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ABSTRACT: Measurements of transverse momentum (pr) and pseudorapidity (7) dependent
flow vector fluctuations in p-Pb collisions at /syny = 5.02 TeV at the CERN Large Hadron
Collider are presented. By studying long-range two-particle correlations with a template fit
method, potential biases from non-flow effects such as jets and resonance decays are effectively
suppressed. Significant pp- and n-dependent fluctuations of the second-harmonic flow vector
are observed with more than 50 confidence in p—Pb collisions, similar to the observations in
Pb—Pb collisions. The influence of residual non-flow effects has been evaluated and cannot
account for the observed fluctuations, thereby confirming the observation of flow vector
fluctuations in small collision systems at the LHC. Comparisons to model calculations from
3DGlauber+MUSIC4+UrQMD and the parton transport model from AMPT are also presented.
The measurements provide constraints on the theoretical modelling of the three-dimensional
initial geometry and its event-by-event fluctuations, offering critical insights into the origin
of collective flow in small collision systems at the LHC.
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1 Introduction

The extensive studies of quark—gluon plasma (QGP) in ultra-relativistic heavy-ion collisions
at the Relativistic Heavy Ion Collider (RHIC) and the Large Hadron Collider (LHC) provide
unique opportunities to explore the properties of strongly-interacting matter governed by
quantum chromodynamics (QCD) under extreme conditions of temperature and energy
density [1-8]. The anisotropic flow is one of the key phenomena that provides valuable
information on the transport properties of the created QGP matter [9] and reveals that this
matter behaves as a nearly perfect fluid [10, 11]. The flow phenomenon characterizes the
anisotropic expansion of the produced particles in the final state, which can be quantified
by a Fourier decomposition of the single-particle azimuthal distribution [12],
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where ¢ is the azimuthal angle, n the pseudorapidity, and pr the transverse momentum
of the produced particles. The v,(pr,n) and ¥,, are the magnitude and direction of the
n*M-harmonic flow vector Vn(pT, n) = vn(pr, n)e™¥n  respectively. The W,,, also referred to as
the flow symmetry plane, is not directly accessible in experiments. Systematic studies on flow
and flow fluctuations [13-31] and comprehensive comparisons to calculations using viscous
hydrodynamic models [10, 11, 32, 33] have been performed in ultra-relativistic heavy-ion
collisions. These studies allow the extraction of the temperature-dependent specific shear and
bulk viscosities of the QGP fluid and give unique access to the initial conditions of heavy-ion
collisions [3]. Recently, based on the study of multiparticle azimuthal angle correlations [34],
flow vector fluctuations have been observed with more than 5o confidence in Pb—Pb collisions
at the LHC, which confirms that the flow symmetry plane W, depends on the kinematic
regions of pr and 7 [35-37]. These fluctuations directly probe the geometry and density
variations inside the colliding nuclei [34]. These studies enable a more precise understanding
of the early stages of heavy-ion collisions in both transverse and longitudinal directions



while minimizing the influence of subsequent final-state interactions [34, 38, 39]. This makes
them an essential observable for disentangling initial-state effects from those arising during
the collision’s dynamic evolution.

Besides the program of colliding heavy ions at ultra-relativistic energies, the LHC also
facilitates proton—proton and proton—lead collisions. In these smaller collision systems, the
formation of the QGP was not anticipated [40], and their study was intended as control
experiments. Surprisingly, however, novel QCD phenomena have been observed, such as
finite anisotropic flow in high-multiplicity events in small collision systems [41-49], where
tens of final-state charged hadrons have been produced. The first such observation came
from the discovery of the long-range (in pseudorapidity) two-particle correlations, known as
the “ridge” structure in p—Pb and pp collisions [41, 42, 44]. Later, the collective behaviour
has been further confirmed in the study of multiparticle azimuthal angle correlations of the
produced hadrons [41-48]. Measurements performed in different collision systems, such as
p—Au, d-Au and *He-Au at RHIC and the pp, p-Pb and Pb-Pb collisions at the LHC, reveal
that the observed anisotropic flow in small collision systems is predominantly driven by the
initial geometry and its event-by-event fluctuations [11, 50]. Furthermore, the most recent
measurements using identified hadrons have shown that a characteristic mass dependence at
low pr, as well as the grouping and splitting of the flow of baryons and mesons at intermediate
pr, presenting evidence of partonic collectivity in small collision systems at the LHC [51].
Most of the measurements mentioned above can be qualitatively or semi-quantitatively
described by hydrodynamic calculations [52-56] or parton transport models [57, 58], where
the creation of QGP has been implemented. Nevertheless, noticeable discrepancies have
been observed between the theoretical model descriptions and the measurements. These
discrepancies may be due to the incomplete understanding of the spatial structure of the
proton, which drives the expansion in such models [59, 60]. As confirmed in previous
studies [34-37], flow vector fluctuations provide access to information on the geometry and its
event-by-event fluctuations in the early stages of collisions. In particular, studying both pr
and n-dependent flow vector fluctuations could provide valuable constraints on the fluctuating
initial geometry in both transverse and longitudinal directions. Thus, it could be an ideal
tool to pinpoint existing uncertainties originating from the initial stages in small collision
systems. The corresponding measurements in p—Pb collisions and comparisons to theoretical
model calculations will be presented in this paper. Note that results aiming at identifying
flow vector fluctuations have been reported previously in small collision systems based on
the data from the LHC Run 1 program [22]. There, the two-particle correlations were
calculated using the two-particle cumulant method with a pseudorapidity gap of |An| > 1.0.
Although significant deviations from unity were observed, the previous analysis was unable
to fully disentangle background effects arising from correlations unrelated to the collective
expansion of the medium. These effects are referred to as non-flow [10] and are associated
with correlations stemming from sources such as the decay of resonances or between particles
that originate from the same initial hard-scattering process and subsequently travel in a
collimated hadronic structure called a jet. The new measurements reported in this article
improve upon the previous measurement by utilizing the state-of-the-art template fit method,
discussed later, and reveal the existence of pp-dependent flow vector fluctuations in p—Pb
collisions at the LHC unambiguously.



The structure of this paper is as follows: Section 2 introduces the observables and the
methods applied in the measurements. Section 3 describes the experiment setup and the
data analysed in this work. The systematic uncertainties are discussed in section 4. Finally,
the results and summary are presented in sections 5 and 6, respectively.

2 Observables and method

To study pr-dependent flow vector fluctuations, the observable v2{2PC}/v3[2PC], based on
two-particle correlations (2PC), is proposed in ref. [61]. This observable is defined as
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Here, Vo is the two-particle correlation coefficient for the second harmonic, p% is taken from
ref

a narrow pr range, while pT' is from a wide pr range. Thus, the difference between v, {2PC}
and v2[2PC] is that the former takes the reference flow particles from a wide kinematic
range and the particles of interest from a narrow p% interval, whereas the latter takes both
groups of particles from the same narrow p%. This observable quantifies the fluctuations
of the flow vector in a narrow pr interval compared to the flow vector integrated over a

ref

wider pr range, and whether the following relations s (pi) = Yo (pieh) or (va(pd) va(pieh)) =

\/<v2(p%)2> \/(112 (prTef)2> hold. A significantly lower value of v2{2PC}/v3[2PC] than unity
shows the evidence of pp-dependent flow vector fluctuations. A similar but more differential

observable was also proposed [62], where the flow vector magnitude and symmetry angle
between narrow pp-bins are compared and is defined as
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Different from va{2PC}/v2[2PC], here both p2 and p2 are taken from narrow pr intervals.

Thus, the ro(p2, p) observable allows to probe the finer structure of flow vector fluctuations
as a function of the kinematic separation |p& — p2|, although the corresponding statistical
uncertainties are larger than those associated with va{2PC} /v2[2PC].

At the same time, the n-dependent flow vector fluctuations have been probed via
ra(n*,mP), providing evidence of 7-dependent flow vector fluctuations in Pb-Pb collisions
at the LHC [36, 63, 64]. These findings reveal challenges in understanding the anisotropic
expansion, particularly in the longitudinal direction. They help to improve the modelling of
longitudinal fluctuations of initial conditions in ultra-relativistic heavy-ion collisions. How-
ever, 72(n*,1P) is not an ideal observable for asymmetric systems such as p—Pb collisions
because v, (%) # vn(—n?). An alternative observable Ry (n?,1P) was constructed based on
ra(n?,nP) [63], defined as

Van(n®,n°) Voa(—n2,—nP)
R a, b — a,7 b _ ay_ b) —
2(77 n ) \/T2<77 g )TQ( g 1 ) \/‘@A(_ﬁaﬂ?b) %A(na7_77b)

_ \/ (va ()2 (11°) cos[2(a () =2 ())])  (wa(—n*)va(—1P) cos[2
(va(=m*)v2(n°) cos[2(P2 (=) =2 (nP))])  (v2(n?)v2(—nP) cos[2(

(=n*) =12 (=n"))])
(1) =2 (=nP))])
(2.3)

0S
(O}

V2
(G



Here, n* (or —n?®) is taken from a narrow 7 interval in the positive (or negative) side at
midrapidity (]| < 0.8) and transverse momentum of 0.2< pr <3.0 GeV/c, and n° (or —nP)
is taken from a different 7 range at forward (or backward) regions. This ensures sufficient
separation in pseudorapidity between the two correlated particles, significantly suppressing
non-flow contamination in the measurements. Thus, this observable can probe the flow vector
fluctuations with different separations in pseudorapidity.

The observables mentioned above are all constructed based on two-particle correlations,
which can be measured using the method used previously in refs. [41, 48, 63]. In this method,
the associated yield per trigger particle is constructed as a function of An and Ay according to

1 dZNpa,ir . S(AT], AQD)
Nirig dAndAgp - B(An,Ap)’

(2.4)

where Ny is the total number of trigger particles in a given event class and pr interval.
Here, trigger particles, denoted as a, and associated particles, denoted as b, are selected from
the kinematic regions of p& (or n%) and pb (or n2) defined above, with An = 7* — 1> and
Ap = ¢* — pP. The S(An, Ap) and B(An, Ayp) are the same and mixed event distributions,
the S(An, Ay) is constructed by correlating pairs of particles from the same event, normalised
by Nuig. In contrast, B(An, Ayp) is constructed by correlating the trigger particles in one
event with associated particles from other events in the same multiplicity class within a
2 cm wide interval of primary vertex in the beam direction, zytx. The associated yield
per trigger particle, defined by eq. (2.4), is calculated for each zyi interval to correct for
variations in pair acceptance and efficiency as a function of zy;. The final correlation
function is obtained by averaging the individual ones across the z,x intervals, weighted by
the number of trigger particles. Finally, the 2D correlation function is projected onto the
Ag-axis (Y (Agp)). To minimise non-flow contamination from the near-side jet peak in the
pr-dependent study, an additional criterion is applied to the 7 separation between the two
correlated particles for the Ag projection estimation. Specifically, |An| > 1.0 is used for the
v2{2PC} /v2[2PC] measurement and |An| > 0.8 for the ro measurement. This separation in 7
is already satisfied for the n-dependent observables by correlating particles from midrapidity
and forward-backwards rapidity regions.

To further suppress residual non-flow contamination, the template fit method [42] is
applied. This approach assumes that the functional form of non-flow correlations remains
similar across the full centrality or multiplicity range. It disentangles flow-related correla-
tions from non-flow effects by fitting the measured two-particle correlation function with a
combination of a baseline (typically derived from peripheral collisions) and a flow-modulated
component. Unlike the peripheral subtraction method [65-67], the template fit method allows
the baseline to contain a small residual flow signal. In this analysis, the flow coefficients VA
are obtained by fitting the associated yields per trigger particle from the high-multiplicity
event class, denoted YHM(A¢), with a third-order Fourier series, where the first-order term
is the non-flow template obtained from the low-multiplicity event class. The expression
fitted to the YHM(Ayp) is

YIM(Ap) = FY™(Ap) + G (1 + 23: Vo COS(ﬂA(p)) (2.5)

n=2



YHM and Y™™ are the associated yields per trigger particle in the high-multiplicity and
low-multiplicity event classes, respectively. The F, G, Voa and V3a are free parameters for
the fit. Meanwhile, Y™™ is used as a template for the non-flow estimation. This analysis
technique is identical to that used in the previous measurements [48, 51].

3 Analysis details

The measurements are performed in p-Pb collisions at /sy = 5.02TeV. The data were
collected with ALICE [68, 69] in 2016 during the LHC Run 2 period of data taking. The events
considered in this analysis were recorded with a minimum bias trigger using a coincidence
signal in the two scintillator arrays of the VO detector [70]. They are also used for determining
the event multiplicity class. In addition to the minimum bias trigger, it is required that
the selected events have a primary vertex within 10 cm of the ALICE nominal interaction
point (IP), measured along the beam line. Background events arising from interactions
between the beam and residual gas molecules in the beam pipe are removed using information
from the VO and the Silicon Pixel Detector (SPD) detectors. In-bunch pileup is reduced by
excluding events with multiple reconstructed vertices. Specific requirements are set for the
multiplicity class of the data and template, respectively, with 0-20% VOA, 20-40% VOA,
and 40-60% VOA multiplicity classes used for the data and 60-100% VOA multiplicity class
used for the template. In this data sample, approximately 100 million events pass the event
selection criteria and are considered in the analysis.

Concerning the selection criteria of reconstructed charged particles (tracks), the tracks
are reconstructed using both the Inner Tracking System (ITS) [71] and the Time Projection
Chamber (TPC) [72]. The tracks are required to have at least 70 TPC space points out of
a maximum 159 and a reduced x? of the track fit smaller than 4. Tracks are also required
to have at least one hit in the SPD, a distance of closest approach to the ALICE IP < 2
cm in the longitudinal direction (DCAz), and a pp-dependent selection in the transverse
direction (DCAzy) ranging from 0.3 cm at 0.2 GeV/c to 0.03 cm at 3.0 GeV/c. These criteria
lead to negligible contamination from weak decays and background particles emitted when
particles interact with the detector material while maintaining a reasonable tracking efficiency,
approximately 65% at pp = 0.2 GeV/c and around 80% in the higher pt region.

In addition, analysis-specific selection criteria are applied. When measuring the pp-
dependent observables, tracks are selected at midrapidity, and a minimum separation of one
unit in pseudorapidity (|An| > 1.0) between correlated tracks is imposed to suppress the
correlations from the jet fragments. The pr range probed in this study is 0.2 < pr < 3.0 GeV/c.
By default, forming a two-particle correlation in each kinematic interval (i.e., within a narrow
p) requires at least two tracks. This ensures that, for example, both v2{2} and v»[2] are
measured using identical tracks. For the n-dependent observables, tracks measured by the I'TS
and the TPC are correlated with hits in the Forward Multiplicity Detector (FMD) [70]. The
FMD detector consists of five different rings of silicon strip detectors covering 1.7 < n < 5.0
(FMDA) and —3.4 < n < —1.70 (FMDC) and full azimuth [70]. Due to the FMD’s slow
data-taking rate, it is necessary to remove the resulting pileup events by eliminating outliers
in the correlations between the number of hits measured by the FMD and the multiplicity
measured by the VO detectors, as done in [48, 51]. Correlating the azimuthal angle between



particles reconstructed with the I'TS and the TPC with those from the FMD hits enables
the measurement of long-range correlations. Thus, enforcing an additional 7 separation is
unnecessary to suppress the non-flow effects. The number of hits in the FMD is used as
a proxy for particle multiplicity. To be able to construct the n-dependent observable, it is
necessary to only use the parts of the FMDA /FMDC with the same || coverage. Therefore,
only hits within 1.8 < |npMp| < 3.2 are used.

4 Systematic uncertainties

The systematic uncertainties of the measurements are evaluated by obtaining the observables
with variations in the event or track selection criteria. The requirements on the event primary
vertex and FMD pileup are varied to determine the systematic uncertainty of the event
selection criterion. For the primary vertex of a given event, it is required that the zyy is
tightened to be within 7 ¢cm from the ALICE IP instead of 10 cm as the default option. This
check yields a negligible effect in the pr-dependent observable but a systematic uncertainty
of 1.6%. A more restrictive requirement on the correlations between multiplicity measured
by VOM and FMD is applied, which results in a systematic uncertainty of about 1.5% for
the n-dependent observable.

Systematic uncertainties arising from the selection criteria imposed at the track level
are investigated by changing the track type to include tracks without hits in the SPD. In
addition, systematic checks are performed by increasing the minimum number of TPC space
points from 70 to 90 and applying more restrictive requirements on the y? per TPC cluster,
tightened from 4 to 2.5. None of these checks shows significant deviations from the default
analysis. To better understand the detector effects, a Monte Carlo closure test is performed.
It compares results obtained at the event generator level from A Multi-Phase Transport
(AMPT) model [73] with the simulation output after the full reconstruction through the
GEANTS3 simulation [74]. The two results are consistent within their uncertainties, and no
significant systematic uncertainty was identified in any of the presented measurements. The
systematic uncertainty due to limited knowledge on the material budget might be relevant
when FMD is involved (i.e., in the pseudorapidity-dependent flow vector fluctuations). The
effect is estimated using Monte Carlo simulations with an increased or reduced material
budget of the detector descriptions in the GEANT3 simulation by +10%. The resulting
effect is found to be negligible.

Finally, potential remaining non-flow contaminations are examined through systematic
checks. A minimum 7 separation of |n| > 1.0 (0.8) is required for the particle pairs to
suppress contributions from the jet peak in the correlation functions for va{2PC}/v2[2PC]
(for 72(p&, ph)). As this criterion is critical for suppressing non-flow correlations, it is checked
whether the exact requirement biases the results by enlarging the separation in n by 0.2.
Note that this check is only necessary for the pp-dependent observables. In addition, the
residual contributions from non-flow correlations are investigated using predictions from pure
non-flow models. DPMJET III [75] is used for the pp-dependent observable and PYTHIAS [76]
for the n-dependent observable. These contributions from remaining non-flow correlations are
about 3.5% for the v2{2PC}/v2[2PC] and below 13% for the ro(p, ph) observable, which are
accounted for in the final systematic uncertainties. Meanwhile, the non-flow contributions are
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Figure 1. The ratio v2{2PC}/v2[2PC] in p-Pb collisions at /s = 5.02TeV as a function of
transverse momentum (red points). Statistical (systematic) uncertainties are represented by solid bars
(filled boxes). Calculations from AMPT with string melting and 3DGlauber+MUSIC+UrQMD are
shown as textured and plain bands, respectively.

negligible for the n-dependent observable. Only the sources of systematic uncertainty found
to be statistically significant, according to the criteria introduced in ref. [77], are added in
quadrature to obtain the total systematic uncertainty of each observable, which are below
4% for va{2PC}/v2[2PC], less than 13% for r2(p&, ph) and about 2.2% for Ra(n*,1P).

5 Results

5.1 Transverse momentum dependent flow vector fluctuations

The results of v2{2PC}/v2[2PC] are presented as a function of the transverse momentum
in figure 1. They were measured in the 0-20% VOA multiplicity class in p—Pb collisions at
V/Snx = 5.02TeV. The measurements are close to unity for 0.6 < pr < 0.8 GeV /c, where the
bulk of the produced particles is located [78]. Excluding the first point, the deviation from
unity increases towards higher pr, exceeding 10% for pp > 2.5 GeV/c. Accounting for both
statistical and systematic uncertainties, the measurements for pp > 1 GeV/c deviate from
unity with a significance of 7.90, based on the weighted average using the inverse relative
uncertainty of the evaluated points. Since potential residual non-flow contributions have been
considered in the final systematic uncertainty, the observed deviation from unity cannot be
attributed solely to non-flow effects. This result provides evidence of flow vector fluctuations
in p—PDb collisions at the LHC, consistent with observations in Pb—Pb collisions [35, 37]. This
similarity might suggest a common driving mechanism behind the observed pr-dependent flow
vector fluctuations in Pb—Pb and p—Pb collisions. It is consistent with the picture established
by other collective flow studies in small collision systems [48, 51].



The flow vector fluctuations are primarily sensitive to the fluctuating initial conditions
while being less affected by the complex final-state dynamic evolution [34]. Comparisons
between experimental measurements and theoretical model calculations can provide valuable
constraints on the initial conditions, which are poorly known for small collision systems. In
this paper, calculations from the AMPT [73] and 3DGlauber+MUSIC+UrQMD models [60]
are used. These calculations are performed using centrality determinations and particle
correlations from the same kinematic regions as those used in the experiment. The AMPT
model with string melting is a hybrid model that simulates the dynamics of relativistic heavy-
ion collisions at RHIC and the LHC by converting excited strings into partons, allowing for a
detailed study of partonic interactions and the subsequent hadronisation process [73]. This
model successfully reproduced the anisotropic flow measurements in ultra-relativistic heavy-ion
collisions [79]. It was also able to qualitatively describe the flow phenomena in small collision
systems through a mechanism known as parton escape [57, 80], based on a small number
of parton interactions during the system evolution. The 3DGlauber+MUSIC+UrQMD
model is a hybrid approach that combines 3DGlauber initial conditions [81, 82], relativistic
hydrodynamics with MUSIC [83], and hadronic transport through UrQMD [84, 85] to
simulate heavy-ion collisions. Its strength lies in its ability to capture both longitudinal
and transverse fluctuations in the early stages, providing a more accurate description of
the 3D initial geometry. The 3DGlauber+MUSIC+UrQMD model calculations using the
kinematics of STAR and PHENIX experiments have partially explained the discrepancy
between STAR [86] and PHENIX data [43] in small system scans, allowing the exploration
of the effects of the 3D initial conditions. Unlike the AMPT model, the system created
in 3DGlauber+MUSIC+UrQMD goes through a dense partonic rescattering phase (strong-
coupling QGP phase).

Comparisons between the ALICE measurements and calculations from the two models
are shown in figure 1. Both models reproduce the general features of the pp-dependent flow
vector fluctuations, with an increased deviation from unity towards higher pr. Specifically,
the 3DGlauber+MUSIC+UrQMD model predicts a smaller deviation of a few per cent
from unity, possibly indicating weaker flow vector fluctuations than those observed in the
ALICE measurements. Conversely, the AMPT model may generate slightly stronger flow
vector fluctuations and appears to describe the experimental measurements better despite
the sizeable statistical uncertainties in the AMPT calculations. Moreover, since both models
generate final-state anisotropic flow with dominant contributions from partonic interactions,
the observed agreements between the ALICE measurements and the model calculations are
consistent with the presence of partonic flow in high-multiplicity p—Pb collisions at the LHC.
This aligns with recent observations of partonic flow through measurements of identified
hadrons in small collision systems [51]. Furthermore, v2{2PC}/v3[2PC] is sensitive to the
initial conditions, and not affected by the system’s complex dynamic evolution [34]. Therefore,
the presented comparisons provide new constraints on the modelling of the initial geometry
and its event-by-event fluctuations in the transverse direction.

The initial geometry might vary significantly in small collision systems depending on the
centrality (or multiplicity class) [87]. Understanding how anisotropic flow responds to these
changes in the initial geometry and its event-by-event fluctuation in different multiplicity
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Figure 2. The ratio v2{2PC}/v2[2PC] in p-Pb collisions at /s = 5.02TeV as a function of
transverse momentum, for 0-20% VOA (red points), 20-40% VOA (blue points) and 40-60% VOA
(green points) (top panel). The ratio with respect to the measurements in 0-20% VOA is also presented
(bottom panel). Statistical (systematic) uncertainties are represented by vertical bars (filled boxes).
Calculations from AMPT with string melting and 3DGlauber+MUSIC+UrQMD are shown as textured
and plain bands, respectively. The ratio results from AMPT are not shown in the bottom panel due
to excessively large statistical uncertainties.
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classes allows a better understanding of how the final-state anisotropic flow responds to
the size and shape in the initial conditions [11]. In addition, the study of the multiplicity
dependence of flow observables in small collision systems opens a new window to probe
the emergence of collective behaviour and potentially identify the QGP formation in small
systems [50]. In figure 2, the v2{2PC}/v2[2PC] was also measured in 20-40% and 40-60% VOA
multiplicity classes in p-Pb collisions at /s = 5.02TeV. The trends observed in different
multiplicity classes are qualitatively similar. For 0.6 < pr < 0.8 GeV/c, the measurements
are consistent with unity, followed by a decreasing trend as the pp increases. The results for
0-20% and 20-40% VOA multiplicity classes are compatible within the presented pr range,
while the one in the 40-60% VOA multiplicity class shows sizeable deviations but with limited
significance. Similar to the results presented in figure 1, the non-flow contaminations in the
measurements in 20-40% and 40-60% VOA multiplicity classes have been considered in the
total systematic uncertainties; such contributions clearly cannot explain the deviations from
unity. Thus, the presented results further confirm the existence of flow vector fluctuations
not only in the high multiplicity but also in the low multiplicity p—Pb collisions at the LHC.
The multiplicity dependence of the flow vector fluctuations, which has a stronger effect in
the lower multiplicity region, shows a similar pattern to that observed in peripheral Pb—Pb
collisions [63]. These results further strengthen the conclusions about a possible common

origin of the observed flow vector fluctuations from small to large collision systems.

The measurements are also compared to theoretical model calculations. The 3DGlauber
+MUSIC +UrQMD calculation roughly reproduces the multiplicity dependence of the flow
vector fluctuations. More specifically, the 3DGlauber+MUSIC+UrQMD model generates a
weak deviation from unity for 0-20% and 20-40% multiplicity classes. In more peripheral
collisions, a more significant deviation, up to 10%, is observed in the 40-60% multiplicity
class. However, quantitatively speaking, these 3DGlauber+MUSIC +UrQMD calculations
tend to slightly underestimate the measured deviation from unity for the last two pr intervals
in the 20-40% and 40-60% VOA multiplicity classes. The measurements will help to sharpen
our quantitative understanding of the initial geometry and the evolution as a function of
multiplicity in small collision systems. The AMPT model generates stronger flow vector
fluctuations in the 20-40% multiplicity range than the 3DGlauber+MUSIC+UrQMD calcula-
tion, which is compatible with the measurements up to pr about 1.5 GeV /c. However, the
sizeable uncertainties of data and model calculations make drawing definitive conclusions
difficult in the higher pr region.

Besides the study of vo{2PC}/v2[2PC], the observable r2(p%, p%.) has been measured in
0-20% VOA p-Pb collisions at VS = 5.02TeV, to probe the pr-dependent flow vector
fluctuations in narrow pr intervals. The measurements for different p% and as a function
of [p§ — pl}\ are presented in figure 3. For all p% selections, the measurements show a
similar decreasing trend with increasing [pf — p]%| The deviations from unity start to
appear for [p& — p2| > 1GeV/c and are about 10-20% for |p} — pb| > 1.5GeV/c. As for
v2{2PC} /v2[2PC], the residual non-flow effect is accounted for in the systematic uncertainties.
Thus, the measurements cannot be explained by non-flow correlations but show the presence
of pr-dependent flow vector fluctuations in high multiplicity p—Pb collisions. The results
are also compared to the theoretical model calculations. On one hand, the AMPT model
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Figure 4. Results for ro(pé, p) in p—Pb collisions at VSxx = 5.02TeV as a function of transverse
momentum for 0-20% VOA (red points), 20-40% VOA (blue points) and 40-60% VOA (green points).
Statistical (systematic) uncertainties are represented by vertical bars (filled boxes). Calculations from
3DGlauber+MUSIC+UrQMD are shown as plain bands. The results from AMPT are not shown due
to excessively large statistical uncertainties.

calculations show compatible results with the measurements, similar to the v2{2PC}/v2[2PC]
results. On the other hand, 3DGlauber+MUSIC+UrQMD calculations slightly underestimate
the flow vector fluctuation effect, as one can see in the interval 2.5 < p§ < 3.0 GeV /c shown
in the bottom right panel.

The ro(p%, p3) observable was also measured for the 20-40% and 40-60% VOA multiplicity
classes. The results are plotted together with the previously discussed results in the 0-20%
class in figure 4. Generally speaking, the measurements are compatible across centrality
classes. The largest deviations of ro(p, ph) from unity are again observed for the 20-40%
VOA and 40-60% VOA multiplicity classes when the p§ is relatively large (see the lower
right panel in figure 4). It is expected that a similar centrality dependence compared to
v2{2PC} /v2[2PC] should be observed in the study of ro(pd,ph). However, as ro(pk, p>)
probes in more detail the structure of pp-dependent flow vector fluctuations, it also requires a
larger data sample for accurate measurements. Especially the 40-60% VOA multiplicity class
measurements are affected by low statistical significance. With the data collected through
the LHC Run 2 period of data taking in 2016, the measurements suggest a larger deviation of
ro(ph, p?f) from unity, however, the relatively large uncertainty on the measurements makes
it challenging to achieve a definitive conclusion. The 3DGlauber+MUSIC+UrQMD model
calculations may have underestimated the effect of the measured flow vector fluctuations. This
is likely true for the 40-60% multiplicity range, where a much weaker deviation is observed in
the 3DGlauber+MUSIC+UrQMD calculations compared to the corresponding measurements.

Overall, the agreement between measurements of pp-dependent flow vector fluctuations
and parton transport model, as well as hydrodynamic model calculations, provides additional
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information on the origins of flow in small collision systems. It confirms the observation of
the anisotropic flow phenomenon in small collision systems from a novel perspective and
suggests the presence of partonic flow in p—Pb collisions.

5.2 Pseudorapidity dependent flow vector fluctuations

Besides the study of pr-dependent flow vector fluctuations, the n-dependent flow vector
fluctuations have also been investigated. The study of anisotropic flow across a large
pseudorapidity coverage allows probing the longitudinal structure of the initial state [36].
Meanwhile, studying n-dependent flow vector fluctuations will provide valuable information
on the three-dimensional initial conditions and their event-by-event fluctuations. Such an
improved understanding of the fluctuating initial conditions helps to determine whether
the system evolves hydrodynamically, as in heavy-ion collisions, or alternative mechanisms
dominate the dynamics in small collision systems. The results for the observable in 0-20%
VOA multiplicity class in p—Pb collisions are presented in figure 5 as a function of |n?|. An
overall decreasing trend as a function of |?| is observed, signifying an increase in the flow
vector fluctuations. This demonstrates how the flow vectors fluctuate when separated in
pseudorapidity by |n* —nP| or by |n* +1P|. The deviations from unity are significant with 7.2¢
confidence for |p*| > 0.4 when taking into account statistical and systematic uncertainties.
In particular, as the non-flow effect is expected to be fully suppressed after applying the
long-range two-particle correlations with the FMD detector and the template fit method, the
observed deviation from unity can be regarded as an observation of n-dependent flow vector
fluctuations in p-Pb collisions. Note that the measurement on Ry(n*,1P) in p-Pb collisions
was first performed by the CMS collaboration [63]. It was reported that the deviations from
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Figure 6. Results for Ry(n®,7n”) in p-Pb collisions at /s, = 5.02TeV as a function of |n*| with
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are represented by vertical bars (filled boxes). Calculations from AMPT with string melting and
3DGlauber+MUSIC+UrQMD are shown as textured and plain bands, respectively.

unity were up to 30% for a significantly larger 7. However, as discussed above, potential
non-flow contaminations might still be present in the early work. These effects have been

carefully subtracted in the presented measurements, and any remaining non-flow was found
to be negligible based on the DPMJET model study.

Precise non-flow control also enables meaningful comparison between experimental mea-
surements and the calculations from theoretical models, such as 3DGlauber+MUSIC+UrQMD
and AMPT, where the non-flow effects are almost negligible. It is observed in figure 5 that
both 3DGlauber+MUSIC+UrQMD and the AMPT models generate a clear decreasing trend
with increasing |n?|. More specifically, the 3DGlauber+MUSIC+UrQMD calculations are
fully consistent with the measurements, while the AMPT model calculations slightly over-
estimate the flow vector fluctuations observed in the data. These findings differ somewhat
from what was reported in the pp-dependent flow vector fluctuations, where 3DGlauber
+MUSIC+UrQMD calculations could not quantitatively describe the measurements for the
presented pr intervals. This suggests that the study of flow vector fluctuations in the pr
and 7 directions provides independent constraints on the initial conditions of small collision
systems. Simultaneous descriptions of the measurements of pr and n-dependent flow vector
fluctuations presented in this paper could improve our understanding of anisotropic flow, its
fluctuations, and their response to the initial geometry and its three-dimensional variations.

Along with investigating the |n?| dependence of Ry(n?, 1), an alternative way to probe
n-dependent flow vector fluctuations can be achieved by varying the choices of ]nb| ranges.
This is achieved by selecting |nP| from two distinct » intervals: 1.8 < |n®| < 2.6 and
2.6 < |n°| < 3.2. The measurements for the 0-20% VOA multiplicity class are depicted in
figure 6. In both cases, the results exhibit trends similar to those shown in figure 5, with
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Figure 7. Results for Ry(n*, n") in p-Pb collisions at /s = 5.02TeV as a function of transverse
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(green diamonds). Statistical (systematic) uncertainties are represented by vertical bars (filled boxes).
Calculations from AMPT with string melting and 3DGlauber+MUSIC+UrQMD are shown as textured
and plain bands, respectively.

larger deviations from unity observed in the large |n?| region. Additionally, the results for
1.8 < |nP| < 2.6 suggest a larger deviation from unity compared to those for 2.6 < |n°| < 3.2.
This observation aligns with expectations, as the relative difference between |n* — n°| and
|n® + 7P| diminishes when 7" is selected from a pseudorapidity region further away from
n®. Similar findings have recently been reported in Pb-Pb collisions [36]. Furthermore, the
AMPT model calculations successfully reproduce the dependence on the \nb] selection despite
generating slightly stronger effects of n-dependent flow vector fluctuations, in particular,
the one with 2.6 < || < 3.2. Nevertheless, no difference between the two choices of |nP|
was found in the 3DGlauber+MUSIC+UrQMD calculations. This model shows compatible
results for 2.6 < |nP| < 3.2, but significantly underestimates the effects of 7-dependent flow

vector fluctuations in the range 1.8 < |nP| < 2.6, with 8.6¢ confidence for |n?| > 0.4.

The measurements of n-dependent flow vector fluctuations were further extended to the
20-40% and 40-60% VOA multiplicity classes. The results are presented in figure 7. Unlike
the pr-dependent results, the measurements of Ry(n®, 1) in the 0-20%, 20-40%, and 40-60%
classes are consistent within uncertainties. The different multiplicity class dependencies of
pr and n-dependent flow vector fluctuations further confirm the importance of studying
both in small collision systems. Due to considerable statistical uncertainties in the AMPT
calculations, they are roughly compatible with the measurements. Meanwhile, the precise
calculations from 3DGlauber+MUSIC+UrQMD show an interesting centrality dependence
of Ry(n*,nP), with the strongest effects observed in the 0-20% multiplicity class, and the
deviation from unity reduced to less than 1% in the 40-60% multiplicity class. This centrality
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dependence cannot yet be confirmed because of sizable measurement uncertainties. However,
there is a hint that the 3DGlauber+MUSIC+UrQMD calculations might underestimate
the n-dependent flow vector fluctuations. Considering the results shown in figures 5, 6,
7, neither the 3DGlauber+MUSIC+UrQMD nor the AMPT model could quantitatively
reproduce the measured 7-dependent flow vector fluctuations. The above comparisons
between experimental measurements and theoretical model calculations reveal that while the
AMPT model better captures the initial geometric effects in the transverse direction compared
to the 3DGlauber+MUSIC+UrQMD model, neither model performs well in describing the
fluctuations in the longitudinal directions. It is clear that the presented measurements provide
new insight into the three-dimensional initial conditions in a small collision system, which
were not well constrained by the existing measurements on 7-dependent particle production
and anisotropic flow alone.

6 Summary

The transverse momentum (pr) and pseudorapidity () dependent flow vector fluctuations
have been studied using the observables v2{2PC}/v2[2PC], r2(p&,p) and Ra(n®,1P) in
V/Sxn = 5.02 p-PDb collisions. The measurements are performed using long-range two-particle
correlations with the state-of-the-art template fit method to suppress non-flow contaminations.
Significant deviations from unity with more than 50 confidence are observed for all observables,
confirming the presence of pr and n-dependent flow vector fluctuations in p—Pb collisions at
the LHC. The measurements are also performed in different multiplicity classes. The results
of v2{2PC}/v2[2PC] and ry(p%, p) show a smaller deviation from unity in the 0-20% VOA
multiplicity class compared to those from the 40-60% VOA multiplicity class. These suggest
more pronounced pr-dependent flow vector fluctuations in the low-multiplicity class in p—Pb
collisions. Meanwhile, the study of n-dependent flow vector fluctuations shows no significant
difference among different multiplicity classes. The measurements are compared to the
calculations from the 3DGlauber+MUSIC+UrQMD model and the AMPT model with string
melting. Despite some discrepancies, qualitative agreement between model calculations and
experimental measurements is observed. This further supports the evidence for anisotropic
flow in small collision systems from a novel perspective and is consistent with the presence
of partonic flow in p—Pb collisions.

While theoretical models can reasonably describe the pr and n-dependent flow coefficients
in small collision systems, the newly accessed flow-vector fluctuations introduce additional
constraints because of their unique sensitivity to the initial geometry and its event-by-event
variations. This sensitivity provides novel constraints on modelling the initial conditions of
small collision systems, extending beyond what flow-coefficient studies alone can reveal. The
corresponding measurements presented in this paper, along with comparisons to theoretical
model calculations, provide constraints on the initial conditions in the transverse and longi-
tudinal directions, and can serve as valuable experimental inputs for future 3-dimensional
Bayesian analyses. This work paves the way for precisely determining the origins of the
anisotropic flow phenomena observed in small collision systems at the LHC [40].
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