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1 Introduction

The production of charmonia, bound states of charm and anti-charm quarks (cc̄), in high-
energy hadronic collisions is not yet fully understood and can be considered as a valuable probe
for the theory of strong interactions — the Quantum Chromodynamics (QCD). Charmonium
production can be factorized into two distinct processes, namely the hard-scale and soft-scale
processes. At the initial state of high-energy hadronic collisions, cc̄ pairs are produced via
processes involving large momentum transfer (hard processes), which can be well described
with perturbative QCD (pQCD) approaches. The subsequent evolution and hadronization
of these pairs into a colorless bound charmonium state is a soft-scale process, which can be
addressed via phenomenological model calculations. Calculations based on non-relativistic
QCD (NRQCD) provide a satisfactory description of the J/ψ production spectrum and its
rapidity dependence [1] as well as the J/ψ polarization [2] in high-energy proton-proton
(pp) collisions. Despite the overall success of these calculations, significant deviations with
respect to the measured J/ψ production spectrum at high transverse momenta (above few
tens of GeV/c) are to be noted [3]. The NRQCD-based calculations rely on the factorization
approach discussed above. The initial state of the incoming protons is described within
the Color Glass Condensate (CGC) framework [4]. The transition from the intermediate
cc̄ state to colorless charmonium state is implemented via universal and non-perturbative
long-distance matrix elements (LDMEs) extracted from experimental data. Both color-singlet
and color-octet intermediate states are considered. Within the CGC approach, the multiplicity
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dependence of the J/ψ production is in general steeper-than-linear [5]. The reason is in
the Bjorken-x dependence of the saturation scale that controls the parton saturation in the
incoming protons. The scale increases with decreasing x, therefore the particle multiplicity,
produced mainly by low-x partons, is suppressed more compared to the J/ψ production,
which originates from partons having higher values of x. In refs. [6, 7], it is argued that
3-Pomeron fusion significantly enhances the production of color-singlet intermediate state
and thus drives charmonium production. Measurements of the J/ψ production as a function
of the particle multiplicity can shed more light on the role of the hard and soft processes
involved in the charmonium production and further constrain the theoretical models.

Various theoretical models and event generators, incorporating different mechanisms
to produce J/ψ and charged particles, have been used to understand the experimental
results. Within the PYTHIA generator framework [8], the produced particle multiplicity
in pp collisions at TeV energies is driven to a large extent by the multi-parton interactions
(MPI) mechanism. The MPIs are semi-hard scatterings of partons from the incoming protons
and their number (NMPI) significantly varies collision by collision [9]. Up to about 3 times
its mean value, the NMPI is determined by the amount of the geometrical overlap between
the colliding protons. Beyond, in the most central pp collisions, the NMPI is driven by
statistical fluctuations. Within the PYTHIA framework, J/ψ are produced from several
sources [9]. The first source is the perturbative scattering process implemented within the
NRQCD model, via color-singlet and color-octet intermediate bound states. The second
source, called cluster collapse, is a binding at the hadronization stage of charm and anti-charm
quarks that are close in phase space. The third source is the production of non-prompt
J/ψ via weak decays of beauty hadrons. In a baseline scenario, the number of produced
J/ψ and the particle multiplicity are both essentially proportional to NMPI. However, the
hadronization, implemented in PYTHIA via the Lund string model, is affected by the so-
called Color Reconnection (CR) mechanism. The hadronizing strings can be rearranged
through CR to reduce the total string tension. This results in a lower final-state particle
multiplicity. In addition, during the hadronization stage, the CR mechanism allows J/ψ
production via the binding of charm and anti-charm quarks coming from two different hard
scattering processes. This results in a quadratic dependence of the number of produced
J/ψ via cluster collapse as a function of NMPI.

The dependence of the J/ψ production on the particle multiplicity can also be affected
by the so-called autocorrelation effects. The charged-particle multiplicity and J/ψ yield
are auto-correlated when the J/ψ production leads to an increase of the charged-particle
multiplicity, as described by various processes in ref. [9]. For example, non-prompt J/ψ is
produced together with particles from the beauty-quark fragmentation and the decay of the
corresponding beauty hadron. As a consequence, in case the J/ψ production and the particle
multiplicity are measured in the same rapidity range, the non-prompt J/ψ yields are biased
towards steeper-than-linear dependence on the multiplicity. Autocorrelation effects can also
be present if J/ψ are produced via the NRQCD and cluster collapse mechanisms due to the
production of associated particles. Finally, another autocorrelation effect arises due to the
presence of J/ψ decay daughters. Experimentally, the J/ψ are reconstructed via their dilepton
decay mode. In case the contribution of the two leptons is not subtracted from the measured
multiplicity, the observed J/ψ yields would show a steeper dependence on the multiplicity.
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In practice, the measurements of J/ψ production as a function of the multiplicity can
be done in various ways. The J/ψ production yield and the charged-particle multiplicity
can be measured at midrapidity or forward rapidity, with the rapidity ranges overlapping
or being distinct. The multiplicity estimator, which defines the event classes in which the
charged-particle multiplicities and J/ψ yields are measured, can be obtained by counting
charged particles within a rapidity range that coincides with that of the J/ψ, that of the
charged-particle multiplicity, or both. The role of the multiplicity estimator is essential, since
it can significantly affect the values of both the charged-particle multiplicities and the J/ψ
production yields observed in the various event classes. In high-energy pp collisions, the
correlation between the multiplicities in two distinct pseudorapidity ranges increases with a
decreasing pseudorapidity gap between the ranges [10]. The correlation ultimately reaches
100% when the two ranges fully overlap. Therefore, given the steeply falling shape of the
multiplicity, the spanned range of the measured multiplicity increases when the gap between
the pseudorapidity ranges of the multiplicity estimator and the multiplicity measurement
decreases [10]. The spanned range becomes widest when the two ranges fully overlap. The
multiplicity estimator can directly affect the observed J/ψ yields as well. For example, in case
J/ψ are produced together with associated particles, using overlapping (pseudo)rapidity ranges
for the multiplicity estimator and the measurement of J/ψ yields leads a systematic migration
of the collisions containing the J/ψ towards higher multiplicity event classes and thus to a
steeper dependence of the J/ψ yields on the charged-particle multiplicity. Autocorrelation
effects like the ones described above can affect the measurements to various degrees. This
has to be taken into account when interpreting the results and, in general, requires detailed
comparison with event generators and theoretical models in which the J/ψ yields as a function
of the charged-particle multiplicity are obtained in the same way as in the experimental data.

The ALICE Collaboration [11] at the LHC has measured both mid and forward rapidity
J/ψ yields as a function of the charged-particle multiplicity in pp collisions [12–14]. In the
midrapidity case, the charged-particle multiplicity is also measured at midrapidity within
a range that is largely overlapping with that of the J/ψ [13]. The multiplicity selection is
performed using two different estimators based on mid and forward rapidity charged-particle
multiplicities. In both cases, the midrapidity J/ψ yields show a steeper-than-linear dependence
on the multiplicity, with the only observed difference being the narrower multiplicity and
J/ψ yield ranges spanned with the forward rapidity estimator. The measurement at forward
rapidity is performed at various collision energies [12, 14]. Midrapidity charged particles are
used both for the multiplicity selection and the multiplicity measurement. In contrast to the
midrapidity case, the observed dependence of the J/ψ yields as a function of multiplicity
is close-to-linear, with little to no dependence on the collision energy. It is also worth
mentioning the measurements by the STAR [15] and PHENIX [16] Collaborations at RHIC
in pp collisions at a significantly lower energy of

√
s = 200 GeV. Strong autocorrelation effects

related to the presence of J/ψ decay daughters are observed. In case the contribution of the
daughters is subtracted or the multiplicity is estimated in a rapidity range that does not
overlap with that of the J/ψ, the J/ψ yields versus the charged-particle multiplicity show a
significantly less-than-linear increase [16]. A similar autocorrelation effect can be present in
the ALICE midrapidity measurement, although the significantly larger event multiplicity at
the LHC energy should make the relative contribution of the J/ψ decay products much less
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sizable. This is somehow indicated by the similarity of the results obtained with mid and
forward rapidity multiplicity estimators in ref. [13], although the direct comparison between
these two results is difficult. The measurement using the forward multiplicity estimator is
presumably less affected by autocorrelation effects and therefore the expected multiplicity
dependence of the J/ψ yields is less steep [9]. At the same time, the rapidity gap between the
multiplicity measurement and the multiplicity estimator reduces their correlation. This leads
to a reduced spanned range of the measured multiplicity and hence to a steeper multiplicity
dependence of the J/ψ yields.

The purpose of the presented analysis is the measurement of the forward (2.5 < y < 4)
J/ψ yields as a function of the forward (−3.7 < η < −1.7) charged-particle multiplicity
in pp collisions at

√
s = 13 TeV. The J/ψ are reconstructed via their dimuon decay mode.

In contrast to the previous measurements at forward rapidity, the chosen pseudorapidity
range for the multiplicity selection and measurement largely overlaps with the J/ψ rapidity
range. It is essential to note that the ALICE experiment uses different conventions for
pseudorapidity η and rapidity y: η is given in the laboratory frame and the muons are
reconstructed in −4 < η < −2.5, whereas the corresponding J/ψ are referred to as forward
and having 2.5 < y < 4. In other words, even though the reconstructed J/ψ have negative
rapidity in the laboratory frame, we flip the sign of their rapidity and refer to them as
having positive rapidity in order to comply with the convention used in numerous quarkonium
measurements performed by ALICE. The contribution of the two decay muons is subtracted
from the multiplicity estimator. The measurement is done for inclusive J/ψ, i.e., including
the contribution from non-prompt J/ψ, because the data used in the present analysis are
taken with an ALICE detector layout not designed to separate prompt and non-prompt J/ψ
in the forward direction. The results are presented in terms of relative J/ψ yields and relative
charged-particle multiplicities with respect to these quantities obtained in ‘INEL>0’ collisions

— inelastic collisions having at least one charged particle in the range |η| < 1 [17]. The main
goal is to study the rapidity dependence of the J/ψ production mechanisms and the role of
possible autocorrelation effects by comparing the results to the previous measurements at
mid and forward rapidity and state-of-the-art particle production models.

2 Detectors and data samples

A detailed description of the ALICE apparatus can be found in refs. [18, 19]. In the following,
only the detectors which are essential for the present analysis are described.

The Silicon Pixel Detector (SPD) is the innermost detector of the ALICE central barrel.
It consists of two cylindrical layers, covering pseudorapidity ranges |η| < 2 and |η| < 1.4,
respectively. In the present analysis, the detector is mainly used for the reconstruction of
the primary collision vertex.

The V0 detector is composed of two arrays of scintillator counters positioned on both sides
of the interaction point — the V0A detector covers the pseudorapidity range 2.8 < η < 5.1
and the V0C detector covers the pseudorapidity range −3.7 < η < −1.7 [20]. Each array
consists of 4 rings and each ring is divided into 8 sectors. The V0 detector measures the
energy deposited by charged particles in its scintillator counters. The V0 detector provides
the minimum-bias (MB) trigger which requires a coincidence of signals in both V0A and V0C.
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Together with the SPD, the V0 is used for the removal of the beam-induced background and
pileup collisions. In the present analysis, the V0C detector is used as a multiplicity estimator.

The Muon Spectrometer (MS) is used to reconstruct the muons from the J/ψ decays
within the pseudorapidity range −4 < η < −2.5. The MS is composed of a front absorber
of 10 interaction lengths followed by 5 tracking stations. The third station is located inside
a dipole magnet with a 3 Tm magnetic-field integral. The tracking stations are followed
by a 7.2 interaction length iron wall and two trigger stations. Single muon triggers are
formed by a coincidence of the MB trigger and the presence of at least one track segment
reconstructed in the muon trigger stations, while dimuon triggers are formed by a coincidence
of the MB trigger and a pair of track segments in the muon trigger stations. Each track
segment is required to have a transverse momentum above 1 GeV/c. The corresponding
muon trigger efficiency reaches 50% at this threshold value and saturates, close to unity,
for transverse momenta above 2 GeV/c.

The analysis is based on pp collision data collected by the ALICE experiment during
the LHC Run 2 between 2016 and 2018. Two main data samples are employed: 1.17 billion
minimum-bias events for the multiplicity measurement and the definition of the multiplicity
classes, and dimuon-triggered data corresponding to about 25 pb−1 integrated luminosity
for the measurement of the J/ψ production yields.

3 Analysis

The analysis is mainly based on approaches used in previous measurements performed with
the ALICE detector [13, 14, 21]. In the following, only the points specific to the present
analysis will be discussed in more details.

3.1 Event, muon and dimuon selection

The event, muon and dimuon selection criteria are equivalent to the one employed in
refs. [14, 21]. The selected events are required to have a primary vertex, reconstructed by the
SPD, passing vertex quality selection and having a longitudinal coordinate zvtx within 10 cm
from the nominal interaction point. The beam-induced background is removed by requiring
that the timing of the signals in both V0A and V0C detectors is compatible with beam-beam
collisions. The pileup collisions are rejected based on the correlations between the total V0
signal, the number of SPD hits and the number of SPD tracklets.

The muon tracks are required to be within the pseudorapidity range −4 < η < −2.5. The
radial distance of the tracks to the z axis at the end of the absorber is required to be between
17.6 and 89.5 cm. Only tracks that match corresponding track segments in the trigger stations
are accepted. Background tracks are removed with a selection on the product of the total track
momentum and the distance of closest approach to the primary vertex in the transverse plane.
Only pairs of opposite-sign muon tracks are considered. The dimuons are required to be in
the rapidity range 2.5 < y < 4 and to have an invariant mass mµµ between 2 and 5 GeV/c2.

3.2 Charged-particle multiplicity selection

The charged-particle multiplicity selection is entirely based on the signal recorded by the V0C
detector. As a first step, the dependence of the V0C acceptance on the longitudinal vertex
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Figure 1. The V0C distributions in minimum-bias events in data, PYTHIA 8.2 Monash MC [8] and
EPOS3 MC [22]. The chosen multiplicity classes are indicated by alternating gray and white areas.
The percentile ranges corresponding to the multiplicity classes (from low to high multiplicities) are
70–100%, 50–70%, 40–50%, 30–40%, 20–30%, 15–20%, 10–15%, 5–10%, 1–5%, 0.5–1%, 0.25–0.5%,
0–0.25%. The bottom panel shows the ratio between data and MC.

position is corrected event-by-event based on the mean V0C signal in bins of zvtx. This is
done separately for each data-taking run. As a second step, the V0C signal is corrected for
detector aging. In principle, the detector aging is taken care of by a calibration procedure
which is performed at the beginning of each data-taking year. Nevertheless, residual aging
effects are present within each year and have to be taken into account in the analysis. The
aging correction is obtained by comparing the mean V0C signal in each run to a global
reference value and is also applied event-by-event. The values of the correction range within
±25%. The corrected V0C distributions obtained in various data-taking periods are found
to be fully compatible without any deviations beyond the expected statistical fluctuations,
meaning that there is no sizable non-uniformity of the detector aging and that the data
from all data-taking periods can be merged.

The multiplicity classes are obtained using the corrected V0C signal and are defined in
terms of the percentile of the minimum-bias data sample. The V0C signal distribution and the
chosen multiplicity classes are shown in figure 1. The data, both MB and dimuon-triggered
samples, are then split according to the defined multiplicity classes. The measurements of
the charged-particle multiplicity and the J/ψ yields are performed individually in each class.

In the case of events containing dimuons, the contribution of the two muons is subtracted
beforehand from the measured V0C signal. Data collected with the single muon trigger are
used by applying the same event and muon track selection criteria as described in section 3.1.
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Each muon track is extrapolated to the surface of the V0C detector, and the channel hit
by the muon is determined. The average signals in any given channel i are then obtained,
separately for the events in which the muons hit that given channel (⟨sii⟩) or any other channel
j in the same V0C ring (⟨sij⟩). The signal corresponding to the presence of a muon track in
the channel i is then computed as ⟨sii⟩ − (⟨sij′⟩ + ⟨sij′′⟩)/2, where indices j′ and j′′ correspond
to channels located in the same V0C ring and at ±90o in azimuth with respect to the
channel i. This procedure takes into account the fact that the multiplicity of the underlying
event is affected by the presence of a muon at a given pseudorapidity. In addition, it avoids
possible biases from short-range correlations from particle decays or recoil jets. Repeating
the analysis with a higher muon trigger pT threshold shows no significant contribution from
muons produced within jets. Finally, the obtained muon track signals per channel are used
in each dimuon event in order to subtract the contribution of the muons from the V0C signal
in case one or both muons are within the V0C acceptance.

3.3 Measurement of charged-particle multiplicity

The measured V0C signal is transformed into primary charged-particle multiplicity with the
help of PYTHIA 8.2 [8] and EPOS3 [22] Monte-Carlo (MC) simulations. In order to take
into account the residual detector aging effects discussed in section 3.2, the V0C signal in the
simulations is corrected in the same way as the data using the same global reference value of
the mean V0C signal. The zvtx correction is also applied. In figure 1, the resulting simulated
V0C signal distribution in the case of PYTHIA 8.2 MC is compared with the data.

The MC simulations are used to obtain the mean charged-particle multiplicity in bins of
the corrected V0C signal, ⟨Nch⟩MC

i , where i is the bin index. In the region of high multiplicity,
where the binning leads to sizable statistical fluctuations, the mean multiplicity is fitted with
a combination of exponential and linear functions of the V0C signal. The resulting mean
multiplicities show a less-than-linear increase as a function of the V0C signal, especially
at high V0C values. This is due to the fact that the V0C signal is proportional to the
energy deposited by the charged particles in the thin scintillator layer and to the presence
of the secondary particles produced in interactions of primary particles with the detector
material in front of the V0C. These effects, coupled to the steeply falling charged-particle
multiplicity distribution at high multiplicities (see figure 1), lead to a situation in which
the events with higher V0C signal get a higher relative contribution from collisions having
lower charged-particle multiplicity, and upward fluctuations of the energy deposit in the
scintillators or of the number of produced secondary particles.

In the next step, the data V0C distribution in each multiplicity class and the integrated
one are folded with ⟨Nch⟩MC

i and the corresponding mean charged-particle multiplicities are
calculated as

∑
i n

ev
i ⟨Nch⟩MC

i /
∑
i n

ev
i , where nev

i is the number of data events in bin i.

3.4 Measurement of J/ψ yields

The J/ψ yields are extracted via fits of the dimuon invariant-mass distributions in each
multiplicity class [14]. Each dimuon is weighted with the inverse of the detector acceptance
and efficiency as a function of the dimuon pT and y. The detector acceptance and efficiency
are obtained by means of a dedicated J/ψ → µ+µ− MC simulation. The same values are
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Figure 2. The dimuon invariant-mass distribution in the 5–10% multiplicity class. Each dimuon
is weighted with the inverse of the detector acceptance and efficiency as a function of the dimuon
pT and y. The data are fitted to a combination of double-sided Crystal Ball (CB2) functions for the
J/ψ and ψ(2S) signals, and a Variable-Width Gaussian function for the background. Only statistical
uncertainties are shown. The bottom panel shows the ratio between the data and the fit.

used in all multiplicity classes since the detector acceptance and efficiency are not affected
by the detector occupancy in pp collisions [21]. The J/ψ signal is fitted with a double-sided
Crystal-Ball (CB2) function [23] with tail parameters extracted from either data or MC. The
ψ(2S) signal is also fitted with a CB2 function, but with parameters which are bind to those
of the J/ψ CB2 function as described in ref. [14]. The underlying dimuon background is fitted
with either Variable-Width Gaussian function or a product of a second order polynomial
and an exponential function [23]. The fit is performed in the invariant-mass range of either
2.3 < mµµ < 4.9 GeV/c2 or 2.1 < mµµ < 4.7 GeV/c2. All the possible 8 fit configurations
(2 sets of CB2 tail parameters, 2 background fit functions and 2 invariant-mass fit ranges)
are considered. A typical fit example is shown in figure 2.

The J/ψ yields per collision are calculated as the ratios of the number of J/ψ obtained
from the above fits and the number of corresponding collisions in the minimum-bias data
set. This is done for each multiplicity class and for the integrated data set. The nominal
values of the relative J/ψ yields and their statistical uncertainties are calculated as the
averages of the relative yields and their statistical uncertainties obtained from all the fit
configurations discussed above.

3.5 Corrections of multiplicity and J/ψ yields

As mentioned in section 1, the measurement is performed for ‘INEL>0’ event class, which
requires corrections to the charged-particle multiplicity and the J/ψ yields. The corrections
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are obtained and applied following the approach in refs. [14, 21]. They are obtained separately
in each multiplicity class and in the integrated data set, most of them with the help of a
PYTHIA 8.2 MC simulation.

The charged-particle multiplicity is corrected for the trigger and event selection efficiency.
The value of the correction factor at the level of relative multiplicity is about 0.97 in the
lowest multiplicity class and between 1.04 and 1.05 in the other multiplicity classes.

Three corrections are applied to the relative J/ψ yields. The corrections are related to the
number of collisions used to calculate the J/ψ yields per collision. The first one is defined as
a ratio of the number of triggered and selected (excluding vertex quality selection) ‘INEL>0’
collisions and the total number of ‘INEL>0’ collisions. The correction values range from
0.92 in the lowest multiplicity class up to 1.06 in the highest multiplicity class. The second
correction is defined as a ratio of the number of triggered and selected collisions, including
and excluding the vertex quality selection. It ranges from 0.94 in the lowest multiplicity class
up to 1.04 in the highest multiplicity class. The third correction is introduced in order to
take into account the contamination from ‘INEL=0’ collisions (inelastic collisions having no
charged particles in the range |η| < 1) in the sample of triggered and selected collisions. The
correction is 1.03 in the lowest multiplicity class and reaches about 0.98 in high multiplicity
classes. The first and third corrections are derived with PYTHIA 8.2 MC simulation, whereas
the second correction is calculated from the data.

4 Systematic uncertainties

The conversion of the V0C signal into charged-particle multiplicity relies on the chosen MC
model, which may not describe the data accurately enough. To address this, the charged-
particle multiplicity is obtained using both PYTHIA 8.2 and EPOS3 MC simulations. In
addition, the simulated V0C signal is scaled by ±10% before the conversion of V0C amplitude
into charged-particle multiplicity, as described in section 3.3. The reason behind this scaling
is that while both data and MC are normalized to the same global reference value of the
mean V0C signal, the simulated charged-particle multiplicity in PYTHIA 8.2 is found to
be up to about 10% higher with respect to the data within the measured pseudorapidity
range |η| < 1.8 [24]. The statistical uncertainties of the parameters of the exponential and
linear functions which are employed to fit the mean multiplicity as a function of the V0C
signal at high multiplicity (see section 3.3) have essentially no impact on the results and
are neglected. The systematic uncertainty of the charged-particle multiplicity is obtained
as the standard deviation of the results obtained with the two MC simulations and with
the above scaling of the V0C signal.

Several sources of systematic uncertainties of the J/ψ yields are considered. The uncer-
tainty related to the J/ψ signal extraction is calculated as the standard deviation of the results
obtained by varying from all the fit configurations discussed in section 3.4. The variations
are applied simultaneously in the fits of each multiplicity class and of the integrated data set.

The uncertainties related to the subtraction of the muons contribution from the V0C
signal are calculated by using extreme values of the muon track signals per channel found
in various data-taking periods.
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Source Systematic uncertainties, %
Conversion of V0C signal into Nch 1.2–3.4

Correction of Nch for INEL>0 2.7–4.9
Total syst. uncertainty of Nch/⟨Nch⟩ 4.3–5.5

J/ψ signal extraction 0.3–0.8
Subtraction of µ’s signal in V0C 0.3–6.2

Trigger efficiency 1.3–5.7
Vertex quality selection 0.5–6.0

Contamination from INEL=0 0.4–5.3
Total syst. uncertainty of NJ/ψ/⟨NJ/ψ⟩ 2.1–11.6

Table 1. Systematic uncertainties of the relative charged-particle multiplicities and the relative J/ψ
yields. The uncertainties vary within the indicated ranges depending on the multiplicity classes.

The differences between the results with and without the application of the correc-
tions described in section 3.5 are conservatively assigned as the corresponding systematic
uncertainties of the charged-particle multiplicity and the J/ψ yields.

The systematic uncertainties of the relative charged-particle multiplicity and the relative
J/ψ yields are summarized in table 1. The total systematic uncertainties are calculated as
quadratic sum of the uncertainties from the different sources. It is important to note that
all the systematic uncertainties, except the one related to the J/ψ signal extraction, are
fully correlated across the multiplicity classes and therefore one can also consider the total
systematic uncertainty as practically fully correlated across the multiplicity classes.

5 Results and discussion

The relative forward J/ψ yields as a function of the relative forward charged-particle multi-
plicity are shown as red circles in figure 3. The observed dependence is steeper-than-linear.
It is similar to the one of the midrapidity J/ψ yields as a function of the midrapidity
charged-particle multiplicity (gray crosses and yellow triangles in figure 3) and is significantly
steeper than the one of the forward J/ψ yields as a function of midrapidity charged-particle
multiplicity (green squares and blue diamonds in figure 3). These results would advocate
against any major difference in the production mechanisms of J/ψ at midrapidity versus
forward rapidity. Instead, the close-to-linear dependence observed in the latter measurement
could be due to weaker autocorrelation effects affecting the J/ψ yields and to the significantly
wider spanned range in the relative multiplicity — resulting from the full overlap of the
pseudorapidity ranges of the multiplicity estimator and the multiplicity measurement.

As it is described in section 3.1, the results presented here are obtained by excluding the
contribution of the J/ψ muon daughters from the particle multiplicity estimation. In ref. [16],
it is found that the inclusion of the daughters leads to a significant autocorrelation effect and
has a major impact on the measured multiplicity dependence of the J/ψ yields. In the present
analysis, the inclusion of the daughters has a much smaller effect on the J/ψ yields, reaching
3.4% in the highest multiplicity class. In order to gain further understanding, a PYTHIA 8.3
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Figure 3. Forward and midrapidity J/ψ relative yields versus the relative charged-particle multiplicity.
The relative forward J/ψ yields as a function of the relative forward charged-particle multiplicity
are shown as red circles. The data of midrapidity J/ψ and forward rapidity J/ψ versus midrapidity
multiplicity are taken from refs. [13] and [14], respectively. The error bars and boxes represent the
statistical and systematic uncertainties, respectively. The dotted line represents the diagonal.

Monash minimum-bias MC simulation is carried out at the generator level without transport
through the detector. The produced J/ψ are forced to decay into two muons. It is found that
the inclusion of the muon daughters leads to up to about 13% higher J/ψ yields in the highest
multiplicity class. The difference with respect to the data can be explained by two effects.
First, the V0 detector delivers a signal proportional to the energy deposited by charged
particles in its scintillator layer. While the muon daughter tracks produce signals close to
that of a minimum-ionizing particle (MIP), most of the charged particles produced in the
collision and reaching the V0 detector deposit significantly more energy than a MIP. Second,
a sizable amount of secondary particles is produced in interactions of primary particles with
the detector material in front of the V0C detector. This significantly increases the particle
multiplicity within the acceptance of the detector and reduces the impact of the J/ψ daughter
tracks on the multiplicity measurement.

The effect of the inclusion of the J/ψ decay daughters discussed above is orders of
magnitude smaller compared to the measurement in ref. [16], this is presumably due to
the much higher charged-particle multiplicities of the underlying event at the LHC energies
compared to the RHIC ones. Finally, it is worth noting that the previous results at midrapidity
at the same collision energy (gray crosses in figure 3) were obtained without excluding the
contribution of the two electron daughters to the charged-particle multiplicity, which can
affect the comparison with the present results.
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Figure 4. J/ψ relative yield as a function of the relative multiplicity in the V0C acceptance
−3.7 < η < −1.7 compared with PYTHIA 8.3 [25], EPOS4HQ [26] and two 3-Pomeron CGC model
predictions [6, 7]. The dotted line represents the diagonal.

6 Comparison with models

In figure 4, the results are compared with PYTHIA 8.3 [25], EPOS4HQ [26], and CGC model
predictions [6, 7]. PYTHIA 8.3 calculations consider both prompt and non-prompt J/ψ
production, while EPOS4HQ and CGC models consider only prompt J/ψ production. The
measured fraction of non-prompt J/ψ in pp collisions at

√
s = 13 TeV is about 13% at forward

rapidity (2 < y < 4.5) and integrated over pT [27]. This sizeable relative contribution of
non-prompt J/ψ and its possible multiplicity dependence have to be taken into account when
interpreting the comparison between the data and EPOS4HQ and CGC model predictions.

EPOS4HQ is a version of the EPOS4 event generator. The EPOS4 generator features
core-corona separation and formation of hydrodynamically evolving hot QCD medium in the
core. The initial stage of the collision is described by means of multiple parallel partonic
scatterings. The main difference with respect to previous versions of EPOS lies in the
introduction of a dynamical saturation scale. The scale describes the saturation phenomena
of very small momentum partons in the incoming protons and preserves the factorization of
the initial-state parton distribution functions and parton-parton interaction cross section. In
EPOS4HQ, heavy quarks, produced in initial partonic scatterings at the initial stage of the
collision, can eventually interact with the medium and hadronize via coalescence [28]. The
charmonium formation is implemented via the Wigner density formalism [29].

Both the considered 3-Pomeron CGC models describe the J/ψ production using the
color-singlet contribution of NRQCD with 3-Pomeron fusion and CGC formalism for the
incoming protons. The difference between the 3-Pomeron CGC model developed in ref. [6]
and the modified 3-Pomeron CGC model described in ref. [7] is that in the latter higher-order
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gluon interactions are included. Within the 3-Pomeron CGC models the steepness of the
J/ψ yields as a function of the multiplicity is not affected by autocorrelation effects and is
determined mainly by the level of overlap between the rapidity ranges of the measured J/ψ
yields and charged-particle multiplicity. It is important to note that all the considered models
do not include the J/ψ daughters in the counting of the charged-particle multiplicity in the
events containing J/ψ or do not consider the J/ψ decays at all.

As discussed in section 1, in principle within the PYTHIA framework and modulo the
contribution from non-prompt J/ψ production, the observed steeper-than-linear dependence
could indicate that the CR mechanism has a major role in J/ψ production. However, as one
can see in figure 4 PYTHIA 8.3 with enabled by default CR underestimates the results at
intermediate and high multiplicities. It is worth noting that a similar level of underestimation
is observed for the previous measurements of mid and forward rapidity J/ψ yields versus
midrapidity multiplicity. This could also mean that the steeper-than-linear dependence is
mainly driven by autocorrelation effects (e.g., from particles steaming from the b-quark
fragmentation or associated-particle production mechanisms) and that these effects are
underestimated in PYTHIA. Measurements of the J/ψ production in jets in pp collisions at
the LHC [30, 31] seem to corroborate such a hypothesis as they show significantly higher
associated-hadron production compared to PYTHIA. Nevertheless, no conclusions can be
drawn from these measurements as they correspond to high-pT J/ψ production, whereas the
pT-integrated J/ψ yields discussed here are dominated by the low-pT part of the J/ψ spectra.

The EPOS4HQ and the modified 3-Pomeron CGC model predictions are both consistent
with the data, although these predictions consider only prompt J/ψ production while the
data correspond to inclusive J/ψ yields. Interestingly, the former 3-Pomeron CGC model
accurately describes the measurements of both midrapidity and forward rapidity J/ψ yields
versus midrapidity multiplicity, but does not describe the results of the forward J/ψ yields
versus forward multiplicity from the present analysis. Previous versions of the EPOS
event generator failed to describe the midrapidity and forward rapidity J/ψ yields as a
function of midrapidity multiplicity, underestimating the yields at intermediate and high
multiplicity [13, 14]. This is no longer the case with the EPOS4HQ, which describes rather
accurately the results presented here, up to the highest measured multiplicity class. The
reasons likely lie in the introduction of the dynamical saturation scale and the implemented
charmonium formation via coalescence.

7 Conclusions

The forward relative J/ψ yields are measured as a function of the relative charged-particle mul-
tiplicity at forward rapidity, in pp collisions at

√
s = 13 TeV. The results show a steeper-than-

linear dependence, similar to that of midrapidity J/ψ yields versus midrapidity multiplicity
and significantly steeper than in the case of forward J/ψ yields versus midrapidity multiplicity
at the same collision energy. This may indicate that the J/ψ production mechanisms at
forward and midrapidity are similar and that the previously observed differences are likely
due to effects related to autocorrelations in the measurement.

Although the observed steeper-than-linear dependence can be interpreted within the
PYTHIA event generator as an indication of the important role of the Color Reconnection
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mechanism in the J/ψ production, the predictions calculated with PYTHIA 8.3 significantly
underestimate the J/ψ yields at intermediate and high multiplicity. The results show a
good agreement with the EPOS4HQ and the modified 3-Pomeron CGC models in the whole
studied multiplicity range. It is worth noting that these models feature parton saturation
in the incoming protons and consider only prompt J/ψ production.

These results need to be complemented by further studies before more firm conclusions
can be drawn. For example, the measurement of midrapidity J/ψ yields versus forward
multiplicity could be useful. Studying the J/ψ yields as a function of the multiplicity
in the transverse-to-J/ψ region was proposed in ref. [9] to further investigate the role of
autocorrelation effects from associated hadroproduction. Recently, the event flattenicity was
proposed as an additional tool in the selection of high-multiplicity collisions. The flattenicity
is a measure of the isotropy of the distribution of the produced particles. It avoids the biases
arising from local multiplicity fluctuations and autocorrelation effects and thus provides
an unbiased selection of collisions with a high number of MPIs [32]. Studying the J/ψ
yields as a function of both multiplicity and flattenicity can therefore be very useful to
disentangle various effects involved in J/ψ production. Finally, the ALICE apparatus used
in the ongoing LHC Run 3 features a new Muon Forward Tracker (MFT) detector [33]
which will enable the separation of prompt and non-prompt J/ψ in the forward direction
in future ALICE publications.
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