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Abstract

The production of ψ(2S) mesons in proton-lead collisions at a centre-of-mass energy
per nucleon pair of

√
sNN = 8.16TeV is studied with the LHCb detector using data

corresponding to an integrated luminosity of 34 nb−1. The prompt and nonprompt
ψ(2S) production cross-sections and the ratio of the ψ(2S) to J/ψ cross-section are
measured as a function of the meson transverse momentum and rapidity in the
nucleon-nucleon centre-of-mass frame, together with forward-to-backward ratios and
nuclear modification factors. The production of prompt ψ(2S) is observed to be
more suppressed compared to pp collisions than the prompt J/ψ production, while
the nonprompt productions have similar suppression factors.
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1 Introduction

The study of quark-gluon plasma (QGP) requires a broad range of observables. Amongst
many potential probes likely to be affected by the presence of a colour-deconfined medium,
quarkonium states such as J/ψ and ψ(2S) were first proposed by Matsui and Satz in
1986 [1]. The charm and anticharm quark pairs produced in hard scattering processes are
expected to be dissociated by colour screening in the presence of QGP, which would lead
to a suppression of J/ψ and ψ(2S) production in heavy-ion collisions relative to production
in proton-proton collisions. The theoretical understanding of the quarkonium bound-state
dynamics has improved significantly over the past 30 years [2], with the development
of lattice quantum chromodynamics (QCD) and effective field theory approaches, and
experimental measurements at the SPS, RHIC and LHC accelerators reveal patterns
indicative of deconfinement [3]. More specifically, a low transverse-momentum contribution
to J/ψ production was observed at the LHC [4–8], which has been interpreted as a
signature of charmonium production originating from recombination of unbound charm
quarks generated either during the lifetime of the deconfined medium [9] or at the phase
boundary [10].

In this context, the measurement of ψ(2S) meson production in heavy-nucleus collisions,
and its comparison with J/ψ production, plays a crucial role in the interpretation of
charmonium measurements. The ψ(2S) state has a larger spatial extension and a smaller
binding energy than the J/ψ state [11]. In addition, its production does not contain feed-
down contributions from decays of χc states, in contrast to the J/ψ case. Uncertainties in
the predicted overall charm cross-section cancel out in the ratio of ψ(2S) to J/ψ production
in nucleus-nucleus collisions. The charmonium production ratio constitutes an observable
that can constrain or discriminate between theoretical models [12]. First measurements
of the ψ(2S) to J/ψ production ratio in nucleus-nucleus collisions at the LHC have been
performed by the CMS [13–15], ALICE [7,16] and ATLAS [17] collaborations, at center
of mass per nucleon pair energies of

√
sNN = 2.76 TeV and 5.20 TeV.

Effects that are not related to deconfinement, known as cold nuclear matter (CNM)
effects, play an important role in the interpretation of the available data from ultra-
relativistic nucleus-nucleus collisions. An accurate quantification of the CNM effects is
necessary to distinguish them from deconfinement-related phenomena. The size of the
CNM effects can be measured in proton–nucleus or deuteron–nucleus collisions, which
have been studied at various collision energies [3]. At the LHC collision energies, the
main modifications of charmonium production compared to pp collisions are related to the
modification of the gluon flux. This is treated using collinear factorisation with nuclear
parton distribution functions (nPDFs) [18–22] or using the colour glass condensate (CGC)
approach to describe the saturation regime of QCD [23, 24]. Furthermore, small-angle
gluon radiation arising from the interference between initial and final-state radiation, called
coherent energy loss, was proposed as one of the dominant causes of nuclear modification
in quarkonium production in proton–nucleus collisions [25]. Calculations based on these
approaches [25–30] are able to describe J/ψ production measurements at the LHC [31–37]
reasonably well within their respective uncertainties. In these computations, the slightly
different kinematics induced by the mass difference between the J/ψ and the ψ(2S)
states and the feed-down originating from χc decays contributing to the J/ψ production
are considered negligible compared to the uncertainties in the models themselves. The
modification of quarkonium production in these models affects the initial state only but not
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the J/ψ or ψ(2S) final states, that is to say identical modification of the production of these
two mesons is predicted. In contrast to these phenomenological expectations, indications
of a relative suppression of ψ(2S) meson production with respect to the production of the
J/ψ meson were observed by the PHENIX collaboration at RHIC [38,39] in proton–nucleus
or deuteron–nucleus collisions at

√
sNN =200 GeV and by the ALICE [40–43], CMS [44]

and LHCb [45] collaborations at the LHC in proton–nucleus collisions at
√
sNN =5.02 TeV

and 8.16 TeV.
This study aims to improve the understanding of the relative production of ψ(2S)

and J/ψ in proton–nucleus compared to pp collisions. The similar previous measurement
by the LHCb collaboration [45] did not have sufficient precision to draw conclusions
on the relative suppression between the two states. The analysis separates prompt and
nonprompt production, where the former consists of mesons produced directly in the
collisions or in decays of higher-mass promptly-produced charmonium states, and the
latter consists of mesons produced in decays of b-hadrons. Comparisons with models
including factorisation breaking via hadronic or partonic interactions influencing the fate
of the cc̄ pair after its creation [46,47] are provided.

2 Detector, data sample and observables

The LHCb detector [48, 49] is a single-arm forward spectrometer covering the
pseudorapidity range 2 < η < 5, designed 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 interaction region [50], 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 [51] placed downstream of
the magnet. The tracking system provides a measurement of the momentum 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 the transverse
momentum in the LHCb frame, in GeV/c. Different types of charged hadrons are dis-
tinguished using information from two ring-imaging Cherenkov detectors [52]. Photons,
electrons and hadrons are identified by a calorimeter system consisting of scintillating-pad
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 [53].

This analysis is based on data acquired during the 2016 LHC heavy-ion run with
collisions of protons and 208Pb ions at a centre-of-mass energy per nucleon pair of√
sNN = 8.16 TeV. During the run, the direction of the ion and proton beams were

exchanged in the accelerator and data recorded with these two different configurations.
Since the energy per nucleon in the proton beam is larger than in the lead beam, the
nucleon-nucleon centre-of-mass system has a rapidity in the laboratory frame of 0.465
(−0.465), when the proton (lead) beam travels from the vertex detector towards the muon
chambers. Consequently, the LHCb detector covers two different acceptance regions,

• 1.5 < y∗ < 4.0 when the proton beam travels from the vertex detector towards the
muon chambers, denoted pPb, and
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• −5.0 < y∗ < −2.5 when the proton beam travels from the muon chambers towards
the vertex detector, denoted Pbp,

where y∗ is the rapidity in the centre-of-mass frame of the colliding nucleons with respect
to the proton beam direction. The data samples correspond to an integrated luminosity of
13.6±0.3 nb−1 of pPb collisions and 20.8±0.5 nb−1 of Pbp collisions [54]. The instantaneous
luminosity while these samples were recorded ranged between 0.5 and 1.0 × 1029 cm−2s−1,
where the average number of collisions per bunch crossing is less than 0.1.

3 Definition of the observables

The differential prompt and nonprompt production cross-sections for ψ(2S) mesons are
measured in the range 0 < pT < 14 GeV/c and 1.5 < y∗ < 4.0 for pPb collisions and
−5.0 < y∗ < −2.5 for Pbp collisions, in bins of pT and y∗. The ψ(2S) to J/ψ cross-section
ratio

d2σψ(2S)/dpTdy∗

d2σJ/ψ/dpTdy∗
=
N(ψ(2S))

N(J/ψ)
× ϵtot(J/ψ)

ϵtot(ψ(2S))
× B (J/ψ → µ+µ−)

B (ψ(2S) → e+e−)
(1)

is obtained from the ratio of measured ψ(2S) to J/ψ yields in the same
dataset, N(ψ(2S)) and N(J/ψ), reconstructed in the µ+µ− final state, cor-
rected for acceptance and detection efficiencies, ϵtot(ψ(2S)) and ϵtot(J/ψ), and
for the branching fractions into µ+µ−, B (ψ(2S) → e+e−) = (7.93 ± 0.17) × 10−3 and
B (J/ψ → µ+µ−) = (5.961 ± 0.033) × 10−2 [55]. The branching fraction of the ψ(2S) de-
cay into two electrons is more precisely known than for the decay into two muons, and is
therefore used with the assumption of lepton universality, neglecting the mass difference
between muons and electrons. No systematic uncertainty is assigned for this assumption.

The absolute ψ(2S) production cross-section is then derived from this ratio multiplied
by the J/ψ production cross-section measured with less restrictive selection criteria on the
muon particle identification, published in Ref. [37],

d2σψ(2S)
dpTdy∗

=
d2σψ(2S)/dpTdy∗

d2σJ/ψ/dpTdy∗
·
[

d2σJ/ψ
dpTdy∗

]
pub

. (2)

Nuclear effects are quantified using the nuclear modification factor, RpPb,

RpPb(pT, y
∗) ≡ 1

A

d2σpPb(pT, y
∗)/dpTdy∗

d2σpp(pT, y∗)/dpTdy∗
, (3)

where A = 208 is the mass number of the Pb ion, d2σpPb(pT, y
∗)/dpTdy∗ is the production

cross-section in pPb or Pbp collisions and d2σpp(pT, y
∗)/dpTdy∗ the reference production

cross-section in pp collisions at the same centre-of-mass energy. In the absence of nuclear
effects, the nuclear modification factor is equal to unity.

Similarly to the cross-section, the ψ(2S) nuclear modification factor is derived from
corrected yield ratios and the published J/ψ modification factor [56],

R
ψ(2S)
pPb (pT, y

∗) =

[
d2σψ(2S)/dpTdy

∗

d2σJ/ψ/dpTdy
∗

]
pPb[

d2σψ(2S)/dpTdy
∗

d2σJ/ψ/dpTdy
∗

]
pp

·
[
R
J/ψ
pPb(pT, y

∗)
]
pub

. (4)

3



The nuclear modification factor in Pbp collisions, R
ψ(2S)
Pbp (pT, y

∗) is computed analogously.
The reference ψ(2S) to J/ψ cross-section ratio in pp collisions is obtained from mea-
surements at 7 TeV by the LHCb collaboration [56] assuming that the ratio between
ψ(2S) and J/ψ production in a given pT bin is the same at 7 TeV and at 8.16 TeV and is
independent of the charmonium-state rapidity in the LHCb acceptance. This assumption
is consistent with the results of the present analysis and with previous measurements [56].
No systematic uncertainty is assigned for this assumption.

The forward-to-backward ratios compare production in pPb and Pbp collisions in
the common acceptance range 2.5 < |y∗| < 4.0, without the need to know the reference
cross-section in pp collisions. It is defined as

RFB(pT, y
∗) =

[
dσ(pT,y

∗)
dpT

]
pPb[

dσ(pT,−y∗)
dpT

]
Pbp

. (5)

4 Event selection and cross-section determination

4.1 Selection

An online event selection is performed by a trigger system consisting of a hardware stage,
which selects events containing at least one muon with pT larger than 500 MeV/c, followed
by a software stage. In the first stage of the software trigger, two muon tracks with
pT > 500 MeV/c are required to form a J/ψ or ψ(2S) candidate with invariant mass
Mµ+µ− > 2.5 GeV/c2. In the second stage, J/ψ and ψ(2S) candidates with an invariant
mass within 120 MeV/c2 of the known value of the J/ψ or ψ(2S) mass [55] are selected.

At the analysis stage, each event is required to have at least one PV reconstructed from
at least four tracks measured in the vertex detector. For events with multiple PVs, the PV
that has the smallest χ2

IP with respect to the J/ψ or the ψ(2S) candidate is chosen. Here,
χ2
IP is defined as the difference between the vertex-fit χ2 calculated with the J/ψ or ψ(2S)

meson candidate included in or excluded from the PV fit. Each identified muon track is
required to be in the pseudorapidity range 2 < η < 5, have a good-quality track fit, and
have pT > 750 MeV/c and pT > 1000 MeV/c for J/ψ and ψ(2S) candidates, respectively.
The stricter selection for ψ(2S) is due to a larger combinatorial background. The two
muon tracks of the J/ψ or ψ(2S) candidate must form a good-quality vertex.

4.2 Determination of signal yields

The reconstructed vertex of the J/ψ or ψ(2S) mesons originating from b-hadron decays
tends to be separated from the PV. This property is used to distinguish between prompt
and nonprompt J/ψ or ψ(2S) mesons by exploiting the pseudoproper time defined as

tz ≡
(z − zPV) ×M

pz
, (6)

where z and zPV are the coordinates along the beam axis of the J/ψ or ψ(2S) decay vertex
and PV positions, pz is the z component of the J/ψ or ψ(2S) momentum and M the known
J/ψ or ψ(2S) mass. The yields of J/ψ and ψ(2S) signals, for the prompt and nonprompt
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categories, are determined from a two-dimensional unbinned maximum-likelihood fit to
their invariant-mass and pseudoproper-time distributions, performed independently for
each (pT, y

∗) bin.
The invariant-mass distribution consists of two components: the J/ψ or ψ(2S) signal

and the background, which is only of combinatorial origin. In the fit function, the signal
is described by a Crystal Ball function [57], and the combinatorial background by an
exponential function. The tz distribution of prompt J/ψ or ψ(2S) is described by a Dirac
δ-function δ(tz), and that of nonprompt mesons by an exponential function. Both functions
are convolved with a triple-Gaussian function to take into account the pseudoproper-time
resolution. The background tz distribution is described by an empirical function derived
from the shape observed in the region 3200 < Mµ+µ− < 3250 MeV/c2. This background is
composed of muons from semileptonic decays of b and c hadrons and from decays of pions
and kaons in the detector. The distribution is parameterised as a sum of a Dirac δ-function
and of five exponential functions, three for positive tz values and two for negative tz values,
convolved with the sum of two Gaussian functions. An example of the ψ(2S) and J/ψ
invariant mass and the pseudoproper-time distributions for one (pT, y

∗) bin is shown in
Fig. 1 for the pPb sample, where the one-dimensional projections of the fit result are
drawn on the distributions.

4.3 Efficiencies

The total efficiency, ϵtot, is the product of the geometrical acceptance and the efficiencies for
charged-track reconstruction, particle identification, and candidate and trigger selections.
Samples of simulated events are used to evaluate these efficiencies except for the charged-
track reconstruction and particle identification efficiencies, which are determined from
calibration data samples. Inelastic pPb and Pbp collisions are simulated by the Epos event
generator, which is tuned to describe LHC data [58]. The ψ(2S) → µ+µ− and J/ψ → µ+µ−

signal candidates are generated separately with the Pythia8 generator [59] in pp collisions
with beams having momenta equal to the momenta per nucleon of the p and Pb beams.
These events are merged with the Epos collisions to build the samples out of which the
efficiencies are computed. The decays of hadrons are simulated by EvtGen [60], in which
final-state electromagnetic radiation is modelled with Photos [61]. The interaction of
the particles with the detector, and the detector response, are implemented using the
Geant4 toolkit [62] as described in Ref. [63].

The charged-track reconstruction efficiency is first evaluated in simulation and is
corrected per track using calibration samples. For this purpose, J/ψ candidates are formed
with one fully reconstructed “tag” track and one “probe” track, reconstructed partially
with a subset of the tracking sub-detectors and both tracks identified as muons [64], in
data and in simulation. The tag-and-probe correction factors are extracted from pPb
and Pbp data and J/ψ simulation samples, taking into account their dependence on the
particle multiplicity. They are applied to the ψ(2S) and J/ψ simulation in order to obtain
the track reconstruction efficiencies in the ψ(2S) and J/ψ pT and y∗ bins of the analysis.

The muon identification efficiency is determined for each track in data with a tag-and-
probe method taking into account the efficiency variation as a function of track momentum,
pseudorapidity and detector occupancy. Calibration samples of J/ψ mesons are selected
by applying a tight identification criterion on one of the muons and no identification
requirements on the second muon [65]. However, the calibration samples collected in pPb
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and Pbp collisions are limited in size. The efficiency is thus evaluated using the calibration
samples collected in pp collisions, taking into account the differences in the detector
occupancy between pp, pPb and Pbp collisions, which affects the muon identification
performance. While the muon identification efficiency is observed to be robust against the
variation of detector occupancies, the probability of hadron misidentification presents a
stronger dependence on hit or track multiplicity. The ψ(2S) and J/ψ simulation samples
are assigned per-candidate weights according to the efficiencies determined per track in
data. These weighted samples are used to compute the muon identification efficiency in
bins of pT and y∗ of the ψ(2S) or J/ψ meson.

The total efficiencies are found to be consistent for the prompt and nonprompt
quarkonia. The ratio of the J/ψ and ψ(2S) efficiencies is shown in Fig. 2 in each analysis
bin, for pPb and Pbp collisions. The uncertainties include both statistical uncertainties
and the systematic uncertainties described in the following section.

3600 3700 3800
]2c [MeV/-µ+µM

0

100

200

300

400

500

600

700)2 c
C

an
di

da
te

s 
/ (

7.
5 

M
eV

/ LHCb Pbp = 8.16 TeV: NNs

c GeV/3<
T

p<2

.253<*y<2.5

Data
(2S)ψPrompt 

(2S)ψNonprompt 
Background
Total fit

0 5 10
 [ps]zt

1

10

210

310

410
C

an
di

da
te

s 
/ (

0.
15

 p
s) LHCb

Pbp = 8.16 TeV: NNs
c GeV/3<

T
p<2

.253<*y<2.5

Data
(2S)ψPrompt 

(2S)ψNonprompt 
Background
Total fit

3000 3050 3100 3150 3200
]2c [MeV/-µ+µM

0

1000

2000

3000

4000

5000

6000

7000

)2 c
C

an
di

da
te

s 
/ (

7.
5 

M
eV

/ LHCb
Pbp = 8.16 TeV: NNs

c GeV/3<
T

p<2

.253<*y<2.5

Data
ψPrompt J/

ψNonprompt J/
Background
Total fit

0 5 10
 [ps]zt

1

10

210

310

410

C
an

di
da

te
s 

/ (
0.

15
 p

s)

LHCb
Pbp = 8.16 TeV: NNs

c GeV/3<
T

p<2

.253<*y<2.5

Data
ψPrompt J/

ψNonprompt J/
Background
Total fit

Figure 1: Distributions of (left) invariant mass and (right) pseudoproper time for (upper) ψ(2S)
and (lower) J/ψ candidates in the bin 2 < pT < 3GeV/c and 2.5 < y∗ < 3.25. The data are
overlaid with the fit results.
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Figure 2: Ratio of J/ψ to ψ(2S) total efficiencies as a function of the quarkonium pT in different
y∗ intervals for (left) pPb and (right) Pbp collisions.

5 Systematic uncertainties

The systematic uncertainties on the measurement of the cross-section ratio for prompt
and nonprompt ψ(2S) to J/ψ production are summarised in Table 1. The efficiencies
depend on the J/ψ and ψ(2S) polarisation at production. Measurements by the ALICE
and the LHCb collaborations in pp collisions [66–68] indicate a polarisation close to zero
in the kinematic region covered in the analysis, with a negligible effect on the total
detection efficiency. It is assumed that the ψ(2S) and J/ψ mesons are also produced with
no polarisation in the pPb and Pbp collisions. No systematic uncertainty is assigned to
this assumption.

The ψ(2S) and J/ψ meson yields are affected by the choice of the modelling of the

Table 1: Summary of relative systematic uncertainties in pPb and Pbp collisions on the ratio
of ψ(2S) to J/ψ cross-sections for prompt and nonprompt production. Uncertainties that are
computed bin-by-bin are expressed as ranges from the minimum to maximum values. All
uncertainties are assumed to be fully correlated between bins, apart from the uncertainty arising
from the simulation sample size. Values are expressed as percentage.

Source pPb Pbp

Signal extraction 2.2 2.2

Particle identification 0–1.7 0–2.0

Efficiency extrapolation at high multiplicity 5.0 5.0

Tracking 0–0.1 0–0.1

Hardware trigger 0–1.1 0–1.1

Particle multiplicity 5.0 5.0

Simulation sample size 0.3–3.2 0.4–4.0
B(J/ψ→µ+µ−)

B(ψ(2S)→µ+µ−)
(assuming lepton universality) 2.2 2.2
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signal mass shape in the fit. An uncertainty is evaluated using an alternative fit model
where the signal mass shape is described by the sum of a Crystal Ball function and a
Gaussian function. The relative difference of the signal yields between the two fits is 2.2%,
which is assigned as a systematic uncertainty that is fully correlated between bins. The
uncertainty associated with the choice of the shape of the tz distribution is negligible.

The uncertainty on the muon identification efficiency has several contributions. The
size of the calibration sample affects the statistical precision of the efficiency determined
with the tag-and-probe method described in the previous section. The impact of the
binning in muon momentum, pseudorapidity and detector occupancy used in that method
is estimated by varying the binning scheme. Finally, an uncertainty due to the method
used to determine the number of signal candidates in the calibration samples is also
considered. The total systematic uncertainty due to these three sources varies between 0
and 2% and is assumed to be fully correlated between bins. The particle identification
efficiency is determined from data control samples obtained from pp collisions [65]. The
particle multiplicity in pPb collisions is larger than in pp collisions and the efficiencies in
the high multiplicity bins are extrapolated from lower multiplicity values. The uncertainty
associated with this procedure is estimated by comparing the J/ψ double-differential
absolute cross-section obtained in this analysis with that published in Ref. [37], which was
obtained with looser selection requirements. They agree within 5%, which is taken as the
uncertainty related to the particle identification efficiency extrapolation. The uncertainty
related to charged track reconstruction, which largely cancels in the efficiency ratio, varies
from 0 to 0.1% and is correlated between bins.

The hardware trigger efficiencies obtained from the simulation are validated by com-
paring them with the efficiencies measured in control samples in data [69]. A systematic
uncertainty is evaluated by comparing the results in simulation and in data. This uncer-
tainty varies between 0 and 1.1% and is assumed to be correlated between bins.

The reconstruction and PID efficiencies depend on the particle multiplicity. The
observed particle multiplicity distributions are compatible between events with ψ(2S)
and J/ψ mesons, however the uncertainties are large. Since these distributions could be
different [70], efficiencies are recomputed varying the multiplicity distributions between
ψ(2S) and J/ψ events within their statistical uncertainties. Variations of 5% are observed
and this is assigned as the systematic uncertainty related to possible different multiplicity
distributions in events with J/ψ or ψ(2S) candidates. The finite size of the simulation
sample used for the efficiency determination introduces a systematic uncertainty, which
varies between 0.3% and 4.0%. The uncertainty on the ratio of branching fractions is
2.2%.

The systematic uncertainties are assumed to be uncorrelated between the cross-section
ratios and the J/ψ cross-section measurement in Ref. [56] when computing the ψ(2S)
cross-sections. They are also assumed to uncorrelated with the ratio of reference cross-
sections in pp collisions at 8.16 TeV used to compute the modification factors and their
ratios.
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Figure 3: Ratio of prompt ψ(2S) to prompt J/ψ production cross-section in (left) pPb and
(right) Pbp collisions, as a function of pT for the different rapidity intervals. Horizontal error
bars are the bin widths, vertical error bars represent the statistical and total uncertainties.
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Figure 4: Ratio of nonprompt ψ(2S) to nonprompt J/ψ production cross-section in (left) pPb
and (right) Pbp collisions, as a function of pT for the different rapidity intervals. Horizontal
error bars are the bin widths, vertical error bars represent the statistical and total uncertainties.

6 Results

6.1 Ratios of ψ(2S) to J/ψ cross-sections

The prompt production cross-section ratios,
σψ(2S)

σJ/ψ
, are shown in Fig. 3 as a function of pT

in the three rapidity intervals of the analysis of pPb and Pbp collisions. All numerical
values corresponding to the figures are available in the appendices A – E. The production
cross-section ratios for the nonprompt production are shown in Fig. 4.

The prompt production cross-section ratios as a function of pT, integrated in the range
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1.5 < y∗ < 4.0 for pPb collisions and −5.0 < y∗ < −2.5 for Pbp collisions, are shown in
Fig. 5. The corresponding values for nonprompt production are shown in Fig. 6. The
production cross-section ratios are also extracted as a function of rapidity integrated in
the range 0 < pT < 14 GeV/c. They are shown in Fig. 7.
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Figure 5: Ratio of prompt ψ(2S) to prompt J/ψ production cross-sections in (left) pPb collisions,
integrated over 1.5 < y∗ < 4.0, and (right) Pbp collisions, integrated over −5.0 < y∗ < −2.5,
as a function of pT. Horizontal error bars are the bin widths, vertical error bars represent the
statistical and total uncertainties.
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Figure 8: Absolute prompt ψ(2S) production cross-section in (left) pPb and (right) Pbp collisions,
as a function of pT for the different rapidity intervals. Horizontal error bars are the bin widths,
vertical error bars represent the statistical and total uncertainties.

6.2 Cross-sections for ψ(2S) production

The absolute ψ(2S) cross-sections are obtained multiplying the ratios shown in the
previous section by the measured values of the J/ψ cross-sections [37], in the same pT and
y∗ bins. The prompt ψ(2S) production cross-section is shown in Fig. 8 and the nonprompt
cross-section in Fig. 9, as a function of pT for different rapidity intervals, for pPb and
Pbp collisions. The cross-sections, integrated over y∗ in the LHCb acceptance and as a
function of pT are shown in Fig. 10.
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Figure 9: Absolute nonprompt ψ(2S) production cross-section in (left) pPb and (right) Pbp
collisions, as a function of pT for the different rapidity intervals. Horizontal error bars are the
bin widths, vertical error bars represent the statistical and total uncertainties.

6.3 Nuclear modification factors for ψ(2S) production

The ψ(2S) nuclear modification factors integrated over y∗ as a function of pT are shown
in Fig. 11. The kinematic dependence of the prompt ψ(2S) nuclear modification factor
is similar to that of the J/ψ meson seen in Ref. [37], with additional suppression. The
nonprompt ψ(2S) nuclear modification factor is consistent with the J/ψ one [37] with
larger uncertainties due to the smaller sample size.

6.4 Forward-to-backward ratio for ψ(2S) production

The ψ(2S) forward-to-backward ratios for prompt and nonprompt ψ(2S) production
integrated over y∗ as a function of pT and integrated over pT as a function of y∗ are shown
in Fig. 12.
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Figure 10: Absolute production cross-section as a function of pT for (top left) prompt ψ(2S)
in pPb collisions, integrated over 1.5 < y∗ < 4.0, (top right) prompt ψ(2S) in Pbp collisions,
integrated over −5.0 < y∗ < −2.5, (bottom left) nonprompt ψ(2S) in pPb collisions, integrated
over 1.5 < y∗ < 4.0, (bottom right) nonprompt ψ(2S) in Pbp collisions, integrated over
−5.0 < y∗ < −2.5. Horizontal error bars are the bin widths, vertical error bars represent the
statistical and total uncertainties.
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Figure 11: Nuclear modification factor as a function of pT, for (top left) prompt ψ(2S) in
pPb collisions, integrated over 1.5 < y∗ < 4.0, (top right) prompt ψ(2S) in Pbp collisions,
integrated over −5.0 < y∗ < −2.5, (bottom left) nonprompt ψ(2S) in pPb collisions, integrated
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−5.0 < y∗ < −2.5. Horizontal error bars are the bin widths, vertical error bars represent the
statistical and total uncertainties.
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6.5 Double cross-section ratios

In this section, several predictions of phenomenological approaches are compared with
the experimental data. These comparisons use ratios of nuclear modification factors,
“cross-section double ratios”, since many sources of uncertainty, both theoretical and
experimental, cancel out to a large extent. The double ratios are defined as

RpPb
ψ(2S)/J/ψ =

RpPb(ψ(2S))

RpPb(J/ψ)
=

[
σ(ψ(2S))
σ(J/ψ)

]
pPb[

σ(ψ(2S))
σ(J/ψ)

]
pp

. (7)

The value of this ratio is expected to be equal to one in the case of nonprompt production
since the modifications of the production due to the medium affect only the b-hadron
production and not the final ψ(2S) or J/ψ states. It should also be equal to one if the
production of the ψ(2S) and J/ψ in proton-lead collisions is only modified by initial-state
effects and not final-state effects.

Their values as a function of pT and integrated over y∗ for prompt and nonprompt
production are shown in Fig. 13 and as a function of rapidity and integrated over pT
in Fig. 14. The ratio integrated over pT is shown in Fig. 15. It is compared with the
measurement at

√
sNN = 5 TeV [45]. The results obtained at 8.16 TeV are more precise

than those at 5 TeV; they are compatible with each other within uncertainties.
The double-ratio results for nonprompt production are compatible with unity as

expected. The results for prompt production indicate a larger suppression of the excited
ψ(2S) state compared to the J/ψ state. This confirms earlier, similar results obtained
at 5 TeV by the ALICE [40], CMS [44] and LHCb [45] collaborations, at 8.16 TeV by
the ALICE collaboration [42] and at 200 GeV by the PHENIX collaboration [39]. This
phenomenon is not explained with the phenomenological models used for the description
of J/ψ production. They assume that the nuclear suppression of the quarkonium state
is induced at a timescale shorter than the hadronisation timescale. It follows that the
mechanisms should apply universally to the J/ψ and ψ(2S) states. Due to the proximity
of the J/ψ and ψ(2S) masses, the nuclear effects are expected to be the same for the two
mesons. These considerations apply to all main classes of modification models usually
considered: nPDF modifications [28, 71, 72], the standard CGC framework [29, 30] or
coherent energy loss [25].

A good understanding of the suppression of ψ(2S) over J/ψ production is crucial for
the interpretation of measurements in heavy-ion collisions such as in PbPb collisions at
the LHC. In PbPb collisions, the previously mentioned models predict different behaviours
of the ψ(2S) to J/ψ cross-section ratio in the presence of a deconfined phase. Therefore,
the measurement of this production ratio in pPb or Pbp collisions, where a deconfined
system is not expected to be created, provides important inputs to the models to describe
the charmonium behaviour in heavy-ion collisions.

The modification of prompt ψ(2S) production compared to that of the J/ψ in pPb
or Pbp collisions can be caused by interactions at late stages of the collision that do not
obey simple QCD factorisation. There are different models exploiting this idea:

• The Comover model [46]: according to the observed final-state particle density, it
assumes an interaction cross-section between the quarkonium and a “comoving”
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Figure 13: Cross-section double ratios RpPbψ(2S)/J/ψ as a function of pT for (top left) prompt

production in pPb collisions, integrated over 1.5 < y∗ < 4.0, (top right) prompt production
in Pbp collisions, integrated over −5.0 < y∗ < −2.5, (bottom left) nonprompt production in
pPb collisions, integrated over 1.5 < y∗ < 4.0, (bottom right) nonprompt production in Pbp
collisions, integrated over −5.0 < y∗ < −2.5. Horizontal error bars are the bin widths, vertical
error bars represent the statistical and total uncertainties.

medium, composed of particles travelling along with the cc̄ quark pair. This cross-
section depends on the size, hence binding enery, of the quarkonium state, i.e. is
larger for the ψ(2S) excited state than for the J/ψ ground state.

• A combined CGC and improved Color Evaporation Model (GCG+ICEM) [47]:
the short distance production of the charm and anti-charm pair is described by
the standard CGC model, while the hadronisation into the J/ψ or ψ(2S) states is
computed with the ICEM. The effects breaking factorisation in the hadronisation
are due to additional parton comovers. They are modelled with a cutoff parameter
Λ that represents the average gluon pT kick.

Figure 16 (left) shows the comparison between the data and the CGC+ICEM model [47]
with two different values of Λ, 10 MeV and 20 MeV, as a function of pT in the pPb
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Figure 14: Cross-section double ratios RpPbψ(2S)/J/ψ as a function of y∗, for (left) prompt and (right)
nonprompt production. Horizontal error bars are the bin widths, vertical error bars represent
the statistical and total uncertainties.
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Figure 15: Cross-section double ratios RpPbψ(2S)/J/ψ as a function of y∗, for (left) prompt and

(right) nonprompt production. The green triangles with error bars correspond to the LHCb
measurement at 5TeV [45]. Horizontal error bars are the bin widths, vertical error bars represent
the statistical and total uncertainties.

configuration for prompt production. Figure 16 (right) shows, in addition, the comparison
with the Comover model [46], as a function of y∗. The models can describe the data
reasonably well with appropriate parameter choices that also describe RHIC data at
lower collision energy [46,47]. Due to the feed-down of ψ(2S) decays contributing to the
J/ψ production, the difference in nuclear modification between the two states implies an
effect on the J/ψ production which is not included in the computations. However, given
the small contribution of the ψ(2S) feed-down decays (10 to 20%), and the additional
observed suppression of 25%, these effects are below the size of the data uncertainties.
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Figure 16: Prompt cross-section double ratios RpPbψ(2S)/J/ψ (left) as a function of pT and integrated

over 1.5 < y∗ < 4.0, and (right) as a function of y∗ and integrated over pT, compared with a
CGC soft gluon interaction model with a scale (green) Λ = 10MeV and (blue) Λ = 20MeV and
a (red) comover model (only for the y∗ dependence). Horizontal error bars are the bin widths,
vertical error bars the statistical and total uncertainties.

7 Conclusion

The measurement of ψ(2S) production in pPb and Pbp collisions at
√
sNN = 8.16 TeV

is presented and is compared with J/ψ production in the same collision system and
with the production in pp collisions, at the same center-of-mass energy. The ratio of
prompt ψ(2S) and J/ψ modification factors, RpPb(ψ(2S))/RpPb(J/ψ), is measured to be
below unity, indicating factorisation breaking with respect to the final state. The ratio
of nonprompt ψ(2S) and J/ψ modification factors is compatible with one, as expected
since the nuclear effects affect b-hadron production but not their decays. These findings
are supported by the corresponding measurements of the nuclear modification factor.
This additional suppression seen in prompt ψ(2S) production is compatible between the
forward (pPb collisions) and backward (Pbp collisions) rapidity ranges and amounts to
approximately 25% in the modification factor ratio integrated over pT. With increasing
pT, the suppression tends to be smaller although large statistical uncertainties at high pT
prevent firm statements. The observed behaviour can be described by models featuring
late-stage interactions breaking preferentially ψ(2S) mesons compared to J/ψ mesons.
These findings are important to constrain factorisation breaking with respect to the final
state in nuclear collisions in order to interpret quarkonium data in heavy-ion collisions.
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Tables with numerical results

The tables in the following appendices show the numerical values corresponding to the
figures presenting the measurements. The cross-section ratios of ψ(2S) over J/ψ, in bins
of pT and y∗, are given in Table 2 for prompt production in pPb collisions and Table 3 in
Pbp collisions. The same ratios for nonprompt production are in Table 4 in pPb collisions
and in Table 5 in Pbp collisions. These ratios integrated over y∗, in bins of pT are shown
in Table 6 for pPb collisions and Table 7 for Pbp collisions for prompt production, and in
Table 8 and Table 9 for Pbp collisions. The ratios integrated over pT, in bins of y∗ are
given in Table 10 for prompt production and Table 11 for nonprompt production.

The asbolute ψ(2S) cross-sections in bins of pT and y∗ are available in Table 12 for
pPb collisions and Table 13 for Pbp collisions, for prompt production, and in Table 14
for pPb collisions and Table 15 for Pbp collisions for nonprompt production. The values
integrated over y∗, in bins of pT, are in Table 16 for prompt production in pPb collisions
and in Table 17 in Pbp collisions; the values for nonprompt production are in Table 18 for
pPb collisions and in Table 19 Pbp collisions.

The ψ(2S) nuclear modification factors in bins of pT, integrated over y∗, are given
in Table 20 for prompt production in pPb collisions, in Table 21 for prompt production
in Pbp collisions, in Table 22 for nonprompt production in pPb collisions and Table 23
for nonprompt production in Pbp collisions. The ψ(2S) forward-to-backward ratios are
shown, in bins of pT integrated over y∗, in Table 24 for prompt production and in Table 25
for nonprompt production. They are also given in bins of y∗ integrated over pT in Table 26
for prompt production and in Table 27 for nonprompt production.

The ψ(2S) to J/ψ double cross-section ratios are shown in bins of pT, integrated over
y∗, in Table 28 for prompt production in pPb collisions, in Table 29 for prompt production
in pPb collisions, in Table 30 for prompt production in pPb collisions and in Table 31
for nonprompt production in Pbp collisions. The values in bins of y∗, integrated over pT,
are given in Table 32 for prompt production and in Table 33 for nonprompt production.
Finally, the ratios integrated over pT and y∗ are given in Table 34 for prompt production
and in Table 35 for nonprompt production.
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A Cross-section ratios

Table 2: Cross-section ratios of ψ(2S) over J/ψ prompt production in pPb collisions. The first
uncertainty is statistical and the second systematic.

pT interval (GeV/c) y∗ interval σψ(2S)/σJ/ψ

0 < pT < 1 1.50< y∗ < 2.50 0.08± 0.02± 0.01

0 < pT < 1 2.50< y∗ < 3.25 0.08± 0.02± 0.01

0 < pT < 1 3.25< y∗ < 4.00 0.11± 0.02± 0.01

1 < pT < 2 1.50< y∗ < 2.50 0.10± 0.02± 0.01

1 < pT < 2 2.50< y∗ < 3.25 0.08± 0.01± 0.01

1 < pT < 2 3.25< y∗ < 4.00 0.08± 0.02± 0.01

2 < pT < 3 1.50< y∗ < 2.50 0.10± 0.01± 0.01

2 < pT < 3 2.50< y∗ < 3.25 0.13± 0.02± 0.01

2 < pT < 3 3.25< y∗ < 4.00 0.12± 0.02± 0.01

3 < pT < 4 1.50< y∗ < 2.50 0.16± 0.02± 0.02

3 < pT < 4 2.50< y∗ < 3.25 0.11± 0.02± 0.01

3 < pT < 4 3.25< y∗ < 4.00 0.16± 0.02± 0.01

4 < pT < 5 1.50< y∗ < 2.50 0.15± 0.02± 0.01

4 < pT < 5 2.50< y∗ < 3.25 0.17± 0.02± 0.02

4 < pT < 5 3.25< y∗ < 4.00 0.16± 0.02± 0.01

5 < pT < 6 1.50< y∗ < 2.50 0.15± 0.02± 0.01

5 < pT < 6 2.50< y∗ < 3.25 0.20± 0.02± 0.02

5 < pT < 6 3.25< y∗ < 4.00 0.20± 0.03± 0.02

6 < pT < 7 1.50< y∗ < 2.50 0.17± 0.02± 0.02

6 < pT < 7 2.50< y∗ < 3.25 0.18± 0.02± 0.02

6 < pT < 7 3.25< y∗ < 4.00 0.23± 0.03± 0.02

7 < pT < 8 1.50< y∗ < 2.50 0.24± 0.03± 0.02

7 < pT < 8 2.50< y∗ < 3.25 0.25± 0.03± 0.02

7 < pT < 8 3.25< y∗ < 4.00 0.33± 0.05± 0.03

8 < pT < 10 1.50< y∗ < 2.50 0.28± 0.03± 0.03

8 < pT < 10 2.50< y∗ < 3.25 0.27± 0.03± 0.02

8 < pT < 10 3.25< y∗ < 4.00 0.20± 0.04± 0.02

10 < pT < 14 1.50< y∗ < 2.50 0.23± 0.04± 0.02

10 < pT < 14 2.50< y∗ < 3.25 0.18± 0.04± 0.02

10 < pT < 14 3.25< y∗ < 4.00 0.35± 0.09± 0.04
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Table 3: Cross-section ratios of ψ(2S) over J/ψ prompt production in Pbp collisions. The first
uncertainty is statistical and the second systematic.

pT interval (GeV/c) y∗ interval σψ(2S)/σJ/ψ

0 < pT < 1 −3.25< y∗ <−2.50 0.07± 0.02± 0.01

0 < pT < 1 −4.00< y∗ <−3.25 0.07± 0.02± 0.01

0 < pT < 1 −5.00< y∗ <−4.00 0.06± 0.02± 0.01

1 < pT < 2 −3.25< y∗ <−2.50 0.11± 0.02± 0.01

1 < pT < 2 −4.00< y∗ <−3.25 0.09± 0.01± 0.01

1 < pT < 2 −5.00< y∗ <−4.00 0.12± 0.02± 0.01

2 < pT < 3 −3.25< y∗ <−2.50 0.10± 0.01± 0.01

2 < pT < 3 −4.00< y∗ <−3.25 0.09± 0.01± 0.01

2 < pT < 3 −5.00< y∗ <−4.00 0.11± 0.02± 0.01

3 < pT < 4 −3.25< y∗ <−2.50 0.13± 0.02± 0.01

3 < pT < 4 −4.00< y∗ <−3.25 0.15± 0.02± 0.02

3 < pT < 4 −5.00< y∗ <−4.00 0.10± 0.02± 0.01

4 < pT < 5 −3.25< y∗ <−2.50 0.12± 0.02± 0.01

4 < pT < 5 −4.00< y∗ <−3.25 0.12± 0.02± 0.01

4 < pT < 5 −5.00< y∗ <−4.00 0.13± 0.02± 0.01

5 < pT < 6 −3.25< y∗ <−2.50 0.15± 0.02± 0.02

5 < pT < 6 −4.00< y∗ <−3.25 0.15± 0.02± 0.02

5 < pT < 6 −5.00< y∗ <−4.00 0.18± 0.03± 0.02

6 < pT < 7 −3.25< y∗ <−2.50 0.18± 0.02± 0.02

6 < pT < 7 −4.00< y∗ <−3.25 0.17± 0.02± 0.02

6 < pT < 7 −5.00< y∗ <−4.00 0.21± 0.04± 0.02

7 < pT < 8 −3.25< y∗ <−2.50 0.15± 0.03± 0.02

7 < pT < 8 −4.00< y∗ <−3.25 0.16± 0.03± 0.02

7 < pT < 8 −5.00< y∗ <−4.00 0.28± 0.05± 0.03

8 < pT < 10 −3.25< y∗ <−2.50 0.21± 0.03± 0.02

8 < pT < 10 −4.00< y∗ <−3.25 0.35± 0.03± 0.04

8 < pT < 10 −5.00< y∗ <−4.00 0.33± 0.06± 0.04

10 < pT < 14 −3.25< y∗ <−2.50 0.20± 0.04± 0.02

10 < pT < 14 −4.00< y∗ <−3.25 0.38± 0.05± 0.04

10 < pT < 14 −5.00< y∗ <−4.00 0.41± 0.09± 0.05
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Table 4: Cross-section ratios of ψ(2S) over J/ψ nonprompt production in pPb collisions. The
first uncertainty is statistical and the second systematic.

pT interval (GeV/c) y∗ interval σψ(2S)/σJ/ψ

0 < pT < 1 1.50< y∗ < 2.50 0.19± 0.06± 0.02

0 < pT < 1 2.50< y∗ < 3.25 0.27± 0.07± 0.03

0 < pT < 1 3.25< y∗ < 4.00 0.07± 0.05± 0.01

1 < pT < 2 1.50< y∗ < 2.50 0.19± 0.04± 0.02

1 < pT < 2 2.50< y∗ < 3.25 0.28± 0.05± 0.03

1 < pT < 2 3.25< y∗ < 4.00 0.18± 0.05± 0.02

2 < pT < 3 1.50< y∗ < 2.50 0.18± 0.03± 0.02

2 < pT < 3 2.50< y∗ < 3.25 0.18± 0.03± 0.02

2 < pT < 3 3.25< y∗ < 4.00 0.29± 0.05± 0.03

3 < pT < 4 1.50< y∗ < 2.50 0.24± 0.03± 0.02

3 < pT < 4 2.50< y∗ < 3.25 0.25± 0.03± 0.02

3 < pT < 4 3.25< y∗ < 4.00 0.33± 0.06± 0.03

4 < pT < 5 1.50< y∗ < 2.50 0.27± 0.04± 0.03

4 < pT < 5 2.50< y∗ < 3.25 0.27± 0.04± 0.02

4 < pT < 5 3.25< y∗ < 4.00 0.33± 0.07± 0.03

5 < pT < 6 1.50< y∗ < 2.50 0.29± 0.05± 0.03

5 < pT < 6 2.50< y∗ < 3.25 0.43± 0.05± 0.04

5 < pT < 6 3.25< y∗ < 4.00 0.26± 0.07± 0.02

6 < pT < 7 1.50< y∗ < 2.50 0.35± 0.06± 0.03

6 < pT < 7 2.50< y∗ < 3.25 0.34± 0.06± 0.03

6 < pT < 7 3.25< y∗ < 4.00 0.36± 0.09± 0.03

7 < pT < 8 1.50< y∗ < 2.50 0.24± 0.05± 0.02

7 < pT < 8 2.50< y∗ < 3.25 0.27± 0.06± 0.02

7 < pT < 8 3.25< y∗ < 4.00 0.30± 0.12± 0.03

8 < pT < 10 1.50< y∗ < 2.50 0.28± 0.05± 0.03

8 < pT < 10 2.50< y∗ < 3.25 0.50± 0.07± 0.05

8 < pT < 10 3.25< y∗ < 4.00 0.49± 0.12± 0.05

10 < pT < 14 1.50< y∗ < 2.50 0.41± 0.07± 0.04

10 < pT < 14 2.50< y∗ < 3.25 0.43± 0.08± 0.04

10 < pT < 14 3.25< y∗ < 4.00 0.51± 0.15± 0.05
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Table 5: Cross-section ratios of ψ(2S) over J/ψ nonprompt production in Pbp collisions. The
first uncertainty is statistical and the second systematic.

pT interval (GeV/c) y∗ interval σψ(2S)/σJ/ψ

0 < pT < 1 −3.25< y∗ <−2.50 0.22± 0.08± 0.03

0 < pT < 1 −4.00< y∗ <−3.25 0.23± 0.06± 0.03

0 < pT < 1 −5.00< y∗ <−4.00 0.11± 0.07± 0.01

1 < pT < 2 −3.25< y∗ <−2.50 0.32± 0.05± 0.04

1 < pT < 2 −4.00< y∗ <−3.25 0.20± 0.03± 0.02

1 < pT < 2 −5.00< y∗ <−4.00 0.11± 0.03± 0.01

2 < pT < 3 −3.25< y∗ <−2.50 0.23± 0.04± 0.03

2 < pT < 3 −4.00< y∗ <−3.25 0.24± 0.04± 0.03

2 < pT < 3 −5.00< y∗ <−4.00 0.20± 0.05± 0.02

3 < pT < 4 −3.25< y∗ <−2.50 0.36± 0.05± 0.04

3 < pT < 4 −4.00< y∗ <−3.25 0.23± 0.04± 0.02

3 < pT < 4 −5.00< y∗ <−4.00 0.36± 0.07± 0.04

4 < pT < 5 −3.25< y∗ <−2.50 0.39± 0.05± 0.04

4 < pT < 5 −4.00< y∗ <−3.25 0.24± 0.04± 0.02

4 < pT < 5 −5.00< y∗ <−4.00 0.32± 0.07± 0.03

5 < pT < 6 −3.25< y∗ <−2.50 0.32± 0.06± 0.03

5 < pT < 6 −4.00< y∗ <−3.25 0.30± 0.05± 0.03

5 < pT < 6 −5.00< y∗ <−4.00 0.27± 0.08± 0.03

6 < pT < 7 −3.25< y∗ <−2.50 0.32± 0.06± 0.03

6 < pT < 7 −4.00< y∗ <−3.25 0.31± 0.06± 0.03

6 < pT < 7 −5.00< y∗ <−4.00 0.29± 0.10± 0.03

7 < pT < 8 −3.25< y∗ <−2.50 0.26± 0.07± 0.03

7 < pT < 8 −4.00< y∗ <−3.25 0.41± 0.08± 0.04

7 < pT < 8 −5.00< y∗ <−4.00 0.20± 0.12± 0.02

8 < pT < 10 −3.25< y∗ <−2.50 0.33± 0.06± 0.03

8 < pT < 10 −4.00< y∗ <−3.25 0.27± 0.07± 0.03

8 < pT < 10 −5.00< y∗ <−4.00 0.21± 0.13± 0.03

10 < pT < 14 −3.25< y∗ <−2.50 0.21± 0.06± 0.02

10 < pT < 14 −4.00< y∗ <−3.25 0.34± 0.09± 0.04

10 < pT < 14 −5.00< y∗ <−4.00 0.45± 0.21± 0.06
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Table 6: Cross-section ratios of ψ(2S) over J/ψ prompt production in pPb collisions, as a function
of pT, integrated over y∗. The first uncertainty is statistical and the second systematic.

pT interval (GeV/c) σψ(2S)/σJ/ψ

0 < pT < 1 0.08± 0.01± 0.01

1 < pT < 2 0.09± 0.01± 0.01

2 < pT < 3 0.12± 0.01± 0.01

3 < pT < 4 0.14± 0.01± 0.01

4 < pT < 5 0.16± 0.01± 0.01

5 < pT < 6 0.18± 0.01± 0.02

6 < pT < 7 0.19± 0.02± 0.02

7 < pT < 8 0.26± 0.02± 0.02

8 < pT < 10 0.27± 0.02± 0.02

10 < pT < 14 0.23± 0.03± 0.02

Table 7: Cross-section ratios of ψ(2S) over J/ψ prompt production in Pbp collisions, as a function
of pT, integrated over y∗. The first uncertainty is statistical and the second systematic.

pT interval (GeV/c) σψ(2S)/σJ/ψ

0 < pT < 1 0.07± 0.01± 0.01

1 < pT < 2 0.11± 0.01± 0.01

2 < pT < 3 0.11± 0.01± 0.01

3 < pT < 4 0.15± 0.01± 0.01

4 < pT < 5 0.14± 0.01± 0.01

5 < pT < 6 0.17± 0.01± 0.02

6 < pT < 7 0.21± 0.02± 0.02

7 < pT < 8 0.20± 0.02± 0.02

8 < pT < 10 0.32± 0.02± 0.03

10 < pT < 14 0.32± 0.04± 0.03
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Table 8: Cross-section ratios of ψ(2S) over J/ψ nonprompt production in pPb collisions, as a
function of pT, integrated over y∗. The first uncertainty is statistical and the second systematic.

pT interval (GeV/c) σψ(2S)/σJ/ψ

0 < pT < 1 0.18± 0.04± 0.02

1 < pT < 2 0.21± 0.02± 0.02

2 < pT < 3 0.20± 0.02± 0.02

3 < pT < 4 0.27± 0.02± 0.03

4 < pT < 5 0.29± 0.03± 0.03

5 < pT < 6 0.33± 0.03± 0.03

6 < pT < 7 0.35± 0.04± 0.03

7 < pT < 8 0.24± 0.04± 0.02

8 < pT < 10 0.37± 0.04± 0.03

10 < pT < 14 0.43± 0.05± 0.04

Table 9: Cross-section ratios of ψ(2S) over J/ψ nonprompt production in Pbp collisions, as a
function of pT, integrated over y∗. The first uncertainty is statistical and the second systematic.

pT interval (GeV/c) σψ(2S)/σJ/ψ

0 < pT < 1 0.20± 0.04± 0.02

1 < pT < 2 0.23± 0.03± 0.03

2 < pT < 3 0.24± 0.03± 0.03

3 < pT < 4 0.35± 0.03± 0.03

4 < pT < 5 0.34± 0.03± 0.03

5 < pT < 6 0.32± 0.04± 0.03

6 < pT < 7 0.32± 0.04± 0.03

7 < pT < 8 0.31± 0.05± 0.03

8 < pT < 10 0.32± 0.05± 0.03

10 < pT < 14 0.29± 0.05± 0.03

27



Table 10: Cross-section ratios of ψ(2S) over J/ψ prompt production, as a function of y∗,
integrated over pT. The first uncertainty is statistical and the second systematic.

y∗ interval σψ(2S)/σJ/ψ

−3.25< y∗ <−2.50 0.11± 0.01± 0.01

−4.00< y∗ <−3.25 0.10± 0.01± 0.01

−5.00< y∗ <−4.00 0.12± 0.01± 0.01

1.50< y∗ < 2.50 0.12± 0.01± 0.01

2.50< y∗ < 3.25 0.12± 0.01± 0.01

3.25< y∗ < 4.00 0.13± 0.01± 0.01

Table 11: Cross-section ratios of ψ(2S) over J/ψ nonprompt production, as a function of y∗,
integrated over pT. The first uncertainty is statistical and the second systematic.

y∗ interval σψ(2S)/σJ/ψ

−3.25< y∗ <−2.50 0.32± 0.02± 0.03

−4.00< y∗ <−3.25 0.24± 0.02± 0.03

−5.00< y∗ <−4.00 0.22± 0.02± 0.02

1.50< y∗ < 2.50 0.23± 0.01± 0.02

2.50< y∗ < 3.25 0.27± 0.02± 0.03

3.25< y∗ < 4.00 0.26± 0.02± 0.02
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B Absolute ψ(2S) cross-sections

Table 12: Absolute ψ(2S) prompt production cross-section in pPb collisions. The first uncertainty
is statistical and the second systematic.

pT interval (GeV/c) y∗ interval d2σ/(dy∗dpT) [nb/(GeV/c)]

0< pT < 1 1.50< y∗ < 2.50 7583± 2196± 1094

0< pT < 1 2.50< y∗ < 3.25 6311± 1628± 674

0< pT < 1 3.25< y∗ < 4.00 7599± 1529± 934

1< pT < 2 1.50< y∗ < 2.50 20666± 3108± 2673

1< pT < 2 2.50< y∗ < 3.25 12453± 2175± 1351

1< pT < 2 3.25< y∗ < 4.00 10852± 2057± 1222

2< pT < 3 1.50< y∗ < 2.50 19380± 2772± 2430

2< pT < 3 2.50< y∗ < 3.25 20220± 2386± 2178

2< pT < 3 3.25< y∗ < 4.00 14116± 1991± 1584

3< pT < 4 1.50< y∗ < 2.50 20058± 2118± 2294

3< pT < 4 2.50< y∗ < 3.25 11529± 1567± 1200

3< pT < 4 3.25< y∗ < 4.00 11643± 1525± 1232

4< pT < 5 1.50< y∗ < 2.50 11912± 1455± 1292

4< pT < 5 2.50< y∗ < 3.25 10620± 1043± 1069

4< pT < 5 3.25< y∗ < 4.00 6561± 945± 665

5< pT < 6 1.50< y∗ < 2.50 6438± 814± 682

5< pT < 6 2.50< y∗ < 3.25 6758± 683± 677

5< pT < 6 3.25< y∗ < 4.00 4930± 687± 493

6< pT < 7 1.50< y∗ < 2.50 4281± 553± 453

6< pT < 7 2.50< y∗ < 3.25 3205± 407± 323

6< pT < 7 3.25< y∗ < 4.00 2972± 437± 310

7< pT < 8 1.50< y∗ < 2.50 3330± 412± 348

7< pT < 8 2.50< y∗ < 3.25 2399± 310± 245

7< pT < 8 3.25< y∗ < 4.00 2217± 357± 241

8< pT < 10 1.50< y∗ < 2.50 1758± 187± 184

8< pT < 10 2.50< y∗ < 3.25 1199± 145± 122

8< pT < 10 3.25< y∗ < 4.00 605± 124± 70

10< pT < 14 1.50< y∗ < 2.50 351± 55± 36

10< pT < 14 2.50< y∗ < 3.25 194± 47± 20

10< pT < 14 3.25< y∗ < 4.00 229± 55± 28

29



Table 13: Absolute ψ(2S) prompt production cross-section in Pbp collisions. The first uncertainty
is statistical and the second systematic.

pT interval (GeV/c) y∗ interval d2σ/(dy∗dpT) [nb/( GeV/c)]

0< pT < 1 −3.25< y∗ <−2.50 8376± 2712± 1346

0< pT < 1 −4.00< y∗ <−3.25 6593± 1894± 886

0< pT < 1 −5.00< y∗ <−4.00 4716± 1638± 608

1< pT < 2 −3.25< y∗ <−2.50 27207± 3822± 4113

1< pT < 2 −4.00< y∗ <−3.25 12760± 1979± 1670

1< pT < 2 −5.00< y∗ <−4.00 18484± 2313± 2285

2< pT < 3 −3.25< y∗ <−2.50 23515± 3270± 3167

2< pT < 3 −4.00< y∗ <−3.25 15894± 2480± 2017

2< pT < 3 −5.00< y∗ <−4.00 12462± 1988± 1543

3< pT < 4 −3.25< y∗ <−2.50 19105± 2442± 2376

3< pT < 4 −4.00< y∗ <−3.25 16264± 1872± 1941

3< pT < 4 −5.00< y∗ <−4.00 6856± 1316± 828

4< pT < 5 −3.25< y∗ <−2.50 9423± 1413± 1092

4< pT < 5 −4.00< y∗ <−3.25 7576± 1030± 897

4< pT < 5 −5.00< y∗ <−4.00 4467± 773± 536

5< pT < 6 −3.25< y∗ <−2.50 6512± 847± 755

5< pT < 6 −4.00< y∗ <−3.25 4432± 549± 528

5< pT < 6 −5.00< y∗ <−4.00 3061± 450± 368

6< pT < 7 −3.25< y∗ <−2.50 4063± 552± 490

6< pT < 7 −4.00< y∗ <−3.25 2875± 347± 335

6< pT < 7 −5.00< y∗ <−4.00 1769± 297± 217

7< pT < 8 −3.25< y∗ <−2.50 1837± 327± 222

7< pT < 8 −4.00< y∗ <−3.25 1317± 219± 161

7< pT < 8 −5.00< y∗ <−4.00 1080± 179± 145

8< pT < 10 −3.25< y∗ <−2.50 1105± 151± 133

8< pT < 10 −4.00< y∗ <−3.25 1200± 115± 144

8< pT < 10 −5.00< y∗ <−4.00 449± 74± 65

10< pT < 14 −3.25< y∗ <−2.50 240± 47± 31

10< pT < 14 −4.00< y∗ <−3.25 262± 36± 34

10< pT < 14 −5.00< y∗ <−4.00 95± 21± 14
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Table 14: Absolute ψ(2S) nonprompt production cross-section in pPb collisions. The first
uncertainty is statistical and the second systematic.

pT interval (GeV/c) y∗ interval d2σ/(dy∗dpT) [nb/(GeV/c)]

0< pT <1 1.50< y∗ < 2.50 2692± 798± 389

0< pT <1 2.50< y∗ < 3.25 2666± 688± 285

0< pT <1 3.25< y∗ < 4.00 592± 445± 73

1< pT <2 1.50< y∗ < 2.50 5911± 1111± 764

1< pT <2 2.50< y∗ < 3.25 6634± 1097± 720

1< pT <2 3.25< y∗ < 4.00 3446± 891± 388

2< pT <3 1.50< y∗ < 2.50 5705± 1084± 715

2< pT <3 2.50< y∗ < 3.25 4484± 820± 483

2< pT <3 3.25< y∗ < 4.00 4965± 878± 557

3< pT <4 1.50< y∗ < 2.50 6062± 789± 693

3< pT <4 2.50< y∗ < 3.25 4521± 613± 471

3< pT <4 3.25< y∗ < 4.00 4220± 807± 446

4< pT <5 1.50< y∗ < 2.50 4419± 630± 479

4< pT <5 2.50< y∗ < 3.25 3105± 442± 312

4< pT <5 3.25< y∗ < 4.00 2535± 563± 257

5< pT <6 1.50< y∗ < 2.50 2841± 449± 301

5< pT <6 2.50< y∗ < 3.25 3092± 384± 310

5< pT <6 3.25< y∗ < 4.00 1156± 289± 116

6< pT <7 1.50< y∗ < 2.50 2107± 336± 223

6< pT <7 2.50< y∗ < 3.25 1521± 251± 153

6< pT <7 3.25< y∗ < 4.00 924± 233± 96

7< pT <8 1.50< y∗ < 2.50 784± 175± 82

7< pT <8 2.50< y∗ < 3.25 786± 166± 80

7< pT <8 3.25< y∗ < 4.00 496± 191± 54

8< pT <10 1.50< y∗ < 2.50 573± 102± 60

8< pT <10 2.50< y∗ < 3.25 675± 95± 69

8< pT <10 3.25< y∗ < 4.00 404± 96± 47

10< pT <14 1.50< y∗ < 2.50 263± 43± 27

10< pT <14 2.50< y∗ < 3.25 186± 36± 19

10< pT <14 3.25< y∗ < 4.00 118± 33± 14
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Table 15: Absolute ψ(2S) nonprompt production cross-section in Pbp collisions. The first
uncertainty is statistical and the second systematic.

pT interval (GeV/c) y∗ interval d2σ/(dy∗dpT) [nb/(GeV/c)]

0< pT <1 −3.25< y∗ <−2.50 3257± 118± 523

0< pT <1 −4.00< y∗ <−3.25 2564± 625± 345

0< pT <1 −5.00< y∗ <−4.00 753± 469± 97

1< pT <2 −3.25< y∗ <−2.50 10845± 1677± 1639

1< pT <2 −4.00< y∗ <−3.25 3441± 589± 450

1< pT <2 −5.00< y∗ <−4.00 1504± 441± 186

2< pT <3 −3.25< y∗ <−2.50 7165± 1217± 965

2< pT <3 −4.00< y∗ <−3.25 5337± 873± 677

2< pT <3 −5.00< y∗ <−4.00 2438± 562± 302

3< pT <4 −3.25< y∗ <−2.50 8195± 1017± 1019

3< pT <4 −4.00< y∗ <−3.25 3767± 567± 450

3< pT <4 −5.00< y∗ <−4.00 2765± 522± 334

4< pT <5 −3.25< y∗ <−2.50 5532± 660± 641

4< pT <5 −4.00< y∗ <−3.25 2142± 382± 254

4< pT <5 −5.00< y∗ <−4.00 1376± 294± 165

5< pT <6 −3.25< y∗ <−2.50 2565± 446± 297

5< pT <6 −4.00< y∗ <−3.25 1563± 242± 186

5< pT <6 −5.00< y∗ <−4.00 598± 170± 72

6< pT <7 −3.25< y∗ <−2.50 1482± 291± 179

6< pT <7 −4.00< y∗ <−3.25 926± 166± 108

6< pT <7 −5.00< y∗ <−4.00 352± 120± 43

7< pT <8 −3.25< y∗ <−2.50 707± 182± 85

7< pT <8 −4.00< y∗ <−3.25 718± 139± 88

7< pT <8 −5.00< y∗ <−4.00 117± 67± 16

8< pT <10 −3.25< y∗ <−2.50 519± 99± 63

8< pT <10 −4.00< y∗ <−3.25 215± 55± 26

8< pT <10 −5.00< y∗ <−4.00 56± 33± 8

10< pT <14 −3.25< y∗ <−2.50 98± 27± 13

10< pT <14 −4.00< y∗ <−3.25 76± 20± 10

10< pT <14 −5.00< y∗ <−4.00 27± 12± 4
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Table 16: Absolute ψ(2S) prompt production cross-section in pPb collisions, as a function of pT,
integrated over y∗. The first uncertainty is statistical and the second systematic.

pT interval (GeV/c) dσ/dpT [nb/( GeV/c)]

0< pT < 1 18015± 2762± 656

1< pT < 2 38145± 3834± 1595

2< pT < 3 45132± 3621± 1495

3< pT < 4 37437± 2679± 1380

4< pT < 5 24798± 1797± 905

5< pT < 6 15204± 1091± 618

6< pT < 7 8914± 712± 408

7< pT < 8 6792± 544± 180

8< pT < 10 3111± 236± 145

10< pT < 14 669± 78± 51

Table 17: Absolute ψ(2S) prompt production cross-section in Pbp collisions, as a function of pT,
integrated over y∗. The first uncertainty is statistical and the second systematic.

pT interval (GeV/c) dσ/dpT [nb/(GeV/c)]

0< pT < 1 16857± 3298± 4383

1< pT < 2 50640± 4452± 11141

2< pT < 3 44782± 4047± 5822

3< pT < 4 36445± 2985± 6560

4< pT < 5 18454± 1711± 4245

5< pT < 6 12132± 1001± 2548

6< pT < 7 7547± 649± 1660

7< pT < 8 3635± 390± 836

8< pT < 10 2343± 183± 422

10< pT < 14 507± 57± 76
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Table 18: Absolute ψ(2S) nonprompt production cross-section in pPb collisions, as a function of
pT, integrated over y∗. The first uncertainty is statistical and the second systematic.

pT interval (GeV/c) dσ/dpT [nb/(GeV/c)]

0< pT < 1 5136± 1007± 656

1< pT < 2 13471± 1535± 1595

2< pT < 3 12791± 1409± 1495

3< pT < 4 12617± 1096± 1380

4< pT < 5 8648± 828± 905

5< pT < 6 6027± 575± 618

6< pT < 7 3940± 423± 408

7< pT < 8 1745± 258± 180

8< pT < 10 1383± 144± 145

10< pT < 14 491± 57± 51

Table 19: Absolute ψ(2S) nonprompt production cross-section in Pbp collisions, as a function of
pT, integrated over y∗. The first uncertainty is statistical and the second systematic.

pT interval (GeV/c) dσ/dpT [nb/(GeV/c)]

0< pT < 1 5119± 1109± 1329

1< pT < 2 12219± 1404± 2706

2< pT < 3 11814± 1256± 1574

3< pT < 4 11737± 1017± 2145

4< pT < 5 7132± 643± 1645

5< pT < 6 3694± 417± 804

6< pT < 7 2157± 279± 493

7< pT < 8 1186± 184± 275

8< pT < 10 606± 91± 114

10< pT < 14 158± 28± 24
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C ψ(2S) nuclear modification factors

Table 20: Prompt ψ(2S) modification factor RpPb in pPb collisions, as a function of pT, integrated
over y∗. The first uncertainty is statistical and the second systematic.

pT interval (GeV/c) RpPb

0< pT < 1 0.42± 0.07± 0.07

1< pT < 2 0.39± 0.04± 0.07

2< pT < 3 0.52± 0.04± 0.08

3< pT < 4 0.59± 0.04± 0.09

4< pT < 5 0.63± 0.05± 0.10

5< pT < 6 0.66± 0.05± 0.10

6< pT < 7 0.62± 0.05± 0.11

7< pT < 8 0.88± 0.07± 0.12

8< pT < 10 0.85± 0.08± 0.12

10< pT < 14 0.58± 0.08± 0.13

Table 21: Prompt ψ(2S) modification factor RpPb in Pbp collisions, as a function of pT, integrated
over y∗. The first uncertainty is statistical and the second systematic.

pT interval (GeV/c) RpPb

0< pT < 1 0.48± 0.09± 0.12

1< pT < 2 0.66± 0.06± 0.12

2< pT < 3 0.71± 0.06± 0.14

3< pT < 4 0.82± 0.07± 0.16

4< pT < 5 0.71± 0.07± 0.17

5< pT < 6 0.84± 0.07± 0.18

6< pT < 7 0.87± 0.08± 0.19

7< pT < 8 0.81± 0.09± 0.20

8< pT < 10 1.19± 0.12± 0.21

10< pT < 14 0.88± 0.11± 0.22

35



Table 22: Nonprompt ψ(2S) modification factor RpPb in pPb collisions, as a function of pT,
integrated over y∗. The first uncertainty is statistical and the second systematic.

pT interval (GeV/c) RpPb

0< pT < 1 0.88± 0.19± 0.13

1< pT < 2 0.72± 0.08± 0.10

2< pT < 3 0.78± 0.09± 0.11

3< pT < 4 0.98± 0.09± 0.12

4< pT < 5 0.86± 0.09± 0.12

5< pT < 6 1.00± 0.10± 0.13

6< pT < 7 1.15± 0.13± 0.14

7< pT < 8 0.82± 0.14± 0.15

8< pT < 10 1.20± 0.15± 0.15

10< pT < 14 1.18± 0.16± 0.16

Table 23: Nonprompt ψ(2S) modification factor RpPb in Pbp collisions, as a function of pT,
integrated over y∗. The first uncertainty is statistical and the second systematic.

pT interval (GeV/c) RpPb

0< pT < 1 1.41± 0.33± 0.21

1< pT < 2 1.04± 0.12± 0.18

2< pT < 3 1.19± 0.13± 0.18

3< pT < 4 1.62± 0.15± 0.20

4< pT < 5 1.31± 0.12± 0.21

5< pT < 6 1.13± 0.13± 0.21

6< pT < 7 1.18± 0.16± 0.21

7< pT < 8 1.06± 0.18± 0.21

8< pT < 10 1.10± 0.18± 0.23

10< pT < 14 0.86± 0.17± 0.26
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D ψ(2S) forward-to-backward ratios

Table 24: Prompt ψ(2S) forward to backward ratio RFB, as a function of pT, integrated over y∗.
The first uncertainty is statistical and the second systematic.

pT interval (GeV/c) RFB

0< pT < 1 0.66± 0.18± 0.04

1< pT < 2 0.37± 0.06± 0.02

2< pT < 3 0.61± 0.08± 0.03

3< pT < 4 0.45± 0.06± 0.02

4< pT < 5 0.69± 0.09± 0.04

5< pT < 6 0.70± 0.09± 0.04

6< pT < 7 0.60± 0.08± 0.03

7< pT < 8 0.93± 0.15± 0.05

8< pT < 10 0.52± 0.07± 0.03

10< pT < 14 0.55± 0.12± 0.03

Table 25: Nonprompt ψ(2S) forward to backward ratio RFB, as a function of pT, integrated over
y∗. The first uncertainty is statistical and the second systematic.

pT interval (GeV/c) RFB

0< pT < 1 0.41± 0.14± 0.02

1< pT < 2 0.48± 0.09± 0.03

2< pT < 3 0.53± 0.09± 0.03

3< pT < 4 0.51± 0.08± 0.03

4< pT < 5 0.49± 0.08± 0.03

5< pT < 6 0.72± 0.12± 0.04

6< pT < 7 0.67± 0.13± 0.04

7< pT < 8 0.61± 0.14± 0.03

8< pT < 10 0.99± 0.20± 0.06

10< pT < 14 1.14± 0.29± 0.07
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Table 26: Prompt ψ(2S) forward to backward ratio RFB, as a function of y∗, integrated over pT.
The first uncertainty is statistical and the second systematic.

y∗ interval RFB

2.50< y∗ < 3.25 0.51± 0.04± 0.03

3.25< y∗ < 4.00 0.57± 0.05± 0.03

Table 27: Nonprompt ψ(2S) forward to backward ratio RFB, as a function of y∗, integrated over
pT. The first uncertainty is statistical and the second systematic.

y∗ interval RFB

2.50< y∗ < 3.25 0.50± 0.05± 0.03

3.25< y∗ < 4.00 0.61± 0.07± 0.03
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E ψ(2S) to J/ψ double cross-section ratios

Table 28: Double ratio RpPbψ(2S)/J/ψ in pPb collisions for prompt production, as a function of pT,

integrated over y∗. The first uncertainty is statistical and the second systematic.

pT interval (GeV/c) RpPb
ψ(2S)/J/ψ

0< pT < 1 0.80± 0.12± 0.16

1< pT < 2 0.70± 0.07± 0.12

2< pT < 3 0.80± 0.06± 0.10

3< pT < 4 0.82± 0.06± 0.09

4< pT < 5 0.83± 0.06± 0.09

5< pT < 6 0.81± 0.06± 0.09

6< pT < 7 0.72± 0.06± 0.08

7< pT < 8 1.01± 0.08± 0.11

8< pT < 10 0.95± 0.09± 0.13

10< pT < 14 0.63± 0.08± 0.09

Table 29: Double ratio RpPbψ(2S)/J/ψ in Pbp collisions for prompt production, as a function of pT,

integrated over y∗. The first uncertainty is statistical and the second systematic.

pT interval (GeV/c) RpPb
ψ(2S)/J/ψ

0< pT < 1 0.64± 0.13± 0.27

1< pT < 2 0.82± 0.07± 0.18

2< pT < 3 0.77± 0.07± 0.14

3< pT < 4 0.82± 0.07± 0.17

4< pT < 5 0.69± 0.06± 0.13

5< pT < 6 0.79± 0.07± 0.12

6< pT < 7 0.81± 0.07± 0.13

7< pT < 8 0.76± 0.08± 0.12

8< pT < 10 1.13± 0.11± 0.15

10< pT < 14 0.88± 0.11± 0.14
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Table 30: Double ratio RpPbψ(2S)/J/ψ in pPb collisions for nonprompt production, as a function of

pT, integrated over y∗. The first uncertainty is statistical and the second systematic.

pT interval (GeV/c) RpPb
ψ(2S)/J/ψ

0< pT < 1 1.18± 0.25± 0.21

1< pT < 2 0.91± 0.11± 0.12

2< pT < 3 0.94± 0.11± 0.11

3< pT < 4 1.15± 0.10± 0.12

4< pT < 5 0.99± 0.10± 0.10

5< pT < 6 1.11± 0.11± 0.12

6< pT < 7 1.26± 0.14± 0.14

7< pT < 8 0.83± 0.14± 0.12

8< pT < 10 1.27± 0.16± 0.16

10< pT < 14 1.31± 0.18± 0.20

Table 31: Double ratio RpPbψ(2S)/J/ψ in Pbp collisions for nonprompt production, as a function of

pT, integrated over y∗. The first uncertainty is statistical and the second systematic.

pT interval (GeV/c) RpPb
ψ(2S)/J/ψ

0< pT < 1 1.34± 0.31± 0.24

1< pT < 2 0.99± 0.12± 0.14

2< pT < 3 1.11± 0.12± 0.14

3< pT < 4 1.49± 0.13± 0.17

4< pT < 5 1.17± 0.11± 0.13

5< pT < 6 1.07± 0.12± 0.12

6< pT < 7 1.16± 0.15± 0.14

7< pT < 8 1.07± 0.18± 0.15

8< pT < 10 1.08± 0.18± 0.14

10< pT < 14 0.87± 0.17± 0.15
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Table 32: Double ratio RpPbψ(2S)/J/ψ for prompt production, as a function of y∗, integrated over pT.
The first uncertainty is statistical and the second systematic.

y∗ interval RpPb
ψ(2S)/J/ψ

−5.00< y∗ <−4.00 0.77± 0.05± 0.10

−4.00< y∗ <−3.25 0.67± 0.04± 0.10

−3.25< y∗ <−2.50 0.75± 0.05± 0.11

1.50< y∗ < 2.50 0.82± 0.05± 0.11

2.50< y∗ < 3.25 0.80± 0.04± 0.10

3.25< y∗ < 4.00 0.86± 0.05± 0.11

Table 33: Double ratio RpPbψ(2S)/J/ψ for nonprompt production, as a function of y∗, integrated over
pT. The first uncertainty is statistical and the second systematic.

y∗ interval RpPb
ψ(2S)/J/ψ

−5.00< y∗ <−4.00 0.94± 0.11± 0.20

−4.00< y∗ <−3.25 1.04± 0.08± 0.28

−3.25< y∗ <−2.50 1.38± 0.11± 0.44

1.50< y∗ < 2.50 0.97± 0.07± 0.14

2.50< y∗ < 3.25 1.17± 0.09± 0.16

3.25< y∗ < 4.00 1.14± 0.11± 0.15

Table 34: Double ratio RpPbψ(2S)/J/ψ for prompt production, integrated over pT and y∗. The first
uncertainty is statistical and the second systematic.

y∗ interval RpPb
ψ(2S)/J/ψ

−5.00< y∗ <−2.50 0.73± 0.03± 0.06

1.50< y∗ < 4.00 0.82± 0.03± 0.07

Table 35: Double ratio RpPbψ(2S)/J/ψ for nonprompt production, integrated over pT and y∗. The
first uncertainty is statistical and the second systematic.

y∗ interval RpPb
ψ(2S)/J/ψ

−5.00< y∗ <−2.50 1.17± 0.07± 0.11

1.50< y∗ < 4.00 1.06± 0.06± 0.10
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17I. Physikalisches Institut, RWTH Aachen University, Aachen, Germany
18Fakultät Physik, Technische Universität Dortmund, Dortmund, Germany
19Max-Planck-Institut für Kernphysik (MPIK), Heidelberg, Germany
20Physikalisches Institut, Ruprecht-Karls-Universität Heidelberg, Heidelberg, Germany
21School of Physics, University College Dublin, Dublin, Ireland
22INFN Sezione di Bari, Bari, Italy
23INFN Sezione di Bologna, Bologna, Italy
24INFN Sezione di Ferrara, Ferrara, Italy
25INFN Sezione di Firenze, Firenze, Italy
26INFN Laboratori Nazionali di Frascati, Frascati, Italy
27INFN Sezione di Genova, Genova, Italy
28INFN Sezione di Milano, Milano, Italy
29INFN Sezione di Milano-Bicocca, Milano, Italy
30INFN Sezione di Cagliari, Monserrato, Italy
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hUniversità di Bologna, Bologna, Italy
iUniversità di Cagliari, Cagliari, Italy
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