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Abstract

Correlations between azimuthal anisotropy and mean transverse momentum of
charged particles in proton-proton (pp), proton-lead (pPb), and peripheral lead-lead
(PbPb) collisions are presented as a function of charged particle multiplicity. The pp,
pPb and PbPb collision data were collected using the CMS detector at the LHC with a
center-of-mass energy per nucleon pair of 13, 8.16 and 5.02 TeV, respectively. The two-
and four-particle cumulants for the second- and third-order Fourier anisotropy har-
monics are correlated with the mean transverse momentum of charged particles on
an event-by-event basis. In pp and pPb systems, the observed correlation coefficients
based on two-particle cumulants are found to change from negative to positive values
as the charged particle multiplicity decreases. The sign changes disappear when the
correlated particles are required to be further apart in pseudorapidity. Additionally,
no sign changes in correlation coefficients are observed when employing four-particle
cumulants. Models incorporating initial-state gluon saturation and final-state hydro-
dynamic evolutions are compared to pPb data and the predicted sign changes are not
observed.
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A hot and dense medium known as the quark-gluon plasma (QGP) has been extensively stud-
ied using heavy ion collisions at the BNL RHIC [1-4] and CERN LHC [5-12]. The azimuthal
anisotropy of the produced particles in these collisions is a powerful tool to study the collective
dynamics and transport properties of the QGP. This anisotropy is characterized by the Fourier
coefficients (v,,) of the particle azimuthal angle (¢) distribution dN/d¢ «<1+42Y", v, cos[n(¢p —
¥,)], where ¥,, represents the phase of the n'-order azimuthal flow vector (also referred to as
the angle of the n'"-order symmetry plane). In a hydrodynamic picture, the Fourier anisotropy
harmonics are the result of strong partonic rescatterings in the final state, responding to the ini-
tial geometry of the colliding system [13-15]. In the past decade, a remarkable similarity in the
azimuthal anisotropy signatures has been observed between heavy ion collisions and smaller
collision systems, such as proton-proton (pp), proton-lead (pPb), and proton-gold (pAu) [16-
26]. The similarity holds even for multiparticle correlations, which can suppress “nonflow”
effects that do not result from correlations related to the bulk properties of the medium [23, 27].
These effects can include back-to-back jet correlations and resonance decays, which usually
produce particles in localized pseudorapidity (77) regions [28-30]. Apart from the final-state
effects, the observed anisotropy in small systems can also originate from initial-state effects, for
example, in the color-glass condensate (CGC) effective theory [31-33]. The dominant origin of
the azimuthal anisotropy in small systems is still under active discussion [34, 35], because no
observable has been found to unambiguously distinguish between the final- and initial-state
effects.

In addition to generating the final-state azimuthal anisotropy the hydrodynamic response also
results in a radial flow, which contributes to the mean transverse momentum [pr| on an event-
by-event basis. The correlations between radial and anisotropic flow can be quantified using a
modified linear correlator [36, 37],
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where cov(v2, [pr]) is the covariance between v2 and [py], and Var(v%)dyn and Var([pr]) gyn are
the dynamical variances of the v2 and [py] distributions, respectively. Dynamical variances re-
move auto-correlation effects, when compared with variances of v2 and [p] distributions, and
better capture intrinsic initial-state fluctuations. This correlator defined by Eq. (1) is sensitive to
the details of the initial conditions, and its magnitude can be traced back to the initial density
profile of the nuclear overlap [38, 39].

Recently it was suggested that this correlator might be able to distinguish between initial- and
final-state effects [40]. Specifically, the CGC model predicts a sign change of the p(v2, [p1]) cor-
relator going from high-multiplicity (dominated by final-state effects) to very low-multiplicity
(dominated by initial-state effects) events, in small collision systems. A prior ATLAS mea-
surement using two-particle cumulants shows no sign change across the explored multiplicity
range in pPb collisions [41]. However, these results do not cover the multiplciity range where
the initial-state sign change is expected. It was realized that a sign change could exist due to
nonflow effects as shown by the PYTHIAS event generator with the A2 tune [42, 43]. Measure-
ments of the correlator with proper treatment of nonflow effects, and the searches for correlator
sign changes in low-multiplicity pp, pPb, and peripheral PbPb collisions can provide insights
into the origin of the azimuthal correlations in small systems.

In this Letter, these correlations are measured to very low multiplicity regions in three colli-
sion systems where sign changes are predicted due to the dominance of initial-state effects.
Measurements using four-particle cumulants are also presented for the first time to further



suppress nonflow effects. The results in pPb collisions are compared directly with CGC predic-
tions. In addition, the correlators for the third Fourier harmonic are also presented as a function
of charged particle multiplicity. Tabulated results are provided in the HEPData record for this
analysis [44].

The CMS apparatus [45, 46] is a multipurpose, nearly hermetic detector, designed to trigger on
and identify electrons, muons, photons, and (charged and neutral) hadrons [47—49]. A global
“particle-flow” (PF) algorithm [50] aims to reconstruct all individual particles in an event, com-
bining information provided by the all-silicon inner tracker and by the crystal electromagnetic
and brass-scintillator hadron calorimeters, operating inside a 3.8 T superconducting solenoid,
with data from the gas-ionization muon detectors embedded in the flux-return yoke outside
the solenoid. Forward hadronic calorimeters (HF), made of steel and quartz fibers, extend the
1 coverage provided by the barrel and endcap detectors up to || ~ 5. The silicon tracker
used in 2016 measured charged particles within the range || < 2.5. For nonisolated particles
of 1 < pp < 10GeV and |y| < 1.4, the track resolutions were typically 1.5% in pr and 25-90
(45-150) ym in the transverse (longitudinal) impact parameter [49]. At the start of 2017, a new
pixel detector was installed [51]; the upgraded tracker measured particles up to || < 3.0 with
typical resolutions of 1.5% in pr and 20-75 ym in the transverse impact parameter [52] for non-
isolated particles of 1 < py < 10GeV. The data sample is collected with a two-level trigger
system: at level-1 events are selected by custom hardware processors and the high-level trigger
uses fast versions of the offline software [53, 54].

The measurements presented in this Letter use pp, pPb and PbPb collisions with center-of-
mass energy per nucleon pairs of 13, 8.16 and 5.02 TeV, taken in 2018, 2016, and 2018, and with
integrated luminosities of 28.6 pb_l, 186nb ! and 0.607nb !, respectively [55-58]. When mea-
suring the correlations in pp and pPb collisions, the same beam crossing may contain multiple
independent interactions, which constitute a background for the analysis of high-multiplicity
events. The average number of collisions per bunch crossing (pileup) in pp (pPb) data varied
between 0.1 and 1.3 (0.10 and 0.25). A procedure similar to that described in Ref. [27] is used
for identifying and rejecting pileup. Minimum bias (MB) pp and pPb events are triggered by
energy deposits in at least one of the two HFs above a threshold of approximately 1 GeV, and
the presence of at least one track with pr > 0.4GeV in the pixel tracker for pPb collisions.
Events are also required to contain a primary vertex within 15cm of the nominal interaction
point along the beam axis and 0.2 cm in the transverse direction. The primary vertex is chosen
as the reconstructed vertex with the largest number of associated tracks At least two recon-
structed tracks were required to be associated with the primary vertex. The MB PbPb events
are selected to have signals above readout thresholds in the range of ~6-12 GeV on both sides
of the HF calorimeters. The PbPb events are further filtered to have a primary vertex within
15 cm of the nominal interaction point along the beam axis and 0.2 cm in the transverse direc-
tion, and at least two towers with total deposited energy larger or equal to 4 GeV in each of the
HF detectors. The trigger, event reconstruction, and selections are described in previous cor-
relation analyses [27-30]. For all data sets analyzed, primary tracks, i.e., tracks that originate
from the primary vertex and satisfy the high-purity criteria of Ref. [49], are used to perform the
correlation measurements. In addition, the impact parameter significance of the tracks with
respect to the primary vertex in the longitudinal and transverse direction is required to be less
than 3 standard deviations. 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 |57| < 2.4 and pr > 0.5GeV are used, as in Ref. [49]. The selected tracks are corrected for
tracking inefficiency and acceptance found using simulated Monte Carlo samples from PYTHIA
8.212 [59] tune CP5 [60], HJING v1.35 [61], and HYDJET 1.9 [62] for pp, pPb, and PbPb, respec-



tively. If not specified otherwise, PYTHIAS refers to this CP5 tune throughout the paper. The
response of the CMS detector to these simulated events is based on GEANT4 [63].

All previous studies [40-43, 64] of the modified linear correlator use v2 from two-particle corre-
lations in Eq. (1). The v2 term can be found from the Q-cumulant method described in Ref. [65].
The two- and four-particle v, in this method can be written as,

vu{2} = /e {2}, 0. {4} =/ —c, {4} 2

The two- and four-particle cumulants ¢, {2} and ¢, {4} are

a2} =((2)), {4} = ((4)) —2((2))%, ®)

where the two- and four-particle correlations ((2)) and ((4)) are from
((2)) = (" ®=02))), - ((4)) = ((eMPFtdsmtu))), 4

Here, ¢; (j =1, ..., 4) are the azimuthal angles of four different particles in an event, and the
double average symbol ((---)) indicates that the average is taken over all particles from all
events.

To suppress nonflow effects in the v, {2}, all previous measurements applied the “subevent
method”, which separates each event into different subsets in separated # ranges [41, 64]. With
two subevents for ¢, {2}, the covariance of the correlator in Eq. (1) is

cov(e, {2}, [pr]) = R( Dot ([pr) - (Ipr))))s 5)

where ¢, and ¢, are the azimuthal angles of particles 2 and b in subevents A and B, respectively.
The ([pr]) is the average [pr] in all the events in a certain multiplicity range. We select tracks
with —2.4 < 1 < —0.75 to be subevent A, whereas tracks with 0.75 < 1 < 2.4 belong to
subevent B. Tracks from the third subevent in the central region || < 0.5 are used to obtain
[pr] in each event. These selections ensure that subevents A and B are symmetric in 7, and that
there is an 77 gap between each subevent to reduce nonflow effects.

The dynamical variance of ¢, {2} and [py] are derived in Ref. [37]:
Var (¢, {2})ayn = ((4)) — ((2))?, (6)
Var([prl)agn = { [(pr: = (1)) — (p2)] ), )

where the indices i # j and both run over all charged particles within |7| < 0.5.

The correlator p(c,{2}, [p1]) is extracted using particles in the range 0.5 < pr < 5.0GeV. Par-
ticles with py > 5GeV are excluded to reduce nonflow effects. The analysis is repeated in
different ranges of the number of reconstructed charged particles N}, which is obtained with
the same pr range as the correlator within |1| < 2.4. The results are presented as a function of
N, which is found by applying acceptance and efficiency corrections to N}°. For each NG*
range used in this analysis, Table 1 of the Appendix reports the mean values of N, and also of
Noffline the number of offline-reconstructed charged particles with pr > 0.4GeV and |57| < 2.4
used in previous CMS measurements [16, 19, 27]. Since we are interested in small collision
systems, only peripheral events with N, < 400 are presented for PbPb collisions.

Studies using A2 tune of PYTHIAS [42, 43] show that the remaining nonflow contributions to
c,{2} are not negligible when going to very low-multiplicity regions, even with the subevent



methods. In these studies, we improve the suppression of nonflow effects with two approaches.
In the first approach, we increase the minimum # gap between subevents A and B from 1.5 to
2.0, by changing the ¢,{2} analysis using particles from || > 0.75 to || > 1.00. Nonflow
correlations between particles inside back-to-back jets in the forward 5 regions still remain
with this larger 1 gap [27].

In the second approach, we extend the current observable by replacing c,{2} with four-particle
cumulant c,{4}. Although nonflow contributions to multiparticle cumulants are less domi-
nant when compared with two-particle correlations, using the subevent method is important
to remove remaining nonflow contributions in multiparticle correlations [66]. Particles with
0.75 < |5| < 2.4 are divided into three equal sized # intervals to obtain ¢,{4} for each event.
These intervals are —2.4 < y < —1.3,0.75 < |5| < 1.3, and 1.3 < 5 < 2.4. The event-by-
event c,{4} is then correlated with [pg] in the same event. When nonflow contributions are not
negligible, the method using c,{4} suppresses them much more than the c,{2} method. The
correlator using c,{4} is more sensitive to the presence of a sign change in the data. Correc-
tions for tracking efficiency and misreconstructed tracks are done at particle level for both the
cumulants and [pr].

The systematic uncertainties in the experimental procedure are evaluated as a function of N,
by using alternative procedures for extracting the correlators. Systematic uncertainties due to
tracking inefficiency and misreconstructed track rate are studied by varying the track quality
requirements. The selection thresholds on the significances of the transverse and longitudinal
track impact parameters divided by their uncertainties are varied from 2 to 5. In addition, the
upper limit on the relative pt uncertainty is varied from 5 to 10%. The resulting systematic un-
certainty is from 2 x 10~7 to 5 x 10~ for the covariances cov(c,{2}, [pr]) and cov(c,{4}, [p1]),
and from 0.001 to 0.008 for the correlator p(c,{2}, [pr]), depending on multiplicity and collision
systems. The sensitivity of the results to the primary vertex position along the beam axis (z+,)
is quantified by comparing events with different z,, locations from —15 to +15cm. The mag-
nitude of this uncertainty is estimated to be from 1 x 107 to 2 x 1075 for the covariances, and
from 0.001 to 0.018 for p(c,{2}, [p1]), depending on multiplicity and collision system. System-
atic effects from event selections are explored by comparing results obtained with and without
the requirement of the coincidence of HF calorimeter tower signals above the threshold. The
pileup effect is studied by requiring the presence of only a single reconstructed vertex. Sys-
tematic uncertainties from event selections and pileup are both found to be less than 6 x 107°
for the covariances, and less than 0.006 for the correlators in all collision systems. The tracking
and vertex position selections are the dominant sources of uncertainty. Systematic uncertain-
ties originating from different sources are added in quadrature to obtain the total systematic
uncertainty.

The measurements of covariances from two- and four-particle correlations for the second- and
third-order Fourier harmonics in 13 TeV pp, 8.16 TeV pPb, and 5.02 TeV PbPb collisions are pre-
sented in Fig. 1. To compare cov(c,{2}, [pr]) and cov(c,{4}, [p1]) in the same scale, the val-
ues of cov(c,{4}, [pr]) are multiplied by 4 in all of the panels. In both pp and pPb collisions,
cov(c,{2}, [pr]) for || > 0.75 exhibits a sign change from positive to negative as N, increases.
This trend is qualitatively consistent with the expectation of a sign change from the CGC model.
However, no clear sign change is observed in pp and pPb collisions for cov(c,{4}, [pr]), which
mitigates nonflow contributions compared to cov(c,{2}, [pr]). The cov(c,{4}, [pr]) values
are consistent with 0 in pp collisions with the current statistical precision. As N, becomes
smaller in PbPb collisions, the values of cov(c,{2}, [pr]) change from positive to negative be-
low N, ~ 180, reach a minimum at N, ~ 60, and then approach zero at the lowest N, range.
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Figure 1: The covariances of cumulants from two- and four-particle correlations and [p] as a
function of charged particle multiplicity (Ng,) in 13 TeV pp (left), 8.16 TeV pPb (middle), and
5.02 TeV PbPb (right) collisions. The two-particle cumulants are obtained with |5| > 0.75. The
upper (lower) panels show the second (third) harmonics. The error bars correspond to statisti-
cal uncertainties, while the shaded areas denote the systematic uncertainties.

One feature of the observable with ¢, {4} is that, when nonflow contributions are not dominant,
the variables using ¢,{4} and ¢,{2} have opposite signs and trends. This is because the rela-
tions between cumulants and v, are ¢, {2} = (v,{2})? and ¢, {4} = —(v,{4})* from Eq. (2). As
v, increases, both v,{2} and v,{4} become larger if nonflow and flow fluctuations do not dom-
inate the flow signal. Therefore, the values increase for ¢,{2} but decrease for c,{4} because
of the minus sign. This opposing trends for cov(c,{2}, [pr]) and cov(c,{4}, [pr]) are clear for
high-multiplicity PbPb results in Fig. 1.

Regarding the third harmonic, cov(c3{2}, [pr]) is negative for the full N, range in the three
collision systems. The signs of cov(c3{2}, [pr]) and cov(c3{4}, [pr]) are opposite in high-
multiplicity pPb events, similar to cov(c,{2}, [pr]) and cov(c, {4}, [p1]). In both pp and PbPb
collisions, the cov(c3{4}, [pr]) values are consistent with 0 with the current statistical precision.

The correlator with a larger # gap (|| > 1.0 corresponding to a minimum 7 gap of 2.0) for
the cumulants is shown in Fig. 2. In both pp and pPb collisions, the sign change at low
Ng, disappears with the larger 1 gap between the two subevents, which is also observed
in calculations using PYTHIA8. The predictions in pPb collisions at 5.02TeV from the IP-
Glasma+MUSIC+UrQMD model [40] with 0.5 < pr < 5.0GeV are compared with the data
in Fig. 2. This model includes gluon saturation in the initial state followed by hydrodynamic
evolution and hadronic interactions. The characteristic sign change of the correlator predicted
by this model is observed in data at the same N, location for || > 0.75, but it disappears when
using |77 > 1.0, which leads to less nonflow effects. The results indicate that after removing
more nonflow effects, the CGC signal is not observed in the data. More nonflow studies in-
corporated in the CGC model are needed to understand the origin of azimuthal anisotropy in
small systems. Results from the ATLAS Collaboration in pPb (PbPb) collisions at 5.02 TeV with
0.3 < pr < 2.0GeV (0.5 < pr < 5.0GeV) [41] are also compared and found to be consistent
with results obtained from this analysis.



The n = 3 correlators measured with the larger # gap are negative in all three collison sys-
tems. The results are compared with predictions from a hydrodynamic simulation of pPb col-
lisions [67] using pt > 0.5GeV and having an average root-mean-square (RMS) transverse
radius of the initial fireball of either 0.9 or 1.5 fm. These sizes correspond to two versions of
the Glauber model for the initial state [68]: the smaller fireball with 0.9 fm deposits entropy in
the nucleon overlap region between the participant nucleons, while the larger fireball with 1.5
fm deposits entropy at both positions of the participant nucleons. Qualitatively, the data are
better described by the smaller initial fireball, suggesting that entropy deposition should occur
in the nucleon overlap region rather than at the center of both nucleons. The predictions from
IP-Glasma+MUSIC+UrQMD for n = 3 also indicate a sign change, although it is not observed
in data.
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Figure 2: The correlator using two-particle cumulant from |7| > 0.75 and |57| > 1.0 as a func-
tion of N, in 13 TeV pp (left), 8.16 TeV pPb (middle), and 5.02 TeV PbPb (right) collisions. The
upper (lower) panels show the second (third) harmonics. The error bars correspond to the sta-
tistical uncertainties, and the shaded areas denote the systematic uncertainties. Calculations
from PYTHIAS (upper left panel, red and black lines) and IP-Glasma+MUSIC+UrQMD (middle
panels, blue lines) [40] are compared with the data. Hydrodynamic predictions (lower middle
panel, red lines) [67] with an average RMS transverse radius of the initial fireball of either 0.9
or 1.5 fm are also included in the comparison. The magenta lines in the middle and right upper
panels represent the ATLAS results [41] in pPb and PbPb collisions at 5.02 TeV using || > 0.75
with the error bars denoting the statistical and systematic uncertainties added in quadrature.

In summary, correlations between mean transverse momentum [py] and multiparticle cumu-
lants from two- and four-particle correlations for Fourier harmonics n = 2 and n = 3 are
presented in proton-proton (pp) collisions at /s = 13TeV, proton-lead (pPb) collisions at
Vs, = 816 TeV and peripheral lead-lead (PbPb) collisions at /s == 5.02 TeV. Sign changes
in the modified linear correlators are observed as a function of charged particle multiplicity
when using two-particle cumulants with a minimum # gap of 1.5, in the pp and pPb systems.
These sign changes disappear when nonflow effects are suppressed using a minimum # gap of
2.0. To further reduce nonflow contribution, four-particle cumulants c,{4} are also correlated
with [py] which shows no sign change in pp and pPb collisions, similar to the two-particle cor-
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relation results with a larger # gap. This indicates that after removing nonflow effects, the sign
change predicted at low multiplicity by initial-state saturation is not observed.
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A Mapping between N, and Ngffine jn pp, pPb, and PbPb colli-
sions

Table 1: Average multiplicity of reconstructed tracks per N1 bin for N, in this analysis and
Nt‘;flfhne in previous CMS measurements [16, 19, 27] in pp, pPb, and peripheral PbPb collisions.
Uncertainties in the tracking efficiency corrected N, are included.

Pp pPb PbPb
NI range (No (NS (N) (NG (N (NG
[0,20) 8+0 9 11+0 12 161 14
[20,40) 34+1 34 36+1 36 5712 48
40, 60) 58+2 56 60+£2 60 96+4 80
(60, 80) 82+3 78 83+3 82 135+5 112
(80, 100) 106+4 101 107+4 105 175+7 144
[100,150) 13245 125 140+6 137 240+10 197
[150,200) 198+8 191 335+£13 276
[

200, 250) 25610 246 434+17 353
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