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Quantum Chromodynamics predicts a phase transition from hadronic matter
to quark-gluon plasma (QGP) at high temperatures and energy densities,
where quarks and gluons (partons) are no longer confined within hadrons. The
QGP forms in ultrarelativistic heavy-ion collisions. Anisotropic flow coeffi-
cients, quantifying the azimuthal expansion of produced matter, probe QGP
properties. Flow measurements in high-energy heavy-ion collisions show a
distinctive grouping of anisotropic flow for baryons and mesons at inter-
mediate transverse momentum - a feature associated with flow imparted at
the quark level, confirming QGP existence. The observation of QGP-like fea-
tures in proton-proton and proton-ion collisions has sparked debate about

QGP formation in smaller systems. For the first time, we demonstrate the
distinctive grouping of anisotropic flow for baryons and mesons in high-
multiplicity proton-lead and proton-proton collisions at the Large Hadron
Collider (LHC). These results are described by a model including hydro-
dynamic flow followed by hadron formation via quark coalescence, consistent
with the formation of partonic flowing systems in these collisions.

Ultrarelativistic collisions of heavy ions at the Relativistic Heavy lon
Collider (RHIC) and the Large Hadron Collider (LHC) create the
quark-gluon plasma (QGP), a short-lived state of strongly interacting
partonic matter, thought to have existed a few microseconds after the
Big Bang'. The interactions among partons in the QGP, combined with
the initial spatial anisotropy of the overlap region of colliding ions,
create anisotropic pressure gradients in the transverse plane of the
collision. These anisotropic pressure gradients result in momentum
anisotropy of the emitted particles’. The anisotropic particle emission
is quantified using the Fourier decomposition of the azimuthal dis-
tribution of the final state particles®
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Here, ¢ and pt denote the azimuthal angle and transverse momen-
tum of the emitted particles, respectively, while W, is the azimuthal
angle of the symmetry plane for the n-th harmonic. The largest
contributions are the second and third Fourier coefficients, namely

elliptic (v,) and triangular (v3) flow*®, which result from the elliptic
and triangular shapes in the initial overlap region of the colliding
nuclei. The anisotropic flow extends along pseudorapidity
(n = —In(tan§)), where 6 is the polar angle of the particle), forming
an elongated structure known as the ridge’. In heavy-ion collisions,
precise measurements of v,"**° and detailed comparisons with
models employing relativistic viscous hydrodynamics reveal that the
QGP behaves as a liquid with a viscosity to entropy density ratio close
to the lowest theoretical value allowed™".

In high-energy heavy-ion collisions, the v, coefficient of identified
hadrons exhibits a characteristic mass dependence at low pr, meaning
that more massive particles show lower v, values at a given p'2'*. Mass
ordering arises from the interplay between average radial expansion
velocity, anisotropic flow velocity, and thermal motion, which pushes
heavier particles to higher p;""¢. This results in a mass-dependent
reduction in v, at low pt (pr < 3.0 GeV/c). In the intermediate pt region
(3.0< pr < 8.0 GeV/c), a clear separation between the flow patterns of
baryons (hadrons composed of three quarks or three antiquarks) and
mesons (hadrons composed of quark-antiquark pairs) is observed
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distinctive grouping of hadron v, based on their valence quark number
is hadron formation via quark coalescence'?°. In this process, a meson
(baryon) is formed by combining two (three) quarks, and the meson
(baryon) v, is obtained by combining the v, values of the two (three)
quarks, as illustrated in Fig. 1. The experimental observation of baryon-
meson grouping at intermediate py is therefore interpreted as a con-
sequence of a medium that includes a phase with collectively flowing
partons.

Proton-proton and proton-nucleus collisions were used as a
baseline to study the QGP in heavy-ion collisions at RHIC and the LHC,
as QGP formation was not expected in small collision systems. How-
ever, striking similarities have been observed between numerous
observables in both small collision systems and heavy-ion collisions at
RHIC and LHC energies. These observables include the ridge* >, mass
dependence of v, at low p*>*>?°, azimuthal angle correlations carried
by multiple particles”, and strangeness and baryon enhancement with
increasing multiplicity?®. These features are commonly considered
indicators of QGP formation. The standard picture in heavy-ion colli-
sions is that anisotropic flow is built up after the collision through final-
state interactions among the partons combined with the initial spatial
anisotropy of the overlap region of the colliding nuclei. In small colli-
sion systems, where the system evolution is shorter than in heavy-ion
collisions and a QGP phase is not expected, a different scenario is
proposed within the framework of Color Glass Condensate (CGC)
effective theory”. According to this theory, the observed flow patterns
come from the initial gluon momentum correlations in the colliding
hadrons. These gluons scatter off specific regions, or color domains,
during the collision and get a momentum boost in the same direction if
they scatter from the same color domain. The current understanding is
that initial-state momentum anisotropy alone cannot explain the
existing data, and the measurements seem to favor the scenario of
final-state effects driven by initial geometry*, following a similar
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Fig. 1| Illustration of the overlap region®. A schematic representation of the
overlap region in a collision is shown in gray, along with overall particle emission
patterns in the transverse (x-y) plane, represented by large arrows. a Non-flow
sources: These are independent emissions, such as those from resonance decays or
jets, where jets are collimated streams of hadrons created when a high-energy
quark or gluon fragments after a collision. These effects lead to few-particle cor-
relations but are not related to collective behavior in the system and have been
subtracted from the final anisotropic flow measurements (see Correlation function

-
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scenario as in heavy-ion collisions. However, the impact of initial gluon
momentum correlations on the development of anisotropic flow in
small collision systems is not clear yet. At the same time, the precise
mechanisms underlying the final-state effects remain unclear. The flow
can develop during a partonic phase, transforming the initial spatial
anisotropy into the measured flow®*, or it can originate via other
mechanisms without the need for a deconfined phase, such as
rescatterings among hadrons®, via approaches involving initial state
effects”, or via different string dynamics implemented in the PYTHIA 8
event generator’®®, None of the measurements performed so far have
been able to give a clear answer to this question.

This work takes a step further in resolving the puzzle of the origin
of collective flow in small collision systems by investigating the pos-
sibility of a partonic phase and its role in the system’s dynamic evo-
lution. Utilizing the unique particle identification capabilities of the
ALICE detector at the LHC***°, the elliptic flow (v,) as a function of py is
presented for mesons (1%, K*, Kg) and baryons (p+p, A +A) in pp and
p-Pb collisions at a nucleon-nucleon center-of-mass energy (,/Syy) of
13 TeV (pp) and 5.02 TeV (p-Pb). In both pp and p-Pb systems, colli-
sions are categorized into high-multiplicity (HM) and low-multiplicity
(LM) events based on the charged particles detected within the
pseudorapidity ranges 2.8 < p<5.1and - 3.7 <n < - 1.7, respectively.
Additionally, a selection criterion on the number of reconstructed and
efficiency-corrected charged particles (N.,) with 0.2 < p1 <3.0 GeV/c at
midrapidity (7] < 0.8) is applied, resulting in the same average N,
({Ncn) = 35) in high-multiplicity events for both p-Pb and pp collisions.
The event, track selection, and particle identification are discussed in
the Methods section.

As W, used in Eq. (1) cannot be experimentally determined, the v,
of hadrons can be obtained using two-particle azimuthal angle corre-
lations (2PC)?* via the three-subevent method*. This method employs
reference particles selected in the forward and backward rapidity
regions in addition to the identified hadrons selected at midrapidity,

(b)

and template fit method in the methods subsection for details). b Anisotropic flow:
This illustrates the development of anisotropic flow in a partonic system, propa-
gated to the level of hadrons via the quark coalescence process, which describes
the experimental measurements in the intermediate py range (-3-8 GeV/c). In this
process, two or three flowing partons coalesce to form mesons or baryons, which
then interact with each other. The large arrows represent the overall anisotropy of
particle emission in the transverse plane, with stronger expansion along the short
(x) axis.
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Fig. 2 | pr-differential v, measured with the two-particle correlation method*
for mesons (", K*, Kg) and baryons (p+p, A +A). Left: results for semicentral

Pb-Pb collisions at ,/Syy =5.02 TeV. Middle: results in high-multiplicity p-Pb col-
lisions at /Sy =5.02 TeV. Right: Same for pp collisions at /s =13 TeV. (N, is the

average number of reconstructed, efficiency-corrected charged particles with
0.2 < pr <3.0 GeV/c at midrapidity (|n| < 0.8). Horizontal bars (boxes) represent the
statistical (systematic) uncertainties.

allowing a significant pseudorapidity separation between the two
correlated particles, 1.1 < |An| < 7.8 in p-Pb, and 1.1 < |A| < 6.4 in pp
collisions. The difference in the maximum available |Ag| separation
between pp and p-Pb collisions is due to the different performance of
the forward/backward detectors in different data-taking periods.
However, for each collision system, the final results are estimated with
varying |An| separations and found to be consistent with each other.
This large An separation suppresses the non-flow contamination
effects due to the azimuthal angle correlations between particles
produced from resonance decays and jets*’. To further minimize the
remaining non-flow effects, a template fit method”* is employed to fit
the two-particle correlation functions. The non-flow template is
obtained from the analysis of LM pp and p-Pb data and is explained in
detail in section Methods. This method reduces the non-flow con-
tribution to the final v, results for identified particles to 6% for pr <0.6
GeV/c and to less than 1% at higher pr. These estimates are based on
applying the template-fit method to a pure non-flow model using the
PYTHIA 8 event generator**,

Results

Figure 2 presents the pr -differential v, measurement for mesons (i,
K%, K?2) and baryons (p+p, A +A) in semicentral Pb—Pb*’, HM p-Pb and
pp collisions. For Pb—Pb measurements, the two-particle correlation
with |Ag| > 2.0 separation is used*’, whereas for p—Pb and pp collisions,
a |An| > 1.1 separation is applied. It was tested that varying the |An|
separation does not significantly alter the results in Pb—Pb collisions®.
Figure 2 shows a clear similarity in the characteristic features of v,
among the three collision systems. The difference in the magnitude of
v, among the three collision systems is consistent with previous
measurements at the LHC?. For the low py region, pr < 2.0 GeV/c, a
clear mass ordering of the v, coefficients is observed, providing sig-
nificant evidence of radial flow in small collision systems. The presence
of radial flow in small collision systems is also supported by particle
spectra measurements*®. Around 2.0 < pr < 3.0 GeV/c, the v, coeffi-
cients of different particle species begin to cross. Beyond pr > 2.5 GeV/
¢, the v, coefficients of baryons (p+p, A +A) are consistent with each
other within 1 standard deviation ( ~ 16) up to 10 GeV/c in Pb-Pb and
p-Pb collisions and up to 6 GeV/cin pp collisions. At the same time, the
v, of mesons (1T, K%, Kg) are compatible within -~ 1o at pt > 2(3) GeV/c
for Pb-Pb and p-Pb (pp) collisions. Moreover, the v, of baryons is

larger than that of mesons by -5¢ at intermediate and higher pr
(pr > 3.0 GeV/c) in all three collision systems. In heavy-ion collisions,
such distinctive baryon-meson v, grouping at intermediate pr is
explained by anisotropic flow development at the quark level, followed
by particle production via the quark-coalescence mechanism'*"”%,

Existing measurements with identified particles in small collision
systems presented either a single baryon or meson v,, limiting the
opportunity to explore potential groupings among baryons and
mesons*’*, Other similar measurements have not shown a clear
grouping and splitting of baryon and meson v, at intermediate py in
small systems, differing from similar measurements in heavy-ion
collisions®. This difference may arise from difficulties in accounting
for non-flow effects in small systems. For example, previous mea-
surements either applied no non-flow removal technique**°, or were
based on the subtraction of the low-multiplicity correlation functions
from high-multiplicity ones***’, under the assumption that the for-
mer include only non-flow effects and no significant long-range cor-
relations. However, recent ALICE measurements show that long-range
correlations persist even in pp and p-Pb collisions with very low
multiplicity ((Ne,) = 10)°. This implies that the subtraction method
also removes, along with non-flow effects, part of the real correlation
signal, thus leading to over-subtraction. Such over-subtraction can
vary by particle type and can potentially create a particle-type-
dependent v, pattern that does not originate from a true physics
effect. As a result, subtraction-based methods are unreliable for
studying the baryon-meson v, splitting in small collision systems. The
results presented in Fig. 2, after removal of non-flow effects (see Cor-
relation function and template fit method in the methods subsection
for details), show a distinctive baryon-meson v, grouping (within 10)
and a significant splitting (-50) at intermediate pt in both p—Pb and pp
collisions at the LHC, similar to what is observed in heavy-ion
collisions.

In refs. 25,26, the number-of-constituent-quark (NCQ) scaling of
U, has also been studied. This scaling was initially attributed to hadron
production via the coalescence of thermal partons in heavy-ion
collisions'?%*, However, advanced coalescence models incorporate
the recombination of thermal quarks with shower quarks originating
from jet-medium interactions to describe the pr spectra and v, of
identified particles over a broad pr range®, differing from the coales-
cence mechanism'?%* associated with NCQ scaling of v,. In addition,
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Fig. 3 | v, in high-multiplicity p-Pb collisions. py -differential v, measured with
two-particle correlation for mesons (ir*, K*, K?) and baryons (p+p, A +A) in high-
multiplicity p-Pb collisions at ,/Syy =5.02 TeV. Horizontal bars (boxes) represent

the statistical (systematic) uncertainties. Comparisons with the calculations from
the Hydro-Coal-Frag model (left) and the Hydro-Frag model (right) are also
presented®**>. Only statistical uncertainties are shown for the calculations.
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Fig. 4 | v, in high-multiplicity pp collisions. pr-differential v, measured with two-
particle correlation for mesons (%, K*, K2) and baryons (p+p, A +A) in high-
multiplicity pp collisions at /s =13 TeV. Horizontal bars (boxes) represent the

statistical (systematic) uncertainties. Comparisons with the calculations from the
Hydro-Coal-Frag model (left) and the Hydro-Frag model (right) are also
presented®**, Only statistical uncertainties are shown for the calculations.

contributions from radial flow and jet fragmentation at intermediate
pr can also lead to deviations from NCQ scaling. Notably, the ALICE
measurements exhibit deviations from NCQ scaling at the level of
+ 20% in Pb-Pb collisions**, This underscores the need for a better
understanding of this scaling as evidence of partonic collectivity in
relativistic collisions.

In Figs. 3 and 4, the v, measurements are compared with the state-
of-the-art calculations using the Hydro-Coal-Frag hybrid model*** for
p-Pb and pp collisions, respectively. At low pr, this model incorporates
the hydrodynamic evolution of a quark-gluon plasma with a partonic
equation of state, followed by the formation of quarks before hadro-
nization. At high pr, it accounts for interactions between high-energy
partons and the medium using the linear Boltzmann transport (LBT)
model, combined with hadronization via quark fragmentation. The
intermediate pr hadrons are produced from the coalescence of quarks
originating from both hydrodynamic evolution and jet-medium
interactions. Finally, hadronic interactions occur after hadronization.
A more detailed description of this model can be found in the methods
subsection. This model provides a comprehensive explanation for
both hadron production and anisotropic flow over a wide pr range in
high-energy heavy-ion collisions™. It emphasizes the crucial role of

partonic flow and particle production through quark coalescence in
heavy-ion collisions, where the QGP is formed. In Fig. 3, the model
parameters are tuned to describe the pr spectra of identified hadrons
in high-multiplicity p-Pb collisions at ,/Syy=5.02 TeV**. The figure
demonstrates that the Hydro-Coal-Frag model successfully repro-
duces the baryon-meson v, splitting and grouping features for pr < 8
GeV/c as observed in the experimental data. In contrast, the calculation
from the Hydro-Frag model, which does not include the quark-
coalescence process, strongly underestimates the v, coefficients of all
identified hadrons for pr > 4 GeV/c. Moreover, despite parameter
adjustments, the Hydro-Frag model fails to even qualitatively repro-
duce the baryon-meson v, splitting and grouping at intermediate pr .

The comparison between the measurements and the model pre-
diction for pp collisions at /s =13 TeV is presented in Fig. 4. The model
parameters are calibrated using pr spectra of identified hadrons from a
different multiplicity interval than the one used in this paper. Still, the
Hydro-Coal-Frag picture can explain the mass ordering of v, for pr up
to 3 GeV/c combined with the crossing between v, of baryons and
mesons at pr =3 GeV/c, consistent with the data. Most importantly, the
baryon-meson splitting and grouping of v, can be qualitatively
reproduced by the Hydro-Coal-Frag model up to approximately 6-7
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Fig. 5 | v, in high-multiplicity p-Pb collisions compared with AMPT calcula-
tions. py -differential v, measured with two-particle correlation for mesons (7%, K*,
Kg) and baryons (p+p, A +A) in high-multiplicity p-Pb collisions at ./Syy =5.02 TeV.
Horizontal bars (boxes) represent the statistical (systematic) uncertainties. Com-
parison with the calculations from the AMPT String-melting model*® is also pre-
sented. The AMPT curves are obtained by applying the same template fit method to
the correlation distributions as used in the data analysis®®. Only statistical uncer-
tainties are shown for the AMPT calculations.

GeV/c. In contrast, neither of these features is captured by the Hydro-
Frag model. The crossing between v, of different particles occurs at
about 2 GeV/c, and only mass ordering is observed in this calculation®,
The ordering is reversed for 2.5 < pr <5 GeV/c compared to pr < 2.5
GeV/c, similar to the Hydro-Frag calculations in p—Pb collisions shown
in Fig. 3. Therefore, these results provide evidence of hadronization via
coalescence of hydrodynamically flowing quarks in small collision
systems at the LHC.

Other theoretical calculations that predict a flow pattern in high
multiplicity events of small collision systems have also been studied.
Since the presented measurements are based on long-range (i.e., large
|An| separation) two-particle correlations, they are predominantly
influenced by geometry-driven effects, as the initial momentum ani-
sotropy in the CGC approach generates only short-range
correlations”. The hadronic rescatterings in UrQMD can mimic the
long-range two-particle correlation and mass dependence of v, at low
pr ¢, but do not generate any baryon-meson v, splitting and grouping.
The PYTHIA 8 model, with color ropes enabled in the hadronization
process, can describe the strangeness enhancement in pp collisions®®
without the formation of a QGP*, but cannot generate long-range
correlations. Interestingly, the string-string repulsion in the string-
shoving version of PYTHIA 8 can generate long-range two-particle
correlations®®, but it produces negative flow coefficients after the
template fit, in contrast to the positive flow coefficients observed in
the data. In small systems, transport models like AMPT*, which gen-
erate only a few partonic interactions during system evolution and
incorporate the quark-coalescence model of hadronization, can
approximately describe the v, at low pr. However, they fail to even
qualitatively explain the baryon-meson v, grouping and splitting fea-
ture observed at intermediate pr as shown in Fig. 5°%. This indicates that
anisotropic flow is developed in a dense partonic system and propa-
gated to the level of hadrons via the quark coalescence process.

In summary, the v, for the identified hadrons in high-multiplicity
p-Pb collisions at ,/Syy=5.02 TeV and pp collisions at \/s=13 TeV has
been presented as a function of pr and compared with measurements
in semicentral Pb-Pb collisions at ,/Syy=5.02 TeV. A characteristic
grouping (within ~ 10) and splitting (with ~ 50) of v, for mesons (7*, K*,
K2) and baryons (p+p, A +A) at intermediate pr, similar to

measurements in heavy-ion collisions, is observed in both p-Pb and pp
collisions. The Hydro-Coal-Frag model, incorporating partonic flow
and quark coalescence, provides the best possible description of the
data to date in both heavy-ion and small collision systems. Alternative
approaches fail to even qualitatively reproduce the baryon-meson v,
splitting and grouping at intermediate pr. The presented measure-
ments and the comparisons with available theoretical model calcula-
tions provide evidence that the system created in high-multiplicity
p-Pb and pp collisions includes a stage with hydrodynamically flowing
partons, similar to the one observed in heavy-ion collisions.

Methods

Event selection

The analyzed data samples are from pp collisions at ./s=13 TeV and
p-Pb collisions at ./Syy= 5.02 TeV, collected by the ALICE detector
during the LHC Run 2 data-taking campaign between 2016 and 2018.
An extensive description of all subdetectors of ALICE can be found in
refs. 39,40. The collected data are classified based on the specific
triggering conditions. Minimum bias (MB) events for both pp and p-Pb
collisions are triggered using a coincidence signal in the two scintilla-
tor arrays of the VO detector, which cover the pseudorapidity ranges
2.8<n<51(VOA) and -3.7 <n<-1.7(VOC), respectively. To avoid the
possibility of overlap between HM and LM event classes, additional
requirements on the number of reconstructed and efficiency-
corrected charged particles (N,) within the acceptance of || < 0.8
and transverse momentum 0.2 < pr < 3.0 GeV/c are introduced. For
p-Pb collisions, the collisions of the 0-20% and 60-100% VOA-
centrality are used as the HM and LM events, with an additional cri-
terion of N, <20 applied to the LM sample. In pp collisions, HM events
are selected from the 0.07% of events with the highest multiplicity.
This selection uses a special HM trigger based on the amplitude of the
VOM detector arrays (VOA + VOC) and requires N, > 25. For the LM
event class, MB events with N, < 20 are selected. Only events with a
reconstructed primary vertex (PV) within + 10 cm from the nominal
interaction point along the beam line are selected. Background events
due to interaction between the beam and the residual gas molecules in
the beam pipe are removed using the information from the Silicon
Pixel Detector (SPD) and VO detectors. The out-of-bunch pileup events
are rejected using a correlation between the multiplicities in the VO
and Forward-Multiplicity-Detector (FMD)*. The in-bunch pileup is
reduced by rejecting events with multiple vertices. The event selec-
tions result in a sample of 226 x 10° HM and 572 x 10° LM pp collisions,
corresponding to integrated luminosities of approximately 4 nb™ and
10 nb’, respectively*. For p-Pb, the analyzed data sample consists of
101 x 10° HM collisions and 198 x 10° LM collisions, corresponding to
integrated luminosities of about 0.05 nb? and 0.09 nb?,
respectively®. In this analysis, the HM events are used for the flow
measurements, whereas the LM events are used for the baseline non-
flow estimation.

Track reconstruction

The charged particles at midrapidity are reconstructed using the Inner
Tracking System (ITS) and the Time Projection Chamber (TPC). The
selected tracks have at least 70 TPC space points (out of a maximum of
159) fitted for track reconstruction with x? per degree of freedom lower
than four. The reconstructed tracks from the TPC and the ITS must
coincide to ensure the consistency of the reconstruction method.
Additionally, a minimum of two hits are required in the ITS to improve
the momentum resolution. The pseudorapidity of the selected tracks
is required to be within |7] < 0.8 to reject tracks with reduced recon-
struction efficiency at the detector edges. To reduce the contamina-
tion from secondary particles, the distance-of-closest approach (DCA)
of the selected tracks to the PV must be within 2 cm in the longitudinal
direction. Furthermore, a pr-dependent DCA selection in the trans-
verse plane, ranging from 0.2 cm at pr = 0.2 GeV/c to 0.02 cm at
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pr = 5.0 GeV/c, is applied. This criterion suppresses the residual con-
tamination from secondary particles from weak decays and interac-
tions in the detector material. The reference particles used for the
construction of long-range di-hadron correlation functions are selec-
ted from the FMD detector segments located at forward (FMDL,2 with
1.7 <np<5.) and backward (FMD3 with -3.1<n<-1.7) rapidity regions.

Particle identification and reconstruction

The charged tracks are identified as n*, K*, and p+p based on the
specific energy loss (dE/dx) information in the TPC and the velocity
information from the Time-of-Flight (TOF) detector. A Bayesian
approach® is used to identify particle species at a given pr using the
correlation of the normalized differences between the measured and
the expected signal in the TPC (norpc) and the TOF (norof), respec-
tively. In this method, the signals are converted into probabilities and
folded with the expected abundances (priors) of each particle spe-
cies. To ensure high purity of the selected sample, a minimal prob-
ability threshold of 0.95 for 7* and 0.85 for K* and p+p is set. In
addition, the tracks with proper TOF information are required to be
within |norpc| < 3 and |norof| < 3. The resulting purity, estimated
using Monte Carlo (MC) simulations, is higher than 95% for n* for
0.2 < pr <10 GeV/c, above 80% for K* for 0.3 < pr <10 GeV/c, and
reaches values larger than 90% for p+p for 0.5 < pt <10 GeV/c. The
high purity of the studied sample reduces the uncertainties due to
particle misidentification. The K2 and A +A are weakly decaying
neutral particles, reconstructed by calculating the invariant mass of
the daughter particles from the most probable decay channels of
K > m* +mandA >p+m (A — p +m*) with branching ratios of
69.2% (+0.05%) and 64.1% (+0.5%)®, respectively. The combinatorial
background is suppressed by using a set of selection criteria on the
decay topology used in the previous Kg and A measurements in
ALICE®, The K and A +A candidates are selected within the rapidity
range |y| < 0.5 inside the TPC, and the daughter tracks are used to
reconstruct the secondary decay vertex (SV) in the offline recon-
struction. The SV is required to be more than 0.5 cm away from the
PV, and the reconstructed proper lifetime, defined as mL/p, (m being
the particle mass, L the distance between the primary and secondary
vertices, and p the particle momentum) should be smaller than 20
cm and 30 cm for Kg and A (A) candidates, respectively. The oppo-
sitely charged daughter tracks are combined only if they are identi-
fied as pions or protons based on the TPC dE/dx hypothesis (<30). A
set of topological cuts, such as the distance of closest approach
(DCA) of the daughter tracks to the primary vertex (> 0.06 cm), DCA
between the daughter tracks (<1 cm), and cosine of the pointing
angle, which is the angle between the momentum direction of the
mother particle and the direction from the PV to the decay point
(>0.97 for Kg and >0.995 for A (A)) are applied to reduce the com-
binatorial background contribution to the invariant mass spectrum.

Correlation function and template fit method

The correlation function is obtained between two sets of particles
classified as trigger and associated. Trigger particles are used as a
reference, and the angular distribution of associated particles is
measured relative to the trigger particles. In this analysis, the 2D
correlation function is constructed as a function of the difference
in azimuthal angle AQ = @rigger “Passociated aNd pseudorapidity An
= Nirigger “Massociated With trigger and associated particles from
different detectors. Three sets of correlation functions are con-
structed to estimate the v, of identified particles (ir*, K*, p+p, K¢,
and A +A). The identified particles in the TPC are correlated with
unidentified reference particles reconstructed within the FMD
acceptance in positive (FMD1,2) and negative (FMD3) rapidity
regions to construct two sets (TPC-FMD1,2 and TPC-FMD3) of
correlation functions. The third correlation function is con-
structed using two reference particles from the FMD1,2 and FMD3

detector segments. The pair acceptance effect due to the finite
size of the detectors is corrected by dividing the same-event
correlation functions with mixed-event correlation functions. The
mixed-event correlation function is constructed by correlating
the trigger particles in one event with the associated particles
from other events belonging to the same multiplicity event class
and with PV within a given 2 cm wide interval. The mixed event is
normalized using a constant estimated by averaging over all Agp
bins at the An value where the mixed event correlation function
reaches its maximum. The corrected correlation function is
obtained as a ratio of the same and mixed event correlation
functions for each PV position. The final correlation function for
an event class (HM or LM events) is calculated after averaging the
correlation functions over all PV positions. For each of the 2D
correlation functions (TPC-FMD1,2, TPC-FMD3, and
FMD1,2-FMD3), the projection along the Ag axis is calculated for
both HM and LM cases. The Ag projections from LM collisions
serve as a template for subsequent fitting of the Ag projections
from HM collisions to extract the v, coefficients using the tem-
plate fit method. The template fit method assumes that high-
multiplicity (HM) collisions are a superposition of low-multiplicity
(LM) collisions, which primarily contain non-flow effects with
some residual flow, along with an additional flow modulation, i.e.,

Y(A@)"™ =FY(Ap)™+G|1+ > "2V, cos(nAg)|, )
n=2

where Y(A@)™ and Y(Ag)*™ are the one dimensional Ag projections of
the 2D correlation functions obtained in HM and LM collisions with F
and G being the scaling factors. The V,,, coefficients are estimated by
fitting the correlation function with the equation (2). The scaling fac-
tors F and G are free parameters in this template fit procedure. The
final v, of the identified particles in the TPC is calculated by combining

the V,, estimated from the TPC-FMDI1,2, TPC-FMD3, and
FMD1,2-FMD?3 correlation functions
op V;ZC—FMDI,Z V;chrmm
vy (pr)= \/FMDI 2-FMD3 &)
24

In this work, all available non-flow suppression methods (low-
multiplicity subtraction’**, template fit”, and improved template
fit*?) have been tested, and the residual non flow has been estimated
using PYTHIAS8 for each method. Among these, the template fit pro-
vides the most effective non flow subtraction, yielding the lowest
residual non flow (-5-7%) across the considered kinematic range. This
residual non flow has been included in the systematic uncertainties.
The inclusion of the remaining non flow enables better comparisons
with theoretical models and supports robust, data driven physics
conclusions.

Systematic uncertainty

The systematic uncertainties are evaluated by varying the event, track,
and PID selection criteria with respect to the default ones, one at a
time. For each variation, the difference between the default and varied
result is estimated using the Barlow criterion®, and a difference higher
than 1o is considered as a possible source of systematic uncertainty in
the measurement. The Barlow difference is calculated for each particle
species and for each py interval for which the final v,{2PC} results are
presented in this paper. The Barlow ratio is calculated as

default Syst
1% U5 |

: “4)
2 2
\/1%Gefauic — Osyst!

B=
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Table 1| Systematic uncertainties in p-Pb collisions

v2{2PC, 1.1 < |An| < 7.8}

Uncertainty source m K* p+p Kg A +A
Primary vertex 1-2% 1-3% 1-2% negl. negl.
position

FMD-VO correlation  0-4% 0-2% 0-2% 1-4% 2-4%
Primary track quality  negl. negl. negl. - -
Bayesian threshold negl. negl. negl. - -
Topological criteria - - - 1-2% 1-4%
Invariant mass - - - negl. 3-4%
acceptance

Invariant mass fit - - - negl. 1-3%
Template variation negl. negl. 1-2% negl. negl.

Secondary 1% 1% 1% 1% 1%
contamination

Total

2-4% 2-3% 1-3% 2-5% 5-7%

The minimum and maximum values of the relative systematic uncertainties from individual
sources for %, K%, p+p, K, and A +A in p-Pb collisions. Percentage ranges are given to account for
variations with pr. The fields marked as “negl." (negligible) denotes that the uncertainties have
been tested but are not statistically significant.

Table 2 | Systematic uncertainties in pp collisions

vo{2PC, 1.1 < |An| < 6.4}

Uncertainty source  m* K* p+p Kg A +A
Primary vertex 0-1% negl. negl. 2-3% 1-3%
position

FMD-VO correlation  1-2% negl. 0-2% 1-4% 1-3%
Primary track 0-2% negl. negl. - -
quality

Bayesian threshold negl. 0-2% negl. - -
Topological criteria - - - 2-4% 1-5%
Invariant mass - - - negl. 1-3%
acceptance

Invariant mass fit - - - 1-2% 3-4%
Template variation 0-4% 0-2% 1-3% 1-3% 2-4%

Secondary 1% 1% 1% 1% 1%
contamination

Total 2-5% 2% 2-4% 4-6% 4-8%

The minimum and maximum values of the relative systematic uncertainties from individual
sources for i, K?, p+p, K2, and A +A in pp collisions. Percentage ranges are given to account for
variations with pr. The fields marked as “negl." (negligible) denotes that the uncertainties have
been tested but are not statistically significant.

If the Barlow difference is higher than 1o for more than 1/3 of the
total pr intervals for any species, the contribution of that particular
systematic source is included in the uncertainty of the final result.
Otherwise, the contribution from that systematic source is considered
negligible and does not contribute to the final systematic uncertainty.
The minimum and maximum values of the relative systematic uncer-
tainties from individual sources are presented in Tables 1 and 2 for
p-Pb and pp collisions, respectively. The systematic sources listed in
the tables from top to bottom include different PV intervals used for
event selection, correlation between multiplicity from VO and FMD
detectors to reduce contamination in the FMD, track selection criteria,
and particle identification criteria affecting the purity of the r*, K* and
p+p samples. Other factors are topological reconstruction criteria,
invariant mass reconstruction and fitting requirements impacting the
signal-to-background ratios for K‘S’ and A +A candidates, the definition
of the low-multiplicity template used for non-flow removal, and the

estimation of residual secondary contamination in the FMD. The latter
is done using a Monte Carlo event generator, by transporting the
generated particles through GEANT3-simulated detector response and
performing track reconstruction in the ALICE framework. The con-
tributions from the different sources are added in quadrature to esti-
mate the total systematic uncertainty.

Hydro+Coal+Frag model description
The Hydro-Coal-Frag model***** provides a unified theoretical fra-
mework for hadron production in high-energy nuclear collisions,
bridging soft and hard processes across transverse momentum (pr)
regimes. It describes low-pr hadrons via viscous hydrodynamics,
intermediate-pt hadrons through quark coalescence, and high-pr
hadrons via string fragmentation. The modeling sequence begins with
the TRENTo model®, which generates event-by-event initial entropy
profiles based on the nuclear geometry. These profiles serve as initial
conditions for the (2+1)-dimensional viscous hydrodynamics model
VISH2+1%, which governs the space-time evolution of the quark-gluon
plasma (QGP). As the system cools toward the hydrodynamic freeze-
out temperature, thermal hadrons are emitted according to the
Cooper-Frye prescription®, and thermal partons are sampled at low
transverse momentum (py) for subsequent hadronization. High-pt
partons (hard partons), generated using PYTHIAS, traverse the quark-
gluon plasma and undergo medium-induced interactions, which are
modeled using the Linear Boltzmann Transport (LBT) framework®.
For intermediate-pr hadrons, the quark coalescence
mechanism is used to recombine thermal-thermal, thermal-hard,
and hard-hard partons produced by the hydrodynamics and LBT
processes. Meson and baryon momentum distributions are
derived from Wigner functions, which encode the spatial and
momentum proximity of coalescing partons. Excited hadronic
states, formed according to the invariant masses of parton pairs,
subsequently decay into ground states, with binding energy dif-
ferences and conservation of energy and momentum explicitly
taken into account. Remaining hard partons without coalescence
partners generate high-pr hadrons via string fragmentation. The
transverse momentum (py) cut-off values for thermal parton
sampling at freeze-out, along with the criteria governing whether
partons undergo coalescence or fragmentation following the LBT
stage, and the gluon virtuality parameters, are tuned to repro-
duce the pt spectra of pions, kaons, and protons, as well as the
(p(p)/m*) ratio in the intermediate-pt region of high-multiplicity
p-p and p-Pb collisions at the LHC. The final hadronic evolution,
including scatterings and resonance decays, is simulated using
the Ultrarelativistic Quantum Molecular Dynamics
(UrQMD) model.

AMPT calculations

Figure 5 presents the pr-differential v, measured from two-particle
correlations for mesons (i, K*) and baryons (p+p, A +A) in HM p-Pb
collisions at ,/Syy=5.02 TeV, compared with estimations from the
AMPT string melting model®®. The AMPT curves are obtained by
applying the same template fit method to the correlation distributions
as used in the analysis of the data. Both the data and AMPT
calculations™ select particles within similar rapidity regions, allowing a
pseudorapidity separation between the two correlated particles of
11<|An| < 7.8 in the data and 1.7 < |Ap| < 8.0 in the AMPT simulations.

Data availability
This manuscript has associated data in a HEPData repository at: https://
www.hepdata.net/record/ins2848254.

Code availability
This manuscript has associated code/software in a data repository. The
code/software used for the analysis is publicly available on the github
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repository, at the links https://github.com/alisw/AliRoot and https://
github.com/alisw/AliPhysics.
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