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Abstract

Charged hadron elliptic anisotropies (v,) are presented over a wide transverse mo-
mentum (p7) range for proton-lead (pPb) and lead-lead (PbPb) collisions at nucleon-
nucleon center-of-mass energies of 8.16 and 5.02TeV, respectively. The data were
recorded by the CMS experiment and correspond to integrated luminosities of
186nb ' and 0.607nb ! 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 pr (pr > 8 GeV), significant positive
v, 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-pr 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 (v,) and triangular (v;) 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 (py) 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-pr 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-py particles in pPb col-
lisions at a center-of-mass energy per nucleon pair /s = = 8.16 TeV, compared to those in
lead-lead (PbPb) collisions at \/ﬁ = 5.02TeV. The pPb and PbPb data were obtained using
the CMS detector at the LHC in 2016 and 2018, corresponding to an integrated luminosities
of 186nb ! and 0.607nb !, 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 || < 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 < |57| < 5.2. The HF calorimeters are azimuthally subdivided into



20° modular wedges, which are further segmented to form 0.175x0.175 (A x A¢) 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 6.5TeV and 2.56 TeV
per nucleon, respectively, resulting in a center-of-mass energy of \/ﬁ = 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
1GeV. Additionally, at least one track with py > 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 corresponding to the measured track multiplicity with pr > 0.4GeV and || < 2.4, be-
fore correcting for the tracking efficiency. Table 1 of Back matterA.1 reports the mean multiplic-
ity (NCifline) and multiplicity after correcting for tracking inefficiencies (N™e<*ed) for various
Nt‘;flfline ranges. A trigger efficiency plateau above 95% is observed in the 185 < Nt‘;flfhne < 250
range.

The PbPb MB events are selected based on signals surpassing readout threshold of 3GeV 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 py uncertainty must be less than 10% for the pr range used.

To ensure high tracking efficiency and minimal background contamination, only tracks with
|n] < 2.4 and with pr > 0.3GeV for pPb collisions and py > 0.5GeV 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.



The Q-cumulant method, as encoded in the MCORRELATIONS package [59], is used to deter-
mine the v, 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)) = ((e"@ 7)) and  ((4)) = (" PHPmtmt))), @)

Here, ¢; (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 ¢, {4} is given as

ca{4} = ((4)) —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 || < 2.4 and with 0.3 (0.5) < pp < 3.0GeV for pPb (PbPb) collisions. In order to reduce
the contribution of minijets, an upper limit of pr < 3.0GeV is used for the RFPs [62]. The pr
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 7, 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 1 ranges, ensuring
a pseudorapidity gap (difference in pseudorapidity values, Ay) between correlated particles.
Statistical uncertainties are estimated using a bootstrap method [63]. Figure 1 illustrates how
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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 POIL.



particle tracks are selected to construct four-particle cuamulants. The upper left panel shows
the case where all four particles are chosen from the same 7 range, leading to significant non-
flow contributions from single jets. The upper right panel depicts the two-subevent method
(=24 <y <0and 0 < 5 < 2.4), which reduces nonflow effects by separating particles a and
b into distinct 17 ranges. The three-subevent method (lower left) further suppresses dijet contri-
butions by dividing into three 7 ranges (—2.4 <7 < —0.8, —0.8 <1 < 0.8and 0.8 <1 < 2.4),
while the four-subevent method (lower right) minimizes nonflow effects by assigning each par-
ticle to a distinct # range (—2.4 <7 < —-12, -12 <y < 0,0 <y <1l2and12 <75y < 24)

The pt dependence of the flow coefficients can be studied using pr-differential cumulants,

d,{4}, given by
d, {4} = () —2(2))((2)), ®)

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 POL. In the following, we provide the specific d,, {4}
formulas for the two, three, and four subevent analyses. We use a notation where 4, 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 POL 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

d, {4} 2 = (&)Y —2(2)717") ((2)717"). (4)
For the three subevent case, the correlator expansion depends on the POI pseudorapidity range,
P 1% P pidity rang
with
d, {4} = (@)Y —2((2)7) (2], (5)
when the POl is in the range 0.8 < |7| < 2.4 and

dy {4 s = (O17P71) — (@) (@)1 = (@2)T) (2771, Q)

when |77]| < 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)2¢")((2)t"l¢) and ((2)F") ((2)V"I¢)).
Similarly, in the case of four subevents, instead of taking twice the product of two-particle cor-
relators, we incorporate two different choices ({(2)1¢") ((2)?14") and ((2)714") ((2)bl¢") ), with

dy{4 g = (71 — ()7 (@2)7) = (2)7) (2)") @)

when the POl is in the range —2.4 < 1 < —1.2 and similar equations for when the POI is in
different 5 ranges. The differential v, {4} value can then be expressed as

v, {4} = — d, {4}/ (~c, {4})**, ®)

where ¢, {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



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, pr, and collision system. The sensitivity
of the results to the primary vertex position along the beam axis (z,,) is determined by com-
paring events with different z, locations from —15 cm to +15cm. 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 v,{4} value vs. pp with 185 < Ngifline < 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 v,{4} results for the different subevent methods are shown for the 185 < Npifline < 250
range as function of pr in Fig. 2. The left panel shows the results for pPb collisions and the
right panel for PbPb collisions. The v,{4} is calculated for each pt range of POI and the marker
is placed at the mean py value. The standard v,{4} result (without subevents) becomes nega-
tive above pr ~ 10GeV 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 v,{4}, when compared with
PbPb events. Using the subevent method, this negative trend is heavily suppressed and posi-
tive values of v,{4} (negative value of d,{4}) result up to pr ~ 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 v,{4} values as a function of py for pPb and
PbPb collisions. We observe similar magnitudes of v,{4} in both collision systems at higher
pr, with nearly constant values above pr ~ 6GeV. In the right plot of Fig. 3, we show the
four-subevent v, {4} for particles with pr > 6GeV as a function of (Nifin¢) for pPb and PbPb
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Figure 3: left: Comparison of pPb and PbPb four-subevent v,{4} values with 185 < Ngflfi“e <
250 vs. pr. right: Comparison of pPb and PbPb four-subevent v,{4} values with p{°! > 6 GeV
vs. (Noifline) ~ The solid lines and boxes represent the statistical and systematic uncertainties,
respectively.

collisions. Figure 5 of Back matterA.4 shows the v,{4} results in terms of efficiency-corrected
mean multiplicity ((Ng™e**d)). The v,{4} values and their (N2iflin¢) 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
pr disappears for pt > 6GeV in PbPb collisions [65]. This is consistent with the higher-pr
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-p 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 v,{4} values observed for low multiplicity PbPb collisions below
pr ~ 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
v,{4} values at high py for PbPb events. However, our observed high-pr v,{4} values are
similar for PbPb and pPb collisions. One potential origin of the v,{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 (v,{4}) are measured over a large range of trans-
verse momentum (pr) 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 v,{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 v,{4} values at pr > 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 Ngifline and Neerrected jn ppPh and PbPb collisions

Table 1 gives Average multiplicity ((N2i1i"¢)) and multiplicity corrected for tracking efficiency
((Ngorreeted)) values in various N2 ranges for pPb and PbPb collisions. Uncertainties for the

tracking efficiency corrected NEo™cted are included.

Table 1: (Ngffline) and (NEorrected) values in various NOiIine ranges.

pPb PbPb
Ngil’(ﬂine range < Ng{(ﬂine> < Né?(rrected > < Ntcﬁ(ﬂine> < N&(f(rrected>
(0,60) 27 33+1 23 39+2
[60,120) 83 101+4 87 152+6
[120, 150) 132 1606 135 233+£10
[150, 185) 164 198+7 168 287+£12
[185,250) 202 245+10 216 368+16

A.2 Mean p for different py bins in pPb and PbPb for 185 < Ngffline 550

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

Table 2: (pr) for py bins of POI in pPb and PbPb for 185 < Npifline < 250, All p; values are
given in units of GeV.

pPb  PbPb
prrange (pr)  (py)
03-05  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
2.0-2.5 222 2.22
2530 272 2.72
3.0-4.0 340 3.40
40-5.0 441 441
5.0-6.0 543 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 1719 17.06

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

Figure 4 compares four-subevent d,{4} results based on HIJING simulations with the experi-
mental results. The HIJING results for 60 < Ngin < 120 are consistent with zero at high pr,
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Figure 4: The four-subevent d,{4} values in generator level HIJING for 60 < Ngin < 120
shown by the closed green diamonds are compared to the experimental pPb results with
60 < Ngflf]me < 120 (open blue squares) and 185 < Nt‘;{f]me < 250 (closed red circles).

suggesting complete removal of nonflow. Here NZ|" is the measured track multiplicity with
pr > 0.4GeV and || < 2.4 in generator level HIJING. For comparison, the experimental pPb
four-subevent d,{4} values are shown for 60 < NE" < 120 and 185 < Noffline < 250. The
experimental results are found to have significantly negative values.

A.4 Plot shown in Fig. 3 (right), but with (Ngorrected) along the x-axis.

Figure 5 shows the four-subevent v,{4} results in terms of efficiency-corrected mean multiplic-
ity ((N&orreeted)) in pPb and PbPb collisions. The POI is taken with py > 6GeV. The high-pr
0v,{4} values and their (N2iflin¢) dependence for the two systems are very similar.
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Figure 5: Comparison of v,{4} values as a function of (N<y™cted) between pPb and PbPb col-
lisions. The solid lines and boxes indicate the statistical and systematic uncertainties, respec-
tively.
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