/j.physletb.2024.138477
https://doi.org/10.1016/j.physletb.2024.138477
https://doi.org/10.1016/j.physletb.2024.138477
https://doi.org/10.1016/j.physletb.2024.138477
https://doi.org/10.1016/j.physletb.2024.138477
https://arxiv.org/abs/2307.11116
https://arxiv.org/abs/2307.11116
https://arxiv.org/abs/2307.11116
https://doi.org/10.1016/j.physletb.2012.11.025
https://doi.org/10.1016/j.physletb.2012.11.025
https://doi.org/10.1016/j.physletb.2012.11.025
https://doi.org/10.1016/j.physletb.2012.11.025
https://doi.org/10.1016/j.physletb.2012.11.025
https://doi.org/10.1016/j.physletb.2012.11.025
https://doi.org/10.1016/j.physletb.2012.11.025
https://doi.org/10.1016/j.physletb.2012.11.025
https://doi.org/10.1016/j.physletb.2012.11.025
https://doi.org/10.1016/j.physletb.2012.11.025
https://arxiv.org/abs/1210.5482
https://arxiv.org/abs/1210.5482
https://arxiv.org/abs/1210.5482
https://doi.org/10.1016/j.physletb.2013.01.012
https://doi.org/10.1016/j.physletb.2013.01.012
https://doi.org/10.1016/j.physletb.2013.01.012
https://doi.org/10.1016/j.physletb.2013.01.012
https://doi.org/10.1016/j.physletb.2013.01.012
https://doi.org/10.1016/j.physletb.2013.01.012
https://doi.org/10.1016/j.physletb.2013.01.012
https://doi.org/10.1016/j.physletb.2013.01.012
https://doi.org/10.1016/j.physletb.2013.01.012
https://doi.org/10.1016/j.physletb.2013.01.012
https://arxiv.org/abs/1212.2001
https://arxiv.org/abs/1212.2001
https://arxiv.org/abs/1212.2001
https://doi.org/10.1103/PhysRevLett.110.182302
https://doi.org/10.1103/PhysRevLett.110.182302
https://doi.org/10.1103/PhysRevLett.110.182302
https://doi.org/10.1103/PhysRevLett.110.182302
https://doi.org/10.1103/PhysRevLett.110.182302
https://doi.org/10.1103/PhysRevLett.110.182302
https://doi.org/10.1103/PhysRevLett.110.182302
https://doi.org/10.1103/PhysRevLett.110.182302
https://doi.org/10.1103/PhysRevLett.110.182302
https://doi.org/10.1103/PhysRevLett.110.182302
https://arxiv.org/abs/1212.5198
https://arxiv.org/abs/1212.5198
https://arxiv.org/abs/1212.5198
https://doi.org/10.1007/JHEP01%282024%29199
https://doi.org/10.1007/JHEP01%282024%29199
https://doi.org/10.1007/JHEP01%282024%29199
https://doi.org/10.1007/JHEP01%282024%29199
https://doi.org/10.1007/JHEP01%282024%29199
https://doi.org/10.1007/JHEP01%282024%29199
https://doi.org/10.1007/JHEP01%282024%29199
https://doi.org/10.1007/JHEP01%282024%29199
https://doi.org/10.1007/JHEP01%282024%29199
https://doi.org/10.1007/JHEP01%282024%29199
https://arxiv.org/abs/2411.09323
https://arxiv.org/abs/2411.09323
https://arxiv.org/abs/2411.09323
https://arxiv.org/abs/2504.02359
https://arxiv.org/abs/2504.02359
https://arxiv.org/abs/2504.02359
https://arxiv.org/abs/2308.16745
https://arxiv.org/abs/2308.16745
https://arxiv.org/abs/2308.16745
https://arxiv.org/abs/2502.07525
https://arxiv.org/abs/2502.07525
https://arxiv.org/abs/2502.07525
https://doi.org/10.1103/PhysRevLett.133.142301
https://doi.org/10.1103/PhysRevLett.133.142301
https://doi.org/10.1103/PhysRevLett.133.142301
https://doi.org/10.1103/PhysRevLett.133.142301
https://doi.org/10.1103/PhysRevLett.133.142301
https://doi.org/10.1103/PhysRevLett.133.142301
https://doi.org/10.1103/PhysRevLett.133.142301
https://doi.org/10.1103/PhysRevLett.133.142301
https://doi.org/10.1103/PhysRevLett.133.142301
https://doi.org/10.1103/PhysRevLett.133.142301
https://arxiv.org/abs/2312.17103
https://arxiv.org/abs/2312.17103
https://arxiv.org/abs/2312.17103


 M.  Aaboud  et  al.,  Phys.  Lett.  B  789,  444  (2019),  arXiv:
1807.02012[nucl-ex]

[60]

 J. Noronha, B. Schenke, C. Shen et al., Int. J. Mod. Phys. E
33, 2430005 (2024), arXiv: 2401.09208[nucl-th]

[61]

 W.  Zhao,  C.  Shen,  and  B.  Schenke,  Phys.  Rev.  Lett. 129,
252302 (2022), arXiv: 2203.06094[nucl-th]

[62]

 W. Zhao, S. Ryu, C. Shen et al., Phys. Rev. C 107, 014904
(2023), arXiv: 2211.16376[nucl-th]

[63]

 X.-Y. Wu and G.-Y. Qin, arXiv: 2109.03512[hepph][64]
 B. Schenke, S. Schlichting, and P. Singh, Phys. Rev. D 105,
094023 (2022), arXiv: 2201.08864[nucl-th]

[65]

 J.  Jia,  S.  Huang,  C.  Zhang et  al.,  arXiv:  2408.15006[nucl-
th]

[66]

 A.  Bzdak  and  G.-L.  Ma,  Phys.  Rev.  Lett.  113,  252301
(2014), arXiv: 1406.2804[hep-ph]

[67]

 H.  Li,  L.  He,  Z.-W.  Lin  et  al.,  Phys.  Rev.  C  96,  014901
(2017), arXiv: 1604.07387[nuclth]

[68]

 H.  Li,  Z.-W.  Lin,  and  F.  Wang,  Phys.  Rev.  C 99,  044911
(2019), arXiv: 1804.02681[hep-ph]

[69]

 S.-Y. Tang, L. Zheng, X.-M. Zhang et al., Nucl. Sci. Tech.
35, 32 (2024), arXiv: 2303.06577[hep-ph]

[70]

 S. Tang, Y. Lu, C. Zhang et al., Phys. Rev. C 109, 064902
(2024), arXiv: 2403.01677[hep-ph]

[71]

 L. Zheng, L. Liu, Z.-W. Lin et al., Eur. Phys. J. C 84, 1029
(2024), arXiv: 2404.18829[nuclth]

[72]

 C. Zhang, L. Zheng, S. Shi et al., Phys. Lett. B 846, 138219
(2023), arXiv: 2210.07767[nucl-th]

[73]

 Z.-W.  Lin,  C.  M.  Ko,  B.-A.  Li  et  al.,  Phys.  Rev.  C  72,
064901 (2005), arXiv: nucl-th/0411110

[74]

 Z.-W.  Lin  and  L.  Zheng, Nucl.  Sci.  Tech. 32,  113  (2021),
arXiv: 2110.02989[nucl-th]

[75]

 M. Gyulassy and X.-N. Wang, Comput. Phys. Commun. 83,
307 (1994), arXiv: nucl-th/9502021

[76]

 B. Zhang, Comput. Phys. Commun. 109, 193 (1998), arXiv:
nucl-th/9709009

[77]

 B.-A.  Li  and  C.  M.  Ko,  Phys.  Rev.  C  52,  2037  (1995),
arXiv: nucl-th/9505016

[78]

 B.  B.  Abelev et  al., Phys.  Lett.  B 726,  164  (2013),  arXiv:
1307.3237[nucl-ex]

[79]

 U.  Heinz,  Z.  Qiu,  and  C.  Shen,  Phys.  Rev.  C  87,  034913
(2013), arXiv: 1302.3535[nucl-th]

[80]

 F. G. Gardim, F. Grassi, M. Luzum et al., Phys. Rev. C 87,
031901 (2013), arXiv: 1211.0989[nuclth]

[81]

 S. Ji and S. Lim, J. Korean Phys. Soc. 81, 615 (2022)[82]
 S. Acharya et al., Phys. Lett. B 846, 137782 (2023), arXiv:
2210.08980[nucl-ex]

[83]

Investigating the transverse-momentum- and pseudorapidity-dependent flow... Chin. Phys. C 49, 124104 (2025)

124104-11

https://doi.org/10.1016/j.physletb.2018.11.065
https://doi.org/10.1016/j.physletb.2018.11.065
https://doi.org/10.1016/j.physletb.2018.11.065
https://doi.org/10.1016/j.physletb.2018.11.065
https://doi.org/10.1016/j.physletb.2018.11.065
https://doi.org/10.1016/j.physletb.2018.11.065
https://doi.org/10.1016/j.physletb.2018.11.065
https://doi.org/10.1016/j.physletb.2018.11.065
https://doi.org/10.1016/j.physletb.2018.11.065
https://doi.org/10.1016/j.physletb.2018.11.065
https://arxiv.org/abs/1807.02012
https://arxiv.org/abs/1807.02012
https://arxiv.org/abs/1807.02012
https://doi.org/10.1142/S0218301324300054
https://doi.org/10.1142/S0218301324300054
https://doi.org/10.1142/S0218301324300054
https://doi.org/10.1142/S0218301324300054
https://doi.org/10.1142/S0218301324300054
https://doi.org/10.1142/S0218301324300054
https://doi.org/10.1142/S0218301324300054
https://doi.org/10.1142/S0218301324300054
https://doi.org/10.1142/S0218301324300054
https://arxiv.org/abs/2401.09208
https://arxiv.org/abs/2401.09208
https://arxiv.org/abs/2401.09208
https://doi.org/10.1103/PhysRevLett.129.252302
https://doi.org/10.1103/PhysRevLett.129.252302
https://doi.org/10.1103/PhysRevLett.129.252302
https://doi.org/10.1103/PhysRevLett.129.252302
https://doi.org/10.1103/PhysRevLett.129.252302
https://doi.org/10.1103/PhysRevLett.129.252302
https://doi.org/10.1103/PhysRevLett.129.252302
https://doi.org/10.1103/PhysRevLett.129.252302
https://doi.org/10.1103/PhysRevLett.129.252302
https://arxiv.org/abs/2203.06094
https://arxiv.org/abs/2203.06094
https://arxiv.org/abs/2203.06094
https://doi.org/10.1103/PhysRevC.107.014904
https://doi.org/10.1103/PhysRevC.107.014904
https://doi.org/10.1103/PhysRevC.107.014904
https://doi.org/10.1103/PhysRevC.107.014904
https://doi.org/10.1103/PhysRevC.107.014904
https://doi.org/10.1103/PhysRevC.107.014904
https://doi.org/10.1103/PhysRevC.107.014904
https://doi.org/10.1103/PhysRevC.107.014904
https://doi.org/10.1103/PhysRevC.107.014904
https://arxiv.org/abs/2211.16376
https://arxiv.org/abs/2211.16376
https://arxiv.org/abs/2211.16376
https://arxiv.org/abs/2109.03512
https://doi.org/10.1103/PhysRevD.105.094023
https://doi.org/10.1103/PhysRevD.105.094023
https://doi.org/10.1103/PhysRevD.105.094023
https://doi.org/10.1103/PhysRevD.105.094023
https://doi.org/10.1103/PhysRevD.105.094023
https://doi.org/10.1103/PhysRevD.105.094023
https://doi.org/10.1103/PhysRevD.105.094023
https://doi.org/10.1103/PhysRevD.105.094023
https://doi.org/10.1103/PhysRevD.105.094023
https://arxiv.org/abs/2201.08864
https://arxiv.org/abs/2201.08864
https://arxiv.org/abs/2201.08864
https://arxiv.org/abs/2408.15006
https://arxiv.org/abs/2408.15006
https://arxiv.org/abs/2408.15006
https://doi.org/10.1103/PhysRevLett.113.252301
https://doi.org/10.1103/PhysRevLett.113.252301
https://doi.org/10.1103/PhysRevLett.113.252301
https://doi.org/10.1103/PhysRevLett.113.252301
https://doi.org/10.1103/PhysRevLett.113.252301
https://doi.org/10.1103/PhysRevLett.113.252301
https://doi.org/10.1103/PhysRevLett.113.252301
https://doi.org/10.1103/PhysRevLett.113.252301
https://doi.org/10.1103/PhysRevLett.113.252301
https://arxiv.org/abs/1406.2804
https://arxiv.org/abs/1406.2804
https://arxiv.org/abs/1406.2804
https://doi.org/10.1103/PhysRevC.96.014901
https://doi.org/10.1103/PhysRevC.96.014901
https://doi.org/10.1103/PhysRevC.96.014901
https://doi.org/10.1103/PhysRevC.96.014901
https://doi.org/10.1103/PhysRevC.96.014901
https://doi.org/10.1103/PhysRevC.96.014901
https://doi.org/10.1103/PhysRevC.96.014901
https://doi.org/10.1103/PhysRevC.96.014901
https://doi.org/10.1103/PhysRevC.96.014901
https://arxiv.org/abs/1604.07387
https://doi.org/10.1103/PhysRevC.99.044911
https://doi.org/10.1103/PhysRevC.99.044911
https://doi.org/10.1103/PhysRevC.99.044911
https://doi.org/10.1103/PhysRevC.99.044911
https://doi.org/10.1103/PhysRevC.99.044911
https://doi.org/10.1103/PhysRevC.99.044911
https://doi.org/10.1103/PhysRevC.99.044911
https://doi.org/10.1103/PhysRevC.99.044911
https://doi.org/10.1103/PhysRevC.99.044911
https://arxiv.org/abs/1804.02681
https://arxiv.org/abs/1804.02681
https://arxiv.org/abs/1804.02681
https://doi.org/10.1007/s41365-024-01387-4
https://doi.org/10.1007/s41365-024-01387-4
https://doi.org/10.1007/s41365-024-01387-4
https://doi.org/10.1007/s41365-024-01387-4
https://doi.org/10.1007/s41365-024-01387-4
https://doi.org/10.1007/s41365-024-01387-4
https://doi.org/10.1007/s41365-024-01387-4
https://doi.org/10.1007/s41365-024-01387-4
https://doi.org/10.1007/s41365-024-01387-4
https://arxiv.org/abs/2303.06577
https://arxiv.org/abs/2303.06577
https://arxiv.org/abs/2303.06577
https://doi.org/10.1103/PhysRevC.109.064902
https://doi.org/10.1103/PhysRevC.109.064902
https://doi.org/10.1103/PhysRevC.109.064902
https://doi.org/10.1103/PhysRevC.109.064902
https://doi.org/10.1103/PhysRevC.109.064902
https://doi.org/10.1103/PhysRevC.109.064902
https://doi.org/10.1103/PhysRevC.109.064902
https://doi.org/10.1103/PhysRevC.109.064902
https://doi.org/10.1103/PhysRevC.109.064902
https://arxiv.org/abs/2403.01677
https://arxiv.org/abs/2403.01677
https://arxiv.org/abs/2403.01677
https://doi.org/10.1140/epjc/s10052-024-13378-1
https://doi.org/10.1140/epjc/s10052-024-13378-1
https://doi.org/10.1140/epjc/s10052-024-13378-1
https://doi.org/10.1140/epjc/s10052-024-13378-1
https://doi.org/10.1140/epjc/s10052-024-13378-1
https://doi.org/10.1140/epjc/s10052-024-13378-1
https://doi.org/10.1140/epjc/s10052-024-13378-1
https://doi.org/10.1140/epjc/s10052-024-13378-1
https://doi.org/10.1140/epjc/s10052-024-13378-1
https://arxiv.org/abs/2404.18829
https://doi.org/10.1016/j.physletb.2023.138219
https://doi.org/10.1016/j.physletb.2023.138219
https://doi.org/10.1016/j.physletb.2023.138219
https://doi.org/10.1016/j.physletb.2023.138219
https://doi.org/10.1016/j.physletb.2023.138219
https://doi.org/10.1016/j.physletb.2023.138219
https://doi.org/10.1016/j.physletb.2023.138219
https://doi.org/10.1016/j.physletb.2023.138219
https://doi.org/10.1016/j.physletb.2023.138219
https://arxiv.org/abs/2210.07767
https://arxiv.org/abs/2210.07767
https://arxiv.org/abs/2210.07767
https://doi.org/10.1103/PhysRevC.72.064901
https://doi.org/10.1103/PhysRevC.72.064901
https://doi.org/10.1103/PhysRevC.72.064901
https://doi.org/10.1103/PhysRevC.72.064901
https://doi.org/10.1103/PhysRevC.72.064901
https://doi.org/10.1103/PhysRevC.72.064901
https://doi.org/10.1103/PhysRevC.72.064901
https://doi.org/10.1103/PhysRevC.72.064901
https://doi.org/10.1103/PhysRevC.72.064901
https://arxiv.org/abs/0411110
https://arxiv.org/abs/0411110
https://arxiv.org/abs/0411110
https://doi.org/10.1007/s41365-021-00944-5
https://doi.org/10.1007/s41365-021-00944-5
https://doi.org/10.1007/s41365-021-00944-5
https://doi.org/10.1007/s41365-021-00944-5
https://doi.org/10.1007/s41365-021-00944-5
https://doi.org/10.1007/s41365-021-00944-5
https://doi.org/10.1007/s41365-021-00944-5
https://doi.org/10.1007/s41365-021-00944-5
https://doi.org/10.1007/s41365-021-00944-5
https://doi.org/10.1007/s41365-021-00944-5
https://arxiv.org/abs/2110.02989
https://arxiv.org/abs/2110.02989
https://arxiv.org/abs/2110.02989
https://doi.org/10.1016/0010-4655(94)90057-4
https://doi.org/10.1016/0010-4655(94)90057-4
https://doi.org/10.1016/0010-4655(94)90057-4
https://doi.org/10.1016/0010-4655(94)90057-4
https://doi.org/10.1016/0010-4655(94)90057-4
https://doi.org/10.1016/0010-4655(94)90057-4
https://doi.org/10.1016/0010-4655(94)90057-4
https://doi.org/10.1016/0010-4655(94)90057-4
https://doi.org/10.1016/0010-4655(94)90057-4
https://arxiv.org/abs/9502021
https://arxiv.org/abs/9502021
https://arxiv.org/abs/9502021
https://doi.org/10.1016/S0010-4655(98)00010-1
https://doi.org/10.1016/S0010-4655(98)00010-1
https://doi.org/10.1016/S0010-4655(98)00010-1
https://doi.org/10.1016/S0010-4655(98)00010-1
https://doi.org/10.1016/S0010-4655(98)00010-1
https://doi.org/10.1016/S0010-4655(98)00010-1
https://doi.org/10.1016/S0010-4655(98)00010-1
https://doi.org/10.1016/S0010-4655(98)00010-1
https://doi.org/10.1016/S0010-4655(98)00010-1
https://doi.org/10.1016/S0010-4655(98)00010-1
https://arxiv.org/abs/9709009
https://arxiv.org/abs/9709009
https://arxiv.org/abs/9709009
https://doi.org/10.1103/PhysRevC.52.2037
https://doi.org/10.1103/PhysRevC.52.2037
https://doi.org/10.1103/PhysRevC.52.2037
https://doi.org/10.1103/PhysRevC.52.2037
https://doi.org/10.1103/PhysRevC.52.2037
https://doi.org/10.1103/PhysRevC.52.2037
https://doi.org/10.1103/PhysRevC.52.2037
https://doi.org/10.1103/PhysRevC.52.2037
https://doi.org/10.1103/PhysRevC.52.2037
https://doi.org/10.1103/PhysRevC.52.2037
https://arxiv.org/abs/9505016
https://arxiv.org/abs/9505016
https://arxiv.org/abs/9505016
https://doi.org/10.1016/j.physletb.2013.08.024
https://doi.org/10.1016/j.physletb.2013.08.024
https://doi.org/10.1016/j.physletb.2013.08.024
https://doi.org/10.1016/j.physletb.2013.08.024
https://doi.org/10.1016/j.physletb.2013.08.024
https://doi.org/10.1016/j.physletb.2013.08.024
https://doi.org/10.1016/j.physletb.2013.08.024
https://doi.org/10.1016/j.physletb.2013.08.024
https://doi.org/10.1016/j.physletb.2013.08.024
https://doi.org/10.1016/j.physletb.2013.08.024
https://arxiv.org/abs/1307.3237
https://arxiv.org/abs/1307.3237
https://arxiv.org/abs/1307.3237
https://doi.org/10.1103/PhysRevC.87.034913
https://doi.org/10.1103/PhysRevC.87.034913
https://doi.org/10.1103/PhysRevC.87.034913
https://doi.org/10.1103/PhysRevC.87.034913
https://doi.org/10.1103/PhysRevC.87.034913
https://doi.org/10.1103/PhysRevC.87.034913
https://doi.org/10.1103/PhysRevC.87.034913
https://doi.org/10.1103/PhysRevC.87.034913
https://doi.org/10.1103/PhysRevC.87.034913
https://arxiv.org/abs/1302.3535
https://arxiv.org/abs/1302.3535
https://arxiv.org/abs/1302.3535
https://doi.org/10.1103/PhysRevC.87.031901
https://doi.org/10.1103/PhysRevC.87.031901
https://doi.org/10.1103/PhysRevC.87.031901
https://doi.org/10.1103/PhysRevC.87.031901
https://doi.org/10.1103/PhysRevC.87.031901
https://doi.org/10.1103/PhysRevC.87.031901
https://doi.org/10.1103/PhysRevC.87.031901
https://doi.org/10.1103/PhysRevC.87.031901
https://doi.org/10.1103/PhysRevC.87.031901
https://arxiv.org/abs/1211.0989
https://doi.org/10.1007/s40042-022-00585-w
https://doi.org/10.1007/s40042-022-00585-w
https://doi.org/10.1007/s40042-022-00585-w
https://doi.org/10.1007/s40042-022-00585-w
https://doi.org/10.1007/s40042-022-00585-w
https://doi.org/10.1007/s40042-022-00585-w
https://doi.org/10.1007/s40042-022-00585-w
https://doi.org/10.1007/s40042-022-00585-w
https://doi.org/10.1007/s40042-022-00585-w
https://doi.org/10.1007/s40042-022-00585-w
https://doi.org/10.1016/j.physletb.2023.137782
https://doi.org/10.1016/j.physletb.2023.137782
https://doi.org/10.1016/j.physletb.2023.137782
https://doi.org/10.1016/j.physletb.2023.137782
https://doi.org/10.1016/j.physletb.2023.137782
https://doi.org/10.1016/j.physletb.2023.137782
https://doi.org/10.1016/j.physletb.2023.137782
https://doi.org/10.1016/j.physletb.2023.137782
https://doi.org/10.1016/j.physletb.2023.137782
https://doi.org/10.1016/j.physletb.2023.137782
https://arxiv.org/abs/2210.08980
https://arxiv.org/abs/2210.08980
https://arxiv.org/abs/2210.08980

	I INTRODUCTION
	II MODEL
	III OBSERVABLES AND METHOD
	IV RESULTS AND DISCUSSION
	A Transverse-momentum dependence of decorrelation
	B Pseudorapidity-dependence of decorrelation

	V SUMMARY
	ACKNOWLEDGEMENT
	REFERENCES

