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Abstract

Charged hadron elliptic anisotropies (v2) are presented over a wide transverse mo-
mentum (pT) range for proton-lead (pPb) and lead-lead (PbPb) collisions at nucleon-
nucleon center-of-mass energies of 8.16 and 5.02 TeV, respectively. The data were
recorded by the CMS experiment and correspond to integrated luminosities of
186 nb−1 and 0.607 nb−1 for the pPb and PbPb systems, respectively. A four-particle
cumulant analysis is performed using subevents separated in pseudorapidity to ef-
fectively suppress non-collective effects. At high pT (pT > 8 GeV), significant positive
v2 values are observed that are similar between pPb and PbPb collisions at compara-
ble charged particle multiplicities. This observation suggests a common origin for the
multi-particle collectivity for high-pT particles in the two systems.
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Strong azimuthal correlations among particles emitted over a wide range of polar angles in
relativistic nucleus-nucleus (AA) collisions at the BNL RHIC [1–3] and CERN LHC [4–10] col-
liders indicate the formation of a quark-gluon plasma (QGP) that exhibits nearly ideal hydro-
dynamic behavior [11–13]. The second and third Fourier components of the particle azimuthal
distribution, known as elliptic (v2) and triangular (v3) flow, respectively, reflect the response of
the medium to the initial collision geometry, including its fluctuations, providing insights into
the fundamental transport properties of the QGP medium [14, 15]. Similar correlations have
been observed in high-multiplicity proton-proton (pp) [16–19] and proton-lead (pPb) [20–25]
collisions at the LHC, as well as in deuteron-gold [26, 27] and helium-3-gold [28] collisions at
RHIC. The properties of the observed long-range correlations in these systems have been found
to be consistent with hydrodynamic descriptions of a QGP droplet [29, 30].

For a transverse momentum (pT) greater than ∼3 GeV, partons are not expected to be thermal-
ized in the hot and dense medium created in heavy ion collisions, and a hydrodynamic picture
is not applicable [13]. The observed azimuthal anisotropy of such particles in noncentral AA
collisions is primarily attributed to the energy loss of high-pT partons as they traverse the QGP
medium, whose geometry reflects the lenticular shape of the collision overlap region [31, 32].
The extent of this energy loss depends on the path length, which, in turn, depends on the di-
rection of the parton relative to the orientation of the medium [33–36]. Therefore, the study of
azimuthal anisotropy in small systems, where the overlap geometry is not expected to have a
dominant role, is of considerable interest [22, 37].

One of the challenges in analyzing azimuthal correlations, particularly in small colliding sys-
tems, is separating genuine collective effects from those arising from particles that are cor-
related as a result of other unrelated processes (such as jets and resonance decays). These so-
called “nonflow” correlations that can be difficult to separate from the global flow anisotropies.
The azimuthal correlations of high-pT particles in small systems have been previously studied
using two-particle correlations [38, 39]. In those analyses, corrections for nonflow correlations
are made using the relative multiplicity dependence of flow and nonflow correlations. The
nonflow correction is then based on assumptions about the evolution of nonflow from low to
high multiplicity collisions, and about the dominance of nonflow in low multiplicity collisions.

This Letter presents a measurement of elliptic anisotropies for high-pT particles in pPb col-
lisions at a center-of-mass energy per nucleon pair

√
s

NN
= 8.16 TeV, compared to those in

lead-lead (PbPb) collisions at
√

s
NN

= 5.02 TeV. The pPb and PbPb data were obtained us-
ing the CMS detector at the LHC in 2016 and 2018, corresponding to integrated luminosities
of 186 nb−1 and 0.607 nb−1, respectively [40, 41]. The Q-cumulant multiparticle correlation
technique is used based on “subevents” dividing particles into multiple pseudorapidity re-
gions [42–44]. By increasing the number of subevents beyond two, this approach helps in
suppressing nonflow effects in a data-driven way. The results are presented as a function of pT
based on 2-, 3-, and 4-subevent analyses. Tabulated results for this analysis can be accessed in
the HEPdata record [45].

The central feature of the CMS apparatus [46, 47] is a superconducting solenoid with an internal
diameter of 6 m, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon
pixel and strip tracker [48, 49], a lead tungstate crystal electromagnetic calorimeter [50], and a
brass and scintillator hadron calorimeter, each composed of a barrel and two endcap sections.
For the run period relevant to this analysis, the silicon pixel and strip tracker provided coverage
for |η| < 2.4. The hadron forward (HF) calorimeter [51] extends the pseudorapidity coverage
provided by the barrel and endcap detectors, with the two halves, one on each end, providing
coverage in the range 2.9 < |η| < 5.2. The HF calorimeters are azimuthally subdivided into
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20◦ modular wedges, which are further segmented to form 0.175×0.175 (∆η×∆ϕ) towers. The
CMS apparatus can be used to detect and identify electrons, muons, photons, and hadrons [48,
52, 53]. A more detailed description of the CMS detector can be found in Ref. [46].

For pPb collisions, the beam energies for the proton and lead nuclei were 6.5 TeV and 2.56 TeV
per nucleon, respectively, resulting in a center-of-mass energy of

√
s

NN
= 8.16 TeV. Because

of the asymmetric beam energies, the nucleon-nucleon center-of-mass in the pPb collisions
was not at rest with respect to the laboratory frame but was moving in the direction of the
proton beam with a rapidity shift of 0.465. Data were taken with the directions of the beams
reversed for assessing possible systematic effects. The results in each direction were consistent
with each other and were merged; results are reported using the convention that the positive
pseudorapidity is defined by the proton-going direction.

To select high-multiplicity pPb collisions, a dedicated high-multiplicity trigger was imple-
mented using the CMS level-1 (L1) [54] and high-level trigger (HLT) systems [55]. The HLT
uses fast versions of the offline software. To trigger minimum bias (MB) pPb events, at least
one of the two HF calorimeters was required to register an energy deposit above a threshold of
1 GeV. Additionally, at least one track with pT > 0.4 GeV in the pixel tracker at HLT level was
required.

In this analysis, pPb events were required to have a primary vertex within 15 cm of the nominal
interaction point along the beam axis and 0.2 cm in the transverse direction. At least two recon-
structed tracks must be associated with the primary vertex. Results are reported in ranges of
Noffline

trk , corresponding to the measured track multiplicity with pT > 0.4 GeV and |η| < 2.4, be-
fore correcting for the tracking efficiency. Table 1 of Back matterA.1 reports the mean multiplic-
ity ⟨Noffline

trk ⟩ and multiplicity after correcting for tracking inefficiencies ⟨Ncorrected
trk ⟩, for various

Noffline
trk ranges. A trigger efficiency plateau above 95% is observed in the 185 ≤ Noffline

trk < 250
range.

The PbPb MB events are selected based on signals surpassing readout threshold of 3 GeV on
both sides of the HF calorimeters. The PbPb events are also required to have a primary vertex
within 15 cm of the nominal interaction point along the beam axis and 0.2 cm in the transverse
direction. Additionally, each HF detector must have at least two towers with an energy deposit
of 4 GeV or more. The trigger, event reconstruction, and track selections considered in this anal-
ysis are the same as in previous CMS correlation analyses [19, 20, 22]. To perform correlation
measurements, only tracks that originate from the primary vertex and meet the high-purity
criteria discussed in Ref. [48] are used. The trigger and event selection efficiencies are found
to be about 98% and above 95% for pPb and PbPb, respectively. Furthermore, for both cases,
the impact parameter significance, i.e., the parameter value divided by its uncertainty, of the
tracks with respect to the primary vertex in the longitudinal and transverse directions must be
less than 3, and the relative pT uncertainty must be less than 10% for the pT range used.

To ensure high tracking efficiency and minimal background contamination, only tracks with
|η| < 2.4 and with pT > 0.3 GeV for pPb collisions and pT > 0.5 GeV for PbPb collisions are
used. The selected tracks are corrected for tracking efficiency and detector acceptance effects
using simulated Monte Carlo samples generated by HIJING v1.35 [56] and HYDJET 1.9 [57] for
pPb and PbPb collisions, respectively. The response of the CMS detector to these simulated
events is based on GEANT4 [58]. In the measurement of correlations in pPb collisions, multiple
interactions (pileup) in the recorded event are a source of background. The average number
of collisions per bunch crossing in the pPb data varied between 0.1 and 0.25. The procedure
used for identifying and rejecting pileup is similar to that described in Ref. [20]. The pileup is
negligible in PbPb collisions.
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The Q-cumulant method, as encoded in the MCORRELATIONS package [59], is used to deter-
mine the v2 value. This method has been used to measure four-, six-, and eight-particle cor-
relations in previous CMS publications [60, 61], with the multiparticle correlations being in-
herently less sensitive to few-particle correlations, such as those arising from jet fragmentation
and back-to-back dijet correlations. In this method, the two- and four-particle correlators, ⟨⟨2⟩⟩
and ⟨⟨4⟩⟩, are defined as

⟨⟨2⟩⟩ = ⟨⟨ein(ϕ1−ϕ2)⟩⟩ and ⟨⟨4⟩⟩ = ⟨⟨ein(ϕ1+ϕ2−ϕ3−ϕ4)⟩⟩. (1)

Here, ϕj (j = 1, . . . , 4) represents the azimuthal angles of four distinct particles in an event,
and the notation ⟨⟨· · ·⟩⟩ signifies that the average is calculated first over all particles in an
event, then across all events. The integer n denotes the order of Fourier harmonic, with n = 2
corresponding to elliptic flow [14]. The four-particle cumulant cn{4} is given as

cn{4} = ⟨⟨4⟩⟩ − 2⟨⟨2⟩⟩2. (2)

The multiparticle cumulant method correlates each particle of interest (POI) with reference
flow particles (RFPs). In this analysis, the RFPs for the cumulant method are charged hadrons
within |η| < 2.4 and with 0.3 (0.5) < pT < 3.0 GeV for pPb (PbPb) collisions. In order to reduce
the contribution of minijets, an upper limit of pT < 3.0 GeV is used for the RFPs [62]. The pT
ranges used for the POIs are given in Table 2 of Back matterA.2.

In the standard Q-cumulant analysis, the POI and RFP ranges overlap in η, potentially in-
troducing nonflow contributions from short-range correlations. To suppress these effects, a
subevent method [43] is used, where particles are selected from different η ranges, ensuring
a pseudorapidity gap (difference in pseudorapidity values, ∆η) between correlated particles.
Statistical uncertainties are estimated using a bootstrap method [63]. Figure 1 illustrates how

Figure 1: Different subevents in the CMS tracker acceptance used to correlate four particles.
The denoted pseudorapidity ranges are used for the analysis. The letters denote the particles
used in four-particle correlator. The asterisk (*) indicates particles with a negative azimuthal
angle, and the prime symbol denotes the POI.
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particle tracks are selected to construct four-particle cumulants. The upper left panel shows
the case where all four particles are chosen from the same η range, leading to significant non-
flow contributions from single jets. The upper right panel depicts the two-subevent method
(−2.4 < η < 0 and 0 < η < 2.4), which reduces nonflow effects by separating particles a and
b into distinct η ranges. The three-subevent method (lower left) further suppresses dijet contri-
butions by dividing into three η ranges (−2.4 < η < −0.8, −0.8 < η < 0.8 and 0.8 < η < 2.4),
while the four-subevent method (lower right) minimizes nonflow effects by assigning each par-
ticle to a distinct η range (−2.4 < η < −1.2, −1.2 < η < 0, 0 < η < 1.2 and 1.2 < η < 2.4)
.

The pT dependence of the flow coefficients can be studied using pT-differential cumulants,
dn{4}, given by

dn{4} = ⟨⟨4′⟩⟩ − 2⟨⟨2′⟩⟩⟨⟨2⟩⟩, (3)

where ⟨⟨4′⟩⟩ is a four-particle correlator with three RFPs and one POI and ⟨⟨2′⟩⟩ is a two-
particle correlator with one RFP and one POI. In the following, we provide the specific dn{4}
formulas for the two, three, and four subevent analyses. We use a notation where a, b, c, or
d refers to the particle chosen in a specific subevent and the symbol “|” indicates a separation
between subevents. In Eq.( 4), e.g., the notation a′a | b∗b∗ in the four-particle correlator means
the first two particles are required to be in the first subevent (a′a) while the last two are required
to be in the second subevent (b∗b∗), where a′ is the POI. Similarly, for the two-particle correlator,
one particle in each subevent is required (a′ | b).

The two-subevent differential cumulant can be expressed in terms of the correlators, with

dn{4}2sub = ⟨⟨4⟩a′a|b∗b∗⟩ − 2⟨⟨2⟩a′|b∗⟩⟨⟨2⟩a|b∗⟩. (4)

For the three subevent case, the correlator expansion depends on the POI pseudorapidity range,
with

dn{4}3sub = ⟨⟨4⟩a|b∗b∗|c′⟩ − 2⟨⟨2⟩a|b∗⟩⟨⟨2⟩b∗|c′⟩, (5)

when the POI is in the range 0.8 < |η| < 2.4 and

dn{4}3sub = ⟨⟨4⟩a|b∗b′∗|c⟩ − ⟨⟨2⟩a|b′∗⟩⟨⟨2⟩b∗|c⟩ − ⟨⟨2⟩a|b∗⟩⟨⟨2⟩b′∗|c⟩, (6)

when |η| < 0.8. In the latter case, we have two choices for the POI and, accordingly, two com-
binations for the product of two-particle correlators (⟨⟨2⟩a|b′∗⟩⟨⟨2⟩b∗|c⟩ and ⟨⟨2⟩a|b∗⟩⟨⟨2⟩b′∗|c⟩).
Similarly, in the case of four subevents, instead of taking twice the product of two-particle cor-
relators, we incorporate two different choices (⟨⟨2⟩a′|c∗⟩⟨⟨2⟩b|d∗⟩ and ⟨⟨2⟩a′|d∗⟩⟨⟨2⟩b|c∗⟩ ), with

dn{4}4sub = ⟨⟨4⟩a′|b|c∗|d∗⟩ − ⟨⟨2⟩a′|c∗⟩⟨⟨2⟩b|d∗⟩ − ⟨⟨2⟩a′|d∗⟩⟨⟨2⟩b|c∗⟩ (7)

when the POI is in the range −2.4 < η < −1.2 and similar equations for when the POI is in
different η ranges. The differential vn{4} value can then be expressed as

vn{4} = − dn{4}/(−cn{4})3/4, (8)

where cn{4} is the integral cumulant for RFPs [42]. The effectiveness of four-subevent method
in nonflow removal is confirmed by a study done using generator level HIJING events (Figure 4
of Back matterA.3), where collective effects are absent and we expect zero values after nonflow
removal.

The systematic uncertainties are evaluated as functions of pT using alternative procedures for
extracting the cumulants, following the Barlow procedure [64]. Systematic uncertainties due to
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tracking inefficiency and track misreconstruction rate are studied by varying the track quality
requirements. The selection thresholds on the significances of the transverse and longitudinal
track impact parameters are varied from 2 to 5. In addition, the upper limit on the relative pT
uncertainty is varied from 5 to 10% (15%) for pPb (PbPb) collisions. The resulting systematic
uncertainty varies up to 5% depending on multiplicity, pT, and collision system. The poten-
tial systematic uncertainty arising from the dependence of the acceptance and reconstruction
efficiency on the primary vertex position along the beam axis (zvtx) is determined by compar-
ing the results with events from |zvtx| < 3 cm and 3 < |zvtx| < 15 cm to the default range of
|zvtx| < 15 cm. This systematic uncertainty is estimated to be <0.2%. The impact of pileup in
pPb collisions is studied by varying the pileup selection of events using the distance among
reconstructed vertices and their associated number of tracks. The corresponding systematic
uncertainty is also found to be < 0.1%. Systematic effects from event selections in PbPb colli-
sions are found to be negligible. Systematic uncertainty from the different sources are added in
quadrature to obtain the total systematic uncertainty shown as boxes in the figures.
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 3 subevent 
 4 subevent 

 (8.16 TeV)-1pPb 186 nb  (5.02 TeV)-1PbPb 0.60 nb

Figure 2: The v2{4} value vs. pT with 185 ≤ Noffline
trk < 250 for pPb (left) and PbPb (right)

collisions. The red, blue, black and green markers are for the cases where tracks are not divided
into subevents, and divided into two, three and four subevents, respectively. The solid lines
and boxes represent the statistical and systematic uncertainties, respectively.

The v2{4} results for the different subevent methods are shown for the 185 ≤ Noffline
trk < 250

range as function of pT in Fig. 2. The left panel shows the results for pPb collisions and the
right panel for PbPb collisions. The 185 ≤ Noffline

trk < 250 range corresponds to approximately
65–70% centrality in PbPb collisions. The v2{4} is calculated for each pT range of POI and
the marker is placed at the mean pT value. The standard v2{4} result (without subevents)
becomes negative above pT ∼ 10 GeV for pPb collisions, which is not the case for the PbPb
results. This is likely a consequence of selecting rare high-multiplicity pPb events with an
increased nonflow contribution from jets, which results in a negative contribution to v2{4},
when compared with PbPb events. Using the subevent method, this negative trend is heavily
suppressed and positive values of v2{4} (negative value of d2{4}) result up to pT ∼ 17 GeV, the
upper limit of the current investigation. The three- and four-subevent results are in agreement
with each other, suggesting a nearly complete removal of short range correlations.

The left plot in Fig. 3 compares the four-subevent v2{4} values as a function of pT for pPb and
PbPb collisions. We observe similar magnitudes of v2{4} in both collision systems at higher
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Figure 3: left: Comparison of pPb and PbPb four-subevent v2{4} values with 185 ≤ Noffline
trk <

250 vs. pT. right: Comparison of pPb and PbPb four-subevent v2{4} values with pPOI
T > 6 GeV

vs. ⟨Noffline
trk ⟩. The solid lines and boxes represent the statistical and systematic uncertainties,

respectively.

pT, with nearly constant values above pT ∼ 6 GeV. In the right plot of Fig. 3, we show the four-
subevent v2{4} for particles with pT > 6 GeV as a function of ⟨Noffline

trk ⟩ for pPb and PbPb colli-
sions. Figure 5 of Back matterA.4 shows the v2{4} results in terms of efficiency-corrected mean
multiplicity (⟨Ncorrected

trk ⟩). The v2{4} values and their ⟨Noffline
trk ⟩ dependence for the two systems

are again very similar. This similarity is unlikely to be a consequence of the different
√

s
NN

values of the two systems being considered, noting that only minimal (2 to 4%) difference in in-
tegrated v2 values is observed in PbPb collisions at

√
s

NN
= 2.76 TeV and

√
s

NN
= 5.02 TeV [65].

The four-subevent v2{4} values at high pT are significantly larger than the previous measure-
ment of v2{2} by the ATLAS experiment using the template fit method [38]. Using the same
template fit method, we obtain consistent v2{2} results compared to ATLAS. The template
fit method assumes that the shape of nonflow (such as jet-induced) correlations remain un-
changed between low and high multiplicity events. This assumption may, however, not hold
because of angular broadening of these correlations with increasing multiplicity, potentially
leading to an over-subtraction of nonflow correlations in the genuine v2 signal. We have con-
firmed this by analyzing v2{2} results in HIJING simulations using the template fit method.

Our results are unexpected, given the distinct nature and geometry of the medium formed in
pPb as compared to PbPb collisions. The baryon-meson ratio enhancement found at interme-
diate pT disappears for pT > 6 GeV in PbPb collisions [66]. This is consistent with the higher-pT
region studied here being well within the hard scattering regime where any azimuthal asym-
metry is expected to arise through an energy loss mechanism, as opposed to hydrodynamic
flow. High-pT hadrons are significantly suppressed in PbPb collisions relative to pp collisions,
indicating a path length dependent energy loss [67]. No such energy loss is apparent in pPb
collisions, although it is important to note that nuclear modification measurements in small
systems are complicated by uncertainties in the calculated number of binary nucleon-nucleon
collisions [68, 69]. The larger v2{4} values observed for low multiplicity PbPb collisions below
pT ∼ 3 GeV suggest a more lenticular collision geometry when compared to high-multiplicity
pPb collisions. This, together with the energy loss argument, leads to an expectation of larger
v2{4} values at high pT for PbPb events. However, our observed high-pT v2{4} values are
similar for PbPb and pPb collisions. One potential origin of the v2{4} at high pT could be the
initial-state intrinsic transverse momentum asymmetries of unpolarized and polarized partons
within an unpolarized nucleon, as explored in Ref. [70]. Further investigations, both in theory
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and in experiment are needed.

In summary, four-particle elliptic anisotropies (v2{4}) are measured over a large range of trans-
verse momentum (pT) using multiparticle cumulant analyses based on the division of particle
tracks into two, three, or four separate pseudorapidity ranges (“subevents”). Dividing the
particles into separate subevents is shown to strongly suppress effects resulting from jet frag-
mentation. Significant and positive v2{4} values that extend to high pT are found for high-
multiplicity pPb events. Results are shown for proton-lead (pPb) and lead-lead (PbPb) colli-
sions at nucleon-nucleon center-of-mass energies of 8.16 TeV and 5.02 TeV, respectively. Similar
magnitudes of v2{4} values at pT > 8 GeV are observed in pPb and PbPb collisions at compa-
rable multiplicities. The observed agreement in multi-particle collectivity for high-pT particles
in the two systems is striking and may hint at a similar origin.
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A Back matter
A.1 Mapping between Noffline

trk and Ncorrected
trk in pPb and PbPb collisions

Table 1 gives Average multiplicity (⟨Noffline
trk ⟩) and multiplicity corrected for tracking efficiency

(⟨Ncorrected
trk ⟩) values in various Noffline

trk ranges for pPb and PbPb collisions. Uncertainties for the
tracking efficiency corrected Ncorrected

trk are included.

Table 1: ⟨Noffline
trk ⟩ and ⟨Ncorrected

trk ⟩ values in various Noffline
trk ranges.

pPb PbPb
Noffline

trk range ⟨Noffline
trk ⟩ ⟨Ncorrected

trk ⟩ ⟨Noffline
trk ⟩ ⟨Ncorrected

trk ⟩
(0, 60) 27 33±1 23 39±2
[60, 120) 83 101±4 87 152±6
[120, 150) 132 160±6 135 233±10
[150, 185) 164 198±7 168 287±12
[185, 250) 202 245±10 216 368±16

A.2 Mean pT for different pT bins in pPb and PbPb for 185 ≤ Noffline
trk < 250

Table 2 gives the mean pT (⟨pT⟩) values for various pT ranges used for the POIs in pPb and
PbPb collisions. The difference is negligible except the last bin.

Table 2: ⟨pT⟩ for pT bins of POI in pPb and PbPb for 185 ≤ Noffline
trk < 250. All pT values are

given in units of GeV.

pPb PbPb
pT range ⟨pT⟩ ⟨pT⟩
0.3-0.5 0.40
0.5-1.0 0.71 0.71
1.0-1.5 1.21 1.21
1.5-2.0 1.71 1.71
2.0-2.5 2.22 2.22
2.5-3.0 2.72 2.72
3.0-4.0 3.40 3.40
4.0-5.0 4.41 4.41
5.0-6.0 5.43 5.42
6.0-8.0 6.77 6.76
8.0-10.0 8.81 8.81

10.0-12.0 10.86 10.85
12.0-14.0 12.88 12.87
>14.0 17.19 17.06

A.3 Comparison of 4-subevent d2{4} in HIJING with data

Figure 4 compares d2{4} results based on HIJING simulations in 100 ≤ Ngen
trk < 200 with the

experimental data results in 185 ≤ Noffline
trk < 250. Here Ngen

trk is the measured track multiplicity
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Figure 4: The four-subevent d2{4} values in generator level HIJING for 60 ≤ Ngen
trk < 120

shown by the closed green diamonds are compared to the experimental pPb results with
60 ≤ Noffline

trk < 120 (open blue squares) and 185 ≤ Noffline
trk < 250 (closed red circles).

with pT > 0.4 GeV and |η| < 2.4 in generator level HIJING. The d2{4} decreases significantly as
we go from “without subevents” to “4 subevents” due to reduction in nonflow in both HIJING
(filled points) and data (open points). Although the amount of reduction is smaller in data
than in HIJING, the systematic trends are the same. The HIJING results of 4 subevent d2{4}
are consistent with zero at high pT, suggesting complete removal of nonflow. Whereas, the
experimental data results of 4 subevent d2{4} are found to have significantly negative values.

A.4 Plot shown in Fig. 3 (right), but with ⟨Ncorrected
trk ⟩ along the x-axis.

Figure 5 shows the four-subevent v2{4} results in terms of efficiency-corrected mean multiplic-
ity (⟨Ncorrected

trk ⟩) in pPb and PbPb collisions. The POI is taken with pT > 6 GeV. The high-pT
v2{4} values and their ⟨Noffline

trk ⟩ dependence for the two systems are very similar.
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Figure 5: Comparison of v2{4} values as a function of ⟨Ncorrected
trk ⟩ between pPb and PbPb col-

lisions. The solid lines and boxes indicate the statistical and systematic uncertainties, respec-
tively.
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I. Mikulec , J. Schieck2 , R. Schöfbeck2 , D. Schwarz , M. Sonawane , W. Wal-
tenberger , C.-E. Wulz2

Universiteit Antwerpen, Antwerpen, Belgium
T. Janssen , T. Van Laer, P. Van Mechelen

Vrije Universiteit Brussel, Brussel, Belgium
N. Breugelmans, J. D’Hondt , S. Dansana , A. De Moor , M. Delcourt , F. Heyen,
Y. Hong , S. Lowette , I. Makarenko , D. Müller , S. Tavernier , M. Tytgat3 ,
G.P. Van Onsem , S. Van Putte , D. Vannerom
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Université Catholique de Louvain, Louvain-la-Neuve, Belgium
S. Bein , A. Benecke , A. Bethani , G. Bruno , C. Caputo , J. De Favereau De Jeneret ,
C. Delaere , I.S. Donertas , A. Giammanco , A.O. Guzel , Sa. Jain , V. Lemaitre,
J. Lidrych , P. Mastrapasqua , T.T. Tran , S. Turkcapar

Centro Brasileiro de Pesquisas Fisicas, Rio de Janeiro, Brazil
G.A. Alves , E. Coelho , G. Correia Silva , C. Hensel , T. Menezes De Oliveira ,
C. Mora Herrera4 , P. Rebello Teles , M. Soeiro, E.J. Tonelli Manganote5 ,
A. Vilela Pereira4

Universidade do Estado do Rio de Janeiro, Rio de Janeiro, Brazil
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INFN Sezione di Baria, Università di Barib, Politecnico di Baric, Bari, Italy
M. Abbresciaa,b , A. Colaleoa,b , D. Creanzaa,c , B. D’Anzia,b , N. De Filippisa,c ,
M. De Palmaa,b , W. Elmetenaweea ,b ,47 , N. Ferraraa,b , L. Fiorea , G. Iasellia,c ,
L. Longoa , M. Loukaa,b, G. Maggia,c , M. Maggia , I. Margjekaa , V. Mastrapasquaa,b ,
S. Mya,b , S. Nuzzoa,b , A. Pellecchiaa,b , A. Pompilia,b , G. Pugliesea,c ,
R. Radognaa,b , D. Ramosa , A. Ranieria , L. Silvestrisa , F.M. Simonea,c ,
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Orientalec, Novara, Italy
N. Amapanea ,b , R. Arcidiaconoa,c , S. Argiroa,b , M. Arneodoa,c , N. Bartosika ,
R. Bellana,b , A. Belloraa,b , C. Biinoa , C. Borcaa,b , N. Cartigliaa , M. Costaa,b ,
R. Covarellia ,b , N. Demariaa , L. Fincoa , M. Grippoa,b , B. Kiania,b , F. Leggera ,
F. Luongoa,b , C. Mariottia , L. Markovica,b , S. Masellia , A. Meccaa,b , L. Menzioa,b,
P. Meridiania , E. Migliorea,b , M. Montenoa , R. Mulargiaa , M.M. Obertinoa,b ,
G. Ortonaa , L. Pachera,b , N. Pastronea , M. Pelliccionia , M. Ruspaa,c ,
F. Sivieroa,b , V. Solaa,b , A. Solanoa,b , A. Staianoa , C. Tarriconea ,b , D. Trocinoa ,
G. Umoreta,b , R. Whitea,b

INFN Sezione di Triestea, Università di Triesteb, Trieste, Italy
J. Babbara ,b , S. Belfortea , V. Candelisea,b , M. Casarsaa , F. Cossuttia , K. De Leoa ,
G. Della Riccaa,b

Kyungpook National University, Daegu, Korea
S. Dogra , J. Hong , B. Kim , J. Kim, D. Lee, H. Lee, S.W. Lee , C.S. Moon , Y.D. Oh ,
M.S. Ryu , S. Sekmen , B. Tae, Y.C. Yang

Department of Mathematics and Physics - GWNU, Gangneung, Korea
M.S. Kim

Chonnam National University, Institute for Universe and Elementary Particles, Kwangju,
Korea
G. Bak , P. Gwak , H. Kim , D.H. Moon

Hanyang University, Seoul, Korea
E. Asilar , J. Choi55 , D. Kim , T.J. Kim , J.A. Merlin, Y. Ryou

Korea University, Seoul, Korea
S. Choi , S. Han, B. Hong , K. Lee, K.S. Lee , S. Lee , J. Yoo

Kyung Hee University, Department of Physics, Seoul, Korea
J. Goh , S. Yang

Sejong University, Seoul, Korea
H. S. Kim , Y. Kim, S. Lee

Seoul National University, Seoul, Korea
J. Almond, J.H. Bhyun, J. Choi , J. Choi, W. Jun , J. Kim , Y.W. Kim , S. Ko , H. Kwon ,
H. Lee , J. Lee , J. Lee , B.H. Oh , S.B. Oh , H. Seo , U.K. Yang, I. Yoon

University of Seoul, Seoul, Korea
W. Jang , D.Y. Kang, Y. Kang , S. Kim , B. Ko, J.S.H. Lee , Y. Lee , I.C. Park , Y. Roh,
I.J. Watson

Yonsei University, Department of Physics, Seoul, Korea
S. Ha , K. Hwang , H.D. Yoo

Sungkyunkwan University, Suwon, Korea
M. Choi , M.R. Kim , H. Lee, Y. Lee , I. Yu

College of Engineering and Technology, American University of the Middle East (AUM),
Dasman, Kuwait

https://orcid.org/0000-0003-2505-8359
https://orcid.org/0000-0003-2532-9876
https://orcid.org/0000-0001-9449-2509
https://orcid.org/0000-0001-5904-142X
https://orcid.org/0000-0003-2150-3750
https://orcid.org/0000-0002-7790-7132
https://orcid.org/0000-0002-7196-2237
https://orcid.org/0000-0002-2539-2376
https://orcid.org/0000-0002-2753-5473
https://orcid.org/0000-0002-1397-7246
https://orcid.org/0009-0009-2769-5950
https://orcid.org/0000-0002-0548-9189
https://orcid.org/0000-0003-0156-0790
https://orcid.org/0000-0003-1216-5235
https://orcid.org/0000-0003-0743-9465
https://orcid.org/0000-0002-2630-5465
https://orcid.org/0000-0003-0770-269X
https://orcid.org/0000-0002-1202-7652
https://orcid.org/0000-0003-1400-0709
https://orcid.org/0000-0003-2743-4119
https://orcid.org/0000-0002-6864-3294
https://orcid.org/0000-0001-7746-9868
https://orcid.org/0000-0001-9871-7859
https://orcid.org/0000-0003-2209-2527
https://orcid.org/0000-0002-8480-2259
https://orcid.org/0000-0002-2271-5192
https://orcid.org/0000-0002-3521-6333
https://orcid.org/0000-0003-2437-013X
https://orcid.org/0000-0002-8781-8192
https://orcid.org/0000-0001-8411-2971
https://orcid.org/0000-0003-1288-4838
https://orcid.org/0000-0001-7291-1979
https://orcid.org/0000-0003-4728-6678
https://orcid.org/0000-0002-7655-3475
https://orcid.org/0000-0002-4427-4076
https://orcid.org/0000-0001-6288-951X
https://orcid.org/0000-0002-2971-8214
https://orcid.org/0000-0003-1803-624X
https://orcid.org/0000-0001-6233-0513
https://orcid.org/0000-0002-2830-5872
https://orcid.org/0000-0002-6674-7874
https://orcid.org/0000-0001-5793-526X
https://orcid.org/0000-0002-4080-4156
https://orcid.org/0000-0001-8443-4460
https://orcid.org/0000-0002-3641-5983
https://orcid.org/0000-0002-1353-8964
https://orcid.org/0000-0001-5672-214X
https://orcid.org/0000-0002-8908-409X
https://orcid.org/0000-0003-2831-6982
https://orcid.org/0000-0002-0812-0758
https://orcid.org/0000-0002-9463-4922
https://orcid.org/0000-0002-9539-6815
https://orcid.org/0000-0002-1028-3468
https://orcid.org/0000-0001-8229-7829
https://orcid.org/0000-0002-7219-9931
https://orcid.org/0000-0002-1855-180X
https://orcid.org/0000-0003-1726-5681
https://orcid.org/0000-0003-1009-4621
https://orcid.org/0000-0003-0392-8691
https://orcid.org/0000-0002-0095-8185
https://orcid.org/0009-0009-7347-1480
https://orcid.org/0000-0001-8019-9387
https://orcid.org/0000-0002-5628-9187
https://orcid.org/0000-0001-5680-599X
https://orcid.org/0000-0002-6024-0992
https://orcid.org/0000-0002-8336-9182
https://orcid.org/0000-0001-8336-2434
https://orcid.org/0000-0001-6225-9876
https://orcid.org/0000-0002-2259-9929
https://orcid.org/0000-0002-3680-7039
https://orcid.org/0000-0001-9257-9643
https://orcid.org/0000-0003-0463-3043
https://orcid.org/0000-0002-1129-2083
https://orcid.org/0000-0001-6905-6553
https://orcid.org/0000-0002-6543-9191
https://orcid.org/0000-0002-2483-5104
https://orcid.org/0009-0001-5122-4552
https://orcid.org/0000-0001-9876-6642
https://orcid.org/0000-0002-4856-5989
https://orcid.org/0000-0003-4377-9969
https://orcid.org/0009-0002-5165-5018
https://orcid.org/0000-0002-1138-3700
https://orcid.org/0000-0001-6753-3731
https://orcid.org/0000-0002-5351-7201
https://orcid.org/0000-0002-9539-7789
https://orcid.org/0000-0003-0710-4956
https://orcid.org/0000-0002-3932-0605
https://orcid.org/0000-0002-3491-8026
https://orcid.org/0000-0002-1571-9072
https://orcid.org/0000-0001-6079-3434
https://orcid.org/0000-0002-8015-7379
https://orcid.org/0000-0002-2153-1519
https://orcid.org/0000-0001-5572-5947
https://orcid.org/0000-0003-4510-6776
https://orcid.org/0000-0003-2141-3413
https://orcid.org/0000-0003-2538-1551
https://orcid.org/0009-0000-3828-3032
https://orcid.org/0000-0002-3892-3500
https://orcid.org/0000-0002-4811-626X
https://orcid.org/0000-0002-2289-2527
https://orcid.org/0000-0001-6954-9964
https://orcid.org/0000-0003-1567-5548


23

T. Beyrouthy , Y. Gharbia

Kuwait University - College of Science - Department of Physics, Safat, Kuwait
F. Alazemi

Riga Technical University, Riga, Latvia
K. Dreimanis , A. Gaile , C. Munoz Diaz , D. Osite , G. Pikurs, A. Potrebko ,
M. Seidel , D. Sidiropoulos Kontos

University of Latvia (LU), Riga, Latvia
N.R. Strautnieks

Vilnius University, Vilnius, Lithuania
M. Ambrozas , A. Juodagalvis , A. Rinkevicius , G. Tamulaitis

National Centre for Particle Physics, Universiti Malaya, Kuala Lumpur, Malaysia
I. Yusuff56 , Z. Zolkapli

Universidad de Sonora (UNISON), Hermosillo, Mexico
J.F. Benitez , A. Castaneda Hernandez , H.A. Encinas Acosta, L.G. Gallegos Marı́ñez,
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R. Tramontano

National Central University, Chung-Li, Taiwan
C. Adloff64, D. Bhowmik, C.M. Kuo, W. Lin, P.K. Rout , P.C. Tiwari37

National Taiwan University (NTU), Taipei, Taiwan
L. Ceard, K.F. Chen , Z.g. Chen, A. De Iorio , W.-S. Hou , T.h. Hsu, Y.w. Kao,
S. Karmakar , G. Kole , Y.y. Li , R.-S. Lu , E. Paganis , X.f. Su , J. Thomas-Wilsker ,
L.s. Tsai, D. Tsionou, H.y. Wu, E. Yazgan

High Energy Physics Research Unit, Department of Physics, Faculty of Science,
Chulalongkorn University, Bangkok, Thailand
C. Asawatangtrakuldee , N. Srimanobhas , V. Wachirapusitanand

Tunis El Manar University, Tunis, Tunisia
Y. Maghrbi
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