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Abstract
Measurements are presented of the cross-section for the central exclusive produc-
tion of J/ψ→ µ+µ− and ψ(2S)→ µ+µ− processes in proton-proton collisions at√
s = 13TeV with 2016–2018 data. They are performed by requiring both muons to

be in the LHCb acceptance (with pseudorapidity 2 < ηµ± < 4.5) and mesons in the
rapidity range 2.0 < y < 4.5. The integrated cross-section results are

σJ/ψ→µ+µ−(2.0 < yJ/ψ < 4.5, 2.0 < ηµ± < 4.5) = 400± 2± 5± 12 pb ,

σψ(2S)→µ+µ−(2.0 < yψ(2S) < 4.5, 2.0 < ηµ± < 4.5) = 9.40± 0.15± 0.13± 0.27 pb ,

where the uncertainties are statistical, systematic and due to the luminosity deter-
mination. In addition, a measurement of the ratio of ψ(2S) and J/ψ cross-sections,
at an average photon-proton centre-of-mass energy of 1TeV, is performed, giving

σψ(2S)

σJ/ψ
= 0.1763± 0.0029± 0.0008± 0.0039 ,

where the first uncertainty is statistical, the second systematic and the third due to
the knowledge of the involved branching fractions.

For the first time, the dependence of the J/ψ and ψ(2S) cross-sections on the
total transverse momentum transfer is determined in pp collisions and is found
consistent with the behaviour observed in electron-proton collisions.
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1 Introduction

Deep inelastic scattering of leptons off protons provided the first proof that hadrons are not
elementary but rather composed of quarks [1,2]. It is an essential tool to determine parton
distribution functions (PDFs) inside protons, which are required to make cross-section
predictions at hadron colliders. However, charged leptons interact electromagnetically
and only probe the density of the quarks, which are charged. The densities of the neutral
gluons must be inferred, which can be done by studying how the quark PDFs evolve with
the scale set by the mass of the exchanged virtual photon. These PDFs are determined in
fits [3–5] to multiple measurements, including notably e±p scattering at HERA [6,7], and
LHCb measurements of vector boson [8–11] and heavy-quark [12–15] production. Due
to a lack of data at low x, the fraction of hadron momentum carried by the parton, the
uncertainties attributed to the gluon PDFs are large at low x and are even compatible
with an unphysical decrease of the gluon density with x [16]. Other methods are thus
required to access the gluonic PDF.

Central exclusive vector-meson production (CEP) in pp collisions is the quasi-elastic
production of a single meson, leaving the protons intact. Exclusive charmonium production
results from the conversion of a virtual photon close to its mass shell into a cc pair, which
hadronises into a J/ψ or ψ(2S) meson. These processes probe the gluonic PDF at the scale
of the charm quark mass. The exclusivity of the process requires that, at leading order,
two gluons are exchanged with the target hadron. Thus the cross-section approximately
scales as gluon density squared [17–20]. The process and the main backgrounds are
depicted in Fig. 1.

Exclusive scattering processes also give access to the total transverse momentum
transfer ∆t, the square of the difference between the momenta of the incoming and
outgoing proton, which is a Fourier conjugate to the impact parameter between two
colliding hadrons. As such, the ∆t spectra are sensitive to the spatial distribution of
colour charge [21]. Several predictions (see e.g. Ref. [18]) calculate the exclusive production
cross-section at ∆t ∼ 0. The cross-section falls exponentially versus ∆t with a slope
determined experimentally, which can be used to infer the total exclusive cross-section.
In the present paper, this slope is determined in ten intervals of rapidity for the J/ψ and
ψ(2S) mesons. As the outgoing protons are not detected at LHCb, ∆t is not directly
accessible and the transverse momentum squared, p2T, of the charmonium state is used as
a proxy.
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Figure 1: Feynman diagrams for signal and background processes. From left to right: signal
CEP J/ψ photoproduction, where IP stands for a colourless superposition of gluons, sometimes
referred to as a pomeron; continuum dimuon production; exclusive χc (J = 0, 1, 2) production
via double pomeron exchange; inelastic pp collision where a proton dissociates.
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The photoproduction cross-section of a charmonium state is sensitive to the radial
wave function of the charmonium state in a region where the ψ(2S) wave function has a
radial node but the J/ψ wave function does not. As a result, the ψ(2S) photoproduction
cross-section is expected to be suppressed with respect to that of J/ψ mesons [22–31].
With many theoretical uncertainties cancelling, predictions for the ratio of ψ(2S) and J/ψ
cross-sections can be determined more precisely than the individual cross-sections.

Exclusive J/ψ and ψ(2S) production in pp collisions at the LHC have previously been
measured at centre-of-mass energies of

√
s = 7 TeV [32–34] and 13 TeV [35]. Exclusive

double-charmonium [36] and Υ [37] production have been measured at 7 and 8 TeV, and
that of J/ψϕ at 13 TeV [38]. Charmonia production has also been studied in ultra-peripheral
pPb [39] and PbPb [40–42] collisions.

The previous LHCb measurements have been used to update PDF fits [19,43], and thus
improve predictions of J/ψ and Υ CEP cross-sections [18,44,45]; make predictions [46–52]
for ultra-peripheral photoproduction processes at RHIC [53,54] and the LHC [34,42,55,56];
determine the meson-proton scattering length [57] and extract the proton mass radius
from the J/ψ and ψ(2S) cross-sections [58]. Based on these cross-sections, Ref. [59] claims
that LHCb data show evidence of gluon saturation, i.e. the slowing down of the growth of
gluon densities as x decreases due to gluon emission and recombination balancing each
other, while the authors of Ref. [45] disagree. Such effects would usually be expected in
heavy-ion collisions.

This paper presents a measurement of exclusive J/ψ and ψ(2S) production in proton-
proton collisions at

√
s = 13 TeV in the forward direction, in ten intervals of rapidity

between 2.0 and 4.5. The data used were collected with the LHCb detector at the LHC
between 2016 and 2018, corresponding to an integrated luminosity of 4.4 fb−1, which
is twenty times larger than that used in Ref. [35]. This larger sample permits a first
measurement of the ψ(2S) cross-section in the same rapidity intervals as for the J/ψ
cross-section, and thus the determination of their ratio as a function of rapidity.

2 Detector, simulation and data sample

The LHCb detector [60, 61] 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 (VELO) surrounding the pp interaction region [62], a large-area
silicon-strip detector located upstream of a dipole magnet with a bending power of about
4 T m, and three stations of silicon-strip detectors and straw drift tubes [63] placed down-
stream of the magnet. The tracking system provides a measurement of the momentum,
p, of charged particles with a relative uncertainty that varies from 0.5% at low momen-
tum to 1.0% at 200 GeV/c. Photons are identified by a calorimeter system consisting
of scintillating-pad and preshower detectors (SPD), and electromagnetic and hadronic
calorimeters. Muons are identified by a system composed of alternating layers of iron and
multiwire proportional chambers [64].

The pseudorapidity coverage of the LHCb detector is extended by the HeRSCheL
system, composed of forward shower counters consisting of five planes of scintillators
with three planes at 114, 19.7 and 7.5 m upstream of the interaction point, and two
downstream at 20 and 114 m. At each location, there are four quadrants of scintillators,
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whose information is recorded in every beam crossing by photomultiplier tubes, giving a
total of 20 channels in HeRSCheL [65]. These are calibrated using data taken without
beams circulating at the end of each LHC fill [66]. The pseudorapidity ranges covered by
the VELO and HeRSCheL are different. For the VELO the region is −3.5 < η < −1.5
and 2 < η < 5, and for HeRSCheL the region is −10 < η < −5 and 5 < η < 10.

The online event selection is performed by a trigger [67] that consists of a hardware
stage, based on information from the calorimeter and muon systems, followed by a
software stage, which applies a full event reconstruction. The distinct signature of CEP
events is their low multiplicity. Consequently, at the hardware stage, the trigger selects
events containing at least one muon with pT > 192 MeV/c and fewer than 20 hits in
the SPD detector. At the software stage events are selected if they contain two muons
with pT > 400 MeV/c, fewer than 10 tracks in the VELO, of which at most four are
reconstructed in the backward direction. A sample used for the determination of trigger,
reconstruction and particle identification (PID) efficiencies is collected requiring a single
muon with pT > 500 MeV/c and the same multiplicity requirements as for the default
selection.

The data used were collected between July 2016 and October 2018. The early 2016
data are not used as relevant trigger selections were not yet included. Data from the last
month of data taking in 2018 is also discarded as it was affected by a noisy SPD readout
board, which biases the number of SPD hits in low-multiplicity events.

Offline, events are required to contain only the two muon candidates, which should
be of good quality, and identified as such, which implies that their momentum exceeds
3 GeV/c, the threshold to cross the calorimeter and reach the muon system. The event
should contain no additional tracks in the VELO, and no photons other than those that are
consistent with being radiated from the passage of muons through the detector material.

The muons from CEP signal J/ψ decays are well outside of the HeRSCheL acceptance;
these counters are used to veto charged particles from the proton dissociating. The CEP
cross-section measurements are performed with events that contain no such additional
particles, i.e. HeRSCheL signals consistent with noise. The remaining events are retained
for background studies. The HeRSCheL response is described using a discriminating
χ2-like variable that quantifies the activity above noise taking into account correlations
between the counters. The selection requirement is optimised using low-mass low-p2T
dimuon pairs, which are dominated by two-photon fusion.

Simulation is required to model the effects of the detector acceptance and the imposed
selection requirements, and to study specific backgrounds. In the simulation, the char-
monium candidate is generated and decayed using SuperChic2 [68], with the exception
of ψ(2S)→ J/ψX processes (where X is any combination of particles, mostly ππ), for
which the decay is handled by EvtGen [69]. Final-state radiation is generated using
Photos [70]. The interaction of the generated particles with the detector, and its response,
are implemented using the Geant4 toolkit [71] as described in Ref. [72]. The ROOT [73]
and LHCb [74–76] software frameworks are used for the initial data preparation, while
the analysis is written in the Python language with standard scientific packages [77–82].

The total integrated luminosity of the used data sample is determined using empty-
event counters calibrated by van der Meer scans and beam profile measurements [83] and
is found to be Lint = 4.41 ± 0.13 fb−1. Due to the multiplicity requirements imposed in
the trigger and the offline selection, only events with a single pp interaction are selected.
The useful integrated luminosity is thus reduced by the fraction of events with a single
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Figure 2: Two-dimensional mass-p2T distributions for the (left) signal and (right) control samples.

interaction containing at least two VELO tracks. The number of such visible pp interactions
per beam crossing, n, is assumed to follow a Poisson distribution, P (n) = µne−µ/n!, with
mean µ. The fraction of useful integrated luminosity, Leff

int, corresponding to events with
n = 1, is given by

fL =
Leff

int

Lint

=
P (n = 1)
∞∑
n=0

nP (n)
=

µe−µ

∞∑
n=0

nµ
ne−µ

n!

= e−µ. (1)

The value of µ depends on running conditions and it is determined in periods of up to
one hour of stable running conditions [83]. In most running periods µ is close to 1.1, with
variations of less than 10%, corresponding to an average fL ≃ 0.33. The corresponding
useful integrated luminosity is Leff

int = 1522 ± 44 pb−1, where the uncertainty is dominated
by that on Lint.

3 Two-dimensional signal fits

The primary challenge in this analysis is separation of the elastic CEP and inelastic
proton-dissociation (PD) components, shown in Fig. 1. The latter consists of events where
the proton dissociates, producing charged particles in the very forward acceptance. These
are vetoed by the HeRSCheL requirement, which however is not perfect and thus leaves
some PD backgrounds in the selected signal sample. The different p2T distributions of PD
and CEP charmonia are therefore also exploited. The properties of the PD component
are determined from a control sample obtained by inverting the HeRSCheL veto, and
requiring 0.9 < p2T < 5.0 GeV2/c2, where the CEP contribution, which populates the
low-p2T region, is negligible.

Two other backgrounds are accounted for: QED continuum dimuon production and
J/ψ feed-down from higher-mass charmonia, namely ψ(2S), and χcJ(1P ) (J = 0, 1, 2),
referred to as χc below unless otherwise specified. Other feed-down contributions, such as
those from Υ resonances or b hadrons, are negligible because of the VELO-tracks veto.

As there is a correlation between the dimuon mass and p2T distributions for non-
peaking backgrounds, a two-dimensional fit to the data in each of ten rapidity intervals is
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performed. The considered regions are 2000 < mµ+µ− < 4200 MeV/c2 and p2T < 5 GeV2/c2.
The relevant distributions are shown in Fig. 2. Overall, there are 566 095 events in the
signal sample and 56 654 in the control sample.

The signal yields are determined in each rapidity interval by a two-dimensional unbinned
extended maximum-likelihood fit [79, 80] in mass and p2T. The fit model comprises the
signal J/ψ and ψ(2S) components; the continuum QED background; the ψ(2S) and χc
feed-downs; and the inelastic PD background. Prior to carrying out the fit in each rapidity
interval, fits to the whole signal and control data samples (referred to as the full sample)
are performed and their result are used to constrain nuisance parameters that cannot be
determined accurately in low-yield rapidity regions, as described below.

The CEP and PD J/ψ and ψ(2S) mass peaks are each modelled with a Gaussian
function, modified to have power-law tails on both sides [84]. The difference in the means
of the two Gaussian components is fixed according to the known mass difference of the
two resonances [85]. Their widths are constrained to scale linearly with the energy release
in the respective decays [86]. The tail parameters are shared between the two peaks and
Gaussian-constrained to the values determined in the fits to the full sample.

The CEP p2T shape is independent of the mass and is described by an exponential
function, as expected by Regge theory [87] and measured in previous experiments, notably
at HERA [88]. The slopes of the J/ψ and ψ(2S) exponentials are left free to float in each
rapidity interval.

The p2T distribution of the PD J/ψ and ψ(2S) mesons is modelled with a power-law
function proportional to (1 + (bpd/npd)p2T)−npd , as measured by the H1 experiment [89].
This function follows approximately an exponential of slope −bpd, modified by the empirical
parameter npd. Alternative models are discussed in Sec. 5. In addition, the PD contribution
contains a nonresonant component which is modelled by an exponential shape in mass and
the above-mentioned power-law model for p2T. The parameters of the three power-laws
are different for the J/ψ, ψ(2S), and nonresonant dimuon components.

The parameters of the PD components are first determined by a fit to the control
sample in each rapidity interval; an example fit is shown in Fig. 3. All parameters are
free to vary in these fits except for the signal tail parameters, as explained above.

The PD models are then used as input in the fits to the signal sample. The p2T shapes
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Figure 3: Distributions of (left) mass and (right) p2T of data in the control sample for rapidity
interval 3.0 < y < 3.25. The fit described in the text is superimposed.
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of the PD components are fixed to the values obtained on the corresponding control
sample, while the PD J/ψ and ψ(2S) mass shapes are forced to be identical to those of
the CEP signals. The relative fractions of the two charmonia and the dimuon background
are constrained from the fit to the control sample.

Exclusive continuum, or nonresonant dimuon production, is a QED process that takes
place via the fusion of two photons. The dimuon pair produced in this form has low dimuon
mass and a p2T shape sharply peaked towards zero. The mass and p2T distributions are
correlated and therefore a two-dimensional histogram, which is obtained from simulation
and validated with low-p2T data, is used in the fit.

The J/ψ yield is affected by feed-down from higher-mass charmonium states, which is
accounted for in the fit. The feed-down from ψ(2S)→ J/ψX decays is partially suppressed
by the VELO and SPD multiplicity requirements. The yield of the remaining feed-down
is determined from simulation of inclusive ψ(2S)→ J/ψX processes, normalised by the
ψ(2S) yield measured in each rapidity interval. Bin migration is taken into account via a
migration matrix determined from simulation. An iterative procedure is applied to first
determine the rapidity-dependent ψ(2S) yield and then its contribution to the J/ψ yield.
In practice, two steps are sufficient for the convergence of the procedure.

The normalisation of the feed-down from χc→ J/ψγ decays is determined by recon-
structing J/ψγ candidates in data. The same J/ψ selection as for CEP and PD candidates
is used, except that the veto on additional photons is removed. Instead, photons with
transverse energy in excess of 75 MeV are combined with J/ψ candidates to form χc
candidates. In each y interval, where y is the rapidity of the J/ψ meson, and separately
for the signal and control samples, the χcJ (J = 0, 1, 2) yields are determined from a fit
to the resulting mass distribution. Fits to the χc samples are shown in Fig. 4. The three
χcJ (J = 0, 1, 2) mass peaks are each modelled with a Crystal Ball function [84] with
the tail parameters fixed from simulation. The peak of the Gaussian is free in the fit to
account for imperfect photon energy calibration, but the shift with respect to the known
masses of the χc mesons [85] is constrained to be the same for all three states. The shift
varies between 6 and 10 MeV/c2 depending on the rapidity interval. The background is a
mixture of partially reconstructed ψ(2S) decays, such as ψ(2S)→ J/ψπ0π0, and random
combinations of J/ψ mesons and calorimeter clusters. The same empirical function as in
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Figure 4: Fit to the J/ψγ mass distribution with the J/ψ meson in 3.0 < y < 3.25 for (left)
signal and (right) control samples.
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interval 3.0 < y < 3.25. The fit described in the text is superimposed.

Ref. [90] is used as a model for the sum of these contributions.
The contribution from χc0 mesons is small, while those of χc1 and χc2 mesons dominate.

The empirical background model does not describe perfectly the mass distribution in the
region below 3400 MeV/c2, which has a negligible effect on the total χc yield. Due to the
limited photon energy resolution, the mass fit has little sensitivity to the relative size of the
χc1 and χc2 contributions. This ambiguity however does not affect the determination of the
total J/ψ-from-χc(1,2) yield since (i) the branching fractions of the χc(1,2)→ J/ψγ decays
drop out in the ratio of J/ψ to χc(1,2) yields; (ii) the relative efficiencies for reconstructing
J/ψγ and J/ψ→ µ+µ− are equal for χc1 and χc2, as determined from simulation; and (iii)
the p2T distributions of J/ψ from χc1 and χc2 are found to be equal in simulation and in
data, which is checked by investigating the p2T shape of candidates in the left and right
halves of the χc(1,2) mass peak. The J/ψ-from-χc(1,2) yield is therefore proportional to
the χc(1,2) yield in each rapidity interval. This feed-down contribution is determined in
the signal and control samples, and the PD contribution is subtracted from that in CEP
events to determine the overall CEP χc feed-down normalisation.

The J/ψ-from-ψ(2S) and J/ψ-from-χc components are modelled in the CEP fit using
the same mass model as for the J/ψ signal. The p2T shapes are modelled with a single
(double) exponential distribution for the ψ(2S) (χc) feed-down, which is determined from
simulation that is validated by data.

The mass and p2T projections of the fit in the interval 3.0 < y < 3.25 are shown in
Fig. 5. All intervals are shown in Fig. 11 in Appendix C. The parameters of interest are
the CEP J/ψ and ψ(2S) yields, and the slopes of their p2T shapes. In total, 299 100± 2100
J/ψ and 7420 ± 130 ψ(2S) elastically produced mesons are found in the fit to the full
rapidity range.

4 Efficiencies

The signal yields are corrected for detection efficiencies using simulation samples calibrated
with data, except for the HeRSCheL-related efficiencies, which are estimated in data.

A tag-and-probe method, aimed at measuring single-muon efficiencies, is applied to
account for the differences between simulation and data. The simulation sample is then
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Figure 6: (Left) SPD multiplicity distributions in 2017 J/ψ→ µ+µ− data and modelling with
simulation corrected using no-bias data from events with no beam crossing. The last bin contains
the overflow events with 30 SPD hits or more. (Right) p2T distributions in 2017 data without
and with the HeRSCheL requirement applied. The fit is shown for the latter distribution.

weighted with the appropriate correction factors [66]. In this method, a tag muon from
the J/ψ candidate is required to pass all selection criteria, while the other muon is used to
measure the efficiency under investigation. The same procedure is applied to calibration
samples and simulation, and the latter is weighted by the ratio of those efficiencies. The
tracking, PID and hardware muon trigger efficiencies are calibrated in this manner. As
most efficiencies depend on muon kinematics, they are determined in regions of muon
pseudorapidity and transverse momentum, and separately for each year of data taking.
Depending on the considered pT, η region, correction factors range between 0.9 and 1.1
for tracking, 0.8 and 1.2 for PID, and 0.7 and 1.1 for muon trigger efficiencies, with
uncertainties between 1% and 3%.

The hits in the SPD detector are due to charged particles reaching the detector,
including those produced by the preshower detector, and to spill-over from the previous
pp interaction. In the case of CEP events, which have only two muon tracks, the latter
component dominates; however, it is not well modelled in simulation. The SPD hit
distribution due to spill-over is obtained from data events that were collected by random
triggers in unfilled bunch crossings that followed bunch crossings with a collision. This
sample is referred to as no-bias data in the following. The obtained distribution is
convolved with the SPD multiplicity in J/ψ→ µ+µ− simulation and matches reasonably
well the distribution observed in CEP data, especially the tail up to the cut value of 20
SPD hits, as shown in Fig. 6. The fraction of events above this value defines the SPD
trigger inefficiency, which is found to be independent of the dimuon kinematics.

The HeRSCheL detector is not included in the simulation. Its efficiency is determined
using dimuon QED events, with and without the HeRSCheL vetoes applied. The p2T
distributions are shown in Fig. 6, emphasising the fact that the HeRSCheL requirement
has little effect at low p2T where QED backgrounds dominate. The efficiency is determined
from the ratio of the QED components determined by the fits to the distributions with and
without the HeRSCheL veto applied. It is found to be between 85% and 90% depending
on data-taking period.

Efficiencies for the requirement on the absence of additional VELO tracks or photons
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are taken from simulation and cross-checked in data in the same way as for the HeRSCheL
veto efficiency. They are close to unity. The software trigger is fully efficient with respect
to the offline selection. The total efficiency varies between 40% and 55%, with the lowest
values being at the edges of the rapidity acceptance.

5 Systematic uncertainties

Systematic uncertainties arise due to the size of the simulation and calibration samples, and
from the luminosity determination; they are mentioned in the sections above. Systematic
uncertainties related to modelling choices are described below. All values are listed in
Tables 1 and 2.

In the modelling of the number of SPD hits, NSPD, the convolution of the no-bias
data and the J/ψ→ µ+µ− simulation is normalised to the distribution seen in data for
NSPD < 20. Alternatively, one could normalise it to get the best possible description of
the tail, i.e. in the region 8 ≤ NSPD < 20. The resulting change in SPD veto efficiency is
reported as a systematic uncertainty.

The efficiencies of the HeRSCheL, track, and photon vetoes, collectively called global
event cuts (GEC) in Table 1, are taken from the yield of QED events passing the veto.
The fit models the non-QED background with the power-law from Ref. [89], but in this
reduced p2T region the sum of two exponential functions also provides a good description.
The difference in measured efficiencies is taken as the associated systematic uncertainty.

The signal J/ψ and ψ(2S) mass peaks are described by a modified Gaussian function.
Other models, such as the sum of a Gaussian and a Crystal Ball function [84], are tried
but yield poor-quality fits, without however significantly affecting the signal yields. No
uncertainty is assigned. Similarly, the p2T shape is modelled by a single exponential, as
expected from theory, and there is no evidence of the need for another model.

The p2T shapes of the J/ψ from feed-down are modelled with exponential functions taken
from simulation. Alternatively, nonparametric distributions obtained from simulation
are used, which yields a small change in the feed-down contributions and thus the signal
yields. For the χc feed-down, a determination of the contribution from each χc state would
be needed if their p2T distributions were different. The present data do not require this. A
dedicated CEP χc study using converted photons would be needed to resolve the χc1 and
χc2 states.

The mass distribution of the inelastic pp background is described by the same shape
as for the signal J/ψ and ψ(2S) plus an exponential to describe the nonresonant dimuon
contribution. A systematic uncertainty is estimated by changing the single exponential to
the sum of two exponential functions.

Similarly, the p2T shape for each component of the inelastic pp background is modelled
with a power law. The sum of two exponentials also provides a reasonable fit, though of
slightly lower quality. The systematic uncertainty due to this modelling is determined
with pseudoexperiments. In each rapidity interval the data are fit with the alternate
mass-p2T model and then 500 pseudodata samples are generated using the fit result as
model. These pseudosamples are then fit with the default model. The resulting biases of
the J/ψ and ψ(2S) yields are assigned as a systematic uncertainty.

Fit biases are tested in the same way. This time the default shape is used to generate
500 pseudodata samples which are fit with the same model. The variation of yields is

9



Table 1: Systematic and statistical uncertainties per rapidity interval for the J/ψ and ψ(2S)
cross-section in percent. The luminosity uncertainty is listed separately. Values below 0.005%
are not shown.

y bin 2.0–2.25 2.25–2.5 2.5–2.75 2.75–3.0 3.0–3.25
Source / state J/ψ ψ(2S) J/ψ ψ(2S) J/ψ ψ(2S) J/ψ ψ(2S) J/ψ ψ(2S)

Uncorrelated uncertainties

Simulation sample size 0.35 0.6 0.16 0.28 0.12 0.21 0.10 0.18 0.10 0.18
Bin migration 0.03 0.08 0.01 0.02 0.05 0.04 0.05
Muon efficiency 2.0 1.9 1.7 1.6 1.6 1.5 1.6 1.5 1.5 1.5
Mass: PD shape 0.06 0.22 0.01 0.17 0.10 0.22 0.10 0.18 0.19 0.33
p2T: χc feed-down 0.01 0.01 0.01 0.06 0.03 0.01 0.04 0.01 0.02 0.03
p2T: ψ(2S) feed-down 0.12 0.04 0.01 0.09 0.01 0.02 0.02 0.02 0.03 0.04
p2T: PD shape 3.5 1.8 0.20 0.4 0.30 0.11 0.01 0.7 0.32 1.2

Total uncorrelated 4.0 2.7 1.8 1.7 1.7 1.5 1.6 1.7 1.5 2.0

Correlated uncertainties

GEC efficiency 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8
GEC background 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8
SPD hits efficiency 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03
SPD multiplicity shape 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15

Total correlated 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2

Total uncertainties

Systematic (excl. luminosity) 4.2 2.9 2.1 2.0 2.0 1.9 1.9 2.0 1.9 2.3
Luminosity 2.9 2.9 2.9 2.9 2.9 2.9 2.9 2.9 2.9 2.9
Statistical 2.3 12.6 1.5 6.1 1.1 4.6 1.0 4.1 0.9 4.0

y bin 3.25–3.5 3.5–3.75 3.75–4.0 4.0–4.25 4.25–4.5
Source / state J/ψ ψ(2S) J/ψ ψ(2S) J/ψ ψ(2S) J/ψ ψ(2S) J/ψ ψ(2S)

Uncorrelated uncertainties

Simulation sample size 0.09 0.18 0.10 0.20 0.12 0.25 0.16 0.35 0.32 0.7
Bin migration 0.01 0.02 0.02 0.02 0.03 0.03 0.10 0.09 0.14
Muon efficiency 1.4 1.5 1.5 1.5 1.6 1.5 1.6 1.7 1.8 2.1
Mass: PD shape 0.17 0.28 0.13 0.15 0.13 0.32 0.06 0.20 0.03 0.10
p2T: χc feed-down 0.01 0.02 0.03 0.03 0.03 0.03 0.02
p2T: ψ(2S) feed-down 0.04 0.01 0.01 0.02 0.01 0.04 0.05 0.01 0.04
p2T: PD shape 0.6 0.6 0.8 1.6 1.0 2.1 1.5 2.2 1.5 0.9

Total uncorrelated 1.6 1.6 1.7 2.2 1.8 2.6 2.2 2.8 2.4 2.4

Correlated uncertainties

GEC efficiency 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8
GEC background 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8
SPD hits efficiency 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03
SPD multiplicity shape 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15

Total correlated 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2

Total uncertainties

Systematic (excl. luminosity) 1.9 2.0 2.0 2.5 2.2 2.8 2.5 3.0 2.6 2.6
Luminosity 2.9 2.9 2.9 2.9 2.9 2.9 2.9 2.9 2.9 2.9
Statistical 0.9 3.6 1.0 4.3 1.2 5.2 1.6 7.7 2.5 16.2
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Table 2: Systematic and statistical uncertainties per rapidity interval on the exponential slopes
bJ/ψ and bψ(2S), in percent. Values below 0.005% are not reported.

y bin 2.0–2.25 2.25–2.5 2.5–2.75 2.75–3.0 3.0–3.25
Source / state J/ψ ψ(2S) J/ψ ψ(2S) J/ψ ψ(2S) J/ψ ψ(2S) J/ψ ψ(2S)

Mass: PD 0.08 0.20 0.04 0.02 0.04 0.03 0.05 0.02 0.09 0.07
p2T: χcJ feed-down 0.05 0.05 0.03 0.07 0.08 0.01 0.05 0.03
p2T: ψ(2S) feed-down 0.29 0.08 0.06 0.01 0.02 0.01 0.03
p2T: PD shape 4.0 0.9 0.7 0.30 0.17 2.3 0.03 1.0 0.26 0.5

Total systematic 4.0 0.9 0.7 0.30 0.19 2.3 0.10 1.0 0.28 0.5

Statistical 2.6 14.4 1.5 8.0 1.2 5.6 1.0 5.2 0.9 5.0

y bin 3.25–3.5 3.5–3.75 3.75–4.0 4.0–4.25 4.25–4.5
Source / state J/ψ ψ(2S) J/ψ ψ(2S) J/ψ ψ(2S) J/ψ ψ(2S) J/ψ ψ(2S)

Mass: PD 0.07 0.02 0.06 0.01 0.06 0.07 0.03 0.04 0.25
p2T: χcJ feed-down 0.04 0.01 0.07 0.02 0.04 0.03 0.01 0.01 0.03
p2T: ψ(2S) feed-down 0.08 0.01 0.01 0.04 0.10 0.03 0.04 0.05
p2T: PD shape 0.17 0.26 0.13 0.6 0.08 1.8 0.4 1.7 2.2 4.1

Total systematic 0.20 0.26 0.16 0.6 0.12 1.8 0.4 1.7 2.2 4.2

Statistical 0.9 4.6 1.0 5.4 1.2 6.3 1.7 9.9 2.9 20.4

compatible with the uncertainty returned from the fit, and the biases are negligible in
comparison. No uncertainty is assigned.

Table 1 shows the values of all the systematic uncertainties previously discussed per
rapidity interval for the J/ψ→ µ+µ− and ψ(2S)→ µ+µ− cross-section measurements. All
uncertainties are assumed to be uncorrelated between rapidity intervals, except those for
the SPD and HeRSCheL multiplicities, and for the luminosity, which are fully correlated.

The slope of the signal p2T shape is only affected by changes in the fit model, leading
to the systematic uncertainties listed in Table 2.

6 Results

The signal yields determined by the two-dimensional fit, the efficiencies and the resulting
differential pp→ pJ/ψp and pp→ pψ(2S)p cross-sections are reported in Tables 4 and 5
in Appendix B. Summing over all rapidity intervals, the total integrated cross-sections for
charmonia with 2.0 < y < 4.5 and muons with 2.0 < η < 4.5 are

σJ/ψ→µ+µ−(2.0 < yJ/ψ < 4.5, 2.0 < ηµ± < 4.5) = 400 ± 2 ± 5 ± 12 pb ,

σψ(2S)→µ+µ−(2.0 < yψ(2S) < 4.5, 2.0 < ηµ± < 4.5) = 9.40 ± 0.15 ± 0.13 ± 0.27 pb ,

where the first uncertainties are statistical, the second systematic and the third are due
to the luminosity determination. These values are more precise than those reported in
the previous analysis of exclusive J/ψ and ψ(2S) production at

√
s = 13 TeV [35] and are

compatible at the level of 1.5σ.
The measured cross-sections are corrected for the J/ψ→ µ+µ− and ψ(2S)→ e+e−

branching fractions [85] and the detector acceptance of the two muons, using simula-
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Figure 7: Differential cross-section for (left) J/ψ and (right) ψ(2S) mesons. Theoretical predic-
tions from Jones et al. [91, 92] and Flett et al. [45] are shown for comparison.

tion. The branching fraction for ψ(2S)→ e+e− is used under the assumption of lepton
universality as it is more precise than that of ψ(2S)→ µ+µ−. The resulting differential
cross-sections are shown in Fig. 7. Theoretical predictions are shown for comparison.
While the J/ψ cross-section agrees with the NLO prediction [45], which improves on the
LO prediction [91], the ψ(2S) cross-section is significantly lower than both the LO and
NLO predictions [92]. The J/ψ cross-sections are used to determine the photoproduction
cross-section as a function of the photon-proton energy, which is reported in Appendix A.

The ratio of ψ(2S) and J/ψ cross-sections integrated over rapidity is found to be

σψ(2S)
σJ/ψ

= 0.1763 ± 0.0029 ± 0.0008 ± 0.0039 ,

where the last uncertainty is due to the knowledge of the branching fractions. The
luminosity uncertainty cancels in the ratio. The ratio is shown in rapidity intervals
in Fig. 8 and agrees with measurements by the LHCb collaboration in pp collisions at√
s = 7 TeV [33] and PbPb collisions at

√
sNN = 5.02 TeV [42]. Its average is consistent

with those measured by the H1 and ZEUS collaborations [93,94].
The photoproduction cross-section has an exponential behaviour versus p2T:

dσ/dp2T ∼ e−bp
2
T . The exponential slope b can be parameterised as

b = b0 + 4α′ log

(
Wγp

W0

)
, (2)

where, in Regge theory, α′ is the slope of the pomeron trajectory, Wγp is the photon-proton
centre-of-mass energy defined in Appendix A, W0 is typically taken to be W0 = 90 GeV,
and b0 is determined experimentally.

A linear fit to the b slopes in intervals of rapidity is shown in Fig. 9. The intercepts
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Figure 9: (Left) linear fit to the logarithmic dependence of bJ/ψ and bψ(2S) with respect to the
photon-proton energy Wγp for J/ψ and ψ(2S) production. The shaded areas represent the 68%
C.L. fit uncertainties. (Right) measured b slopes for J/ψ production by the LHCb (this paper),
H1 [89,95] and ZEUS [96] experiments. Superimposed is a line with the slope resulting from the
fit to the LHCb data.

and slopes are determined to be

α′,J/ψ = 0.133 ± 0.024 ± 0.006 (GeV/c)−2,

α′,ψ(2S) = 0.178 ± 0.124 ± 0.004 (GeV/c)−2,

b
J/ψ
0 = 4.80 ± 0.24 ± 0.06 (GeV/c)−2,

b
ψ(2S)
0 = 4.02 ± 1.23 ± 0.03 (GeV/c)−2,

where the first uncertainty is statistical and the second systematic. The systematic
uncertainties are obtained by taking the difference of the central value when the fit is
performed with and without the systematic uncertainties accounted for in the fit. The fit
to J/ψ data agrees with previous determinations in ep collisions [89,95–97] but is below
the prediction of Ref. [98].
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7 Conclusion

This paper presents the first measurement of the exclusive ψ(2S) cross-section in pp colli-
sions at

√
s = 13 TeV in ten intervals of rapidity between 2.0 and 4.5. The corresponding

J/ψ cross-section is updated and their rapidity-dependent ratio is determined for the first
time. The results are consistent but more precise than those of Ref. [35]. When expressed
as a function of the photon-proton energy, the cross-sections are found to be consistent
with previous measurements, but the ψ(2S) cross-section is below theory predictions.

For the first time, the dependence of the J/ψ and ψ(2S) cross-sections on p2T ∼ ∆t,
where ∆t is the total transverse momentum transfer, is determined in pp collisions and is
found consistent with the behaviour observed at HERA [89,95–97].
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Appendices

A Photoproduction cross-section

The differential cross-sections are used to determine the photoproduction cross-section
for J/ψ and ψ(2S) mesons. The differential cross-section is factorised into two terms
depending on whether the proton travelling from the vertex detector towards the muon
chambers interacts electromagnetically (labelled Wγp,+) or the opposite-direction proton
does (labelled Wγp,−):

dσ

dy
(pp→ pψp) = S2(Wγp,+)

(
k+

dn

dk+

)
σ
Wγp,+

γp→ψp + S2(Wγp,−)

(
k−

dn

dk−

)
σ
Wγp,−
γp→ψp, (3)

with Wγp,± =
√
Mψc2

√
se±|y|. The S2(Wγp,±) terms, the so-called survival factors,

are taken from Ref. [99]. The photon flux dn/dk± for photons with energy equal to
k± = (Mψc

2/2)e±|y| is calculated following Refs. [100, 101]. The photoproduction cross-

sections are given by σ
Wγp,±
γp→ψp. The antiparallel γp cross-section, σ

Wγp,−
γp→ψp, corresponds to

large values of x, as x ∼Mψc
2/
√
s e−y [45]. The contribution of this term to Eq. 3 is

therefore expected to be small and can be constrained from theoretical predictions. The
antiparallel solution is taken from the J/ψ and ψ(2S) NLO cross-section predictions from
Refs. [45,92] and subtracted. Figure 10 shows the measured photoproduction cross-section
for J/ψ mesons and compares it with previous measurements listed in Table 3. The
numerical values are listed in Table 8.

The LHCb J/ψ data at
√
s = 13 TeV are in agreement with the NLO description [45].

They also follow a power-law fit to H1 data [89].
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Figure 10: Results for the J/ψ photoproduction cross-section as a function of the photon-proton
energy Wγp from different experiments listed in Table 3. The LHCb results at

√
s = 13TeV are

estimated with the NLO [45] calculation. Also shown are the NLO theoretical descriptions given
by Flett et al. [45], as well as a power-law description of the H1 data. The top axis shows the
values of x reached for a given photon-proton energy.

Table 3: Previous results used in Fig. 10.

Marker Experiment collision Energy Refs.

• LHCb pp
√
s = 7 TeV [33]

♦ ALICE pPb
√
sNN = 5.02 TeV [102,103]

+ ALICE pPb
√
sNN = 8.16 TeV [39]

▲ H1 ep 40 < Wγp < 305 GeV [95]
▲ H1 ep 25 < Wγp < 110 GeV [89]
▼ ZEUS ep 20 < Wγp < 290 GeV [96]

⋆ E87 γBe 0 < Eγ < 250 GeV [104]

⋆ E401 γH and γ2H 60 < Eγ < 300 GeV [105]

⋆ E516 γH 60 < Eγ < 160 GeV [106]
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B Numerical results

Tables 4 and 5 present the differential cross-sections in rapidity bins, shown in Fig. 7, and
the breakdown of uncertainties for J/ψ→ µ+µ− and ψ(2S)→ µ+µ−, respectively. Their
ratio is given in Table 6. Table 7 lists the exponential slopes for J/ψ and ψ(2S) in each
rapidity bin, corresponding to Fig. 9. Table 8 lists the values entering the computation of
the parallel cross-sections σ

Wγp,+

γp→J/ψp displayed in Fig. 10.

Table 4: Differential CEP J/ψ→ µ+µ− yields and cross-sections corrected for efficiency (ϵtot),
acceptance (ϵGeom.Acc.) and branching fraction. The systematic uncertainties are split between
those uncorrelated across y ranges, those that are 100% correlated and the luminosity uncertainty.

yJ/ψ bin 2.0–2.25 2.25–2.5 2.5–2.75 2.75–3.0 3.0–3.25

Nsig 4998 ± 113 18095 ± 265 31591 ± 361 41640 ± 402 47690 ± 432
ϵtot 0.313 ± 0.028 0.403 ± 0.030 0.443 ± 0.030 0.456 ± 0.029 0.467 ± 0.027
ϵGeom.Acc. 0.095 ± 0.002 0.287 ± 0.003 0.466 ± 0.003 0.623 ± 0.003 0.732 ± 0.003
dσ/dy [nb] 7.41 6.90 6.75 6.46 6.15
Stat. unc. [nb] 0.17 0.10 0.08 0.06 0.06
Uncorr. syst. unc. [nb] 0.30 0.12 0.11 0.10 0.09
Corr. syst. unc. [nb] 0.23 0.21 0.21 0.20 0.19
Lumi. unc. [nb] 0.21 0.20 0.20 0.19 0.18

yJ/ψ bin 3.25–3.5 3.5–3.75 3.75–4.0 4.0–4.25 4.25–4.5

Nsig 47303 ± 436 39878 ± 394 26727 ± 329 14428 ± 236 4349 ± 108
ϵtot 0.479 ± 0.027 0.484 ± 0.028 0.462 ± 0.029 0.435 ± 0.029 0.399 ± 0.029
ϵGeom.Acc. 0.733 ± 0.003 0.625 ± 0.003 0.467 ± 0.003 0.300 ± 0.003 0.095 ± 0.002
dσ/dy [nb] 5.93 5.82 5.47 4.89 5.05
Stat. unc. [nb] 0.05 0.06 0.07 0.08 0.13
Uncorr. syst. unc. [nb] 0.09 0.10 0.10 0.11 0.12
Corr. syst. unc. [nb] 0.18 0.18 0.17 0.15 0.16
Lumi. unc. [nb] 0.17 0.17 0.16 0.14 0.15
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Table 5: Differential CEP ψ(2S)→ µ+µ− yields and cross-sections corrected for efficiency (ϵtot),
acceptance (ϵGeom.Acc.) and branching fraction. The systematic uncertainties are split between
those uncorrelated across y ranges, those that are 100% correlated and the luminosity uncertainty.

yψ(2S) bin 2.0–2.25 2.25–2.5 2.5–2.75 2.75–3.0 3.0–3.25

Nsig 127 ± 16 491 ± 30 845 ± 39 1088 ± 44 1163 ± 47
ϵtot 0.400 ± 0.032 0.494 ± 0.032 0.527 ± 0.032 0.518 ± 0.032 0.502 ± 0.031
ϵGeom.Acc. 0.091 ± 0.002 0.284 ± 0.003 0.465 ± 0.003 0.626 ± 0.003 0.735 ± 0.003
dσ/dy [nb] 1.16 1.16 1.14 1.11 1.05
Stat. unc. [nb] 0.15 0.07 0.05 0.05 0.04
Uncorr. syst. unc. [nb] 0.03 0.02 0.02 0.02 0.02
Corr. syst. unc. [nb] 0.04 0.04 0.04 0.03 0.03
Lumi. unc. [nb] 0.03 0.03 0.03 0.03 0.03

yψ(2S) bin 3.25–3.5 3.5–3.75 3.75–4.0 4.0–4.25 4.25–4.5

Nsig 1319 ± 48 980 ± 42 648 ± 34 323 ± 25 81 ± 13
ϵtot 0.505 ± 0.030 0.492 ± 0.030 0.457 ± 0.030 0.427 ± 0.030 0.394 ± 0.035
ϵGeom.Acc. 0.740 ± 0.003 0.622 ± 0.003 0.469 ± 0.003 0.290 ± 0.003 0.099 ± 0.002
dσ/dy [nb] 1.17 1.06 1.00 0.86 0.69
Stat. unc. [nb] 0.04 0.05 0.05 0.07 0.11
Uncorr. syst. unc. [nb] 0.02 0.02 0.03 0.02 0.02
Corr. syst. unc. [nb] 0.04 0.03 0.03 0.03 0.02
Lumi. unc. [nb] 0.03 0.03 0.03 0.02 0.02

Table 6: Ratio of the CEP J/ψ→ µ+µ− and ψ(2S)→ µ+µ− cross-sections per rapidity bin.

y bin 2.0–2.25 2.25–2.5 2.5–2.75 2.75–3.0 3.0–3.25

dσψ(2S)/dy

dσJ/ψ/dy
0.156 0.168 0.169 0.172 0.170

Stat. unc. 0.020 0.010 0.008 0.007 0.007
Syst. unc. 0.006 0.001 0.001 0.001 0.002
BF unc. 0.003 0.004 0.004 0.004 0.004

y bin 3.25–3.5 3.5–3.75 3.75–4.0 4.0–4.25 4.25–4.5

dσψ(2S)/dy

dσJ/ψ/dy
0.197 0.182 0.183 0.177 0.137

Stat. unc. 0.007 0.008 0.010 0.014 0.022
Syst. unc. 0.002 0.003 0.004 0.005 0.003
BF unc. 0.004 0.004 0.004 0.004 0.003
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Table 7: Values of the b slopes measured in the fit.

y log
(
W
J/ψ
γp

W0

)
bJ/ψ log

(
W
ψ(2S)
γp

W0

)
bψ(2S)

2.0–2.25 1.86 6.07 ± 0.16 ± 0.25 1.95 6.1 ± 0.9 ± 0.1
2.25–2.5 1.99 5.83 ± 0.09 ± 0.04 2.08 5.4 ± 0.4 ± 0.0
2.5–2.75 2.11 5.90 ± 0.07 ± 0.01 2.20 5.7 ± 0.3 ± 0.1
2.75–3.0 2.24 5.99 ± 0.06 ± 0.01 2.33 5.7 ± 0.3 ± 0.1
3.0–3.25 2.36 6.02 ± 0.05 ± 0.02 2.45 5.9 ± 0.3 ± 0.0
3.25–3.5 2.49 6.25 ± 0.06 ± 0.01 2.58 5.5 ± 0.2 ± 0.0
3.5–3.75 2.61 6.13 ± 0.06 ± 0.01 2.70 5.7 ± 0.3 ± 0.0
3.75–4.0 2.74 6.20 ± 0.08 ± 0.01 2.83 6.8 ± 0.4 ± 0.1
4.0–4.25 2.86 6.33 ± 0.11 ± 0.02 2.95 6.3 ± 0.6 ± 0.1
4.25–4.5 2.99 6.51 ± 0.19 ± 0.14 3.08 7.9 ± 1.6 ± 0.3

Table 8: Values of the differential cross-section, survival factor, photon flux and antiparallel pho-
toproduction cross-section used for the calculation of the parallel cross-section. The antiparallel
γp value is taken from the FMRT NLO description [45].

yJ/ψ bin 2.0–2.25 2.25–2.5 2.5–2.75 2.75–3.0 3.0–3.25

dσ/dy [nb] 7.41 ± 0.43 6.90 ± 0.27 6.75 ± 0.25 6.46 ± 0.24 6.15 ± 0.22

S2(Wγp,+) 0.786 0.774 0.762 0.748 0.732

k+
dn
dk+

(×10−3) 22.7 21.6 20.4 19.2 18.0

S2(Wγp,−) 0.885 0.888 0.891 0.893 0.896

k−
dn
dk−

(×10−3) 42.5 43.7 44.9 46.0 47.2

σ
Wγp,−
γp→J/ψp [nb] 57.7 ± 2.7 51.1 ± 2.3 45.0 ± 2.0 39.2 ± 1.7 33.9 ± 1.4

σ
Wγp,+

γp→J/ψp [nb] 294 ± 25 294 ± 17 319 ± 17 337 ± 17 358 ± 17

yJ/ψ bin 3.25–3.5 3.5–3.75 3.75–4.0 4.0–4.25 4.25–4.5

dσ/dy [nb] 5.93 ± 0.21 5.82 ± 0.21 5.47 ± 0.21 4.89 ± 0.21 5.05 ± 0.26

S2(Wγp,+) 0.715 0.695 0.672 0.647 0.618

k+
dn
dk+

(×10−3) 16.8 21.6 14.5 13.3 12.1

S2(Wγp,−) 0.899 0.901 0.903 0.905 0.907

k−
dn
dk−

(×10−3) 48.3 49.5 50.7 51.8 53.0

σ
Wγp,−
γp→J/ψp [nb] 29.0 ± 1.2 24.4 ± 0.9 20.1 ± 0.7 16.2 ± 0.6 12.6 ± 0.4

σ
Wγp,+

γp→J/ψp [nb] 389 ± 18 433 ± 20 467 ± 22 480 ± 25 594 ± 34
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C Fits in all rapidity bins

The distributions of dimuon mass and p2T in each rapidity interval are shown in Fig. 11.
The results of the two-dimensional fits described in the main text are overlaid.
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Figure 11: Distributions of dimuon mass and p2T for the CEP sample in different regions of
rapidity. The results of the two-dimensional fits are overlaid.
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A. Morcillo Gomez45 , G. Morello26 , M.J. Morello33,s , M.P. Morgenthaler20 ,
A.B. Morris47 , A.G. Morris12 , R. Mountain67 , H. Mu4 , Z. M. Mu6 ,
E. Muhammad55 , F. Muheim57 , M. Mulder75 , K. Müller49 , F. Muñoz-Rojas9 ,
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V. Ramos De Oliveira68 , M. Ramos Pernas55 , M.S. Rangel3 , F. Ratnikov42 ,
G. Raven37 , M. Rebollo De Miguel46 , F. Redi28,i , J. Reich53 , F. Reiss61 , Z. Ren7 ,
P.K. Resmi62 , R. Ribatti48 , G. R. Ricart14,81 , D. Riccardi33,s , S. Ricciardi56 ,
K. Richardson63 , M. Richardson-Slipper57 , K. Rinnert59 , P. Robbe13 ,
G. Robertson58 , E. Rodrigues59 , E. Rodriguez Fernandez45 , J.A. Rodriguez Lopez73 ,
E. Rodriguez Rodriguez45 , A. Rogovskiy56 , D.L. Rolf47 , P. Roloff47 ,
V. Romanovskiy42 , M. Romero Lamas45 , A. Romero Vidal45 , G. Romolini24 ,
F. Ronchetti48 , T. Rong6 , M. Rotondo26 , S. R. Roy20 , M.S. Rudolph67 ,
M. Ruiz Diaz20 , R.A. Ruiz Fernandez45 , J. Ruiz Vidal79,aa , A. Ryzhikov42 ,
J. Ryzka38 , J. J. Saavedra-Arias9 , J.J. Saborido Silva45 , R. Sadek14 , N. Sagidova42 ,
D. Sahoo74 , N. Sahoo52 , B. Saitta30,k , M. Salomoni29,p,47 , C. Sanchez Gras36 ,
I. Sanderswood46 , R. Santacesaria34 , C. Santamarina Rios45 , M. Santimaria26,47 ,
L. Santoro 2 , E. Santovetti35 , A. Saputi24,47 , D. Saranin42 , A. Sarnatskiy75 ,
G. Sarpis57 , M. Sarpis61 , C. Satriano34,u , A. Satta35 , M. Saur6 , D. Savrina42 ,
H. Sazak16 , F. Sborzacchi47,26 , L.G. Scantlebury Smead62 , A. Scarabotto18 ,
S. Schael16 , S. Scherl59 , M. Schiller58 , H. Schindler47 , M. Schmelling19 ,
B. Schmidt47 , S. Schmitt16 , H. Schmitz17, O. Schneider48 , A. Schopper47 ,
M. Schubiger36 , N. Schulte18 , S. Schulte48 , M.H. Schune13 , R. Schwemmer47 ,
G. Schwering16 , B. Sciascia26 , A. Sciuccati47 , S. Sellam45 , A. Semennikov42 ,
T. Senger49 , M. Senghi Soares37 , A. Sergi27,n , N. Serra49 , L. Sestini31 ,
A. Seuthe18 , Y. Shang6 , D.M. Shangase80 , M. Shapkin42 , R. S. Sharma67 ,
I. Shchemerov42 , L. Shchutska48 , T. Shears59 , L. Shekhtman42 , Z. Shen6 ,
S. Sheng5,7 , V. Shevchenko42 , B. Shi7 , Q. Shi7 , Y. Shimizu13 , E. Shmanin42 ,
R. Shorkin42 , J.D. Shupperd67 , R. Silva Coutinho67 , G. Simi31,q , S. Simone22,h ,
N. Skidmore55 , T. Skwarnicki67 , M.W. Slater52 , J.C. Smallwood62 , E. Smith63 ,
K. Smith66 , M. Smith60 , A. Snoch36 , L. Soares Lavra57 , M.D. Sokoloff64 ,
F.J.P. Soler58 , A. Solomin42,53 , A. Solovev42 , I. Solovyev42 , R. Song1 , Y. Song48 ,
Y. Song4 , Y. S. Song6 , F.L. Souza De Almeida67 , B. Souza De Paula3 ,
E. Spadaro Norella28,o , E. Spedicato23 , J.G. Speer18 , E. Spiridenkov42, P. Spradlin58 ,
V. Sriskaran47 , F. Stagni47 , M. Stahl47 , S. Stahl47 , S. Stanislaus62 , E.N. Stein47 ,
O. Steinkamp49 , O. Stenyakin42, H. Stevens18 , D. Strekalina42 , Y. Su7 , F. Suljik62 ,
J. Sun30 , L. Sun72 , Y. Sun65 , D. Sundfeld2 , W. Sutcliffe49, P.N. Swallow52 ,
F. Swystun54 , A. Szabelski40 , T. Szumlak38 , Y. Tan4 , M.D. Tat62 , A. Terentev42 ,
F. Terzuoli33,w,47 , F. Teubert47 , E. Thomas47 , D.J.D. Thompson52 , H. Tilquin60 ,
V. Tisserand11 , S. T’Jampens10 , M. Tobin5,47 , L. Tomassetti24,l , G. Tonani28,o,47 ,
X. Tong6 , D. Torres Machado2 , L. Toscano18 , D.Y. Tou4 , C. Trippl43 , G. Tuci20 ,
N. Tuning36 , L.H. Uecker20 , A. Ukleja38 , D.J. Unverzagt20 , E. Ursov42 ,
A. Usachov37 , A. Ustyuzhanin42 , U. Uwer20 , V. Vagnoni23 , G. Valenti23 ,
N. Valls Canudas47 , H. Van Hecke66 , E. van Herwijnen60 , C.B. Van Hulse45,y ,
R. Van Laak48 , M. van Veghel36 , G. Vasquez49 , R. Vazquez Gomez44 ,
P. Vazquez Regueiro45 , C. Vázquez Sierra45 , S. Vecchi24 , J.J. Velthuis53 ,
M. Veltri25,x , A. Venkateswaran48 , M. Vesterinen55 , M. Vieites Diaz47 ,
X. Vilasis-Cardona43 , E. Vilella Figueras59 , A. Villa23 , P. Vincent15 , F.C. Volle52 ,

31

https://orcid.org/0000-0003-0222-7594
https://orcid.org/0009-0009-8578-3078
https://orcid.org/0000-0003-2995-1953
https://orcid.org/0000-0001-9837-6556
https://orcid.org/0000-0001-8659-4409
https://orcid.org/0000-0003-1836-7233
https://orcid.org/0000-0001-9622-820X
https://orcid.org/0000-0002-7224-9708
https://orcid.org/0000-0002-7763-252X
https://orcid.org/0000-0001-5189-230X
https://orcid.org/0000-0003-4465-2441
https://orcid.org/0000-0002-2289-918X
https://orcid.org/0000-0001-8058-0436
https://orcid.org/0000-0001-7867-1232
https://orcid.org/0000-0003-2222-9925
https://orcid.org/0000-0001-5942-1772
https://orcid.org/0000-0002-6855-7783
https://orcid.org/0000-0002-4298-5309
https://orcid.org/0000-0002-1476-7056
https://orcid.org/0000-0002-8293-2922
https://orcid.org/0000-0003-3236-1452
https://orcid.org/0000-0001-9923-0938
https://orcid.org/0000-0003-2000-6306
https://orcid.org/0000-0002-5204-9821
https://orcid.org/0000-0002-8346-9052
https://orcid.org/0000-0003-4264-9724
https://orcid.org/0000-0001-6453-4691
https://orcid.org/0000-0003-3932-7556
https://orcid.org/0000-0001-8453-658X
https://orcid.org/0000-0002-7518-0961
https://orcid.org/0000-0002-3632-2453
https://orcid.org/0000-0002-9787-3910
https://orcid.org/0000-0003-2599-7209
https://orcid.org/0000-0003-3002-4719
https://orcid.org/0000-0001-7956-763X
https://orcid.org/0000-0003-3049-7866
https://orcid.org/0000-0003-1600-9432
https://orcid.org/0000-0002-8690-5198
https://orcid.org/0000-0003-0762-5583
https://orcid.org/0000-0002-2897-5323
https://orcid.org/0000-0002-4522-4863
https://orcid.org/0000-0001-9728-8984
https://orcid.org/0000-0002-2657-4040
https://orcid.org/0000-0002-8395-7654
https://orcid.org/0000-0001-9974-9350
https://orcid.org/0000-0001-9025-2225
https://orcid.org/0000-0003-1778-1213
https://orcid.org/0000-0002-9292-2066
https://orcid.org/0009-0009-8397-572X
https://orcid.org/0000-0002-4254-3658
https://orcid.org/0000-0002-6847-2835
https://orcid.org/0000-0002-2752-001X
https://orcid.org/0000-0001-9802-1122
https://orcid.org/0000-0002-0656-9033
https://orcid.org/0000-0002-7026-1383
https://orcid.org/0000-0003-2846-7625
https://orcid.org/0000-0002-3040-065X
https://orcid.org/0000-0003-1895-9319
https://orcid.org/0000-0002-7973-8061
https://orcid.org/0000-0002-1034-1058
https://orcid.org/0000-0001-7908-7214
https://orcid.org/0000-0001-7378-4350
https://orcid.org/0000-0003-0939-4272
https://orcid.org/0000-0002-1217-8418
https://orcid.org/0000-0002-8830-1486
https://orcid.org/0000-0002-0118-4214
https://orcid.org/0000-0003-3438-9774
https://orcid.org/0000-0002-5479-9212
https://orcid.org/0000-0001-5704-6163
https://orcid.org/0000-0002-3999-6795
https://orcid.org/0000-0002-0050-575X
https://orcid.org/0000-0001-6367-6815
https://orcid.org/0000-0002-5727-4454
https://orcid.org/0000-0001-8362-7164
https://orcid.org/0000-0002-3543-0313
https://orcid.org/0000-0003-4235-2445
https://orcid.org/0000-0002-2510-8929
https://orcid.org/0000-0002-6270-130X
https://orcid.org/0000-0003-0438-8359
https://orcid.org/0000-0002-2640-3794
https://orcid.org/0000-0002-5600-9413
https://orcid.org/0000-0001-9539-8370
https://orcid.org/0000-0003-3491-0232
https://orcid.org/0009-0007-9229-653X
https://orcid.org/0000-0002-7082-887X
https://orcid.org/0000-0001-7731-6757
https://orcid.org/0000-0003-3826-0329
https://orcid.org/0000-0002-9810-1816
https://orcid.org/0000-0002-8776-6759
https://orcid.org/0000-0002-2146-2648
https://orcid.org/0000-0002-5605-1662
https://orcid.org/0000-0001-6067-7863
https://orcid.org/0000-0002-9617-9986
https://orcid.org/0009-0007-2159-3633
https://orcid.org/0000-0003-1711-2044
https://orcid.org/0000-0002-6402-1674
https://orcid.org/0000-0002-4976-0460
https://orcid.org/0000-0003-2462-913X
https://orcid.org/0000-0001-8752-4293
https://orcid.org/0000-0001-8372-6031
https://orcid.org/0000-0003-2689-1123
https://orcid.org/0009-0004-7916-2682
https://orcid.org/0000-0001-8702-7991
https://orcid.org/0000-0003-2290-9672
https://orcid.org/0000-0003-4013-3468
https://orcid.org/0000-0003-0528-2724
https://orcid.org/0000-0001-8750-863X
https://orcid.org/0000-0002-1468-0479
https://orcid.org/0000-0003-3305-0576
https://orcid.org/0000-0002-8400-1566
https://orcid.org/0000-0002-6394-1081
https://orcid.org/0000-0002-6014-7552
https://orcid.org/0000-0002-8581-3312
https://orcid.org/0000-0001-9330-1440
https://orcid.org/0000-0003-0166-2105
https://orcid.org/0009-0001-8533-0783
https://orcid.org/0000-0002-3648-0830
https://orcid.org/0009-0005-5265-9792
https://orcid.org/0000-0003-1731-7939
https://orcid.org/0000-0003-0670-006X
https://orcid.org/0000-0002-8568-1487
https://orcid.org/0000-0003-0383-1451
https://orcid.org/0000-0003-1130-2197
https://orcid.org/0009-0006-2212-6431
https://orcid.org/0000-0001-9676-6059
https://orcid.org/0000-0001-9495-6115
https://orcid.org/0000-0002-5033-0580
https://orcid.org/0000-0002-1127-5144
https://orcid.org/0000-0002-0736-3061
https://orcid.org/0000-0001-7987-7558
https://orcid.org/0000-0002-0287-6124
https://orcid.org/0000-0002-4098-9592
https://orcid.org/0000-0003-1331-1791
https://orcid.org/0000-0001-9193-8106
https://orcid.org/0000-0003-0700-5448
https://orcid.org/0000-0002-2653-1366
https://orcid.org/0000-0003-1512-9715
https://orcid.org/0000-0003-1391-5384
https://orcid.org/0000-0002-1050-5649
https://orcid.org/0000-0003-3171-9125
https://orcid.org/0000-0002-5781-8933
https://orcid.org/0000-0001-7915-8211
https://orcid.org/0000-0002-4936-1152
https://orcid.org/0000-0002-8868-1730
https://orcid.org/0000-0001-8881-3943
https://orcid.org/0009-0006-8218-2566
https://orcid.org/0000-0002-1545-959X
https://orcid.org/0000-0001-6741-6199
https://orcid.org/0000-0003-3631-8398
https://orcid.org/0000-0003-3410-0731
https://orcid.org/0000-0002-9897-9506
https://orcid.org/0000-0002-2687-1950
https://orcid.org/0000-0003-2460-3327
https://orcid.org/0000-0002-9740-0574
https://orcid.org/0000-0002-1305-3377
https://orcid.org/0000-0002-3872-1917
https://orcid.org/0000-0001-6431-6360
https://orcid.org/0000-0002-2652-123X
https://orcid.org/0000-0001-6181-4583
https://orcid.org/0000-0002-4893-3729
https://orcid.org/0000-0003-0644-3227
https://orcid.org/0000-0002-5355-5996
https://orcid.org/0000-0003-4254-6012
https://orcid.org/0000-0002-8854-8905
https://orcid.org/0000-0003-0256-4320
https://orcid.org/0000-0003-1959-5676
https://orcid.org/0000-0003-3471-1751
https://orcid.org/0000-0001-7181-6785
https://orcid.org/0009-0003-3794-3408
https://orcid.org/0000-0002-1111-5597
https://orcid.org/0000-0002-4950-6665
https://orcid.org/0000-0002-6117-7307
https://orcid.org/0000-0002-5280-9464
https://orcid.org/0000-0002-9867-0453
https://orcid.org/0000-0002-7576-4019
https://orcid.org/0000-0001-8476-8188
https://orcid.org/0000-0002-8243-400X
https://orcid.org/0000-0003-1776-0498
https://orcid.org/0000-0001-5214-8865
https://orcid.org/0000-0001-7055-6467
https://orcid.org/0000-0002-9474-9332
https://orcid.org/0000-0003-3830-4889
https://orcid.org/0000-0002-2739-7453
https://orcid.org/0000-0001-6767-7698
https://orcid.org/0000-0002-6020-2304
https://orcid.org/0000-0002-0034-2567
https://orcid.org/0000-0003-4933-5058
https://orcid.org/0000-0002-5147-3698
https://orcid.org/0000-0003-2751-8515
https://orcid.org/0009-0006-0672-7771
https://orcid.org/0000-0002-6604-2938
https://orcid.org/0000-0002-2562-7163
https://orcid.org/0000-0003-3860-6545
https://orcid.org/0000-0002-6866-7085
https://orcid.org/0000-0003-2574-8560
https://orcid.org/0000-0002-9717-225X
https://orcid.org/0000-0003-3277-5268
https://orcid.org/0000-0003-0984-7593
https://orcid.org/0000-0003-1196-5943
https://orcid.org/0000-0003-4735-2014
https://orcid.org/0000-0003-4916-0446
https://orcid.org/0000-0003-4249-6641
https://orcid.org/0000-0002-2047-7020
https://orcid.org/0000-0003-4184-1335
https://orcid.org/0000-0001-7477-1148
https://orcid.org/0000-0002-5278-1203
https://orcid.org/0000-0001-7030-6468
https://orcid.org/0009-0007-5613-6520
https://orcid.org/0000-0002-4732-2408
https://orcid.org/0000-0003-3664-1240
https://orcid.org/0000-0002-0364-5758
https://orcid.org/0000-0003-2611-7840
https://orcid.org/0000-0003-3255-9514
https://orcid.org/0000-0003-0480-4850
https://orcid.org/0000-0002-1484-2546
https://orcid.org/0000-0002-6519-4526
https://orcid.org/0000-0002-5829-6284
https://orcid.org/0000-0001-7865-2357
https://orcid.org/0000-0002-8514-3777
https://orcid.org/0000-0003-2206-311X
https://orcid.org/0000-0002-6119-7535
https://orcid.org/0000-0001-8748-8448
https://orcid.org/0000-0001-7961-7190
https://orcid.org/0000-0001-8807-8811
https://orcid.org/0000-0002-5397-6782
https://orcid.org/0000-0002-7738-6066
https://orcid.org/0000-0001-6178-6623
https://orcid.org/0000-0002-3285-7004
https://orcid.org/0000-0001-5319-1128
https://orcid.org/0000-0002-0767-9736
https://orcid.org/0000-0002-5865-0677
https://orcid.org/0000-0002-4311-3166
https://orcid.org/0000-0002-4649-3221
https://orcid.org/0000-0001-7917-9661
https://orcid.org/0000-0001-6950-1477
https://orcid.org/0000-0001-7717-2765
https://orcid.org/0000-0002-0944-4340
https://orcid.org/0000-0002-1915-9543
https://orcid.org/0000-0002-7865-2856
https://orcid.org/0000-0002-9392-6157
https://orcid.org/0000-0002-9283-4541
https://orcid.org/0000-0003-1828-3881


D. vom Bruch12 , N. Voropaev42 , K. Vos76 , G. Vouters10,47 , C. Vrahas57 ,
J. Wagner18 , J. Walsh33 , E.J. Walton1,55 , G. Wan6 , C. Wang20 , G. Wang8 ,
J. Wang6 , J. Wang5 , J. Wang4 , J. Wang72 , M. Wang28 , N. W. Wang7 ,
R. Wang53 , X. Wang8, X. Wang70 , X. W. Wang60 , Y. Wang6 , Z. Wang13 ,
Z. Wang4 , Z. Wang28 , J.A. Ward55,1 , M. Waterlaat47, N.K. Watson52 ,
D. Websdale60 , Y. Wei6 , J. Wendel78 , B.D.C. Westhenry53 , D.J. White61 ,
M. Whitehead58 , E. Whiter52 , A.R. Wiederhold55 , D. Wiedner18 , G. Wilkinson62 ,
M.K. Wilkinson64 , M. Williams63 , M.R.J. Williams57 , R. Williams54 ,
F.F. Wilson56 , W. Wislicki40 , M. Witek39 , L. Witola20 , C.P. Wong66 ,
G. Wormser13 , S.A. Wotton54 , H. Wu67 , J. Wu8 , Y. Wu6 , Z. Wu7 ,
K. Wyllie47 , S. Xian70, Z. Xiang5 , Y. Xie8 , A. Xu33 , J. Xu7 , L. Xu4 , L. Xu4 ,
M. Xu55 , Z. Xu11 , Z. Xu7 , Z. Xu5 , D. Yang , K. Yang60 , S. Yang7 ,
X. Yang6 , Y. Yang27,n , Z. Yang6 , Z. Yang65 , V. Yeroshenko13 , H. Yeung61 ,
H. Yin8 , C. Y. Yu6 , J. Yu69 , X. Yuan5 , E. Zaffaroni48 , M. Zavertyaev19 ,
M. Zdybal39 , C. Zeng5,7 , M. Zeng4 , C. Zhang6 , D. Zhang8 , J. Zhang7 ,
L. Zhang4 , S. Zhang69 , S. Zhang6 , Y. Zhang6 , Y. Z. Zhang4 , Y. Zhao20 ,
A. Zharkova42 , A. Zhelezov20 , S. Z. Zheng6 , X. Z. Zheng4 , Y. Zheng7 ,
T. Zhou6 , X. Zhou8 , Y. Zhou7 , V. Zhovkovska55 , L. Z. Zhu7 , X. Zhu4 ,
X. Zhu8 , V. Zhukov16 , J. Zhuo46 , Q. Zou5,7 , D. Zuliani31,q , G. Zunica48 .

1School of Physics and Astronomy, Monash University, Melbourne, Australia
2Centro Brasileiro de Pesquisas F́ısicas (CBPF), Rio de Janeiro, Brazil
3Universidade Federal do Rio de Janeiro (UFRJ), Rio de Janeiro, Brazil
4Center for High Energy Physics, Tsinghua University, Beijing, China
5Institute Of High Energy Physics (IHEP), Beijing, China
6School of Physics State Key Laboratory of Nuclear Physics and Technology, Peking University, Beijing,
China
7University of Chinese Academy of Sciences, Beijing, China
8Institute of Particle Physics, Central China Normal University, Wuhan, Hubei, China
9Consejo Nacional de Rectores (CONARE), San Jose, Costa Rica
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rUniversità di Perugia, Perugia, Italy
sScuola Normale Superiore, Pisa, Italy
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