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1 Introduction

Heavy quarkonium production has long served as a pivotal tool for probing the intricate
dynamics of quantum chromodynamics (QCD). Heavy-ion collisions in particular offer a
unique vantage point. Heavy quarks are generated in the initial stages of the collisions, making
quarkonium production a powerful probe for the evolution of heavy-ion interactions. Quarko-
nium production in heavy-ion collisions are influenced by several mechanisms. These include
phenomena such as Debye screening, which suppresses the production in quark-gluon plasma
(QGP) [1] and recombination processes [2], which lead to an enhancement at higher energies [3].
To reliably interpret the results from heavy-ion measurements, reference measurements without
these nuclear matter effects, such as in proton-proton (pp) collisions, are required.

In heavy-ion collisions, quarkonium production is affected by initial-state effects like
modification of parton distribution function (PDF) [4] and energy losses through multi-particle
scattering [5]. While comparing the production rates for excited quarkonium states to those
of the ground states can mitigate the initial-state effects listed above, observations highlight a
distinct suppression of excited charmonia (ψ(2S)) and bottomonia (Υ (2S), Υ (3S)) compared
to their ground states J/ψ(1S) and Υ (1S), from collaborations at the SPS [6], RHIC [7] and
LHC [8–12]. This difference points towards the necessity of considering additional effects.
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These modifications can arise in the presence of QGP, which, together with the Debye
color screening may lead to the deconfinement of quarks and hence, the dissociation of
quarkonia. The signatures of QGP are observed in small system collisions including protons,
at high charged-particle multiplicities. For instance, the ALICE collaboration reported
strangeness enhancement in high-multiplicity pp and pPb collisions at

√
s = 7 TeV [13], while

the CMS collaboration identified significant collective flow in high-multiplicity pp collisions
at

√
s = 13 TeV [14]. Additionally, long-range correlations between particles emitted in

a given rapidity range, resembling anisotropic collective flow, have been detected in high-
multiplicity pp and pPb collisions at the LHC [15–18]. With an increasing number of QGP-like
signatures being observed, there is growing interest in investigating quarkonium suppression
in high-multiplicity small system collisions as a probe for QGP in such environment.

Another mechanism that affects the quarkonium production is the co-mover effect [19],
in which co-moving particles can modify quarkonium properties, resulting in the suppression
of these states. Excited states of quarkonium are loosely bound with larger radii, and are
more likely to dissociate in the interaction with co-moving particles, which manifests as
relative suppression compared to ground states. The suppression by interaction with co-moving
particles is correlated to the charged-particle multiplicity since the latter influences the number
of co-moving particles. The co-mover model has been successful at describing suppression of
charmonia, bottomonia, and X(3872) hadrons in various collision systems [20–23].

This study uses pp collision data at a center-of-mass energy of 13 TeV collected by the
LHCb detector in 2016, corresponding to a luminosity of 658 ± 13 pb−1, to measure and
compare the production cross-sections of prompt and non-prompt (from b−hadron decay)
ψ(2S) and J/ψ mesons. The subsequent determination of cross-section ratios across different
multiplicity regions help to understand the relation between charmonium production, QGP
and the co-mover effect.

To distinguish between the influence of the co-mover effect on the production and that
of QGP, several types of multiplicity variables are needed. In this analysis, the ψ(2S)-to-J/ψ
cross-section ratio is measured as a function of local multiplicity, which is the multiplicity
close to PV, as well as forward (backward) multiplicity, which is measured in same (opposite)
rapidity range over which the charmonia production is measured. The usage of backward mul-
tiplicity allows the co-mover effect to be removed so that the existence of QGP can be tested.

2 Detector and data samples

The LHCb detector [24, 25] is a single-arm forward spectrometer covering the pseudorapidity
range 2 < η < 5, designed primarily for the study of particles containing b or c quarks. The
detector includes a high-precision tracking system consisting of a silicon-strip vertex detector
surrounding the pp interaction region [26], a large-area silicon-strip detector located upstream
of a dipole magnet with a bending power of about 4 Tm, and three stations of silicon-strip
detectors and straw drift tubes [27] placed downstream of the magnet. The tracking system
provides a measurement of 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 vertex (PV), the impact parameter, is measured with a resolution of
(15 + 29/pT)µm, where pT is expressed in GeV/c. Different types of charged hadrons are
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distinguished using information from two ring-imaging Cherenkov detectors [28]. Photons,
electrons and hadrons are identified by a calorimeter system consisting of scintillating-pad
(SPD) and preshower detectors, an electromagnetic calorimeter and a hadronic calorimeter.
Muons are identified by a system composed of alternating layers of iron and multiwire
proportional chambers [29].

Simulated signal samples are used to study the efficiencies. In the simulation, pp
collisions are generated using Pythia [30] with a specific LHCb configuration [31]. The
prompt-charmonium production is simulated in Pythia with contributions from both the
leading order color-singlet and color-octet mechanisms [31, 32]. Decays of hadronic particles
are described by EvtGen [33], in which final state radiation is generated using Photos [34].
The interaction of the generated particles with the detector and its response are implemented
using the Geant4 toolkit [35, 36]. The charmonia are generated unpolarised since all the
LHC measurements so far indicate that the polarisation is small [37, 38].

3 Selection of J/ψ and ψ(2S) candidates

The J/ψ and ψ(2S) candidates are reconstructed through their decays to the µ+µ− final
state. The trigger selection consists of a hardware stage and a software stage. The hardware
trigger selects events containing two tracks identified as muon tracks. Then in the software
stage, the two muons are required to be oppositely charged and have good qualities of the
track fit and vertex reconstruction fit. Both muons are required to have a momentum of at
least 6 GeV/c and transverse momentum pT > 0.3 GeV/c. The invariant masses of the J/ψ
and ψ(2S) candidates must be within 120 MeV/c2 of the known masses [39].

Additional selections and particle identification (PID) requirements are imposed to
suppress the background from random combinations of tracks. Each muon is further required
to have pT > 1.2 GeV/c and 2.0 < η < 4.9. Events are required to have exactly one PV, with
a coordinate along the beam direction, zPV, within a range in which the Vertex Locator
(VELO) acceptance is uniform and the vertex reconstruction efficiency is weakly dependent
on the track multiplicity. The range varies for the multiplicity variables due to the different
rapidity ranges they are measured and is listed in table 1, which is introduced together
with multiplicity variables in section 4.

The pseudo decay time tz is defined as

tz = (z − zPV) ×m

pz
, (3.1)

where z is the decay vertex z coordinate of the charmonium candidate, pz is the momentum in
z-direction, and m is the known mass for the corresponding charmonium state [39]. Candidates
are required to satisfy |tz| < 10 ps and |σtz | < 0.3 ps, where σtz is the uncertainty of tz. The
pseudo decay time distribution is used to distinguish the prompt from non-prompt charmonia,
since tz tends to be larger for non-prompt components.

4 Multiplicity variables

The multiplicity variables to be studied are defined as follows.
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Variable zPV range (mm)
NPV

tracks [–60, 180]
NPV

fwd [–180, 180]
NPV

bwd [–30, 180]

Table 1. Requirements on zPV for different multiplicity variables.

Variable mean value
NPV

tracks 26.74
NPV

fwd 16.53
NPV

bwd 11.26

Table 2. Mean values of the three multiplicity variables in no-bias data.

The local multiplicity, NPV
tracks, is the number of VELO tracks considered for a PV

reconstruction, which is a good estimator for prompt charged-particle multiplicity for events
with one PV [40, 41]. The forward (backward) multiplicity is represented by NPV

fwd (NPV
bwd),

corresponding to the number of tracks in the forward (backward) pseudorapidity region of
1.5 < η < 5.2 (−5.2 < η < −1.5). The forward region roughly coincides with the LHCb
acceptance. The two muon tracks are thus included in NPV

tracks and NPV
fwd but not in NPV

bwd.
The restriction on zPV for different multiplicity variables is listed in table 1, within which
the VELO acceptance is roughly uniform for different multiplicity variables.

The multiplicity variables are further nondimensionalised by dividing their corresponding
mean values in no-bias data. The no-bias data are recorded with random trigger decisions,
which makes its mean values of multiplicity good references. By nondimensionalising the
multiplicity variables, the nearly negligible inefficiency can be further canceled. The mean
values in no-bias data are summarized in table 2. The forward and backward multiplicity
slightly don’t sum up to the local multiplicity due to different constraints in the zPV for
different multiplicity variables.

5 Determination of the cross-section ratio

The double-differential cross-section for prompt and non-prompt J/ψ and ψ(2S) production
in a given (pT, y) bin and multiplicity range is defined as

d2σ

dydpT
= N(pT, y)

L × ϵtot(pT, y) × B × ∆y × ∆pT
, (5.1)

where N(pT, y) is the number of signal candidates extracted from a fit to the dimuon invariant
mass, L is the integrated luminosity, ϵtot is the total efficiency associated to the selection
requirements, and ∆pT and ∆y are the corresponding bin widths. The branching fractions
B(J/ψ → µ+µ−) = (5.961 ± 0.033)% and B(ψ(2S) → e+e−) = (7.93 ± 0.17) × 10−3 are
used [39]. For the ψ(2S) mode, the dielectron decay, which has higher precision, is used under
the assumption of lepton universality. The measurement is performed in the kinematic range
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2.0 < y < 4.5 and 0.3 < pT < 20 GeV/c, where the lower limit in pT suppresses contributions
from photon-induced production [42].

The double-differential ratio of prompt or non-prompt production in a certain multiplicity
range is further defined by

σψ(2S)(pT, y)
σJ/ψ(pT, y) =

Nψ(2S)(pT, y)
NJ/ψ(pT, y) ×

ϵtot,J/ψ(pT, y)
ϵtot,ψ(2S)(pT, y) ×

BJ/ψ→µ+µ−

Bψ(2S)→e+e−
. (5.2)

Therefore, the ratio of production over an integrated (pT, y) region can be calculated as
Σkσψ(2S),k/ΣkσJ/ψ,k, where k denotes the bin index for kinematic bins (pT, y).

The yields of prompt and non-prompt charmonia are extracted by performing a two-
dimensional extended unbinned maximum-likelihood fit to the distributions of invariant
mass mµ+µ− and pseudo decay time tz of the candidates. The mass spectrum of signal is
described by the sum of two Crystal Ball functions [43], which share a common mean but
have independent width parameters. The relation between the widths and tail parameters
are determined from simulation. The background in the mass spectrum is described by an
exponential function whose decay parameter is allowed to vary. The pseudo decay time
distribution of prompt and non-prompt charmonia are described by a Dirac delta function and
an exponential function, respectively. Both are convolved with a common double-Gaussian
function, which accounts for the detector resolution. The background tz distribution is
parameterised with an empirical function consisting of three (two) exponential functions for
positive (negative) tz direction, convolved with a double-Gaussian function. The parameters
for the background shapes are determined from fits to data in the mass sideband regions,
corresponding to candidates with masses at least 50 MeV above or below the known charmonia
masses, which are mostly populated by background. The background parameters are then
fixed in the final two-dimensional fit. A charmonium candidate can also be associated to a
wrong PV, resulting in a long tail component in the tz distribution. Even though the number
of PVs is restricted to be exactly one, it is still possible that the true PV is not reconstructed
and the candidate is associated to an incorrect PV. Its shape is modelled from data by
calculating tz with respect to the PV of the next event. As an example, the projections
in mass and pseudo decay time of two-dimensional fits to the J/ψ and ψ(2S) distributions
are shown in figure 1. The total efficiency ϵtot is the product of the geometrical acceptance
and the efficiencies of the particle reconstruction, event selection, muon identification and
the trigger. The track reconstruction and muon identification efficiencies are determined
using data-driven methods [44, 45]. The trigger efficiency is estimated on simulation and
cross-checked using data [46]. The total efficiencies for prompt and non-prompt signals
are calculated separately in each (pT, y) and multiplicity bin. They are found to be very
similar. The efficiencies in different multiplicity regions are determined separately, according
to the binning scheme in data samples.

6 Systematic uncertainties

Systematic uncertainties arising from a variety of sources are studied. The systematic
uncertainty ranges for the ratios in different NPV

tracks bins are summarized in table 3. The
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Figure 1. Distributions of the (left) pseudo decay time and (right) mass for (upper) J/ψ and (lower)
ψ(2S) are plotted in the region 4 ≤ NPV

tracks < 20, 2.8 < y < 3.5, and 6 < pT < 8 GeV/c. The fit results
are overlaid.

binning scheme for multiplicity and (pT, y) ensures that in each individual bin, analysis
can be performed with enough events.

To study the uncertainties related to the mass fits, the signal invariant mass distribution
in each bin is also fitted with a kernel-estimated [47] distribution extracted from simulated
samples. In order to account for the difference in resolution between data and simulation, a
Gaussian function is used to smear the shape of the signals. The study is performed in each
kinematic and multiplicity bin, and the relative difference between the ratio obtained from
the default fit model and from the alternative fit model is quoted as a systematic uncertainty
for both the prompt and non-prompt ratios.

To estimate the uncertainty due to imperfection of the tz signal model, it is fitted to
the simulated sample, where the true numbers of prompt and non-prompt candidates are
known. Then the fit yield is compared to the true numbers and the variation is quoted
as a systematic uncertainty. For the tz background model, the sideband sample which the
model is originally fitted to, is replaced by the distribution extracted from the data using the
sP lot [48] method. The invariant mass and pseudo decay time have a correlation factor of
10−3, so the invariant mass may be used as a discriminating variable to extract the signal and
background distribution of pseudo decay time tz with the sP lot [48] method. The difference
between the alternative and default fits is taken as a systematic uncertainty.
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The tracking efficiencies are determined from the simulation. Corrections, as a function
of p and η, are determined using J/ψ control samples in data [49]. The uncertainty due to
the limited size of the control samples are propagated to the results using pseudoexperiments.
The multiplicity distribution of simulated samples is weighted to match that of the control
samples, and the bias caused by the choice of the multiplicity variable is canceled in the
ψ(2S)-to-J/ψ cross-section production ratio.

The muon identification efficiency is obtained using simulated samples and calibrated
with data samples of J/ψ → µ+µ− decays using the tag-and-probe method [50]. The single-
muon identification efficiency is calculated as a function of p, η and the number of hits in
the SPD, Nspd. The uncertainty due to the limited size of control samples is propagated
to the final result. The uncertainty related to the binning scheme is studied by changing
the binning scheme of (p,η,Nspd), and the variation on the ratio of production is quoted
as a systematic uncertainty.

The uncertainty due to limited size of the simulated sample used to determine the efficien-
cies is propagated to the final result. The trigger efficiency is estimated from simulation and
is cross-checked by a data-driven method using a fully reconstructed sample. The trigger effi-
ciency in data is determined using a subset of events that would have triggered independently
of the J/ψ and ψ(2S) signal candidates [51]. The relative difference between data and simula-
tion in different multiplicity bins is taken as a systematic uncertainty. The uncertainties in the
charmonium branching ratios and luminosity cancel in the normalised ratios, defined as the
ratios in different multiplicity regions divided by the total ratio over all multiplicity regions.

The ψ(2S)-to-J/ψ cross-section ratios are reported with integration separately over pT
and y, and over the full pT and y range. The systematic uncertainties that are correlated across
different bins may cancel each other when adding the production over different kinematic
bins, since in some bins the production cross-section may be over-estimated and in other bins
it may be under-estimated. The systematic uncertainties for ratios over integrated kinematic
bins are obtained in the same way as for each bins. The uncertainties that are not correlated
across different bins are propagated to the final result.

7 Results

7.1 ψ(2S)-to-J/ψ ratio as a function of multiplicity

The measured ψ(2S)-to-J/ψ production cross-section ratios are presented in various kine-
matic and multiplicity bins, with the full numerical data details provided in appendix A A.
Subsequently, the normalised ratio as a function of the nondimensionalised multiplicity
can be obtained by integrating the double-differential results over the pT and y bins. The
ψ(2S)-to-J/ψ ratio in each multiplicity bin is normalised to the ratio of total cross-section
of J/ψ and ψ(2S) mesons as

Normalised σψ(2S),n/σJ/ψ,n =
σψ(2S),n/σJ/ψ,n∑

n σψ(2S),n/
∑
n σJ/ψ,n

, (7.1)

where n is the bin index for multiplicity. The normalised ratio for the integrated production
over pT and y as a function of the nondimensionalised NPV

tracks is illustrated in figure 2. The
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Interval of NPV
tracks

Source 4–20 20–45 45–70 70–95 95–200
Signal mass shape†
prompt & non-prompt 0.1–1.6 0.1–1.3 0.1–1.1 0.1–1.8 0.1–3.2
Signal tz shape†
prompt 0.2–1.8 0.2–1.2 0.0–1.4 0.0–1.8 0.1–9.7
non-prompt 0.0–1.8 0.2–2.0 0.0–2.3 0.1–1.7 0.0–4.0
Background tz shape†
prompt 0.0–1.6 0.2–3.1 0.0–2.2 0.2–6.2 0.4–6.4
non-prompt 1.2–6.5 0.2–5.1 0.2–3.4 0.6–3.7 0.0–9.7
Tracking efficiency†
prompt 0.0–0.8 0.0–0.7 0.0–0.7 0.0–0.7 0.0–0.8
non-prompt 0.0–1.0 0.0–1.1 0.0–1.2 0.0–1.1 0.0–1.1
Trigger efficiency†
prompt & non-prompt 2.1 4.0 1.0 0.0 1.1
Muon ID sample size†
prompt 0.0–0.1 0.0–0.1 0.0–0.1 0.0–0.1 0.0–0.1
non-prompt 0.0–0.1 0.0–0.1 0.0–0.1 0.0–0.1 0.0–0.1
Muon ID binning†
prompt 0.1–0.8 0.1–0.8 0.1–0.9 0.1–0.7 0.1–0.9
non-prompt 0.0–0.9 0.0–0.8 0.1–0.7 0.1–0.8 0.1–1.0
Simulated sample size
prompt 1.5–4.4 1.1–2.4 1.3–2.5 2.0–3.4 4.0–6.4
non-prompt 2.7–5.5 1.6–3.2 1.6–3.4 2.3–4.7 4.1–8.9
Total
prompt 3.1–7.7 4.3–5.5 2.2–3.9 2.9–7.7 6.1–13
non-prompt 5.2–10.2 5.0–7.6 3.3–5.3 3.9–8.4 7.4–17

Table 3. Summary of systematic uncertainty ranges for the double-differential ψ(2S)-to-J/ψ cross-
section ratio, in different kinematic bins within corresponding multiplicity intervals in %. Sources
marked with † are considered to be correlated beween bins.
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Figure 2. Normalised production ratio as a function of NPV
tracks/⟨NPV

tracks⟩NB, integrated over the full
pT-y range of 2.0 < y < 4.5 and 0.3 < pT < 20 GeV/c with −60 < zPV < 180 mm. The error bars
represent statistical uncertainties and heights of the boxes represent systematical uncertainties.
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Figure 3. Normalised production ratio as a function of (left) NPV
bwd/⟨NPV

bwd⟩NB, with −30 < zPV <

180 mm, and (right) NPV
fwd/⟨NPV

fwd⟩NB, with −180 < zPV < 180 mm, integrated over the full pT-y range
of 2.0 < y < 4.5 and 0.3 < pT < 20 GeV/c.

multiplicity distribution for J/ψ and ψ(2S) are quite similar to each other, and the x-values
are the weighted average of (non-)prompt J/ψ and ψ(2S) multiplicity in each bin, where
the weight is the inverse variation of the multiplicity distribution in corresponding bin. The
uncertainty for the x-values is nearly negligible. For the sake of visibility, a small width is
applied when drawing the systematic uncertainty.

The production ratio from b-hadron decays shows little dependence on multiplicity
irrespective of the choice of multiplicity variable. For prompt ψ(2S) and J/ψ, an evident
decrease of ratio with NPV

tracks is observed (P-value of slope < 0.0005), which aligns well with
the predictions of the co-mover model, except in the low multiplicity region.

Additionally, the ratios are examined as a function of the nondimensionalised NPV
bwd and

NPV
fwd in figure 3. Notably, the trend is weaker as a function of NPV

bwd than NPV
fwd and NPV

tracks.
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prompt

Figure 4. Normalised production ratio as a function of NPV
fwd/⟨NPV

fwd⟩NB, compared to a translation of
the ratio as a function of NPV

bwd/⟨NPV
bwd⟩NB.

This suggests a correlation between the relative suppression and local particle multiplicity.
According to comover effect [19], the ratio should remain constant across different NPV

bwd, with
NPV

bwd being measured in a backward rapidity range and not including the muon tracks from
charmonia. The slight decreasing trend of ratio as function of NPV

bwd could result from the
correlation between NPV

bwd and NPV
fwd, where the correlation factor is 0.54 and 0.51 for prompt

J/ψ and ψ(2S), respectively. To estimate the impact of this correlation, the mean NPV
fwd

value within each NPV
bwd bin for prompt charmonia is calculated. Then, the normalised ratios

across different NPV
bwd bins are plotted as a function of NPV

fwd, as shown in figure 4. A coherent
alignment in the decreasing trend is consistent with the hypothesis that the dependency of
the normalised ψ(2S)-to-J/ψ ratio on NPV

bwd arises from NPV
bwd-NPV

fwd correlation.

7.2 ψ(2S)-to-J/ψ ratio in different pT and y ranges

Figures 5, 6, and 7 present the normalised production ratios, as a function of the multiplicity,
in different pT ranges. The mean values for multiplicity variables in each bin are calculated
in different kinematic regions accordingly, where their distributions are slight different. The
relative production of ψ(2S) mesons is suppressed in the lower pT region. However, in the
high-pT region, the prompt is almost independent of multiplicity as the non-prompt ratio.
This is consistent with the measurement on multiplicity dependence of Υ(nS) by CMS [52]
and ATLAS [53], where the decreasing trend become slight in the high-pT region.

The results for the ratio in different rapidity bins are shown in figures 8, 9 and 10.
Notably, there is minimal difference across different rapidity regions, for both prompt and
non-prompt signals.

7.3 Comparisons with other measurements

Measurements of Bψ(2S) × σψ(2S) with BJ/ψ × σJ/ψ have been carried out across diverse
collision systems and energies by comparing the ratio of σψ(2S)/σJ/ψ alongside their branching
fractions and systematic uncertainties. Remarkably, the ratio is consistent regardless of the
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Figure 5. Normalised production ratio for (left) prompt and(right) non-prompt charmonia as a
function of NPV
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tracks⟩NB in different pT intervals.
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Figure 6. Normalised production ratio for (left) prompt and(right) non-prompt charmonia as a
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Figure 8. Normalised production ratio for (left) prompt and(right) non-prompt charmonia as a
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collision systems and energies. A comprehensive comparison is shown in figures 11 and 12,
revealing strong agreement with other measurements [54–64], which has been summarized
in [54]. The value of this measurement is

Bψ(2S) × σψ(2S)
BJ/ψ × σJ/ψ

= (1.894 ± 0.039)%. (7.2)
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8 Conclusion

This analysis presents a measurement of the normalised ψ(2S)-to-J/ψ cross-section ratio, as a
function of different charged-track multiplicity variables, in pp collisions at

√
s = 13 TeV. The

data sample was collected by the LHCb detector in 2016 and corresponds to an integrated
luminosity of 658 ± 13 pb−1.

Notably, for non-prompt production the cross-section ratio exhibits no dependence on
any of these multiplicity variables. In contrast, in prompt production the ratio decreases as
a function of NPV

tracks, which is a trend that aligns well with the predictions of the co-mover
model. Furthermore, the ratio for prompt production has a similar trend as a function of
NPV

fwd, which can be attributed to the correlation between the multiplicity and the charmonium
production, a phenomenon that can also be ascribed to the co-mover effect. The use of
NPV

bwd serves to mitigate this correlation, leading to a small yet observable diminishing trend
in relation to multiplicity. The small dependence on NPV

bwd could arise from the correlation
between NPV

bwd and NPV
fwd. The distinct behaviors exhibited by the prompt and non-prompt

components underscore the significant influence of interactions with other particles within the
collision event on charmonium production, even in pp collisions. Furthermore, the variation of
these ratios as a function of different multiplicity variables further solidifies this perspective.

The multiplicity dependence of the ratios is also measured in distinct pT and y regions, un-
covering an enhanced suppression pattern at low pT, and an almost multiplicity independence
in the high-pT region for prompt ψ(2S)-to-J/ψ ratio, regardless of the choice of multiplicity
variables. Finally, the results of the ratio Bψ(2S) × σψ(2S) over BJ/ψ × σJ/ψ are compared with
other measurements, and are found to be in agreement with a relative higher precision.
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A Numeric results

prompt
pT ( GeV/c) 2 < y < 2.8 2.8 < y < 3.5 3.5 < y < 4.5

0-2 14.95 ± 0.19 ± 0.54 15.18 ± 0.15 ± 0.44 15.54 ± 0.15 ± 0.48
2-4 20.45 ± 0.30 ± 0.72 18.97 ± 0.22 ± 0.54 19.49 ± 0.24 ± 0.56
4-6 29.18 ± 0.60 ± 1.02 23.22 ± 0.39 ± 0.68 22.75 ± 0.45 ± 0.75
6-8 34.60 ± 1.08 ± 1.45 26.74 ± 0.76 ± 0.97 27.89 ± 0.93 ± 1.16
8-20 33.05 ± 1.39 ± 1.52 27.67 ± 1.19 ± 1.15 29.83 ± 1.65 ± 1.70

non-prompt
pT ( GeV/c) 2 < y < 2.8 2.8 < y < 3.5 3.5 < y < 4.5

0-2 21.88 ± 1.19 ± 1.16 19.99 ± 0.91 ± 1.01 21.04 ± 1.16 ± 1.74
2-4 28.29 ± 1.17 ± 1.37 27.02 ± 0.90 ± 1.09 27.60 ± 1.11 ± 1.56
4-6 32.89 ± 1.53 ± 1.61 29.53 ± 1.13 ± 1.46 33.70 ± 1.57 ± 1.98
6-8 34.89 ± 2.10 ± 1.88 31.70 ± 1.69 ± 1.41 32.33 ± 2.23 ± 1.96
8-20 43.93 ± 2.36 ± 1.97 39.96 ± 2.16 ± 1.77 39.78 ± 2.95 ± 2.80

Table 4. Ratios (%) of double differential production cross-section for ψ(2S) to J/ψ in bins of (pT,y)
for 4 ≤ NPV

tracks < 20 (at least 4 tracks required to form a high-quality vertex). The first uncertainties
are statistical, the second are systematic.

prompt
pT ( GeV/c) 2 < y < 2.8 2.8 < y < 3.5 3.5 < y < 4.5

0-2 11.50 ± 0.14 ± 0.54 10.92 ± 0.11 ± 0.53 11.62 ± 0.11 ± 0.63
2-4 16.48 ± 0.17 ± 0.74 15.33 ± 0.13 ± 0.65 15.81 ± 0.14 ± 0.67
4-6 22.41 ± 0.25 ± 0.98 20.68 ± 0.18 ± 0.86 20.62 ± 0.21 ± 0.88
6-8 29.18 ± 0.40 ± 1.41 26.20 ± 0.32 ± 1.14 25.11 ± 0.38 ± 1.16
8-20 35.01 ± 0.53 ± 1.65 29.31 ± 0.43 ± 1.35 28.46 ± 0.54 ± 1.39

non-prompt
pT ( GeV/c) 2 < y < 2.8 2.8 < y < 3.5 3.5 < y < 4.5

0-2 19.03 ± 0.57 ± 1.04 20.24 ± 0.49 ± 1.00 20.72 ± 0.56 ± 1.14
2-4 26.92 ± 0.55 ± 1.30 25.65 ± 0.43 ± 1.24 27.27 ± 0.56 ± 1.37
4-6 34.28 ± 0.68 ± 1.58 28.18 ± 0.49 ± 1.33 29.32 ± 0.67 ± 1.55
6-8 34.61 ± 0.83 ± 1.89 32.17 ± 0.71 ± 1.57 34.12 ± 1.02 ± 2.38
8-20 41.47 ± 0.84 ± 1.99 36.17 ± 0.78 ± 1.78 34.52 ± 1.04 ± 1.80

Table 5. Ratios (%) of double differential production cross-section for ψ(2S) to J/ψ in bins of (pT,y)
for 20 ≤ NPV

tracks < 45. The first uncertainties are statistical, the second are systematic.
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prompt
pT ( GeV/c) 2 < y < 2.8 2.8 < y < 3.5 3.5 < y < 4.5

0-2 9.04 ± 0.22 ± 0.27 8.79 ± 0.18 ± 0.20 9.42 ± 0.16 ± 0.29
2-4 13.03 ± 0.21 ± 0.29 12.38 ± 0.16 ± 0.24 13.53 ± 0.17 ± 0.29
4-6 20.18 ± 0.28 ± 0.52 17.62 ± 0.21 ± 0.33 18.83 ± 0.23 ± 0.44
6-8 25.17 ± 0.38 ± 0.68 23.94 ± 0.31 ± 0.52 23.65 ± 0.37 ± 0.60
8-20 31.32 ± 0.43 ± 0.84 29.02 ± 0.41 ± 0.71 27.94 ± 0.50 ± 0.88

non-prompt
pT ( GeV/c) 2 < y < 2.8 2.8 < y < 3.5 3.5 < y < 4.5

0-2 20.93 ± 0.68 ± 0.83 18.99 ± 0.56 ± 0.81 19.55 ± 0.62 ± 0.70
2-4 23.54 ± 0.54 ± 0.68 24.22 ± 0.45 ± 0.68 23.76 ± 0.55 ± 0.87
4-6 31.83 ± 0.66 ± 0.82 26.85 ± 0.49 ± 0.78 27.46 ± 0.67 ± 1.16
6-8 32.65 ± 0.77 ± 1.03 31.71 ± 0.69 ± 1.02 34.16 ± 0.96 ± 1.55
8-20 39.44 ± 0.74 ± 1.12 37.75 ± 0.73 ± 1.14 38.58 ± 1.07 ± 1.71

Table 6. Ratios (%) of double differential production cross-section for ψ(2S) to J/ψ in bins of (pT,y)
for 45 ≤ NPV

tracks < 70. The first uncertainties are statistical, the second are systematic.

prompt
pT ( GeV/c) 2 < y < 2.8 2.8 < y < 3.5 3.5 < y < 4.5

0-2 7.71 ± 0.44 ± 0.28 7.89 ± 0.34 ± 0.23 7.55 ± 0.28 ± 0.51
2-4 11.29 ± 0.37 ± 0.34 11.58 ± 0.31 ± 0.28 12.18 ± 0.30 ± 0.45
4-6 17.92 ± 0.43 ± 0.56 15.68 ± 0.31 ± 0.33 16.52 ± 0.36 ± 0.47
6-8 23.07 ± 0.54 ± 0.78 20.16 ± 0.43 ± 0.57 21.77 ± 0.52 ± 0.75
8-20 29.65 ± 0.59 ± 1.14 27.43 ± 0.55 ± 0.95 25.27 ± 0.66 ± 1.00

non-prompt
pT ( GeV/c) 2 < y < 2.8 2.8 < y < 3.5 3.5 < y < 4.5

0-2 17.74 ± 1.03 ± 1.07 17.59 ± 0.80 ± 0.75 19.41 ± 0.99 ± 0.83
2-4 26.99 ± 0.92 ± 0.95 24.29 ± 0.69 ± 0.73 25.62 ± 0.89 ± 1.23
4-6 32.36 ± 0.99 ± 1.04 26.84 ± 0.71 ± 0.89 26.85 ± 0.95 ± 1.18
6-8 31.96 ± 1.12 ± 1.24 31.70 ± 1.01 ± 1.27 28.69 ± 1.32 ± 1.59
8-20 41.22 ± 1.06 ± 1.22 35.64 ± 1.01 ± 1.35 34.33 ± 1.47 ± 1.58

Table 7. Ratios (%) of double differential production cross-section for ψ(2S) to J/ψ in bins of (pT,y)
for 70 ≤ NPV

tracks < 95. The first uncertainties are statistical, the second are systematic.
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prompt
pT ( GeV/c) 2 < y < 2.8 2.8 < y < 3.5 3.5 < y < 4.5

0-2 9.91 ± 1.05 ± 0.83 7.13 ± 0.79 ± 0.51 8.93 ± 0.77 ± 0.69
2-4 9.18 ± 0.74 ± 0.55 9.23 ± 0.59 ± 0.40 10.99 ± 0.61 ± 0.51
4-6 17.20 ± 0.86 ± 1.02 14.79 ± 0.61 ± 0.67 15.31 ± 0.66 ± 1.08
6-8 22.16 ± 1.04 ± 1.89 19.04 ± 0.78 ± 1.61 22.02 ± 1.00 ± 1.60
8-20 28.98 ± 1.05 ± 3.33 26.00 ± 0.93 ± 1.53 24.66 ± 1.17 ± 1.85

non-prompt
pT ( GeV/c) 2 < y < 2.8 2.8 < y < 3.5 3.5 < y < 4.5

0-2 23.68 ± 2.65 ± 3.06 20.28 ± 1.84 ± 1.64 21.47 ± 2.45 ± 2.05
2-4 24.12 ± 1.55 ± 1.89 25.31 ± 1.39 ± 1.30 24.29 ± 1.61 ± 1.71
4-6 30.40 ± 1.81 ± 1.85 28.96 ± 1.41 ± 1.83 28.78 ± 1.85 ± 2.25
6-8 35.56 ± 2.30 ± 3.36 36.19 ± 1.99 ± 4.03 25.80 ± 2.46 ± 2.30
8-20 35.20 ± 1.79 ± 2.08 33.68 ± 1.78 ± 1.74 37.92 ± 2.77 ± 3.16

Table 8. Ratios (%) of double differential production cross-section for ψ(2S) to J/ψ in bins of (pT,y)
for 95 ≤ NPV

tracks < 200. The first uncertainties are statistical, the second are systematic.

prompt
pT ( GeV/c) 2 < y < 2.8 2.8 < y < 3.5 3.5 < y < 4.5

0-2 12.78 ± 0.18 ± 0.89 12.48 ± 0.14 ± 0.66 12.88 ± 0.13 ± 0.75
2-4 17.26 ± 0.23 ± 0.81 16.40 ± 0.18 ± 0.68 16.36 ± 0.18 ± 0.66
4-6 23.45 ± 0.36 ± 1.07 21.17 ± 0.26 ± 0.87 20.84 ± 0.29 ± 0.88
6-8 30.78 ± 0.62 ± 1.63 26.87 ± 0.47 ± 1.26 26.21 ± 0.53 ± 1.31
8-20 32.25 ± 0.71 ± 1.68 28.28 ± 0.60 ± 1.42 27.93 ± 0.76 ± 1.46

non-prompt
pT ( GeV/c) 2 < y < 2.8 2.8 < y < 3.5 3.5 < y < 4.5

0-2 21.71 ± 0.88 ± 2.39 20.83 ± 0.72 ± 1.38 21.28 ± 0.82 ± 1.67
2-4 26.41 ± 0.79 ± 1.31 26.46 ± 0.63 ± 1.29 26.41 ± 0.75 ± 1.35
4-6 34.65 ± 1.00 ± 1.70 29.13 ± 0.71 ± 1.39 30.13 ± 0.95 ± 1.69
6-8 33.39 ± 1.23 ± 2.17 31.37 ± 1.02 ± 1.85 33.99 ± 1.40 ± 2.61
8-20 41.81 ± 1.26 ± 2.03 36.94 ± 1.11 ± 2.00 35.45 ± 1.45 ± 2.12

Table 9. Ratios (%) of double differential production cross-section for ψ(2S) to J/ψ in bins of (pT,y)
for 0 ≤ NPV

bwd < 8. The first uncertainties are statistical, the second are systematic.
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prompt
pT ( GeV/c) 2 < y < 2.8 2.8 < y < 3.5 3.5 < y < 4.5

0-2 10.88 ± 0.21 ± 0.53 10.31 ± 0.17 ± 0.40 11.35 ± 0.16 ± 0.55
2-4 15.30 ± 0.24 ± 0.56 13.74 ± 0.18 ± 0.43 14.85 ± 0.19 ± 0.47
4-6 21.98 ± 0.33 ± 0.78 18.69 ± 0.23 ± 0.60 19.23 ± 0.27 ± 0.64
6-8 27.76 ± 0.49 ± 1.19 25.11 ± 0.38 ± 0.91 24.65 ± 0.47 ± 1.04
8-20 33.44 ± 0.60 ± 1.44 28.62 ± 0.51 ± 1.09 29.46 ± 0.66 ± 1.52

non-prompt
pT ( GeV/c) 2 < y < 2.8 2.8 < y < 3.5 3.5 < y < 4.5

0-2 21.38 ± 0.82 ± 1.35 19.44 ± 0.63 ± 1.01 19.59 ± 0.71 ± 1.30
2-4 25.22 ± 0.68 ± 1.05 24.62 ± 0.53 ± 0.91 26.11 ± 0.70 ± 1.00
4-6 32.12 ± 0.80 ± 1.27 27.71 ± 0.60 ± 1.04 28.15 ± 0.81 ± 1.36
6-8 33.65 ± 0.99 ± 1.64 33.25 ± 0.88 ± 1.46 32.86 ± 1.20 ± 2.38
8-20 39.68 ± 0.95 ± 1.75 37.19 ± 0.94 ± 1.58 35.36 ± 1.31 ± 2.08

Table 10. Ratios (%) of double differential production cross-section for ψ(2S) to J/ψ in bins of (pT,y)
for 8 ≤ NPV

bwd < 15. The first uncertainties are statistical, the second are systematic.

prompt
pT ( GeV/c) 2 < y < 2.8 2.8 < y < 3.5 3.5 < y < 4.5

0-2 8.97 ± 0.27 ± 0.32 9.42 ± 0.23 ± 0.32 9.58 ± 0.21 ± 0.39
2-4 13.41 ± 0.28 ± 0.34 12.68 ± 0.22 ± 0.27 13.57 ± 0.24 ± 0.36
4-6 20.29 ± 0.38 ± 0.55 17.52 ± 0.27 ± 0.39 18.62 ± 0.33 ± 0.48
6-8 25.76 ± 0.52 ± 0.90 23.21 ± 0.41 ± 0.69 22.37 ± 0.49 ± 0.78
8-20 32.96 ± 0.62 ± 1.24 28.41 ± 0.55 ± 0.91 28.58 ± 0.73 ± 1.04

non-prompt
pT ( GeV/c) 2 < y < 2.8 2.8 < y < 3.5 3.5 < y < 4.5

0-2 18.28 ± 0.84 ± 0.91 19.54 ± 0.74 ± 0.91 21.70 ± 0.89 ± 1.02
2-4 26.99 ± 0.78 ± 0.89 24.53 ± 0.61 ± 0.84 24.61 ± 0.76 ± 1.15
4-6 31.88 ± 0.91 ± 1.02 25.95 ± 0.64 ± 1.11 27.80 ± 0.93 ± 1.13
6-8 35.26 ± 1.08 ± 1.48 31.24 ± 0.93 ± 1.30 32.19 ± 1.34 ± 1.96
8-20 40.96 ± 1.06 ± 1.57 36.60 ± 1.00 ± 1.41 37.63 ± 1.47 ± 1.93

Table 11. Ratios (%) of double differential production cross-section for ψ(2S) to J/ψ in bins of (pT,y)
for 15 ≤ NPV

bwd < 22. The first uncertainties are statistical, the second are systematic.
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prompt
pT ( GeV/c) 2 < y < 2.8 2.8 < y < 3.5 3.5 < y < 4.5

0-2 8.84 ± 0.42 ± 0.38 8.44 ± 0.31 ± 0.30 9.44 ± 0.30 ± 0.62
2-4 12.34 ± 0.39 ± 0.44 11.70 ± 0.29 ± 0.25 13.21 ± 0.32 ± 0.31
4-6 17.14 ± 0.46 ± 0.52 16.60 ± 0.35 ± 0.39 17.25 ± 0.42 ± 0.48
6-8 24.94 ± 0.65 ± 1.00 21.02 ± 0.49 ± 0.65 23.60 ± 0.66 ± 0.93
8-20 30.78 ± 0.71 ± 1.12 27.47 ± 0.66 ± 0.91 26.57 ± 0.84 ± 1.39

non-prompt
pT ( GeV/c) 2 < y < 2.8 2.8 < y < 3.5 3.5 < y < 4.5

0-2 19.08 ± 1.06 ± 1.17 18.33 ± 0.91 ± 0.95 18.24 ± 1.04 ± 1.54
2-4 24.53 ± 0.93 ± 0.87 24.59 ± 0.75 ± 0.65 24.82 ± 0.98 ± 0.96
4-6 34.04 ± 1.14 ± 1.13 27.68 ± 0.83 ± 0.92 28.05 ± 1.18 ± 1.49
6-8 30.65 ± 1.25 ± 1.21 30.66 ± 1.13 ± 1.30 31.91 ± 1.65 ± 1.99
8-20 38.03 ± 1.20 ± 1.20 36.79 ± 1.24 ± 1.45 35.96 ± 1.79 ± 2.19

Table 12. Ratios (%) of double differential production cross-section for ψ(2S) to J/ψ in bins of (pT,y)
for 22 ≤ NPV

bwd < 30. The first uncertainties are statistical, the second are systematic.

prompt
pT ( GeV/c) 2 < y < 2.8 2.8 < y < 3.5 3.5 < y < 4.5

0-2 10.05 ± 0.65 ± 0.70 8.74 ± 0.49 ± 0.34 8.60 ± 0.43 ± 0.40
2-4 11.00 ± 0.52 ± 0.40 12.93 ± 0.46 ± 0.58 13.28 ± 0.44 ± 0.39
4-6 19.54 ± 0.67 ± 0.72 15.82 ± 0.44 ± 0.45 17.01 ± 0.52 ± 0.70
6-8 21.82 ± 0.78 ± 1.10 21.98 ± 0.68 ± 1.17 21.93 ± 0.79 ± 0.90
8-20 28.63 ± 0.87 ± 1.25 25.73 ± 0.78 ± 0.98 22.99 ± 0.96 ± 1.05

non-prompt
pT ( GeV/c) 2 < y < 2.8 2.8 < y < 3.5 3.5 < y < 4.5

0-2 20.03 ± 1.60 ± 1.77 19.62 ± 1.20 ± 1.13 20.23 ± 1.49 ± 1.20
2-4 26.02 ± 1.26 ± 1.00 23.62 ± 1.01 ± 0.83 24.16 ± 1.25 ± 0.91
4-6 33.55 ± 1.45 ± 1.31 28.41 ± 1.07 ± 1.14 27.64 ± 1.44 ± 1.67
6-8 35.20 ± 1.81 ± 2.00 34.75 ± 1.62 ± 2.78 27.33 ± 2.10 ± 2.32
8-20 40.75 ± 1.57 ± 1.72 33.67 ± 1.46 ± 1.26 34.87 ± 2.28 ± 1.82

Table 13. Ratios (%) of double differential production cross-section for ψ(2S) to J/ψ in bins of (pT,y)
for 30 ≤ NPV

bwd < 80. The first uncertainties are statistical, the second are systematic.
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prompt
pT ( GeV/c) 2 < y < 2.8 2.8 < y < 3.5 3.5 < y < 4.5

0-2 16.01 ± 0.22 ± 0.69 15.86 ± 0.18 ± 0.62 16.07 ± 0.18 ± 0.64
2-4 21.67 ± 0.37 ± 0.92 19.67 ± 0.27 ± 0.76 20.59 ± 0.31 ± 0.80
4-6 28.37 ± 0.70 ± 1.21 24.31 ± 0.51 ± 1.00 23.25 ± 0.58 ± 1.01
6-8 34.96 ± 1.38 ± 1.75 27.17 ± 1.00 ± 1.31 28.99 ± 1.26 ± 1.47
8-20 33.65 ± 1.77 ± 1.87 27.14 ± 1.59 ± 1.41 28.53 ± 2.28 ± 2.00

non-prompt
pT ( GeV/c) 2 < y < 2.8 2.8 < y < 3.5 3.5 < y < 4.5

0-2 22.02 ± 1.35 ± 1.27 21.28 ± 1.08 ± 1.27 23.51 ± 1.43 ± 1.48
2-4 29.87 ± 1.36 ± 1.82 26.89 ± 1.03 ± 1.41 27.32 ± 1.33 ± 2.18
4-6 35.66 ± 1.82 ± 1.71 30.86 ± 1.42 ± 1.81 35.67 ± 1.97 ± 2.15
6-8 36.27 ± 2.50 ± 2.10 35.57 ± 2.18 ± 2.07 34.00 ± 2.92 ± 2.13
8-20 48.13 ± 3.00 ± 2.48 40.55 ± 2.76 ± 2.12 39.03 ± 3.58 ± 3.07

Table 14. Ratios (%) of double differential production cross-section for ψ(2S) to J/ψ in bins of (pT,y)
for 0 ≤ NPV

fwd < 12. The first uncertainties are statistical, the second are systematic.

prompt
pT ( GeV/c) 2 < y < 2.8 2.8 < y < 3.5 3.5 < y < 4.5

0-2 12.52 ± 0.16 ± 0.51 12.00 ± 0.12 ± 0.45 12.79 ± 0.12 ± 0.51
2-4 17.29 ± 0.20 ± 0.69 16.64 ± 0.15 ± 0.61 16.81 ± 0.16 ± 0.62
4-6 24.11 ± 0.32 ± 0.95 21.80 ± 0.23 ± 0.81 22.20 ± 0.27 ± 0.84
6-8 30.99 ± 0.54 ± 1.38 27.27 ± 0.42 ± 1.07 25.82 ± 0.50 ± 1.08
8-20 34.20 ± 0.69 ± 1.46 28.33 ± 0.59 ± 1.21 28.99 ± 0.77 ± 1.33

non-prompt
pT ( GeV/c) 2 < y < 2.8 2.8 < y < 3.5 3.5 < y < 4.5

0-2 19.02 ± 0.69 ± 1.00 20.54 ± 0.60 ± 0.90 20.53 ± 0.69 ± 1.05
2-4 27.70 ± 0.70 ± 1.17 26.41 ± 0.55 ± 1.15 27.35 ± 0.69 ± 1.20
4-6 33.87 ± 0.87 ± 1.40 28.73 ± 0.63 ± 1.24 28.92 ± 0.85 ± 1.66
6-8 34.24 ± 1.10 ± 1.97 31.66 ± 0.95 ± 1.53 36.00 ± 1.40 ± 2.05
8-20 42.40 ± 1.14 ± 1.83 36.58 ± 1.06 ± 1.62 37.08 ± 1.47 ± 1.96

Table 15. Ratios (%) of double differential production cross-section for ψ(2S) to J/ψ in bins of (pT,y)
for 12 ≤ NPV

fwd < 24. The first uncertainties are statistical, the second are systematic.
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prompt
pT ( GeV/c) 2 < y < 2.8 2.8 < y < 3.5 3.5 < y < 4.5

0-2 10.25 ± 0.19 ± 0.50 9.94 ± 0.15 ± 0.45 10.47 ± 0.14 ± 0.49
2-4 15.01 ± 0.21 ± 0.74 14.06 ± 0.16 ± 0.63 15.27 ± 0.17 ± 0.69
4-6 22.14 ± 0.30 ± 1.03 19.72 ± 0.21 ± 0.88 19.45 ± 0.24 ± 0.89
6-8 27.15 ± 0.43 ± 1.36 24.99 ± 0.34 ± 1.15 24.87 ± 0.42 ± 1.26
8-20 34.19 ± 0.55 ± 1.69 29.95 ± 0.48 ± 1.41 28.70 ± 0.59 ± 1.56

non-prompt
pT ( GeV/c) 2 < y < 2.8 2.8 < y < 3.5 3.5 < y < 4.5

0-2 20.86 ± 0.70 ± 1.14 19.55 ± 0.57 ± 1.06 20.70 ± 0.66 ± 1.15
2-4 24.64 ± 0.59 ± 1.30 25.44 ± 0.49 ± 1.22 25.49 ± 0.61 ± 1.24
4-6 33.39 ± 0.75 ± 1.71 28.38 ± 0.55 ± 1.50 28.53 ± 0.75 ± 1.59
6-8 34.21 ± 0.91 ± 1.88 32.26 ± 0.78 ± 1.66 33.53 ± 1.12 ± 2.48
8-20 39.71 ± 0.87 ± 2.00 36.66 ± 0.85 ± 1.87 34.49 ± 1.16 ± 2.10

Table 16. Ratios (%) of double differential production cross-section for ψ(2S) to J/ψ in bins of (pT,y)
for 24 ≤ NPV

fwd < 36. The first uncertainties are statistical, the second are systematic.
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prompt
pT ( GeV/c) 2 < y < 2.8 2.8 < y < 3.5 3.5 < y < 4.5

0-2 8.97 ± 0.27 ± 0.34 8.91 ± 0.21 ± 0.28 9.18 ± 0.19 ± 0.35
2-4 12.98 ± 0.25 ± 0.40 12.24 ± 0.20 ± 0.35 13.34 ± 0.21 ± 0.40
4-6 19.67 ± 0.33 ± 0.66 17.34 ± 0.24 ± 0.48 18.71 ± 0.27 ± 0.62
6-8 25.22 ± 0.45 ± 0.91 24.19 ± 0.37 ± 0.77 22.53 ± 0.43 ± 0.93
8-20 30.83 ± 0.52 ± 1.17 29.39 ± 0.48 ± 1.01 26.80 ± 0.58 ± 1.10

non-prompt
pT ( GeV/c) 2 < y < 2.8 2.8 < y < 3.5 3.5 < y < 4.5

0-2 19.55 ± 0.82 ± 0.94 18.95 ± 0.68 ± 0.89 18.66 ± 0.73 ± 0.97
2-4 24.04 ± 0.66 ± 0.87 24.03 ± 0.55 ± 0.86 24.57 ± 0.67 ± 0.97
4-6 32.21 ± 0.79 ± 1.18 26.33 ± 0.56 ± 0.83 27.16 ± 0.79 ± 1.37
6-8 32.09 ± 0.91 ± 1.37 33.16 ± 0.85 ± 1.31 31.59 ± 1.13 ± 2.03
8-20 38.94 ± 0.89 ± 1.47 37.14 ± 0.87 ± 1.45 39.10 ± 1.30 ± 1.88

Table 17. Ratios (%) of double differential production cross-section for ψ(2S) to J/ψ in bins of (pT,y)
for 36 ≤ NPV

fwd < 48. The first uncertainties are statistical, the second are systematic.

prompt
pT ( GeV/c) 2 < y < 2.8 2.8 < y < 3.5 3.5 < y < 4.5

0-2 7.83 ± 0.35 ± 0.31 7.63 ± 0.28 ± 0.31 8.44 ± 0.25 ± 0.25
2-4 10.93 ± 0.30 ± 0.35 10.96 ± 0.24 ± 0.28 11.58 ± 0.23 ± 0.29
4-6 18.12 ± 0.35 ± 0.63 15.04 ± 0.24 ± 0.35 16.48 ± 0.28 ± 0.60
6-8 23.28 ± 0.44 ± 0.83 19.97 ± 0.32 ± 0.54 22.83 ± 0.42 ± 0.82
8-20 29.91 ± 0.46 ± 0.98 27.16 ± 0.41 ± 1.04 25.68 ± 0.51 ± 1.07

non-prompt
pT ( GeV/c) 2 < y < 2.8 2.8 < y < 3.5 3.5 < y < 4.5

0-2 19.00 ± 0.87 ± 1.09 17.31 ± 0.66 ± 1.00 19.72 ± 0.79 ± 0.85
2-4 24.67 ± 0.68 ± 0.83 24.22 ± 0.55 ± 0.70 24.98 ± 0.68 ± 0.83
4-6 30.68 ± 0.76 ± 0.98 27.65 ± 0.57 ± 0.94 27.95 ± 0.74 ± 1.13
6-8 32.93 ± 0.89 ± 1.21 32.79 ± 0.78 ± 1.22 29.56 ± 1.01 ± 1.59
8-20 39.20 ± 0.79 ± 1.35 35.10 ± 0.75 ± 1.30 34.72 ± 1.11 ± 1.71

Table 18. Ratios (%) of double differential production cross-section for ψ(2S) to J/ψ in bins of (pT,y)
for 48 ≤ NPV

fwd < 130. The first uncertainties are statistical, the second are systematic.
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