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1 Introduction

In ultrarelativistic heavy-ion collisions, strongly interacting QCD matter known as the Quark-
Gluon Plasma (QGP) can be formed, in which deconfined quarks and gluons constitute a
nearly ideal fluid [1-6]. Extensive investigations have been conducted to understand and
characterise this exotic form of matter in past and ongoing experiments at the relativistic
heavy-ion collider (RHIC) and the LHC. Among the various strategies that have been
developed over the years to identify signatures of the deconfined matter, flow analyses [7]
have emerged as an important approach to study the thermodynamic properties of the
QGP. Since the QGP behaves akin to a quasi-ideal fluid, its evolution can be described
using hydrodynamic equations [8]. In a semicentral collision of two nuclei AA at RHIC or
the LHC, the overlap of the two colliding nuclei has an almond-shaped initial geometry.
The pressure gradients on the short axis and the long axis differ. These differences induce
a momentum-space anisotropy which can be measured as a modulation of the azimuthal
distribution of the produced particles. The phenomenon is known as collective flow and can
be effectively described by hydrodynamic models [9, 10]. This modulated particle azimuthal
angular distribution can be described using a Fourier expansion, where the second harmonic
coefficient is referred to as the elliptic flow (v3) and the third harmonic coefficient as the
triangular flow (v3). Significant flow coefficients, even at higher orders, have been observed
in many measurements at the LHC and RHIC [11-23]. These coefficients are directly related
to the hydrodynamic response of the created matter to the initial collision geometry. For
example, by measuring the anisotropic particle flow in PbPb collisions, it becomes possible
to estimate hydrodynamic parameters such as the shear viscosity of the QGP [24].



In pp or pA collision systems, referred to as “small systems”, the mean free path of
produced partons is large enough that they propagate and fragment without significant
interactions with each other [25]. Thus, the presence of a final-state anisotropy in those
systems was not anticipated. However, a raised long and narrow (“ridge-like”) structure,
characterised by a similar angular modulation as produced in AA collisions, has been observed
in high-multiplicity (i.e., a large number of produced particles) pp and pA collisions at the
LHCb, ALICE, ATLAS, and CMS experiments at the LHC [26-29] as well as at the STAR
and PHENIX experiments at RHIC [30-32]. Recent efforts have been devoted to searching
for the smallest system in which anisotropic flow can develop. Measurements of two-particle
angular correlations, which serve as a probe of collective flow, are performed in collision
systems with even smaller interaction region and different initial states. Studies in electron-
positron (ete™) [33-36], electron-proton (ep) [37, 38] and photon-proton (yp) [39] collisions
find no conclusive evidence of collective behaviour, however, nonzero values of the second-
and third-order flow coefficients are reported in photon-lead (yPb) collisions [40]. More
recently, enhanced long-range elliptic anisotropies are also observed inside high-multiplicity
jets produced in 13 TeV pp collisions [41]. While the exact origin of the anisotropic flow is
still an area of active research and debate, there are several proposed explanations for this
observation including hydrodynamic-like behaviour in these smaller collision systems that
could exhibit a small-scale version of collective flow [42]. Alternatively, initial-state effects
such as gluon saturation [43] could generate long-range correlations that manifest as the
ridge in the final-state particle distributions. Other scenarios include final-state correlations
that induce collective behaviour through multiple scattering [44, 45]. Colour reconnection
by which partons’ colour connections rearrange during the fragmentation process can also
lead to a ridge-like structure [46].

The LHCb experiment enables the investigation of initial-state effects in high-energy
collisions. Thanks to its unique forward experimental setup, the LHCb detector geometry
allows the study of two centre-of-mass rapidity (y*) regions of pPb collisions: forward (pPb,
1.5 < y* < 4.0) and backward (Pbp, —5.0 < y* < —2.5). Forward collisions in LHCb provide
access to the low-x Bjorken region of the lead nucleus and measurements can be used to
constrain nuclear parton distribution functions (nPDFs), where effects related to potential
gluon saturation are anticipated. On the other hand, backward collisions are sensitive to
higher z values in the nPDFs. This differential sensitivity in the forward and backward
collisions enables a comprehensive exploration of the diverse kinematic regions. Comparison
of anisotropic flow in the two configurations sheds light on the role of small and intermediate-z
physics on the flow development and helps to understand its origin.

This paper reports the first measurement of charged-particle flow harmonic coefficients in
pPb collisions at LHCb using two-particle angular correlation functions in the pseudorapidity
region 2.0 < |n| < 4.8. The elliptic and triangular flow harmonic coefficients vy and v3 are
extracted as functions of transverse momentum (pr), and charged track density, d Ny, /dn.
These studies complement the existing measurements by other experiments in different rapidity
intervals covering different initial-state effects. The results are compared to theoretical
calculations using a full (3 + 1)D dynamical framework with hydrodynamics and hadronic
transport [47, 48].



2 Experimental setup

The LHCb detector [49, 50] is a single-arm forward spectrometer covering the pseudorapidity
range 2 < n < 5. The detector during the LHC Run 2 period includes a high-precision tracking
system consisting of a silicon-strip vertex detector (VELO) [51] surrounding the interaction
region, a large-area silicon-strip detector located upstream of a dipole magnet with a bending
power of about 4T m, and three stations of silicon-strip detectors and straw drift tubes
placed downstream of the magnet [52, 53]. The tracking system provides a measurement
of the momentum, p, of charged particles with a relative uncertainty that varies from 0.5%
at low momentum to 1.0% at 200 GeV/c. The minimum distance of a track to a primary
collision vertex (PV), the impact parameter, is measured with a resolution of (15 + 29/pt) pm,
where pr is measured in GeV/c. Different types of charged hadrons are distinguished using
information from two ring-imaging Cherenkov detectors. Photons, electrons and hadrons are
identified by a calorimeter system. Muons are identified by a system composed of alternating
layers of iron and multiwire proportional chambers.

The online event selection is performed by a trigger. It consists of a hardware stage,
which in this analysis randomly selects a predefined fraction of all bunch crossings, followed
by a software stage which requires at least one reconstructed track in the VELO.

The analysis is based on the proton and 2%®Pb ion collision data recorded by LHCb
during the LHC heavy-ion run in 2016. The centre-of-mass energy per nucleon pair is
Vsxn = 8.16 TeV. The data were collected in two beam configurations. In the forward
configuration, denoted pPb, the proton beam travels in the direction from the VELO to
the tracking system. In the backward configuration, denoted Pbp, the directions of the
beams are reversed. After selection the forward and backward data samples contain 0.67
and 0.83 billion events, respectively.

The flow effects are measured using prompt charged particles, which can be hadrons or
leptons, with a mean lifetime 7 > 30 ps, produced directly in the collision or from decays of
shorter-lifetime particles. They include all the particles detectable by the tracking system
of LHCb (predominately 7=, K—, p, e~, u~ and their antiparticles) and several hyperons
which possess a net strangeness content [54]. This translates in the analysis to the use of
tracks that come directly from the primary vertex, with the selection discussed in section 3.

Simulation is used to study the detector performance for prompt charged particles. In the
simulation, pPb and Pbp collisions are generated using the EPOS-LHC event generator [55].
Decays of unstable particles are described by EVTGEN [56], in which final-state radiation is
generated using PHOTOs [57]. The interaction of the generated particles with the detector,
and its response, are implemented using the GEANT4 toolkit [58, 59] as described in ref. [60].

3 Data selection

Only events containing fewer than 8000 VELO clusters are recorded for use in this analysis.
This causes the loss of the 0.1% highest-multiplicity events in the Pbp sample while the
fraction is negligible in the pPb sample. Each collision event is required to contain exactly
one reconstructed primary vertex, which is composed of at least five VELO tracks [61]. The
position of the PV must be within +3 standard deviations of the mean interaction position



along the beam axis. The mean and the standard deviation of the luminous region are
estimated from a Gaussian fit to the distributions of the PV position separately for the pPb
and Pbp samples. The standard deviations are found to be around 44 mm for both datasets.

In the measurement, charged particles are reconstructed from tracks that hit all the
subdetectors in the tracking system (so-called long tracks). Tracks are required to lie within
the kinematic region defined by 2.0 < n < 4.8, p > 2.0 GeV/c¢, and 0.2 < pp < 5.0 GeV/c. Fake
tracks,’ which are reconstruction artifacts, are suppressed using a multivariate classifier [62].
The impact parameter of the track with respect to the PV must be less than 1.0mm to
select tracks originating directly from the collision.

Simulation is used to study the reconstruction and selection efficiency due to the selection
cuts, as well as the fake track and the secondary track contamination rates in the sample.
These quantities are estimated as functions of the azimuthal angle ¢ and pseudorapidity,
the transverse momentum, and an event multiplicity variable N\}}iﬁio, which denotes the
number of hits in the VELO for a given pPb or Pbp collision. A weight is calculated for
each track in the sample

UJ(Qb, n,PT1, N\l}lr;n]io) = (1 - Pfake - Psec)/ea (31)

where Ppke and P are the contamination rates of fake and secondary tracks in the sample,
and e is the combined reconstruction and selection efficiency. The weighted sum of all the
selected tracks in a given collision event is denoted as N, which stands for the number of
produced charged particles in the kinematic region. To estimate the fully corrected charged-
particle density without momentum requirements, a momentum extrapolation based on the
EPOS-LHC simulation is performed. The charged-particle density, dN.,/dn, is obtained
by applying a scaling factor

chh _ Nch
dn  eawAn’

(3.2)

where ey, is the fraction of charged particles from simulation which lie within the accepted
momentum region and varies from 0.662 to 0.688 depending on N, and An = 2.8 is the
pseudorapidity range.

Five event-multiplicity classes are defined based on N, where each contains around 10%
of the total collision events in the specific configuration, except for the lowest multiplicity
class in the Pbp sample which contains around 20%. In total, the top 50-60% events in
multiplicity are included in the measurement. The corresponding mean charged particle
densities (dN.,/dn) of the classes are estimated and are used to denote the classes. The
(dNen/dn) uncertainties are described at the end of section 5. A summary of the event-
multiplicity class definitions is shown in table 1. In addition to these five classes, a low-
multiplicity class is also defined for each data configuration. This class is used solely for the
subtraction of non-flow effects, which is described in section 4.1.

'Fake tracks are those reconstructed from unrelated hits, which do not correspond to a genuine particle
trajectory.



N, class range (AN, /dn)

pPb 26 < Ny, <31 15.6 £0.5
31 < Ny, <37 1824 0.6

37T< Ngp <44 218£0.8

44 < Ngp, <54 25.9+0.9

N >054 345+1.2

Pbp 24< Ny <39 17.1+0.7
39 < Ny <48 2344 0.9
48 < Ngp <59 284 +£1.1

99 < Nep <75 35.0£14

Nep > 75 47.8+1.9

Table 1. Event-multiplicity class definitions based on N, and the corresponding mean charged
particle density (dNg,/dn) for pPb and Pbp configurations. The (dNg,/dn) uncertainties are described
at the end of section 5.

4 'Two-particle correlation analysis

Angular correlation functions of pairs of charged particles, regardless of their charge sign,
are constructed separately for each event-multiplicity class. Two particles in the same event,
referred to as the trigger and associated particles, are paired to form the angular distribution
S(An, A¢), where An and A¢ are the differences in 1 and ¢ between the pair. Both trigger
and associated particles are from the selected prompt charged particle sample, but they
are distinguished by separate pr requirements, which are described later. The mixed event
angular distribution, B(An, A¢), is used to correct for detector effects, which mainly originate
from the limited detector acceptance. To construct B(An, A¢), all trigger particles from
an event are paired with all associated particles in ten different random events in the same
event-multiplicity class, whose PV positions along the z direction are within 2.2 cm of the
original event. The two-particle angular correlation function is defined by

1 d%Npair

Clamn, A9) = Nisig dAndAg B(0,0)

S(An, Ag)

B(An, Ag)’ .1

where Npair is the number of charged particle pairs in the (An, A¢g) bin, Niyg is the number
of trigger particles within the trigger pr selection and B(0,0) is a normalisation factor such
that the detector pair acceptance is unity for An =0, A¢ = 0, which is expected for two
particles travelling along the same direction. The one-dimensional azimuthal correlation
function, C(A¢), is obtained similarly, by projecting S(An, A¢) and B(An, A¢) onto the
A¢ axis in a common selected An region and taking the ratio between the two.

The trigger and associated particles are selected with independent pt requirements, which
can be the same or different. The minimum pr value for both trigger and associated particles
is 0.8 GeV/c to ensure a uniform 7 acceptance. In this work, the trigger and associated
particles are selected with the same pr requirement 0.8 < pr < 5.0 GeV/c. In addition to
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Figure 1. Example angular correlation functions C'(An, A¢) for the five multiplicity classes and
the low-multiplicity class in pPb collisions. The correlation functions are truncated at the peaks to

improve the visibility of the ridge structures.

the full pr range, the trigger particles are split in 10 smaller pt intervals in order to study
the pr dependence of flow.

Figures 1 and 2 show examples of the angular correlation functions C(An, A¢) in pPb
and Pbp data. The correlation functions are presented in the five multiplicity classes defined
in table 1 and in the low-multiplicity class described later in section 4.1. A prominent peak
at (An ~0,A¢ ~ 0), which results from short-range non-flow interactions such as jets and
particle decays, is observed in all the correlation functions. The peak is shown truncated
to improve visibility of the lower structures in the correlation functions. Ridge structures
at A¢ ~ 0 (near-side) and A¢ ~ 7 (away-side) for the entire Az coverage are also observed.
While the away-side ridge mainly arises from recoiled particles from the near-side peak, the
near-side ridge is a sign of long-range collective flow resulting from modulation of particle
¢ angular distribution. The near-side ridge is most prominent in the highest-multiplicity
classes, and its strength decreases with lower event multiplicity. In the last panels of figures 1
and 2, correlation functions are constructed from events in the low-multiplicity class. They
are used to subtract the non-flow contribution, which is described in the next section.

4.1 Flow coefficients extraction

Considering a large number of collisions, the two-particle azimuthal anisotropy can be
described with a Fourier transform [63, 64] such that the azimuthal angle distribution of
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Figure 2. Example angular correlation functions C'(An, A¢) for the five multiplicity classes and
the low-multiplicity class in Pbp collisions. The correlation functions are truncated at the peaks to
improve the visibility of the ridge structures.

the produced pair of charged particles is written as:

dé\kzr = A<1 +2) Van cos[n(A¢)]>, (4.2)

n=1

where V,, A is the Fourier coefficient of the pair distribution, and A is a normalisation factor.
Furthermore, the Fourier coefficient of a pair of particles can be written in terms of the
harmonic flow coefficients

= (P *)vn (PF*). (4.3)

assoc )

tri
Vaa(pr'®, pT

Therefore, the flow coefficients of particles with a specific ptT]rig are given by

tri
v (ptrig) — VTLA (p’II:lg’ p%‘-SSOC)
" T \/VnA (p%‘SSOC’ p%‘SSOC) ’

(4.4)

The coefficients V,, 5 are extracted using a binned maximum-likelihood fit to the correlation
functions projected onto the A¢ variable, using the function defined in eq. (4.2) up to the
fourth order. The parameters V,A and the normalisation A are left to vary in the fit.
Examples of Fourier fits to the correlation functions in high- and low-multiplicity in pPb
and Pbp collisions are shown in figure 3. In addition to the contributions due to collective
flow effects, the two-particle correlations also receive significant contributions from other



correlation sources, such as resonances, minijets, and quantum correlations [65-70]. Such
non-flow contributions are usually short-ranged. Therefore, to limit the influence of those
additional effects, the measurements aiming to study collective flow phenomena focus on
long-range correlations.

One obvious origin of the non-flow is the jet contribution that is clearly visible for A¢ = 0
and An ~ 0. A way to avoid this contamination is to exclude the short range (SR) region
defined by |An| < 1.8. Hence the fit is performed in the long range (LR) region, |An| > 1.8.
Additional non-flow effects, less obvious, are present at A¢ = 7. Therefore, methods have
been developed to quantify these effects.

The method used here is taken from ref. [71]. It is based on the assumption that
the correlation coefficients (V,a) are a linear combination of flow (¢,) and non-flow (d,,)
contributions such that V,A = ¢, + d,,. Equation 4.2 can then be rewritten as

C(Ag) = G(l 123 (et d) cos[n(A¢)]>, (4.5)

n=1
where G is a normalisation factor. In this analysis the objective is to extract the ¢, coeflicients.
Thus d,, must be subtracted from the results from the direct Fourier fit. The strategy to
estimate d,, is to exploit a low-multiplicity interval where no flow is expected. Under the
assumption that the shape of the non-flow correlation does not change with varying the
multiplicity, d, can be written as

dy™M = Jinpdi™M, (4.6)

where LM stands for low multiplicity and HM for high multiplicity, and JIIJ{I% is the scaling
factor from LM to HM. At low multiplicity flow effects are negligible, thus d-M = V#AM. The
factor JS&/{ can be interpreted as the relative jet yields between low and high multiplicities,
expressed as

N™M L (CEM(Ag) — CHN(A¢))dAG

HM __
M= NI [T (UM (A0) — CLN(86))dAg

(4.7)

where NEMHM) 5 the total integral of CEMMHM) - In this analysis, the HM events are taken
from the five event-multiplicity classes defined in table 1. The LM class events are selected
with the criterion 5 < Ng, < 13 for the pPb and 5 < N¢, < 15 for the Pbp sample. The mean
charged particle density (dN.,/dn) is 5.2 £ 0.2 and 5.9 & 0.2 for the pPb and Pbp LM class,
respectively. Figure 4 displays the short range C'(A¢) for |An| < 1 and the root mean square of
the near and away side in the Pbp configuration, showing that the jet widths are similar for the
five event-multiplicity classes, and C'(A¢) reaches the minimum at approximately A¢p = 1.2.
Therefore the jet region is restricted to An € [—1.0,1.0] and A¢ € [-1.2,1.2]. The final
subtracted results of elliptic and triangular flow of charged particles are named v§"?{2} and
v§"P{2}, respectively. The symbol {2} indicates that the v3% coefficients are measured from
the two-particle correlation method, while ‘sub’ indicates that the results are jet subtracted.

5 Systematic uncertainties

Several sources of systematic uncertainty are considered in the final results, primarily related
to the various elements of the method defined in section 4.1. In particular, these include
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the effects of the low-multiplicity class definition, the long-range |An| cut, the |A¢| range
used for jet normalisation, the correction of track efficiency and contamination of fake and
secondary tracks, and the uncertainty in the N, determination. A summary of the systematic
uncertainties is presented in table 2 for pPb and in table 3 for Pbp. The total systematic
uncertainty is obtained by summing the individual components in quadrature.

To assess the impact of the low-multiplicity bin definition, alternative ranges of Ny, are
considered. For Pbp the Ng, ranges tested are [5,10], [10,15], [15,20], and [10,20], with the
baseline range being [5,15]. For pPb, the tested ranges are [5,15], [7,15], [5,10], and [10,15],
with the baseline range being [5,13]. The systematic uncertainty is quantified as the standard
deviation of the results obtained across these different ranges.

The effect of the An jet exclusion cut is tested using |An| > 1.6 and |An| > 2.0. The
uncertainty is calculated by taking the largest difference observed in the v$""{2} results
relative to the baseline value of |An| > 1.8.

The track efficiency and contamination correction is expected to have little effect on the
measurement. However, a test is performed with and without the correction, and a systematic
uncertainty is assigned as the full shift under the two alternative approaches.

The |A¢| range used to normalise the low-multiplicity jets for the subtraction method
is varied, showing very little effect on the final results. Similarly, no significant effects are
observed on the final results when modifying the fake track rejection criteria.

The dominant systematic uncertainty in the Ng, determination arises from the efficiency
and purity correction applied to the tracks. A closure test using the pPb simulation is
performed to compare the N, value estimated with the efficiency and purity correction to
the number of generated charged particles. The maximum difference of 3% is assigned as
an uncertainty to the mean Ng, values in all multiplicity classes. In the track-matching
algorithm used to remove background candidates from simulated samples, occasionally a
correctly reconstructed track may be mistaken for a fake track. A systematic uncertainty
of 1.9% for pPb and 2.5% for Pbp collisions is assigned to account for this effect. The total
systematic uncertainty of Ny, is 3.5% and 3.9% for pPb and Pbp collisions, respectively.

6 Results

The v§""{2} results for the pPb and Pbp samples versus pr in different (dN,/dn) bins are
presented in figures 5 and 6, respectively. The results are displayed before and after the
non-flow subtraction procedure. For the vo{2} values before the subtraction, the effect arising
from jets is visible as a clear increase at higher pp. The subtraction takes care of removing
the high-pt non-flow contribution, and gives the expected trend of the elliptic low coming
from soft QCD effects, whereby v§"P{2} first increases at low pr and starts to decrease for
pr greater than around 2.5 GeV/c. Moreover, a decrease of the flow coefficient v§"P{2} at
smaller (dN.y,/dn) values is clearly observed as expected. The detailed numerical tables of
results can be found in tables 4-17 in appendix A.

The results of vo{2} versus (dNg,/dn) for the integrated pp range 0.8 < pp < 5.0 GeV/c
are presented in figures 7 and 8 for the pPb and Pbp data, respectively. There is a clear
increase of v§""{2} values with higher event multiplicity, while vo{2} without the subtraction

,10,



Systematic uncertainty (ANg,/dn)  v§"P{2} v§ib{2} v§tP{2}
vs. pr (%) int. pr (%) int. pr (%)

Low-multiplicity bin definition 34.5 1.1-6.8 1.5 2.9
25.9 1.6-13.2 2.3 3.9

21.8 2.1-25.0 3.2 5.2

18.2 2.7-87.9 5.0 5.3

15.6 11.1-132.6 9.3 7.0

An jet exclusion 34.5 0.6-17.5 0.9 1.1
25.9 0.4-50.2 0.7 1.3

21.8 0.6-82.7 0.5 2.1

18.2 0.9-32.5 0.6 1.6

15.6 1.3-63.9 0.1 2.7

Track efficiency and 34.5 1.8-7.7 3.6 2.4
contamination correction 25.9 0.5-9.6 5.2 3.2
21.8 0.6-10.6 6.4 4.1

18.2 0.6-16.5 7.5 3.1

15.6 7.7-22.2 11.8 2.7

Total 34.5 3.5-18.8 4.0 4.0

25.9 4.4-51.9 5.7 5.2

21.8 5.8-86.4 7.2 7.0

18.2 6.5-93.7 9.0 6.4

15.6 8.9-148.2 15.0 8.0

Table 2. Summary of the different systematic uncertainty sources and total systematic uncertainty on
the vgf‘g‘f{2} determination in the pPb sample in bins of the mean charged-particle density (dNc,/dn)
for differential and integrated pfrrig. The numeric values are shown in percentage with respect to the
central values.

reaches a plateau for the observed (dNg,/dn) range in the measurement. Again it is evident
that the non-flow subtraction procedure has an important effect on v§™{2}.

The results are compared to full (34+1)D dynamical calculations coupled with a hy-
drodynamic and hadronic transport hybrid framework to simulate the entire dynamics of
relativistic nuclear collisions [47, 48]. An important ingredient is the link made between the
initial-state conditions and the later hydrodynamic evolution including energy-momentum and
baryon-number conservation through Glauber-model and string-like formalism. The model
has been calibrated using various measurements at mid-rapidity region. The hydrodynamic
parameters associated with the multiplicity distributions are determined by fitting to the
multiplicity distribution data from proton-proton collisions at 7 TeV, as measured by the
ALICE collaboration [72]. The parameters related to the QGP viscosities are constrained by

— 11 —



Systematic uncertainty (ANg,/dn)  v§"P{2} v§ib{2} v§tP{2}
vs. pr (%) int. pr (%) int. pr (%)

Low-multiplicity bin definition 47.8 0.1-2.9 0.1 2.9
35.0 0.3-5.3 0.2 4.7

28.4 0.4-8.8 0.3 6.9

23.4 0.6-17.2 0.5 8.7

17.1 1.3-60.2 1.0 14.7

An jet exclusion 47.8 0.4-2.9 0.7 0.2
35.0 0.1-24 0.1 0.9

28.4 0.2-3.6 0.2 0.9

23.4 0.6-10.4 0.3 1.4

17.1 0.7-20.6 0.7 1.5

Track efficiency and 47.8 2.1-5.9 2.3 1.6
contamination correction 35.0 1.5-3.9 3.6 1.2
28.4 1.8-4.1 4.3 0.2

23.4 1.2-5.9 5.3 0.5

17.1 2.1-8.8 8.1 1.0

Total 47.8 2.4-6.0 24 3.3

35.0 2.9-5.8 3.6 5.0

28.4 4.2-9.7 4.3 7.0

23.4 5.9-20.1 5.3 8.8

17.1 8.0-63.7 8.2 14.8

Table 3. Summary of the different systematic uncertainty sources and total systematic uncertainty on
the vgf‘g‘f{2} determination in the Pbp sample in bins of the mean charged-particle density (dNc,/dn)
for differential and integrated pfrrig. The numeric values are shown in percentage with respect to the
central values.

fits to the flow measurements in proton-lead collisions at ,/Syy = 5.02 TeV from the ATLAS
collaboration [73], as well as to the mean transverse momentum ((pr)) in pPb collisions at
the LHC reported by the ALICE collaboration [74]. Collective flow in the model is developed
through initial geometry from Glauber model and the subsequent hydrodynamical evolution.
The 3D model is calculated for 2.0 < || < 4.8, where the predicted flow coefficients mostly
agree between the pPb and Pbp configurations at comparable multiplicity, with larger pPb
values at high multiplicity. The theoretical calculations, which must be compared with the
jet subtracted results, are generally above the ugub{Q} data points, although the values are
in agreement with the measured v2{2} before the non-flow subtraction. The comparison
suggests that the collective flow developed in the forward rapidity region may be weaker than
hydrodynamical expectations based on parametrisation tuned to data in the mid-rapidity re-
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gion. The forward data can provide unique experimental constraints in longitudinal direction
to improve the full 3D model.

A direct comparison of v§""{2} integrated in the 0.8 < pt < 5.0 GeV/c range versus the
event multiplicity of the collisions in both forward and backward configurations is presented in
figure 9. The forward and backward rapidity regions at LHCb correspond to different partonic
Bjorken-z regions. Based on a recent LHCDb publication [75], in the forward region, the prompt
charged hadron data probe the small Bjorken-z region at approximately 107% < z < 107
depending on the particle pp, where gluon saturation may theoretically take place. In the
backward region, the data cover the large Bjorken-z region at approximately 1072 < 2 < 1071,
where gluon saturation is not expected. The comparison in figure 9 shows that the v§"*{2}
values from forward and backward rapidity regions are compatible within 2.2 standard
deviations at similar event multiplicity (dN.,/dn), although the particles may be affected
by different initial-state effects. This suggests that final-state effects may be dominant over
initial-state effects in the origin of flow in small systems.

Figure 10 compares v§*™{2} as a function of (dNy,/dn) in forward and backward rapidities
for different trigger pr ranges. In the lower pr bins, the v§"°{2} values in the forward and
backward regions are consistent at similar (d N, /dn). However, at higher pr, the difference
between pPb and Pbp grows significantly, reaching around five standard deviations at
3.5 < pr < 5.0GeV/c and (dNg,/dn) ~ 35. In the backward data the v§"®{2} values are
systematically larger than those in the forward data. This could indicate some initial-state
effect showing up only for high-Q? processes or the presence of some remaining non-flow effects.

The results corresponding to the triangular flow harmonic v3{2} and v§""{2} from the
pPb and Pbp samples for the integrated pr range 0.8 < pp < 5.0 GeV/c are presented in
figures 11 and 12, respectively. While the v3{2} values before the non-flow subtraction differ
substantially in the forward and backward data, the subtracted v§""{2} values are similar
in both rapidity regions. The change of sign of v3{2} reflects the type of correlation: an
anticorrelation originating from jets and a positive correlation from flow effects. As the
multiplicity increases, the contribution from pure flow correlations becomes more dominant.
In contrast to the v§™{2} case, v§""{2} does not exhibit strong dependence on the event
multiplicity. Both pPb and Pbp v§'?{2} results are compatible with a flat trend across the
observed (dNg,/dn) ranges, while the Pbp data show a hint of increase at high multiplicity
with a positive slope of (1.9 4 0.5) x 1074,

7 Conclusion

The elliptic and triangular flow of charged particles has been measured in pPb collisions
recorded by the LHCDb experiment in both forward and backward configurations. The
measurements are performed as a function of charged-particle multiplicity and transverse
momentum for the elliptic flow. As expected, the elliptic flow increases with multiplicity.
However, for a given multiplicity no significant differences are observed between the forward
and backward configurations. This suggests that initial-state correlations do not play a
significant role in the development of the elliptic flow. The triangular flow remains constant
across multiplicities and is compatible between the two configurations. The measured elliptic
flow is in general smaller than calculations using a full (3+1)D dynamical framework. The
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Figure 5. Results for v3{2} as a function of pr for the pPb sample in different (dN.,/dn) bins,
presented before (red) and after (blue) the non-flow subtraction procedure. The vertical error bars
represent statistical uncertainties while the shaded boxes represent systematic uncertainties.
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Figure 6. Results for v2{2} as a function of pr for the Pbp sample in different (dN.,/dn) bins,
presented before (red) and after (blue) the non-flow subtraction procedure. The vertical error bars
represent statistical uncertainties while the shaded boxes represent systematic uncertainties.
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Figure 7. Results for v2{2}(|An| > 1.8) as functions of (dNg,/dn) for the pPb sample, presented
before and after the non-flow subtraction procedure. The vertical error bars represent statistical
uncertainties, which are hidden by the data points. The shaded boxes represent systematic uncertainties.
The results are compared with theoretical predictions based on refs. [47, 48] for 2.0 < |n| < 4.8. The
shaded band represents theoretical uncertainties.
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Figure 8. Results for v2{2}(|An| > 1.8) as functions of (dNg,/dn) for the Pbp sample, presented
before and after the non-flow subtraction procedure. The vertical error bars represent statistical
uncertainties, which are hidden by the data points. The shaded boxes represent systematic uncertainties.
The results are compared with theoretical predictions based on refs. [47, 48] for 2.0 < |n| < 4.8. The
shaded band represents theoretical uncertainties.
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Figure 9. Results for v5®{2} and v§""{2} for the pPb and Pbp sample as functions of (AN, /dn),
presented after the non-flow subtraction procedure. The vertical error bars represent statistical uncer-
tainties, which are hidden by the data points. The shaded boxes represent systematic uncertainties.

data can also be compared to models incorporating a 3D gluon saturation initial state
framework in the future. The result in the forward rapidity region helps to understand the
origin of particle flow in small systems, and provides experimental inputs to three-dimensional
theoretical models that include longitudinal dynamics.
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PE[GeV/e]  vs™{2} + stat + syst

0.80-1.00 0.0590 +£0.0004 £+ 0.0027
1.00-1.25 0.0720 £0.0005 £+ 0.0017
1.25-1.50 0.0840 =£0.0006 £ 0.0020
1.50-1.75 0.0941 +£0.0008 £ 0.0056
1.75-2.00 0.1024 +£0.0009 £+ 0.0061
2.00-2.50 0.1093 +£0.0009 £ 0.0065
2.50-3.00 0.1160 £0.0013 4+ 0.0043
3.00-3.50 0.1165 £0.0019 £0.0042
3.50-4.00 0.1079 £0.0027 £+ 0.0041
4.00-5.00 0.0901 £0.0031 £0.0039

Table 4. Results of v§**{2} from the Pbp samples for the bin (dN,/dn) = 47.8.

Foundation (Germany); ICSC (Italy); Severo Ochoa and Marfa de Maeztu Units of Excellence,
GVA, XuntaGal, GENCAT, InTalent-Inditex and Prog. Atraccién Talento CM (Spain); SRC
(Sweden); the Leverhulme Trust, the Royal Society and UKRI (United Kingdom).

A Result tables

Numeric values of v§""{2} and v§®*{2} in pr and (dNg,/dn) bins for pPb and Pbp samples
are presented in tables 4 to 17.
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PRE[GeV/e] ™ {2} + stat + syst

0.80-1.00 0.0551 £0.0007 £+ 0.0025
1.00-1.25 0.0668 +0.0008 £0.0020
1.25-1.50 0.0795 £0.0009 £+ 0.0023
1.50-1.75 0.0888 £0.0011 +0.0035
1.75-2.00 0.0947 £0.0014 £0.0039
2.00-2.50 0.1002 £0.0014 £+ 0.0040
2.50-3.00 0.1053 £0.0021 £ 0.0060
3.00-3.50 0.0987 £0.0030 £ 0.0055
3.50-4.00 0.0952 £0.0043 £0.0055
4.00-5.00 0.0736 £0.0049 £+ 0.0042

Table 5. Results of v5*{2} from the Pbp samples for the bin (dN,/dn) = 35.0.

PE[GeV/e] wus™{2} + stat + syst

0.80-1.00 0.0495 +£0.0010 £ 0.0021
1.00-1.25 0.0620 £0.0011 £+ 0.0026
1.25-1.50 0.0728 +£0.0013 £0.0031
1.50-1.75 0.0822 £0.0016 £+ 0.0036
1.75-2.00 0.0852 £0.0020 £ 0.0039
2.00-2.50 0.0904 +£0.0020 £ 0.0040
2.50-3.00 0.0969 +£0.0030 £ 0.0088
3.00-3.50 0.0834 £0.0044 +0.0076
3.50-4.00 0.0754 £0.0063 +0.0073
4.00-5.00 0.0556 £0.0070 £ 0.0054

Table 6. Results of v§"*{2} from the Pbp samples for the bin (dNy,/dn) = 28.4.
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p%ig[ GeV/c] v5™{2} + stat + syst

0.80-1.00 0.0445 £0.0014 £+ 0.0022
1.00-1.25 0.0542 £0.0015 4 0.0032
1.25-1.50 0.0678 £0.0019 £+ 0.0040
1.50-1.75 0.0725 £0.0024 4+ 0.0043
1.75-2.00 0.0792 £0.0029 £+ 0.0048
2.00-2.50 0.0797 £0.0029 4+ 0.0048
2.50-3.00 0.0792 £0.0043 +£0.0138
3.00-3.50 0.0605 £0.0064 £+ 0.0106
3.50-4.00 0.0392 £0.0092 £+ 0.0071
4.00-5.00 0.0220 £0.0102 £ 0.0044

Table 7. Results of v5®{2} from the Pbp samples for the bin (dN,/dn) = 23.4.

PE[GeV/e] ws™{2} + stat + syst

0.80-1.00 0.0358 +0.0022 £ 0.0029
1.00-1.25 0.0438 +0.0024 £ 0.0039
1.25-1.50 0.0571 £0.0030 £ 0.0051
1.50-1.75 0.0620 £0.0038 £0.0052
1.75-2.00 0.0535 £0.0047 4 0.0052
2.00-2.50 0.0588 £0.0046 £+ 0.0048
2.50-3.00 0.0515 £0.0070 £0.0311
3.00-3.50 0.0240 £0.0104 £0.0145
3.50-4.00 0.0085 £0.0149 £ 0.0054

Table 8. Results of v5*{2} from the Pbp samples for the bin (AN, /dn) = 17.1.
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PRE[GeV/e] ™ {2} + stat + syst

0.80-1.00 0.0505 £0.0010 £0.0042
1.00-1.25 0.0612 £0.0011 £0.0021
1.25-1.50 0.0692 £0.0013 £0.0024
1.50-1.75 0.0757 £0.0016 £ 0.0058
1.75-2.00 0.0796 £0.0020 £ 0.0061
2.00-2.50 0.0829 £0.0019 £+ 0.0065
2.50-3.00 0.0824 £0.0028 +0.0059
3.00-3.50 0.0681 +£0.0040 £ 0.0057
3.50-4.00 0.0482 £0.0057 £0.0043
4.00-5.00 0.0239 £0.0062 £+ 0.0045

Table 9. Results of v§*{2} from the pPb samples (d Ny, /dn) = 34.5.

PE[GeV/e] wus™{2} + stat + syst

0.80-1.00 0.0495 +£0.0014 £0.0051
1.00-1.25 0.0584 £0.0015 £ 0.0026
1.25-1.50 0.0638 £0.0019 £0.0028
1.50-1.75 0.0680 £0.0023 £ 0.0062
1.75-2.00 0.0725 £0.0028 £ 0.0067
2.00-2.50 0.0720 £0.0027 £+ 0.0068
2.50-3.00 0.0679 £0.0040 £ 0.0093
3.00-3.50 0.0504 £0.0058 +0.0083
3.50-4.00 0.0272 £0.0082 £+ 0.0044
4.00-5.00 0.0056 £0.0090 £+ 0.0029

Table 10. Results of v§""{2} from the pPb samples for the bin (dNg,/dn) = 25.9.
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pflfig[ GeV/c] v5™{2}+ stat + syst

0.80-1.00 0.0443 +£0.0018 £0.0051
1.00-1.25 0.0561 £0.0020 £ 0.0032
1.25-1.50 0.0612 £0.0025 £ 0.0036
1.50-1.75 0.0611 £0.0030 £+ 0.0073
1.75-2.00 0.0635 £0.0037 £0.0077
2.00-2.50 0.0620 £0.0036 £ 0.0085
2.50-3.00 0.0560 £0.0053 £0.0142
3.00-3.50 0.0307 £0.0076 £+ 0.0093
3.50-4.00 0.0105 £0.0109 £ 0.0044

Table 11. Results of v§""{2} from the pPb samples for the bin (dNg,/dn) = 21.8.

ptTrig[ GeV/c] v5"™{2}+ stat + syst

0.80-1.00 0.0374 £0.0025 £ 0.0067
1.00-1.25 0.0522 £0.0028 £+ 0.0034
1.25-1.50 0.0565 £0.0034 £ 0.0037
1.50-1.75 0.0545 £0.0041 £+ 0.0094
1.75-2.00 0.0524 £0.0050 £ 0.0090
2.00-2.50 0.0469 £0.0049 4 0.0083
2.50-3.00 0.0418 £0.0072 £ 0.0368
3.00-3.50 0.0022 £0.0105 £ 0.0020

Table 12. Results of v§""{2} from the pPb samples for the bin (dNy,/dn) = 18.2.

pflfig[GeV/ c v§"{2} + stat + syst

0.80-1.00 0.0321 +0.0038 £0.0081
1.00-1.25 0.0446 £0.0042 £ 0.0040
1.25-1.50 0.0472 £0.0051 £+ 0.0044
1.50-1.75 0.0403 £0.0062 £0.0152
1.75-2.00 0.0434 +£0.0077+£0.0164
2.00-2.50 0.0277 £0.0074£0.0114
2.50-3.00 0.0123 +£0.0110£0.0182

Table 13. Results of v§""{2} from the pPb samples for the bin (dNg,/dn) = 15.6.
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(ANg,/dn)  v§"™P{2} + stat + syst

47.8 0.0799 £0.0002+£0.0019
35.0 0.0744 £0.0002 £ 0.0027
28.4 0.0681 £0.0003 £ 0.0029
23.4 0.0607 £0.0005 £ 0.0032
17.1 0.0489 £0.0008 £ 0.0040

Table 14. Results of v5"P{2} from the Pbp samples for different bins of (dN,/dn).

(ANg,/dn)  v§"P{2} £ stat + syst
47.8 0.0336 £0.0004 £+ 0.0011

35.0 0.0314 £0.0006 +=0.0016
28.4 0.0295 £0.0008 &= 0.0021
23.4 0.0296 £0.0010 £ 0.0026
17.1 0.0269 £0.0014 4+ 0.0040

Table 15. Results of v§"P{2} from the Pbp samples for different bins of (dNe,/dn).

(AN, /dn)  v§"P{2} + stat + syst
34.5 0.0662 £0.0003 £ 0.0027

25.9 0.0619 £0.0005 %= 0.0035
21.8 0.0569 £0.0006 £ 0.0041
18.2 0.0500 £0.0009 £ 0.0045

15.6 0.0400 £0.0013 £0.0060

Table 16. Results of v§""{2} from the pPb samples for different bins of (dNg,/dn).
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(ANep/dn)  v§"P{2} £ stat + syst
34.5 0.0269 £0.0008 +£0.0011

25.9 0.0265 £0.0011 +0.0014
21.8 0.0249 £0.0015+0.0017
18.2 0.0267 £0.0016 £ 0.0017

15.6 0.0250 £0.0021 £0.0020

Table 17. Results of v§"°{2} from the pPb samples for different bins of (dN,/dn).
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