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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 using
the CMS detector at the LHC in 2016 and 2018, corresponding to an 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 sensitivity
of the results to the primary vertex position along the beam axis (zvtx) is determined by com-
paring events with different zvtx locations from −15 cm to +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%. Sys-
tematic effects from event selections in PbPb collisions 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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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 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 nega-
tive 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 posi-
tive 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
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
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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.

collisions. 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.

Our results are unexpected, given the distinct nature and geometry of the medium formed in
pPb as compared to PbPb collisions. The baryon/meson enhancement found at intermediate
pT disappears for pT > 6 GeV in PbPb collisions [65]. 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 [66]. 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 [67, 68]. 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. [69]. Further investigations, both in theory
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 compara-
ble multiplicities. This observation suggests a common origin for the multi-particle collectivity
for high-pT particles in the two systems.
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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 four-subevent d2{4} results based on HIJING simulations with the experi-
mental results. The HIJING results for 60 ≤ Ngen

trk < 120 are consistent with zero at high pT,
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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).

suggesting complete removal of nonflow. Here Ngen
trk is the measured track multiplicity with

pT > 0.4 GeV and |η| < 2.4 in generator level HIJING. For comparison, the experimental pPb
four-subevent d2{4} values are shown for 60 ≤ Ngen

trk < 120 and 185 ≤ Noffline
trk < 250. The

experimental results 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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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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H. Bialkowska , M. Bluj , M. Górski , M. Kazana , M. Szleper , P. Zalewski

Institute of Experimental Physics, Faculty of Physics, University of Warsaw, Warsaw, Poland
K. Bunkowski , K. Doroba , A. Kalinowski , M. Konecki , J. Krolikowski ,
A. Muhammad

Warsaw University of Technology, Warsaw, Poland
P. Fokow , K. Pozniak , W. Zabolotny
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Çukurova University, Physics Department, Science and Art Faculty, Adana, Turkey
D. Agyel , F. Boran , F. Dolek , I. Dumanoglu65 , E. Eskut , Y. Guler66 ,
E. Gurpinar Guler66 , C. Isik , O. Kara, A. Kayis Topaksu , Y. Komurcu , G. Onengut ,
K. Ozdemir67 , A. Polatoz , B. Tali68 , U.G. Tok , E. Uslan , I.S. Zorbakir

Middle East Technical University, Physics Department, Ankara, Turkey
G. Sokmen, M. Yalvac69

Bogazici University, Istanbul, Turkey
B. Akgun , I.O. Atakisi , E. Gülmez , M. Kaya70 , O. Kaya71 , S. Tekten72

Istanbul Technical University, Istanbul, Turkey
A. Cakir , K. Cankocak65,73 , G.G. Dincer65 , S. Sen74

Istanbul University, Istanbul, Turkey
O. Aydilek75 , B. Hacisahinoglu , I. Hos76 , B. Kaynak , S. Ozkorucuklu , O. Potok ,
H. Sert , C. Simsek , C. Zorbilmez

Yildiz Technical University, Istanbul, Turkey
S. Cerci , B. Isildak77 , D. Sunar Cerci , T. Yetkin

Institute for Scintillation Materials of National Academy of Science of Ukraine, Kharkiv,

https://orcid.org/0000-0001-9791-2353
https://orcid.org/0000-0001-5677-6033
https://orcid.org/0000-0003-4472-867X
https://orcid.org/0000-0001-9964-249X
https://orcid.org/0000-0002-5594-1321
https://orcid.org/0000-0002-9576-055X
https://orcid.org/0000-0003-1979-7331
https://orcid.org/0000-0001-5333-4918
https://orcid.org/0000-0002-3632-3157
https://orcid.org/0000-0002-1780-1344
https://orcid.org/0000-0001-6125-7203
https://orcid.org/0009-0005-6188-7754
https://orcid.org/0000-0002-7671-243X
https://orcid.org/0000-0002-5888-2304
https://orcid.org/0009-0003-0647-5103
https://orcid.org/0000-0001-7774-0099
https://orcid.org/0000-0003-0001-7657
https://orcid.org/0000-0002-6674-0015
https://orcid.org/0000-0002-9925-5753
https://orcid.org/0000-0003-2533-2856
https://orcid.org/0000-0002-4549-2569
https://orcid.org/0000-0001-9830-0412
https://orcid.org/0009-0002-0638-3447
https://orcid.org/0000-0002-9408-4756
https://orcid.org/0009-0006-0914-7684
https://orcid.org/0000-0001-5309-1960
https://orcid.org/0000-0002-6182-3380
https://orcid.org/0000-0002-7217-4750
https://orcid.org/0000-0002-3135-6427
https://orcid.org/0000-0003-4970-2217
https://orcid.org/0009-0004-1393-6577
https://orcid.org/0000-0002-7584-5038
https://orcid.org/0000-0002-0389-8640
https://orcid.org/0000-0001-6627-8716
https://orcid.org/0000-0001-6362-5356
https://orcid.org/0000-0002-4721-7966
https://orcid.org/0000-0002-3752-4639
https://orcid.org/0009-0002-8559-0531
https://orcid.org/0000-0002-8046-4344
https://orcid.org/0000-0002-8610-1130
https://orcid.org/0000-0002-3533-6191
https://orcid.org/0000-0003-4420-5510
https://orcid.org/0000-0001-7098-5317
https://orcid.org/0000-0001-8587-8266
https://orcid.org/0000-0001-8038-1613
https://orcid.org/0000-0002-7695-501X
https://orcid.org/0000-0002-8842-6027
https://orcid.org/0000-0001-6361-2117
https://orcid.org/0000-0001-7873-3579
https://orcid.org/0000-0002-9806-5907
https://orcid.org/0009-0009-8976-7702
https://orcid.org/0000-0002-8992-5426
https://orcid.org/0000-0002-6657-0407
https://orcid.org/0000-0002-7561-6091
https://orcid.org/0000-0002-1192-1628
https://orcid.org/0000-0003-0199-6957
https://orcid.org/0009-0001-9480-4039
https://orcid.org/0000-0003-0443-5071
https://orcid.org/0000-0003-0985-913X
https://orcid.org/0000-0002-9438-2059
https://orcid.org/0000-0002-1992-5711
https://orcid.org/0009-0003-0724-7727
https://orcid.org/0000-0001-5979-5299
https://orcid.org/0000-0001-8149-6180
https://orcid.org/0000-0002-3667-3843
https://orcid.org/0000-0003-1304-3782
https://orcid.org/0000-0002-9258-1345
https://orcid.org/0000-0002-4260-5118
https://orcid.org/0000-0001-9715-5663
https://orcid.org/0000-0002-3285-1497
https://orcid.org/0000-0003-3598-556X
https://orcid.org/0000-0001-6828-1695
https://orcid.org/0000-0002-1950-8993
https://orcid.org/0009-0009-0207-4904
https://orcid.org/0000-0003-1293-4153
https://orcid.org/0000-0001-5732-7950
https://orcid.org/0000-0003-2234-7219
https://orcid.org/0000-0003-3563-2959
https://orcid.org/0000-0001-8251-5160
https://orcid.org/0000-0002-4960-7458
https://orcid.org/0000-0002-1797-8844
https://orcid.org/0000-0002-3611-390X
https://orcid.org/0000-0001-7092-5517
https://orcid.org/0000-0002-0039-5503
https://orcid.org/0000-0001-8328-3314
https://orcid.org/0000-0001-7598-5252
https://orcid.org/0000-0002-6172-0285
https://orcid.org/0000-0002-7977-0811
https://orcid.org/0000-0002-3169-4573
https://orcid.org/0000-0002-7084-030X
https://orcid.org/0000-0002-6274-4254
https://orcid.org/0000-0002-0103-1488
https://orcid.org/0000-0001-9516-0821
https://orcid.org/0000-0002-7447-5602
https://orcid.org/0000-0002-3039-021X
https://orcid.org/0000-0002-2472-0526
https://orcid.org/0000-0002-5962-2221
https://orcid.org/0000-0003-4915-9162
https://orcid.org/0000-0001-8888-3562
https://orcid.org/0000-0002-9231-7464
https://orcid.org/0000-0002-6353-518X
https://orcid.org/0000-0003-2890-4493
https://orcid.org/0000-0002-8485-3822
https://orcid.org/0000-0002-9624-5525
https://orcid.org/0000-0002-8627-7689
https://orcid.org/0000-0002-3829-3481
https://orcid.org/0009-0001-1997-2841
https://orcid.org/0000-0001-7325-1087
https://orcid.org/0000-0002-2567-6766
https://orcid.org/0000-0002-2646-1230
https://orcid.org/0000-0002-7678-1101
https://orcid.org/0000-0003-3857-2496
https://orcid.org/0000-0001-5153-9266
https://orcid.org/0009-0005-1141-6401
https://orcid.org/0000-0003-0716-6727
https://orcid.org/0000-0002-7359-8635
https://orcid.org/0000-0002-5199-061X
https://orcid.org/0000-0002-8702-6152
https://orcid.org/0000-0002-0283-5234
https://orcid.org/0000-0002-5412-4688
https://orcid.org/0000-0003-3277-5612


26

Ukraine
A. Boyaryntsev , B. Grynyov

National Science Centre, Kharkiv Institute of Physics and Technology, Kharkiv, Ukraine
L. Levchuk

University of Bristol, Bristol, United Kingdom
D. Anthony , J.J. Brooke , A. Bundock , F. Bury , E. Clement , D. Cussans ,
H. Flacher , M. Glowacki, J. Goldstein , H.F. Heath , M.-L. Holmberg , L. Kreczko ,
S. Paramesvaran , L. Robertshaw, V.J. Smith , K. Walkingshaw Pass

Rutherford Appleton Laboratory, Didcot, United Kingdom
A.H. Ball, K.W. Bell , A. Belyaev78 , C. Brew , R.M. Brown , D.J.A. Cockerill ,
C. Cooke , A. Elliot , K.V. Ellis, K. Harder , S. Harper , J. Linacre , K. Manolopoulos,
D.M. Newbold , E. Olaiya, D. Petyt , T. Reis , A.R. Sahasransu , G. Salvi , T. Schuh,
C.H. Shepherd-Themistocleous , I.R. Tomalin , K.C. Whalen , T. Williams

Imperial College, London, United Kingdom
I. Andreou , R. Bainbridge , P. Bloch , O. Buchmuller, C.A. Carrillo Montoya ,
G.S. Chahal79 , D. Colling , J.S. Dancu, I. Das , P. Dauncey , G. Davies ,
M. Della Negra , S. Fayer, G. Fedi , G. Hall , A. Howard, G. Iles , C.R. Knight ,
P. Krueper, J. Langford , K.H. Law , J. León Holgado , L. Lyons , A.-M. Magnan ,
B. Maier , S. Mallios, M. Mieskolainen , J. Nash80 , M. Pesaresi , P.B. Pradeep,
B.C. Radburn-Smith , A. Richards, A. Rose , K. Savva , C. Seez , R. Shukla ,
A. Tapper , K. Uchida , G.P. Uttley , T. Virdee29 , M. Vojinovic , N. Wardle ,
D. Winterbottom

Brunel University, Uxbridge, United Kingdom
J.E. Cole , A. Khan, P. Kyberd , I.D. Reid

Baylor University, Waco, Texas, USA
S. Abdullin , A. Brinkerhoff , E. Collins , M.R. Darwish , J. Dittmann ,
K. Hatakeyama , V. Hegde , J. Hiltbrand , B. McMaster , J. Samudio , S. Sawant ,
C. Sutantawibul , J. Wilson

Catholic University of America, Washington, DC, USA
R. Bartek , A. Dominguez , A.E. Simsek , S.S. Yu

The University of Alabama, Tuscaloosa, Alabama, USA
B. Bam , A. Buchot Perraguin , R. Chudasama , S.I. Cooper , C. Crovella ,
S.V. Gleyzer , E. Pearson, C.U. Perez , P. Rumerio81 , E. Usai , R. Yi

Boston University, Boston, Massachusetts, USA
A. Akpinar , C. Cosby , G. De Castro, Z. Demiragli , C. Erice , C. Fangmeier ,
C. Fernandez Madrazo , E. Fontanesi , D. Gastler , F. Golf , S. Jeon , J. O‘cain,
I. Reed , J. Rohlf , K. Salyer , D. Sperka , D. Spitzbart , I. Suarez , A. Tsatsos ,
A.G. Zecchinelli

Brown University, Providence, Rhode Island, USA
G. Barone , G. Benelli , D. Cutts , L. Gouskos , M. Hadley , U. Heintz , K.W. Ho ,
J.M. Hogan82 , T. Kwon , G. Landsberg , K.T. Lau , J. Luo , S. Mondal , T. Russell,
S. Sagir83 , X. Shen , F. Simpson , M. Stamenkovic , N. Venkatasubramanian

University of California, Davis, Davis, California, USA
S. Abbott , B. Barton , C. Brainerd , R. Breedon , H. Cai ,

https://orcid.org/0000-0001-9252-0430
https://orcid.org/0000-0003-1700-0173
https://orcid.org/0000-0001-5889-7410
https://orcid.org/0000-0002-5016-8886
https://orcid.org/0000-0003-2529-0684
https://orcid.org/0000-0002-2916-6456
https://orcid.org/0000-0002-3077-2090
https://orcid.org/0000-0003-3412-4004
https://orcid.org/0000-0001-8192-0826
https://orcid.org/0000-0002-5371-941X
https://orcid.org/0000-0003-1591-6014
https://orcid.org/0000-0001-6576-9740
https://orcid.org/0000-0002-9473-5985
https://orcid.org/0000-0003-2341-8330
https://orcid.org/0000-0003-4748-8296
https://orcid.org/0000-0003-4543-2547
https://orcid.org/0000-0002-2294-5860
https://orcid.org/0000-0002-1733-4408
https://orcid.org/0000-0001-6595-8365
https://orcid.org/0000-0002-6728-0153
https://orcid.org/0000-0003-2427-5765
https://orcid.org/0000-0003-3730-4895
https://orcid.org/0000-0003-0921-0314
https://orcid.org/0000-0002-2965-6973
https://orcid.org/0000-0001-5637-2653
https://orcid.org/0000-0001-7555-652X
https://orcid.org/0000-0002-9015-9634
https://orcid.org/0000-0002-2369-4469
https://orcid.org/0000-0003-3703-6624
https://orcid.org/0000-0003-1505-1743
https://orcid.org/0000-0002-2787-1063
https://orcid.org/0000-0003-0551-6949
https://orcid.org/0000-0003-2419-4439
https://orcid.org/0000-0002-9383-8763
https://orcid.org/0000-0002-8724-4678
https://orcid.org/0000-0002-3031-8728
https://orcid.org/0000-0001-9157-4832
https://orcid.org/0000-0001-6716-979X
https://orcid.org/0000-0002-6245-6535
https://orcid.org/0000-0003-0320-4407
https://orcid.org/0000-0001-9959-4977
https://orcid.org/0000-0002-5437-2067
https://orcid.org/0000-0001-6839-9466
https://orcid.org/0000-0001-8668-5001
https://orcid.org/0000-0001-6497-8081
https://orcid.org/0000-0001-9101-2573
https://orcid.org/0000-0002-6299-8385
https://orcid.org/0000-0002-1219-5859
https://orcid.org/0009-0008-1167-4816
https://orcid.org/0000-0002-3931-4379
https://orcid.org/0000-0003-4725-6989
https://orcid.org/0000-0002-4156-6460
https://orcid.org/0000-0001-7945-9188
https://orcid.org/0000-0002-4266-1646
https://orcid.org/0000-0001-5270-7540
https://orcid.org/0000-0001-8893-7401
https://orcid.org/0000-0003-0607-6519
https://orcid.org/0000-0002-9759-1083
https://orcid.org/0000-0003-1488-9675
https://orcid.org/0000-0002-9773-550X
https://orcid.org/0009-0000-7646-3376
https://orcid.org/0000-0002-1637-5494
https://orcid.org/0000-0001-5670-5497
https://orcid.org/0000-0003-4543-864X
https://orcid.org/0000-0003-0742-2276
https://orcid.org/0009-0002-6248-6467
https://orcid.org/0000-0001-7429-2198
https://orcid.org/0000-0001-8665-2808
https://orcid.org/0000-0003-1344-3356
https://orcid.org/0000-0003-4582-150X
https://orcid.org/0000-0001-5638-7599
https://orcid.org/0000-0002-7353-7090
https://orcid.org/0000-0002-9235-779X
https://orcid.org/0000-0003-4885-6935
https://orcid.org/0000-0002-4819-7995
https://orcid.org/0009-0008-1661-3537
https://orcid.org/0000-0003-2894-2377
https://orcid.org/0000-0002-1911-3158
https://orcid.org/0000-0002-6012-2451
https://orcid.org/0000-0003-4952-2873
https://orcid.org/0000-0003-1691-5937
https://orcid.org/0000-0002-4494-0446
https://orcid.org/0000-0002-4767-8463
https://orcid.org/0000-0002-1981-7753
https://orcid.org/0000-0003-0600-0151
https://orcid.org/0000-0002-5672-7394
https://orcid.org/0000-0002-1686-2882
https://orcid.org/0000-0002-7420-5493
https://orcid.org/0000-0002-9074-2256
https://orcid.org/0000-0002-6011-8516
https://orcid.org/0000-0002-9102-4483
https://orcid.org/0000-0002-8597-647X
https://orcid.org/0009-0007-8848-6146
https://orcid.org/0000-0002-4618-0313
https://orcid.org/0000-0001-7572-188X
https://orcid.org/0000-0002-6222-8102
https://orcid.org/0000-0002-6861-2674
https://orcid.org/0000-0002-1702-5541
https://orcid.org/0000-0001-9323-2107
https://orcid.org/0000-0001-5818-1682
https://orcid.org/0000-0001-7510-6617
https://orcid.org/0000-0003-0352-6561
https://orcid.org/0000-0001-8521-737X
https://orcid.org/0000-0002-6469-3200
https://orcid.org/0000-0002-5998-8047
https://orcid.org/0000-0001-9748-4336
https://orcid.org/0000-0002-0662-5904
https://orcid.org/0009-0000-7307-6311
https://orcid.org/0000-0003-3567-9351
https://orcid.org/0000-0003-1208-6940
https://orcid.org/0000-0002-1823-8856
https://orcid.org/0000-0001-6423-9799
https://orcid.org/0000-0002-6957-1077
https://orcid.org/0000-0002-4624-2019
https://orcid.org/0000-0003-2025-2742
https://orcid.org/0000-0002-5374-6995
https://orcid.org/0000-0001-8310-8911
https://orcid.org/0000-0001-8986-278X
https://orcid.org/0000-0001-5163-5936
https://orcid.org/0000-0003-4461-8905
https://orcid.org/0000-0003-1041-7099
https://orcid.org/0000-0002-9547-7471
https://orcid.org/0000-0002-7068-4327
https://orcid.org/0000-0002-7590-3058
https://orcid.org/0000-0003-2229-7223
https://orcid.org/0000-0002-8604-3452
https://orcid.org/0000-0001-9594-6277
https://orcid.org/0000-0002-4184-9380
https://orcid.org/0000-0003-1371-8575
https://orcid.org/0000-0002-4108-8681
https://orcid.org/0000-0003-0153-7590
https://orcid.org/0000-0002-2614-5860
https://orcid.org/0009-0000-6519-9274
https://orcid.org/0000-0001-8944-9629
https://orcid.org/0000-0003-2251-0610
https://orcid.org/0000-0002-7791-894X
https://orcid.org/0000-0003-4390-5881
https://orcid.org/0000-0002-9552-1006
https://orcid.org/0000-0001-5314-7581
https://orcid.org/0000-0002-5759-0297


27

M. Calderon De La Barca Sanchez , M. Chertok , M. Citron , J. Conway , P.T. Cox ,
R. Erbacher , F. Jensen , O. Kukral , G. Mocellin , M. Mulhearn , S. Ostrom ,
W. Wei , S. Yoo , F. Zhang

University of California, Los Angeles, California, USA
K. Adamidis, M. Bachtis , D. Campos, R. Cousins , A. Datta , G. Flores Avila ,
J. Hauser , M. Ignatenko , M.A. Iqbal , T. Lam , Y.f. Lo, E. Manca , A. Nunez Del Prado,
D. Saltzberg , V. Valuev

University of California, Riverside, Riverside, California, USA
R. Clare , J.W. Gary , G. Hanson

University of California, San Diego, La Jolla, California, USA
A. Aportela, A. Arora , J.G. Branson , S. Cittolin , S. Cooperstein , D. Diaz ,
J. Duarte , L. Giannini , Y. Gu, J. Guiang , R. Kansal , V. Krutelyov , R. Lee ,
J. Letts , M. Masciovecchio , F. Mokhtar , S. Mukherjee , M. Pieri , D. Primosch,
M. Quinnan , V. Sharma , M. Tadel , E. Vourliotis , F. Würthwein , Y. Xiang ,
A. Yagil

University of California, Santa Barbara - Department of Physics, Santa Barbara, California,
USA
A. Barzdukas , L. Brennan , C. Campagnari , K. Downham , C. Grieco , M.M. Hussain,
J. Incandela , J. Kim , A.J. Li , P. Masterson , H. Mei , J. Richman , S.N. Santpur ,
U. Sarica , R. Schmitz , F. Setti , J. Sheplock , D. Stuart , T.Á. Vámi , X. Yan ,
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32Also at MTA-ELTE Lendület CMS Particle and Nuclear Physics Group, Eötvös Loránd
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