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Abstract

The production cross-sections of J/ψ mesons in proton-proton collisions at a centre-
of-mass energy of

√
s = 5 TeV are measured using a data sample corresponding to an

integrated luminosity of 9.13± 0.18 pb−1, collected by the LHCb experiment. The
cross-sections are measured differentially as a function of transverse momentum, pT,
and rapidity, y, and separately for J/ψ mesons produced promptly and from beauty
hadron decays (nonprompt). With the assumption of unpolarised J/ψ mesons, the
production cross-sections integrated over the kinematic range 0 < pT < 20 GeV/c
and 2.0 < y < 4.5 are

σprompt J/ψ = 8.154± 0.010± 0.283µb,

σnonprompt J/ψ = 0.820± 0.003± 0.034µb,

where the first uncertainties are statistical and the second systematic. These cross-
sections are compared with those at

√
s = 8 TeV and 13 TeV, and are used to update

the measurement of the nuclear modification factor in proton-lead collisions for J/ψ
mesons at a centre-of-mass energy per nucleon pair of

√
sNN = 5 TeV. The results

are compared with theoretical predictions.
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1 Introduction

Quantum chromodynamics (QCD) is the fundamental theory that describes the strong
interaction between quarks and gluons. One of the most important properties of QCD
is that the coupling constant increases at small momentum transfers. Non-perturbative
corrections, which are challenging to control theoretically, are required to describe many
observables. The study of heavy quarkonium production in proton-proton (pp) collisions
can provide important information to improve QCD predictions in the non-perturbative
regime. The process involves the production of a QQ system, where Q denotes a beauty or
charm quark, followed by its hadronisation into the heavy quarkonium state. Predictions
based on the assumption of factorisation have been found to agree well with experimental
data so far. The QQ production step can be calculated with perturbative QCD but the
hadronisation step, being of non-perturbative nature, needs to be described by models with
inputs from experiments. The colour singlet model [1–7] assumes that the intermediate
QQ state is colourless and has the same spin-parity quantum numbers as the quarkonium
state. In the nonrelativistic QCD (NRQCD) approach [8–10] intermediate QQ states with
all possible colour and spin-parity quantum numbers may evolve into a quarkonium state.
The transition probabilities are described by long-distance matrix elements (LDME) that
cannot be calculated perturbatively and are therefore determined from experimental data.

In pp collisions J/ψ mesons can be produced either directly from hard collisions of
partons, through the feed-down of excited charmonium states, or via decays of beauty
hadrons. The J/ψ mesons from the first two sources originate from the primary pp
collision vertex (PV) and are called prompt J/ψ mesons, while those from the last source
originate from decay vertices of beauty hadrons, which are typically separated from the
PV, and are called nonprompt J/ψ mesons. The differential cross-sections for prompt and
nonprompt J/ψ mesons in pp collisions were measured in the rapidity range 2.0 < y < 4.5
by the LHCb collaboration at centre-of-mass energies of

√
s = 2.76 TeV [11], 7 TeV [12],

8 TeV [13] and 13 TeV [14]. They were also measured by the ATLAS collaboration at√
s = 5 TeV [15], 7 TeV [16], 8 TeV [16] and 13 TeV [17] in the region |y| < 2, and by the

CMS collaboration at
√
s = 5 TeV [18] and 7 TeV [19,20] in the region |y| < 2.4. Prompt

J/ψ production cross-sections were measured by the CMS collaboration at
√
s = 13 TeV [21]

in the region |y| < 1.2 and by the ALICE collaboration at
√
s = 7 TeV [22] in the

region |y| < 0.9. The measurements for inclusive J/ψ mesons, which include both
prompt and nonprompt contributions, were also performed by the ALICE collaboration at√
s = 2.76 TeV [23], 5 TeV [24,25] and 7 TeV [26] in the regions |y| < 0.9 and 2.5 < y < 4.0,

and at
√
s = 8 TeV [27] and 13 TeV [28] in the region 2.5 < y < 4.0. In addition, the CDF

experiment measured the prompt and nonprompt J/ψ cross-sections in proton-antiproton
collisions at

√
s = 1.8 TeV [29] and 1.96 TeV [30]. The D0 experiment measured the

inclusive J/ψ cross-sections in proton-antiproton collisions at
√
s = 1.8 TeV [31,32].

This paper reports a J/ψ cross-section measurement in pp collisions at
√
s = 5 TeV

using a data sample collected by the LHCb experiment, corresponding to an integrated
luminosity of 9.13 ± 0.18 pb−1 [33]. This data sample was taken with special runs for
cross-section measurements. The measurement includes the production cross-sections
of prompt and nonprompt J/ψ mesons with transverse momentum pT < 20 GeV/c and
rapidity 2.0 < y < 4.5, assuming unpolarised J/ψ mesons, and the cross-section ratios
between 8 TeV and 5 TeV and between 13 TeV and 5 TeV. The nuclear modification factor
for J/ψ mesons in pPb collisions at

√
sNN = 5 TeV, which was originally published in
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Ref. [34], is updated using the pp cross-sections reported in here.

2 Detector and simulation

The LHCb detector [35, 36] 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 pp interaction region, 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 placed downstream 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 momentum to 1.0%
at 200 GeV/c. The minimum distance of a track to a primary pp collision vertex, the
impact parameter (IP), is measured with a resolution of (15 + 29/pT)µm, where pT is
in GeV/c. Different types of charged hadrons are distinguished using information from
two ring-imaging Cherenkov detectors. Photons, electrons and hadrons are identified by
a calorimeter system consisting of scintillating-pad (SPD) and preshower detectors, an
electromagnetic and a hadronic calorimeter. Muons are identified by a system composed of
alternating layers of iron and multiwire proportional chambers. The online event selection
is performed by a trigger, which 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.

Simulated events are required to determine corrections for the detector resolution,
acceptance and efficiency. The pp collisions are modelled using Pythia [37, 38] with a
specific LHCb configuration [39]. In the Pythia model, J/ψ mesons are generated with
zero polarisation and the leading order colour-singlet and colour-octet contributions [39,40]
are considered in prompt J/ψ production. Decays of unstable particles are described by
EvtGen [41] with QED final-state radiation handled by Photos [42]. The interactions
of the generated particles with the detector are modelled using the Geant4 toolkit [43,44]
as described in Ref. [45].

3 Selection of J/ψ candidates

The J/ψ candidates are reconstructed through the J/ψ →µ+µ− decay channel and are
selected through two trigger stages. The hardware trigger selects events with at least one
muon candidate with pT > 900 MeV/c. The software trigger requires two loosely identified
muons, having pT > 500 MeV/c and p > 3000 MeV/c, to form a good-quality vertex. In
the offline selection the muon identification requirement is tightened and both tracks are
required to have pT > 650 MeV/c and 2.0 < η < 4.9. The background from fake tracks
is reduced by a neural-network based algorithm [46]. The invariant mass of each J/ψ
candidate, mµ+µ− , is required to be within a range of ±120 MeV/c2 around the known J/ψ
mass [47]. All events are required to have at least one reconstructed PV. For candidates
with multiple PVs in the event, the one with the smallest χ2

IP is taken as the associated
PV, where χ2

IP is defined as the difference in the vertex-fit χ2 of a given PV reconstructed
with and without the J/ψ candidate under consideration.
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Figure 1: Distributions of (left) invariant mass and (right) pseudoproper time of the J/ψ candidate
for an example interval corresponding to 2 < pT < 3 GeV/c and 3.0 < y < 3.5. Projections of
the two-dimensional fit are also shown.

A final selection is applied to J/ψ candidates using the pseudoproper time tz, defined
as

tz =
zJ/ψ − zPV

pz
×mJ/ψ, (1)

where zJ/ψ and zPV are positions the J/ψ decay vertex and the PV along the beam axis z,
pz is the projection of the measured momentum of the J/ψ candidate along the z axis,
and mJ/ψ is the known J/ψ mass [47]. The tz uncertainty σtz is calculated by combining
the estimated uncertainties on the z position of the J/ψ decay vertex and that of the
associated PV. Candidates with |tz| < 10 ps and σtz < 0.3 ps are selected for further
analysis.

4 Cross-section determination

The double-differential cross-section of J/ψ production in a given (pT,y) interval is defined
as

d2σ

dpTdy
=

N(J/ψ → µ+µ−)

L × εtot × B ×∆pT ×∆y
, (2)

where N(J/ψ → µ+µ−) is the signal yield, εtot is the detection efficiency, L is the integrated
luminosity, B = (5.961± 0.033)% [47] is the branching fraction of the J/ψ →µ+µ− decay,
and ∆pT and ∆y are the interval widths. Details on the interval scheme are provided in
Sec. 6.

The yields of prompt and nonprompt J/ψ mesons are simultaneously extracted from
an unbinned extended maximum-likelihood fit to the two-dimensional distribution of
mµ+µ− and tz independently in each (pT,y) interval. The total J/ψ signal yield is about
1.4 (0.14) million for prompt (nonprompt) J/ψ mesons. Figure 1 shows the projections of
the two-dimensional distribution, together with the fit, on mµ+µ− and tz for one (pT,y)
interval. There are four components: prompt J/ψ signal, nonprompt J/ψ signal, J/ψ signal
with incorrect PV association, and non-J/ψ background from random tracks. The first
three J/ψ signals have the same mass shape but their tz distributions are different.

3



In each interval the mass shape of J/ψ signals is described by the sum of two Crystal
Ball (CB) functions [48] with a common mean value and independent widths. The
simulation is used to determine the values of the two power-law tail parameters, which are
shared between the two CB functions and fixed in the fit. Only the mean and widths of the
CB functions and the ratio between the two functions are left as free shape parameters in
the fit. The mass distribution of the non-J/ψ background is modelled with an exponential
function.

The true tz values for prompt J/ψ mesons are assumed to be zero while those for
nonprompt J/ψ mesons are assumed to follow an exponential function. These distributions
are convolved with the sum of two Gaussian functions to model the tz resolution. The two
Gaussian functions share the same mean value and their widths are proportional to the tz
uncertainty σtz . The J/ψ signal with incorrect PV association contributes to the long tail
present in the tz distribution. This component can be modelled from data using event
mixing, i.e., calculating tz with the J/ψ candidate associated to the closest PV in the next
event of the sample. The yield of this component is divided into two parts, N tail

p and N tail
np ,

according to the ratio between prompt and nonprompt yields, and then N tail
p and N tail

np

are added to the prompt and nonprompt yields respectively. The tz distribution of the
non-J/ψ background is described by an empirical function composed of a delta function
and five exponential functions that are convolved with the sum of two Gaussian resolution
functions sharing the same mean value. All parameters of the empirical function are fixed
to the values obtained from a fit to the tz distribution of the J/ψ mass sidebands, defined
by the region 75 < |mµ+µ− −mJ/ψ| < 150 MeV/c2.

The detection efficiency is determined in each (pT,y) interval using simulated samples.
The distribution of the number of SPD hits in simulation is weighted to match that in
data to correct the effect of the detector occupancy in simulation. The efficiency εtot is
factorised into the product of four efficiencies: the acceptance, εacc, the reconstruction-
and-selection efficiency, εrec&sel, the particle identification (PID) efficiency, εPID, and the
trigger efficiency, εtri. The efficiencies εacc and εrec&sel are evaluated separately for prompt
and nonprompt J/ψ mesons. The efficiencies εPID and εtri are calculated combining the
simulated samples of prompt and nonprompt J/ψ mesons, as the differences between the
two production processes are observed to be negligible. The efficiency εtri is validated
using data, and the efficiencies of track reconstruction and PID obtained from simulation
are corrected using control channels in data, as detailed in Sec. 5.

5 Systematic uncertainties

A summary of systematic uncertainties is presented in Table 1. Uncertainties arising from
signal extraction and efficiency determination are mostly evaluated in each (pT,y) interval,
while those due to branching fraction and luminosity measurement are common to all
intervals. The details of the evaluation are discussed in the following.

An uncertainty is attributed to the choice of the probability density function used to
model the dimuon invariant-mass distribution of the signal components. As an alternative
to the sum of two CB functions, the signal invariant-mass distribution is described by a
model derived from simulation using the approach of kernel density estimation [49]. To
account for the resolution difference between data and simulation, the alternative model is
convolved with a Gaussian function with zero mean and width varied freely. The default
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and alternative model are compared in each (pT,y) interval and the relative difference,
which is up to 2.0%, is taken as a systematic uncertainty.

The exponential function describing the background is replaced by a linear function
and the relative difference, varying up to 0.7%, is taken as a systematic uncertainty. The
resulting uncertainty is considered as fully correlated between intervals.

The tz model used for the description of the non-J/ψ background is replaced by the
use of the sPlot method [50] using the mµ+µ− as the discriminating variable. The relative
difference between the two methods varies up to 1.2% for prompt and 4.0% for nonprompt
J/ψ mesons in different intervals.

An uncertainty is attributed to the method that is used to separate prompt and
nonprompt J/ψ mesons, i.e., two-dimensional fits to mµ+µ− and tz distributions. To
evaluate this uncertainty in each (pT,y) interval, the same tz probability density function
is used to fit the simulation. While the relative differences between the fitted and the
true yields are small for most intervals, they are significant for nonprompt J/ψ mesons
in a few small-pT intervals. These differences, varying up to 0.8% for prompt and 14.7%
for nonprompt J/ψ mesons, are taken as systematic uncertainties, and are assumed to be
fully correlated between pT intervals and uncorrelated between y intervals as indicated by
simulation.

A systematic uncertainty related to the tracking efficiency is evaluated as follows. The
efficiency correction factors are obtained from dedicated data and simulation samples of
J/ψ →µ+µ− decays in which one muon track is fully reconstructed and the other track is
reconstructed using a subset of tracking systems [51]. These correction factors are found to
depend on different event multiplicity variables. This introduces a systematic uncertainty
of 0.8% per track. The statistical uncertainties on these factors are propagated to the
systematic uncertainties of the cross-sections, which vary up to 3.7% depending on the
(pT,y) interval.

The PID efficiency is evaluated using a dedicated sample of J/ψ →µ+µ− candidates
in which only one track is required to be identified as a muon. The uncertainties of the
muon identification efficiencies due to the finite size of the calibration data sample are
propagated to the systematic uncertainties of the cross-sections, which are up to 2.2% in
different intervals. Another uncertainty comes from the choice of interval scheme of the
calibration sample. The resulting uncertainties vary up to 1.5% depending on the (pT,y)
interval.

The trigger efficiency in simulation is validated with data. One muon is requested
to pass the hardware-trigger requirement such that the other muon can be regarded
as an unbiased probe of the efficiency of one muon. The hardware-trigger efficiency of
the J/ψ candidate is the probability that at least one muon track passes the trigger
requirement. The relative difference between data and simulation, varying up to 1.9%
across intervals, is taken as a systematic uncertainty on the hardware-trigger efficiency.
The software-trigger efficiency is determined using a subset of events that would pass the
trigger requirement if the J/ψ signals were excluded [52]. The fraction of J/ψ candidates
for which two tracks pass the software-trigger requirement is taken as the efficiency both
for data and simulation. The overall relative difference between data and simulation is
1.0%, and is taken as a systematic uncertainty on the software-trigger efficiency common
to all intervals.

The statistical uncertainties of the efficiencies due to the finite size of the simulated
sample result in uncertainties on the cross-sections. The values range up to 3.7% for
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Table 1: Relative systematic uncertainties on the measurement of the J/ψ production cross-
section. The symbol ⊕ means addition in quadrature. The detailed uncertainties for each (pT,y)
interval are in Appendix A.

Source Relative uncertainty Correlations
Signal mass model < 2.0% Uncorrelated
Background mass model < 0.7% Correlated between intervals

Background tz model
< 1.2% (prompt)

Uncorrelated
< 4.0% (nonprompt)

Signal tz model
< 0.8% (prompt)

Correlated between pT intervals
< 14.7% (nonprompt)

Tracking efficiency (2× 0.8%)⊕ (< 3.7%) Correlated between intervals
PID efficiency (< 2.2%)⊕ (< 1.5%) Correlated between intervals
Hardware-trigger efficiency < 1.9% Correlated between intervals
Software-trigger efficiency 1.0% Correlated between intervals

Simulation sample size
< 3.7% (prompt)

Uncorrelated
< 7.7% (nonprompt)

B(J/ψ → µ+µ−) 0.6% Correlated between intervals
Luminosity 2.0% Correlated between intervals
Radiative tail 1.0% Correlated between intervals

prompt and 7.7% for nonprompt J/ψ mesons depending on the (pT,y) interval.
The uncertainty on the J/ψ →µ+µ− branching fraction [47] results in an uncertainty

on the measured cross-sections of 0.6%. The luminosity is determined using methods
similar to those described in Ref. [33] and the relative uncertainty is 2.0%. The tail shape
on the left side of the CB function is used to describe the effect of QED radiation, which
leads to energy loss in some J/ψ candidates. A small fraction of the J/ψ signal lies outside
the mass range of the fit. This signal loss is taken into account in the efficiency εrec&sel

estimated with the simulated sample. The imperfect modelling of the radiative decay is
considered as a source of systematic uncertainty. Based on a detailed comparison between
the radiative tails in simulation and data a systematic uncertainty of 1.0% is assigned.

6 Production cross-sections results

The measured double-differential cross-sections for prompt and nonprompt J/ψ mesons are
shown in Fig. 2 and listed in Tables 2 and 3 in Appendix A, for the range 0 < pT < 14 GeV/c
and 2.0 < y < 4.5 with ∆pT between 1 and 4 GeV/c and ∆y = 0.5. By integrating the
double-differential results over pT or y, the single-differential cross-sections dσ/dpT and
dσ/dy are obtained, and are listed in Tables 4, 5, 6 and 7 in Appendix A. The dσ/dpT
results include a further pT interval in the range 14 < pT < 20 GeV/c, which is not divided
into y intervals due to the limited size of the data sample. The integrated cross-sections
for prompt and nonprompt J/ψ mesons in the range 0 < pT < 20 GeV/c and 2.0 < y < 4.5
are

σprompt J/ψ = 8.154± 0.010± 0.283µb,

σnonprompt J/ψ = 0.820± 0.003± 0.034µb,

6
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Figure 2: Differential cross-sections for (left) prompt and (right) nonprompt J/ψ mesons as
a function of pT in intervals of y. The error bars represent the total uncertainties, which are
partially correlated between intervals.

where the first uncertainties are statistical and the second systematic. These results
are obtained under the assumption that the polarisation of the J/ψ mesons is negligible.
The J/ψ polarisation measurement at

√
s = 7 TeV [53] indicates that the polarisation

parameters λθ, λθφ and λφ are consistent with zero while the central value of λθ is around
−0.2 in the helicity frame. The polarisation affects the detection efficiency and the
dependence of the cross-sections on the polarisation is reported in Appendix B. When the
polarisation parameter λθ is assumed to be −0.2 [53], the total cross-section decreases by
2.8% (2.9%) for prompt (nonprompt) J/ψ mesons.

The single-differential cross-sections for prompt J/ψ mesons are compared with NRQCD
calculations and colour glass condensate (CGC) effective theory results, as shown in Fig. 3.
Theoretical calculations in the high pT region are obtained from the NLO NRQCD model
with LDMEs fixed from the Tevatron data [54], and those in the low-pT region are obtained
by combining the NRQCD model with CGC effective theory [55], in which nonperturbative
parameters are fixed by fits to the Tevatron [56] and HERA [57] data. Uncertainties due
to LDMEs determination, renormalisation scales, and factorisation scales are considered
for the NRQCD and CGC calculations.

A comparison between single-differential cross-sections for nonprompt J/ψ mesons and
fixed order plus next-to-leading logarithms (FONLL) calculations [58,59] is shown in Fig. 4.
The FONLL approach provides cross-sections for b-quark production, and the branching
fraction of the decay b→ J/ψX, (1.16±0.10)% [47], is taken from measurements performed
in e+e− collisions at LEP. The FONLL calculations take into account the uncertainties of
parton distribution functions (PDFs), the uncertainty due to the b-quark mass, and that
due to the scales of renormalisation and factorisation. The total uncertainty of FONLL is
dominated by the latter source.

The fraction of nonprompt J/ψ mesons is defined as the ratio between the nonprompt
cross-section and the sum of prompt and nonprompt cross-sections, and the results in (pT,y)
intervals are shown in Fig. 5 and Table 8 in Appendix A. Most systematic uncertainties
cancel in the ratio. Only the uncertainties due to the tz fit and the size of simulated
sample are included. The fraction increases as a function of pT. For a given pT, the
fraction decreases with increasing y.
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Figure 4: Differential cross-sections (left) dσ/dpT and (right) dσ/dy for nonprompt J/ψ mesons
compared with FONLL calculations [58,59]. The orange band shows the total FONLL calculation
uncertainty; the violet band shows the uncertainties of PDFs and that due to b-quark mass
added in quadrature; the blue band shows only the uncertainties on PDFs.

The production cross-sections of J/ψ mesons at 5 TeV are compared with those pre-
viously measured at 8 TeV [13] and 13 TeV [14] in the range 0 < pT < 14 GeV/c and
2.0 < y < 4.5. The ratios of differential cross-sections for prompt J/ψ mesons between
8 TeV and 5 TeV measurements are shown in Fig. 6, and those between 13 TeV and 5 TeV
in Fig. 7, both compared with NRQCD and CGC calculations. For nonprompt J/ψ
mesons, the ratios of differential cross-sections between 8 TeV and 5 TeV measurements are
shown in Fig. 8, and those between 13 TeV and 5 TeV in Fig. 9, compared with FONLL
calculations. Some of the systematic uncertainties are considered to fully cancel in the
ratio, such as those due to branching fraction and the radiative tail. The uncertainties
due to the tz fit and simulation sample size are taken as uncorrelated between the two
measurements, and therefore remain. All other systematic uncertainties are assumed
to cancel only partially. For example, the systematic uncertainty due to the luminos-
ity measurement is estimated to be correlated at 50%. The overall uncertainty on the
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measured ratio is dominated by the luminosity measurement for prompt J/ψ mesons,
and by the tz fit and the luminosity measurement for nonprompt J/ψ mesons. For the
NRQCD and CGC estimates of the cross-section ratios, the uncertainties due to LDMEs
determination, renormalisation scales, and factorisation scales between different energies
mostly cancel. For the FONLL calculations, the uncertainty on the ratio is dominated by
the uncertainties of PDFs for the low-pT and large-y regions and by the uncertainty due
to the scales of the renormalisation and factorisation for the high-pT and small-y regions.

Figures 6 and 7 show good agreement between NLO NRQCD calculations and the
measurement results in the high-pT region. The inclusion of CGC effects achieves a reason-
able agreement between data and theory in the low-pT region but a small discrepancy is
still observed, which indicates that a pure fixed-order calculation may be insufficient and
Sudakov resummation [60] may be required. A comparison of Figs. 6 and 7 suggests that
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Figure 7: Ratios of differential cross-sections between 13 TeV and 5 TeV measurements as a
function of (left) pT and (right) y for prompt J/ψ mesons compared with NRQCD and CGC
calculations [54,55]. Uncertainties due to the LDMEs determination, renormalisation scales, and
factorisation scales are included in the NRQCD and CGC calculations.
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Figure 8: Ratios of differential cross-sections between 8 TeV and 5 TeV measurements as a function
of (left) pT and (right) y for nonprompt J/ψ mesons compared with FONLL calculations [58,59].
The orange band shows the total FONLL calculation uncertainty; the violet band shows the
uncertainties on PDFs and that due to b-quark mass added in quadrature; the red band shows
only the uncertainty due to the b-quark mass.

the energy dependence of the cross-sections may differ between the theoretical calculation
and the experimental measurements. Figures 8 and 9 show that the FONLL calculations
agree with the experimental results for nonprompt J/ψ mesons.

7 Nuclear modification factor

The production cross-sections in pp collisions are essential inputs for the study of nuclear
effects in collisions involving heavy ions. Nuclear effects are usually characterized by the
nuclear modification factor. In proton-lead (pPb) collisions, this factor, RpPb, is defined
as the production cross-section of a given particle per nucleon pair in pPb collisions
divided by that in pp collisions. The previous RpPb measurement performed by the LHCb
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Figure 9: Ratios of differential cross-sections between 13 TeV and 5 TeV measurements as a
function of (left) pT and (right) y for nonprompt J/ψ mesons compared with FONLL calcula-
tions [58, 59]. The orange band shows the total FONLL calculation uncertainty; the violet band
shows the uncertainties on PDFs and that due to b-quark mass added in quadrature; the red
band shows only the uncertainty due to b-quark mass.

collaboration at a centre-of-mass energy per nucleon pair of
√
sNN = 5 TeV [34] made use

of J/ψ production cross-sections in pp collisions at 5 TeV derived from an interpolation
of LHCb measurements at 2.76, 7 and 8 TeV [11–13] using a power-law fit. Based on
the direct measurement presented in this paper, the nuclear modification factor RpPb is
updated. In the data taking of pPb collisions, two distinct beam configurations are used,
pPb and Pbp. In the pPb configuration particles produced in the direction of the proton
beam are analysed, while in the Pbp configuration particles are analysed in the Pb beam
direction. Rapidity y is defined in the nucleon-nucleon rest frame, and the coverage at
LHCb is 1.5 < y < 4.0 (−5.0 < y < −2.5) in the pPb (Pbp) configuration.

The RpPb values, as a function of y in the range pT < 14 GeV/c, for prompt and
nonprompt J/ψ mesons, are shown in Fig. 10 along with several theoretical predictions.
The values are also listed in Table 9 in Appendix A. The predictions are obtained with the
nDSg LO nuclear parton distribution function (nPDF) parameterisation [61], the EPS09
LO nPDF parameterisation [61], and the EPS09 NLO nPDF parameterisation [62], and
from the fully coherent energy loss (FCEL) model [63]. Conservatively, the systematic
uncertainties are assumed to be uncorrelated between the results obtained in pPb and
pp collisions. For prompt J/ψ mesons, the measurement agrees with most theoretical
calculations, while the calculation with the EPS09 NLO nPDF parameterisation [62] gives
a poorer description. The comparison for nonprompt J/ψ mesons shows good agreement.

8 Conclusion

The J/ψ production cross-sections in proton-proton collisions at a centre-of-mass energy√
s = 5 TeV are studied using a data sample corresponding to an integrated luminosity of

9.18± 0.35 pb−1 collected by the LHCb detector. The J/ψ differential cross-sections, as a
function of pT and y, are measured separately for prompt and nonprompt J/ψ mesons
in the range 0 < pT < 20 GeV/c and 2.0 < y < 4.5. The J/ψ production cross-section
ratios between 8 TeV and 5 TeV, and between 13 TeV and 5 TeV are also determined and
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Figure 10: Nuclear modification factor RpPb as a function of y for (left) prompt and (right)
nonprompt J/ψ mesons, together with the theoretical predictions from (yellow dashed line and
brown band) Ref. [61], (blue band) Ref. [62], and (violet solid line with band) Ref. [63,64]. In
the data points the full error bars represent the statistical and systematic uncertainties added in
quadrature, while the smaller ones represent the statistical uncertainties.

compared with the theory models. The measured prompt J/ψ results are in good agreement
with NLO NRQCD calculations in the high-pT region. A small tension is observed between
data for prompt J/ψ in the low-pT region and NRQCD and CGC calculations, which may
indicate the need for further corrections in the theory model. The FONLL calculations
describe the measured results for nonprompt J/ψ mesons well. The nuclear modification
factor in proton-lead collisions for J/ψ mesons at a centre-of-mass energy per nucleon pair
of
√
sNN = 5 TeV is updated and supersedes that in the previous publication [34].
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Appendices

A Result tables

Table 2: Double-differential production cross-sections d2σ
dpTdy

[nb/(GeV/c) per unit rapidity] for
prompt J/ψ mesons in (pT,y) intervals. The first uncertainties are statistical, the second
are correlated systematic uncertainties shared between intervals, the third are uncorrelated
systematic uncertainties, and the last are correlated between pT intervals and uncorrelated
between y intervals.

pT [ GeV/c ] 2.0 < y < 2.5 2.5 < y < 3.0
0− 1 686.03± 6.80± 35.11± 9.03± 4.92 640.03± 3.70± 22.97± 2.78± 5.06
1− 2 1253.23± 8.66± 55.59± 15.31± 9.82 1173.73± 4.95± 39.14± 4.68± 7.58
2− 3 964.82± 6.79± 40.41± 12.19± 5.23 917.24± 4.09± 30.11± 2.86± 3.76
3− 4 575.26± 4.74± 21.54± 7.51± 2.89 540.97± 2.82± 17.21± 2.52± 1.80
4− 5 305.38± 2.89± 10.65± 2.93± 1.28 286.82± 1.76± 8.98± 1.74± 1.10
5− 6 159.48± 1.84± 5.44± 1.51± 0.72 143.21± 1.12± 4.46± 1.11± 0.49
6− 7 79.23± 1.19± 2.63± 1.02± 0.26 73.00± 0.75± 2.26± 0.66± 0.25
7− 8 43.60± 0.82± 1.43± 0.77± 0.01 36.67± 0.52± 1.13± 0.32± 0.00
8− 10 18.11± 0.34± 0.59± 0.24± 0.08 15.17± 0.23± 0.47± 0.15± 0.04
10− 14 4.15± 0.11± 0.13± 0.07± 0.02 3.34± 0.07± 0.11± 0.04± 0.01
pT [ GeV/c ] 3.0 < y < 3.5 3.5 < y < 4.0
0− 1 589.31± 3.22± 19.72± 1.82± 2.99 515.07± 2.78± 17.29± 1.72± 0.30
1− 2 1056.67± 4.29± 34.89± 4.63± 4.82 911.86± 3.68± 30.29± 2.93± 0.63
2− 3 804.99± 3.45± 26.10± 6.15± 1.60 681.00± 3.04± 22.56± 1.99± 1.78
3− 4 461.97± 2.24± 14.45± 1.89± 0.81 370.70± 2.08± 11.71± 1.36± 0.55
4− 5 236.68± 1.47± 7.28± 0.94± 0.29 185.30± 1.36± 5.81± 1.72± 0.32
5− 6 115.63± 0.95± 3.55± 1.17± 0.17 86.71± 0.86± 2.75± 0.78± 0.01
6− 7 56.50± 0.64± 1.73± 0.42± 0.03 41.09± 0.57± 1.34± 0.38± 0.10
7− 8 28.48± 0.44± 0.87± 0.28± 0.10 20.85± 0.39± 0.71± 0.28± 0.03
8− 10 11.35± 0.19± 0.35± 0.11± 0.03 7.59± 0.16± 0.27± 0.11± 0.01
10− 14 2.26± 0.06± 0.08± 0.04± 0.00 1.38± 0.05± 0.05± 0.03± 0.01
pT [ GeV/c ] 4.0 < y < 4.5
0− 1 452.31± 3.21± 17.49± 2.85± 2.79
1− 2 731.38± 4.04± 27.48± 3.52± 0.74
2− 3 485.71± 3.25± 19.15± 3.16± 0.50
3− 4 240.13± 2.17± 9.05± 2.68± 0.21
4− 5 108.46± 1.33± 4.16± 1.18± 0.25
5− 6 49.12± 0.84± 1.90± 0.59± 0.08
6− 7 22.06± 0.52± 0.86± 0.35± 0.02
7− 8 10.36± 0.34± 0.40± 0.24± 0.03
8− 10 3.82± 0.14± 0.15± 0.09± 0.01
10− 14 0.58± 0.04± 0.02± 0.02± 0.00
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Table 3: Double-differential production cross-sections d2σ
dpTdy

[nb/(GeV/c) per unit rapidity] for
nonprompt J/ψ mesons in (pT,y) intervals. The first uncertainties are statistical, the second
are correlated systematic uncertainties shared between intervals, the third are uncorrelated
systematic uncertainties, and the last are correlated between pT intervals and uncorrelated
between y intervals

pT [ GeV/c ] 2.0 < y < 2.5 2.5 < y < 3.0
0− 1 56.02± 1.88± 2.87± 1.35± 7.96 47.72± 1.00± 1.71± 0.48± 5.71
1− 2 120.67± 2.48± 5.35± 1.88± 9.89 105.37± 1.37± 3.51± 2.07± 7.81
2− 3 117.89± 2.23± 4.94± 2.46± 5.15 101.93± 1.26± 3.35± 1.12± 3.66
3− 4 78.32± 1.67± 2.93± 1.36± 2.57 71.20± 0.97± 2.27± 0.52± 1.68
4− 5 51.65± 1.24± 1.80± 0.89± 1.18 42.83± 0.69± 1.34± 0.41± 0.99
5− 6 30.55± 0.84± 1.04± 0.51± 0.64 24.58± 0.48± 0.77± 0.30± 0.43
6− 7 18.43± 0.60± 0.61± 0.39± 0.22 14.39± 0.36± 0.45± 0.22± 0.22
7− 8 11.57± 0.45± 0.38± 0.36± 0.01 9.13± 0.27± 0.28± 0.13± 0.00
8− 10 5.29± 0.19± 0.17± 0.12± 0.07 4.31± 0.13± 0.13± 0.06± 0.03
10− 14 1.80± 0.07± 0.06± 0.08± 0.02 1.39± 0.05± 0.04± 0.02± 0.01
pT [ GeV/c ] 3.0 < y < 3.5 3.5 < y < 4.0
0− 1 40.73± 0.84± 1.36± 0.38± 3.55 30.25± 0.76± 1.02± 0.40± 0.34
1− 2 85.36± 1.15± 2.82± 1.56± 5.16 61.11± 1.00± 2.03± 0.60± 0.64
2− 3 79.84± 1.00± 2.59± 1.19± 1.59 55.94± 0.89± 1.85± 0.79± 1.80
3− 4 51.96± 0.75± 1.62± 0.49± 0.75 38.20± 0.69± 1.21± 0.42± 0.59
4− 5 31.75± 0.55± 0.98± 0.27± 0.28 22.43± 0.49± 0.70± 0.31± 0.36
5− 6 18.22± 0.40± 0.56± 0.26± 0.17 10.97± 0.33± 0.35± 0.16± 0.01
6− 7 10.36± 0.29± 0.32± 0.20± 0.03 6.83± 0.25± 0.22± 0.12± 0.11
7− 8 6.00± 0.22± 0.18± 0.09± 0.10 3.60± 0.17± 0.12± 0.10± 0.03
8− 10 2.87± 0.10± 0.09± 0.04± 0.02 1.57± 0.08± 0.06± 0.06± 0.01
10− 14 0.77± 0.04± 0.03± 0.03± 0.00 0.39± 0.03± 0.01± 0.01± 0.01
pT [ GeV/c ] 4.0 < y < 4.5
0− 1 22.40± 0.90± 0.87± 0.45± 3.29
1− 2 40.68± 1.11± 1.53± 0.61± 0.82
2− 3 31.22± 0.91± 1.23± 0.71± 0.52
3− 4 18.68± 0.66± 0.70± 0.44± 0.22
4− 5 9.00± 0.42± 0.34± 0.18± 0.26
5− 6 5.51± 0.30± 0.21± 0.14± 0.10
6− 7 2.84± 0.20± 0.11± 0.09± 0.02
7− 8 1.44± 0.13± 0.06± 0.07± 0.04
8− 10 0.53± 0.06± 0.02± 0.02± 0.01
10− 14 0.15± 0.02± 0.01± 0.01± 0.01

15



Table 4: Single-differential production cross-sections dσ
dpT

[nb/(GeV/c)] for prompt J/ψ mesons
in the rapidity range 2− 4.5. The first uncertainties are statistical, the second are correlated
systematic uncertainties shared between intervals, and the last are uncorrelated systematic
uncertainties.

pT [ GeV/c ] 2.0 < y < 4.5
0− 1 1441.38± 4.70± 53.61± 5.09
1− 2 2563.43± 6.08± 90.61± 8.64
2− 3 1926.88± 4.86± 67.32± 7.22
3− 4 1094.51± 3.34± 36.15± 4.34
4− 5 561.32± 2.08± 18.10± 2.05
5− 6 277.07± 1.32± 8.89± 1.21
6− 7 135.95± 0.86± 4.34± 0.69
7− 8 69.98± 0.59± 2.23± 0.48
8− 10 28.02± 0.25± 0.90± 0.17
10− 14 5.85± 0.08± 0.19± 0.05
14− 20 0.66± 0.02± 0.02± 0.02

Table 5: Single-differential production cross-sections dσ
dpT

[nb/(GeV/c)] for nonprompt J/ψ mesons
in the rapidity range 2− 4.5. The first uncertainties are statistical, the second are correlated
systematic uncertainties shared between intervals, and the last are uncorrelated systematic
uncertainties.

pT [ GeV/c ] 2.0 < y < 4.5
0− 1 98.56± 1.29± 6.61± 0.80
1− 2 206.60± 1.70± 10.03± 1.65
2− 3 193.41± 1.51± 7.58± 1.57
3− 4 129.17± 1.14± 4.56± 0.83
4− 5 78.83± 0.83± 2.66± 0.54
5− 6 44.91± 0.57± 1.49± 0.34
6− 7 26.43± 0.41± 0.86± 0.25
7− 8 15.88± 0.31± 0.51± 0.20
8− 10 7.29± 0.14± 0.24± 0.08
10− 14 2.24± 0.05± 0.07± 0.05
14− 20 0.41± 0.02± 0.01± 0.01

Table 6: Single-differential production cross-sections dσ
dy [nb per unit rapidity] for prompt J/ψ

mesons. The first uncertainties are statistical, the second are correlated systematic uncertainties
shared between intervals, and the last are uncorrelated systematic uncertainties.

y 0 < pT < 14 GeV/c 0 < pT < 8 GeV/c
2.0− 2.5 4119.9± 14.3± 170.6± 34.3 4067.0± 14.3± 169.1± 34.1
2.5− 3.0 3855.4± 8.3± 126.8± 21.3 3811.7± 8.2± 125.4± 21.2
3.0− 3.5 3382.0± 7.0± 109.1± 13.7 3350.2± 7.0± 108.1± 13.6
3.5− 4.0 2833.3± 6.2± 92.6± 5.9 2812.6± 6.2± 91.8± 5.9
4.0− 4.5 2109.5± 6.7± 80.0± 7.8 2099.5± 6.7± 79.6± 7.8
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Table 7: Single-differential production cross-sections dσ
dy [nb per unit rapidity] for nonprompt J/ψ

mesons. The first uncertainties are statistical, the second are correlated systematic uncertainties
shared between intervals, and the last are uncorrelated systematic uncertainties.

y 0 < pT < 14 GeV/c
2.0− 2.5 502.9± 4.5± 20.0± 28.1
2.5− 3.0 431.3± 2.5± 14.0± 20.8
3.0− 3.5 333.0± 2.1± 10.7± 11.9
3.5− 4.0 234.0± 1.8± 7.6± 4.1
4.0− 4.5 133.4± 1.9± 5.1± 5.4

Table 8: Fraction of nonprompt J/ψ mesons (in %) in (pT,y) intervals. The first uncertainty is
statistical and the second is systematic.

pT [ GeV/c ] 2.0 < y < 2.5 2.5 < y < 3.0 3.0 < y < 3.5
0− 1 7.4± 0.3± 1.1 6.8± 0.1± 0.8 6.3± 0.1± 0.6
1− 2 8.6± 0.2± 0.7 8.2± 0.1± 0.6 7.4± 0.1± 0.5
2− 3 10.5± 0.2± 0.5 9.9± 0.1± 0.4 8.9± 0.1± 0.2
3− 4 11.6± 0.3± 0.4 11.5± 0.2± 0.3 10.1± 0.2± 0.2
4− 5 13.9± 0.4± 0.4 12.9± 0.2± 0.3 11.6± 0.2± 0.1
5− 6 15.7± 0.5± 0.4 14.5± 0.3± 0.3 13.4± 0.3± 0.2
6− 7 18.2± 0.6± 0.4 16.1± 0.4± 0.3 15.5± 0.5± 0.3
7− 8 20.0± 0.8± 0.6 19.3± 0.6± 0.2 17.0± 0.7± 0.3
8− 10 22.4± 0.9± 0.5 21.8± 0.7± 0.3 19.7± 0.8± 0.3
10− 14 30.0± 1.4± 1.4 29.0± 1.2± 0.5 25.1± 1.3± 0.9
pT [ GeV/c ] 3.5 < y < 4 4 < y < 4.5
0− 1 5.3± 0.1± 0.1 4.6± 0.2± 0.7
1− 2 6.2± 0.1± 0.1 5.3± 0.1± 0.1
2− 3 7.5± 0.1± 0.3 6.2± 0.2± 0.2
3− 4 9.3± 0.2± 0.2 7.3± 0.3± 0.2
4− 5 10.7± 0.2± 0.2 7.7± 0.4± 0.2
5− 6 11.3± 0.4± 0.1 10.2± 0.6± 0.2
6− 7 14.0± 0.5± 0.3 11.1± 0.8± 0.2
7− 8 14.6± 0.8± 0.3 12.0± 1.2± 0.5
8− 10 16.9± 0.9± 0.6 12.4± 1.4± 0.5
10− 14 21.1± 1.7± 0.7 18.4± 2.8± 1.4
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Table 9: Nuclear modification factor RpPb as a function of y with pT < 14 GeV/c. The first
uncertainty is statistical and the second is systematic.

y prompt J/ψ nonprompt J/ψ
(−4.5,−4.0) 0.897± 0.060± 0.061 1.445± 0.189± 0.201
(−4.0,−3.5) 0.888± 0.044± 0.056 0.955± 0.099± 0.064
(−3.5,−3.0) 0.918± 0.041± 0.058 0.974± 0.084± 0.097
(−3.0,−2.5) 0.846± 0.052± 0.082 0.860± 0.099± 0.097
( 2.0, 2.5) 0.624± 0.014± 0.039 0.797± 0.033± 0.068
( 2.5, 3.0) 0.611± 0.012± 0.035 0.791± 0.032± 0.058
( 3.0, 3.5) 0.571± 0.012± 0.033 0.821± 0.038± 0.064
( 3.5, 4.0) 0.568± 0.015± 0.035 0.686± 0.054± 0.065

Table 10: Cross-section ratios between 8 TeV and 5 TeV measurements for prompt J/ψ mesons
as a function of pT with 2.0 < y < 4.5. The first uncertainty is statistical and the second is
systematic.

pT [ GeV/c ] 2.0 < y < 4.5
0− 1 1.20± 0.01± 0.08
1− 2 1.27± 0.01± 0.08
2− 3 1.34± 0.01± 0.09
3− 4 1.42± 0.01± 0.09
4− 5 1.50± 0.01± 0.10
5− 6 1.57± 0.01± 0.10
6− 7 1.69± 0.01± 0.11
7− 8 1.74± 0.02± 0.11
8− 10 1.85± 0.02± 0.12
10− 14 2.05± 0.03± 0.13

Table 11: Cross-section ratios between 8 TeV and 5 TeV measurements for prompt J/ψ mesons
as a function of y with pT < 8 GeV/c. The first uncertainty is statistical and the second is
systematic.

y 0 < pT < 8 GeV/c
2.0− 2.5 1.24± 0.01± 0.08
2.5− 3.0 1.30± 0.00± 0.08
3.0− 3.5 1.34± 0.00± 0.09
3.5− 4.0 1.38± 0.00± 0.09
4.0− 4.5 1.48± 0.01± 0.10
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Table 12: Cross-section ratios between 13 TeV and 5 TeV measurements for prompt J/ψ mesons
as a function of pT with 2.0 < y < 4.5. The first uncertainty is statistical and the second is
systematic.

pT [ GeV/c ] 2.0 < y < 4.5
0− 1 1.51± 0.01± 0.08
1− 2 1.65± 0.01± 0.09
2− 3 1.84± 0.01± 0.09
3− 4 2.06± 0.01± 0.10
4− 5 2.27± 0.01± 0.11
5− 6 2.54± 0.02± 0.12
6− 7 2.77± 0.03± 0.13
7− 8 2.85± 0.03± 0.13
8− 10 3.22± 0.04± 0.15
10− 14 3.86± 0.07± 0.18

Table 13: Cross-section ratios between 13 TeV and 5 TeV measurements for prompt J/ψ mesons
as a function of y with pT < 8 GeV/c. The first uncertainty is statistical and the second is
systematic.

y 0 < pT < 8 GeV/c
2.0− 2.5 1.70± 0.01± 0.10
2.5− 3.0 1.76± 0.01± 0.08
3.0− 3.5 1.83± 0.01± 0.08
3.5− 4.0 1.90± 0.01± 0.10
4.0− 4.5 2.13± 0.01± 0.13

Table 14: Cross-section ratios between 8 TeV and 5 TeV measurements for nonprompt J/ψ mesons
as a function of pT with 2.0 < y < 4.5. The first uncertainty is statistical and the second is
systematic.

pT [ GeV/c ] 2.0 < y < 4.5
0− 1 1.42± 0.03± 0.14
1− 2 1.51± 0.02± 0.11
2− 3 1.51± 0.02± 0.10
3− 4 1.59± 0.02± 0.10
4− 5 1.62± 0.02± 0.11
5− 6 1.69± 0.03± 0.11
6− 7 1.72± 0.03± 0.11
7− 8 1.76± 0.04± 0.12
8− 10 1.95± 0.04± 0.13
10− 14 1.97± 0.05± 0.13
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Table 15: Cross-section ratios between 8 TeV and 5 TeV measurements for nonprompt J/ψ mesons
as a function of y with pT < 14 GeV/c. The first uncertainty is statistical and the second is
systematic.

y 0 < pT < 14 GeV/c
2.0− 2.5 1.42± 0.02± 0.12
2.5− 3.0 1.54± 0.01± 0.13
3.0− 3.5 1.61± 0.01± 0.12
3.5− 4.0 1.65± 0.02± 0.11
4.0− 4.5 1.80± 0.03± 0.14

Table 16: Cross-section ratios between 13 TeV and 5 TeV measurements for nonprompt J/ψ
mesons as a function of pT with 2.0 < y < 4.5. The first uncertainty is statistical and the second
is systematic.

pT [ GeV/c ] 2.0 < y < 4.5
0− 1 2.23± 0.05± 0.17
1− 2 2.46± 0.03± 0.16
2− 3 2.62± 0.03± 0.14
3− 4 2.85± 0.04± 0.14
4− 5 3.08± 0.05± 0.15
5− 6 3.26± 0.06± 0.15
6− 7 3.58± 0.07± 0.17
7− 8 3.63± 0.09± 0.17
8− 10 4.21± 0.10± 0.20
10− 14 4.81± 0.14± 0.24

Table 17: Cross-section ratios between 13 TeV and 5 TeV measurements for nonprompt J/ψ
mesons as a function of y with pT < 14 GeV/c. The first uncertainty is statistical and the second
is systematic.

y 0 < pT < 14 GeV/c
2.0− 2.5 2.39± 0.03± 0.19
2.5− 3.0 2.49± 0.02± 0.17
3.0− 3.5 2.79± 0.03± 0.16
3.5− 4.0 3.24± 0.04± 0.17
4.0− 4.5 4.02± 0.08± 0.29
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B Dependence of cross-sections on the polarisation

The angular distribution of the J/ψ →µ+µ− decay is described by

d2N

d cos θdφ
∝ 1 + λθ cos2 θ + λθφ sin 2θ cosφ+ λφ sin2 θ cos 2φ, (3)

where θ and φ are the polar and azimuthal angles between the direction of µ+ and the
chosen polarisation axis, and λθ, λθφ and λφ are polarisation parameters. In the helicity
frame, the polarisation axis coincides with the flight direction of the J/ψ meson in the
centre-of-mass frame of the colliding hadrons. The detection efficiency of the J/ψ mesons is
function of the polarisation, especially of λθ. Zero polarisation is assumed in the simulation
since there is no prior knowledge of the polarisation of the J/ψ mesons in pp collisions at
5 TeV, and only small longitudinal polarisations have been found in the J/ψ polarisation
analyses at the LHC [53,65,66].

To evaluate the change of results assuming a non-zero polarisation, we reweight the
angular distribution of the muon tracks in rest frame of the J/ψ mesons in simulation
and calculate the change in the total efficiency, which impacts the cross-sections. The
relative change of the cross-section for a polarisation of λθ = −0.2 [53] in the helicity frame
compared to zero polarisation in each (pT,y) interval is given in Table 18. In addition,
the relative change of the cross-section for a polarisation of λθ = −1 (+1) in the helicity
frame, which corresponds to the fully longitudinally (transversely) polarised scenario,
compared to zero polarisation in each (pT,y) interval is given in Table 19 (20).

Table 18: Relative changes of cross-sections (in %), for a polarisation of λθ = −0.2 rather than
zero, in (pT,y) intervals.

pT [GeV/c] 2.0 < y < 2.5 2.5 < y < 3.0 3.0 < y < 3.5 3.5 < y < 4.0 4.0 < y < 4.5
0− 1 −5.91± 0.83 −4.47± 0.42 −2.94± 0.37 −2.39± 0.43 −1.95± 0.77
1− 2 −5.22± 0.59 −4.05± 0.32 −2.47± 0.29 −1.38± 0.35 −0.47± 0.60
2− 3 −4.38± 0.63 −3.21± 0.36 −1.62± 0.33 −0.49± 0.41 0.55± 0.72
3− 4 −4.20± 0.75 −3.09± 0.42 −1.60± 0.40 −0.30± 0.51 0.56± 0.93
4− 5 −4.14± 0.90 −3.15± 0.50 −1.80± 0.49 −0.83± 0.63 0.47± 1.16
5− 6 −4.00± 1.06 −3.00± 0.61 −1.87± 0.62 −1.10± 0.80 0.19± 1.52
6− 7 −3.77± 1.30 −2.81± 0.76 −1.89± 0.79 −1.45± 1.05 −0.41± 1.96
7− 8 −3.63± 1.61 −2.70± 0.96 −1.76± 1.04 −1.63± 1.37 −0.55± 2.66
8− 10 −3.23± 1.52 −2.32± 0.96 −1.68± 1.08 −1.78± 1.50 −1.02± 2.92
10− 14 −2.85± 1.88 −2.04± 1.28 −1.47± 1.54 −1.44± 2.22 −1.29± 5.07
14− 20 −1.55± 1.87 (2.0 < y < 4.5)
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Table 19: Relative change of cross-sections (in %), for a polarisation of λθ = −1 rather than
zero, in (pT,y) intervals.

pT [GeV/c] 2.0 < y < 2.5 2.5 < y < 3.0 3.0 < y < 3.5 3.5 < y < 4.0 4.0 < y < 4.5
0− 1 −30.6± 0.6 −24.6± 0.3 −17.4± 0.3 −18.0± 0.3 −24.9± 0.6
1− 2 −27.8± 0.4 −22.8± 0.2 −15.2± 0.2 −13.4± 0.3 −16.2± 0.5
2− 3 −24.3± 0.5 −18.9± 0.3 −10.5± 0.3 −7.5± 0.4 −8.8± 0.7
3− 4 −23.5± 0.6 −18.2± 0.3 −10.2± 0.4 −5.8± 0.5 −5.2± 0.9
4− 5 −23.2± 0.7 −18.5± 0.4 −11.3± 0.4 −7.3± 0.6 −3.9± 1.1
5− 6 −22.6± 0.8 −17.8± 0.5 −11.8± 0.5 −8.8± 0.7 −4.8± 1.5
6− 7 −21.5± 1.0 −16.9± 0.6 −11.8± 0.7 −9.8± 1.0 −5.8± 1.9
7− 8 −21.1± 1.3 −16.3± 0.8 −11.1± 0.9 −10.4± 1.2 −7.2± 2.5
8− 10 −19.2± 1.2 −14.3± 0.8 −10.7± 1.0 −11.2± 1.3 −8.3± 2.8
10− 14 −16.9± 1.6 −12.6± 1.1 −9.3± 1.4 −9.0± 2.0 −11.0± 4.6
14− 20 −10.2± 1.7 (2.0 < y < 4.5)

Table 20: Relative changes of cross-sections (in %), for a polarisation of λθ = +1 rather than
zero, in (pT,y) intervals.

pT [GeV/c] 2.0 < y < 2.5 2.5 < y < 3.0 3.0 < y < 3.5 3.5 < y < 4.0 4.0 < y < 4.5
0− 1 28.2± 1.2 19.6± 0.6 11.8± 0.5 12.4± 0.5 19.8± 1.0
1− 2 23.9± 0.8 17.3± 0.4 9.9± 0.3 8.4± 0.4 10.7± 0.7
2− 3 19.0± 0.8 13.1± 0.4 6.2± 0.4 4.2± 0.4 5.1± 0.8
3− 4 18.1± 1.0 12.5± 0.5 6.1± 0.4 3.2± 0.5 2.8± 1.0
4− 5 17.7± 1.1 12.8± 0.6 6.8± 0.6 4.1± 0.7 2.1± 1.2
5− 6 17.1± 1.3 12.2± 0.8 7.2± 0.7 5.1± 0.9 2.6± 1.6
6− 7 15.8± 1.6 11.3± 1.0 7.2± 0.9 5.8± 1.2 3.2± 2.1
7− 8 15.3± 2.0 10.8± 1.2 6.7± 1.2 6.2± 1.6 4.0± 2.9
8− 10 13.4± 1.9 9.2± 1.2 6.3± 1.3 6.6± 1.7 4.7± 3.2
10− 14 11.4± 2.3 7.8± 1.6 5.5± 1.8 5.1± 2.5 6.5± 5.7
14− 20 6.0± 2.1 (2.0 < y < 4.5)
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