
 
 

University of Birmingham

Measurement of prompt D+ and D+s production in pPb
collisions at √sNN= 5.02 TeV
LHCb Collaboration; Watson, Nigel; Bifani, Simone; Slater, Mark; Thompson, Daniel

DOI:
10.1007/JHEP01(2024)070

License:
Creative Commons: Attribution (CC BY)

Document Version
Publisher's PDF, also known as Version of record

Citation for published version (Harvard):
LHCb Collaboration, Watson, N, Bifani, S, Slater, M & Thompson, D 2024, 'Measurement of prompt D+ and D+s
production in pPb collisions at √sNN= 5.02 TeV', JHEP, vol. 2024, 70. https://doi.org/10.1007/JHEP01(2024)070

Link to publication on Research at Birmingham portal

General rights
Unless a licence is specified above, all rights (including copyright and moral rights) in this document are retained by the authors and/or the
copyright holders. The express permission of the copyright holder must be obtained for any use of this material other than for purposes
permitted by law.

•Users may freely distribute the URL that is used to identify this publication.
•Users may download and/or print one copy of the publication from the University of Birmingham research portal for the purpose of private
study or non-commercial research.
•User may use extracts from the document in line with the concept of ‘fair dealing’ under the Copyright, Designs and Patents Act 1988 (?)
•Users may not further distribute the material nor use it for the purposes of commercial gain.

Where a licence is displayed above, please note the terms and conditions of the licence govern your use of this document.

When citing, please reference the published version.
Take down policy
While the University of Birmingham exercises care and attention in making items available there are rare occasions when an item has been
uploaded in error or has been deemed to be commercially or otherwise sensitive.

If you believe that this is the case for this document, please contact UBIRA@lists.bham.ac.uk providing details and we will remove access to
the work immediately and investigate.

Download date: 07. May. 2024

https://doi.org/10.1007/JHEP01(2024)070
https://doi.org/10.1007/JHEP01(2024)070
https://birmingham.elsevierpure.com/en/publications/c9c41479-b0ba-467b-94ca-5cb54dba3f02


J
H
E
P
0
1
(
2
0
2
4
)
0
7
0

Published for SISSA by Springer

Received: September 27, 2023
Revised: December 22, 2023
Accepted: January 3, 2024

Published: January 15, 2024

Measurement of prompt D+ and D+
s production in pPb

collisions at √
sNN = 5.02 TeV

The LHCb collaboration
E-mail: yiheng.luo@cern.ch

Abstract: The production of prompt D+ and D+
s mesons is studied in proton-lead collisions

at a centre-of-mass energy of √
sNN = 5.02 TeV. The data sample corresponding to an

integrated luminosity of (1.58 ± 0.02)nb−1 is collected by the LHCb experiment at the LHC.
The differential production cross-sections are measured using D+ and D+

s candidates with
transverse momentum in the range of 0 < pT < 14 GeV/c and rapidities in the ranges of
1.5 < y∗ < 4.0 and −5.0 < y∗ < −2.5 in the nucleon-nucleon centre-of-mass system. For
both particles, the nuclear modification factor and the forward-backward production ratio
are determined. These results are compared with theoretical models that include initial-state
nuclear effects. In addition, measurements of the cross-section ratios between D+, D+

s and
D0 mesons are presented, providing a baseline for studying the charm hadronization in
lead-lead collisions at LHC energies.

Keywords: Heavy Quark Production, Relativistic Heavy Ion Physics, QCD, Heavy Ion
Experiments

ArXiv ePrint: 2309.14206

Open Access, Copyright CERN,
for the benefit of the LHCb Collaboration.
Article funded by SCOAP3.

https://doi.org/10.1007/JHEP01(2024)070

mailto:yiheng.luo@cern.ch
https://arxiv.org/abs/2309.14206
https://doi.org/10.1007/JHEP01(2024)070


J
H
E
P
0
1
(
2
0
2
4
)
0
7
0

Contents

1 Introduction 1

2 Detector and data samples 2

3 Cross-section determination 3

4 Systematic uncertainties 6

5 Results 8
5.1 Production cross-sections 8
5.2 Nuclear modification factors 10
5.3 Forward-backward ratio 12
5.4 Production ratios 12

6 Conclusion 13

A Numerical values of the D+ and D+
s mesons cross-sections 17

B Nuclear modification factor RpPb 24

C Forward-backward production ratios of D+ and D+
s 26

D Production ratios between D+, D+
s and D0 28

The LHCb collaboration 36

1 Introduction

Quark gluon plasma (QGP) is a new form of matter consisting of deconfined quarks and gluons
as basic components at high energy densities [1]. The production of QGP and investigation
of its properties are among the primary goals of high energy heavy-ion collision experiments.
Heavy quarks are sensitive and effective probes for QGP transport properties, as they are
produced in pairs in the early stage of heavy-ion collisions by hard scatterings and experience
the entire evolution of the fireball prior to the hadronization process. The measured D-meson
nuclear modification factors (RAA) in nucleus-nucleus (AA) collisions at the RHIC [2, 3] and
the LHC [4–6] colliders show a strong suppression at high transverse momentum (pT) and
demonstrate a significant charm-quark energy loss in the medium [7–10]. This modification
factor is calculated as the ratio of D-meson cross-sections from AA to proton-proton (pp)
collisions, and is scaled by the binary collision number. The production ratio of strange D+

s to
non-strange D0 mesons is found to be enhanced in √

sNN = 200 GeV gold-gold collisions [11]
and in √

sNN = 5.02 TeV lead-lead collisions [12, 13], compared with the results from pp

collisions data [14, 15] and Pythia pp simulation [16, 17]. This is attributed to the enhanced
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production of strange quarks in the hot dense medium and charm quark hadronization via
the coalescence mechanism [18–21]. To fully understand the experimental measurements for
nucleus-nucleus collisions, it is essential to characterize the cold nuclear matter (CNM) effects
due to the involvement of heavy nuclei like lead in the colliding system.

Multiple CNM effects could modify the heavy-flavor hadron production and kinematic
distributions. One way to investigate these effects is to study proton-nucleus (pA) collisions,
where it is assumed that QGP effects are not dominant. In the initial state, the nuclear
environment influences the parton distribution functions (PDFs) of the bound nucleons, and
this modification depends on the parton momentum fraction (Bjorken-x), the momentum
transfer squared (Q2), and the nucleus mass number (A) [22, 23]. At LHC energies and at
forward rapidity (corresponding to Bjorken-x ≈ 10−6 − 10−5), the most relevant effect on
PDFs is nuclear shadowing [24]. If the gluon phase space is saturated then the D-meson
yield, which may be significantly affected at low pT, can be described by the Colour Glass
Condensate (CGC) effective theory [25–28].

Measurements of lepton production from semileptonic decays of heavy flavour hadrons
in deuteron-gold collisions at the RHIC [29, 30] and in proton-lead (pPb) collisions at the
LHC [31–33] suggest that CNM effects are present. These can be further studied with
measurements of decays of charm hadrons in pPb collisions at the LHC [34–47]. Recently,
the LHCb experiment measured J/ψ [34], ψ(2S) [35], D0 [36] meson and Λ+

c [37] baryon
production at √

sNN = 5.02 TeV and D-meson production at √
sNN = 8.16 TeV [48, 49] in

pPb collisions at forward and backward rapidities. The ALICE collaboration also studied
the D-meson production in pPb collisions [38, 40, 42, 44] at the same centre-of-mass energy
in the rapidity interval −0.96 < y∗ < 0.04, where y∗ is the rapidity of the D mesons in the
nucleon-nucleon centre-of-mass frame. Extensive measurements of charm-quark production
at low pT have greatly constrained in the PDFs [50, 51], in particular the D0 results in
LHCb pPb collisions [51].

This paper reports measurements of production cross-sections, nuclear modification
factors and forward-backward production ratios for prompt D+ and D+

s mesons produced
directly in proton-lead interactions or from excited charmed hadron decays. The measurement
is performed at √

sNN = 5.02 TeV with the LHCb detector [52], which is able to cover two
different acceptance regions in the nucleon-nucleon rest frame. In the “forward” (“backward”)
configuration, the region is 1.5 < y∗ < 4.0 (−5.0 < y∗ < −2.5), and the positive direction
is defined with respect to the direction of the proton beam. The measurement of the
production cross-section is performed over the range of D+ and D+

s transverse momentum
0 < pT < 14 GeV/c, in both backward and forward configurations. Finally, the production
ratios between D+, D+

s and D0 mesons in pPb collisions are presented as a function of pT
and y∗, and compared with the measurements in pp [15, 53] and pPb collisions [38] at same
nucleon-nucleon centre-of-mass energy at the LHC.

2 Detector and data samples

The LHCb detector [52, 54] is a single-arm forward spectrometer covering the pseudorapidity
range 2 < η < 5, designed for the study of particles containing charm or beauty quarks.
The detector includes a high-precision tracking system consisting of a silicon-strip vertex
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detector surrounding the pp interaction region (VELO), a large-area silicon-strip detector
(TT) located upstream of a dipole magnet with a bending power of about 4 Tm, and three
stations of silicon-strip detectors (IT) and straw drift tubes (OT) placed downstream of the
magnet. The tracking system provides a measurement of momentum, p, of charged particles
with a relative uncertainty that varies from 0.5% at low momentum to 1.0% at 200 GeV/c.
The minimum distance of a track to a primary interaction vertex (PV), the impact parameter
(IP), is measured with a resolution of (15 + 29/pT)µm. 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
and preshower detectors, an electromagnetic calorimeter and a hadronic calorimeter. Muons
are identified by a system composed of alternating layers of iron and multiwire proportional
chambers [55]. The online event selection is performed by a trigger [56], 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.

This analysis uses the pPb data sample collected by the LHCb detector in early 2013,
corresponding to integrated luminosities of (1.06 ± 0.02) nb−1 and (0.52 ± 0.01) nb−1 for the
forward and backward collisions, respectively [34]. The instantaneous luminosity during
the data taking period was about 5×1027 cm−2 s−1, resulting in event rates three orders
of magnitude lower than for typical LHCb pp interactions. Consequently, the hardware
trigger only rejected empty events, while the software trigger accepted all events with at
least one track reconstructed in the VELO.

Simulated samples of pPb collisions at √
sNN = 5.02 TeV are used to determine detector

efficiencies. In the simulation, D mesons in pp collisions are generated using Pythia [16, 57],
embedded into minimum bias pPb events from the EPOS generator [58] and calibrated
with LHC data [59]. Hadronic decays are generated using EvtGen [60], in which final-state
radiation is simulated by Photos [61]. The interaction of the generated particles with the
LHCb detector, and its response, are implemented using the Geant4 toolkit [62–64].

3 Cross-section determination

The prompt D-meson double-differential production cross-section in a given (pT, y
∗) kinematic

bin is defined as

d2σ

dpTdy∗ = N(pT, y
∗)

LεtotB∆pT∆y∗ . (3.1)

In the formula, N(pT, y
∗) is the signal yield of prompt D-meson candidates, εtot is the

total detection efficiency in a specific bin of (pT, y
∗), L is the integrated luminosity, B is

the branching fraction of the corresponding D-meson decay and ∆pT and ∆y∗ are the bin
widths of the pT and rapidity, respectively. The D-meson candidates are reconstructed
through the D+ → K−π+π+ or D+

s → K−K+π+ decay channels,1 where the mass of the
K+K− pair in the D+

s meson candidate is required to fall within ±20 MeV/c2 of the known
mass of the ϕ(1020) meson. The corresponding branching fractions are B = (9.38 ± 0.15)%

1In this paper charge-conjugated processes are implied unless stated otherwise.
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Figure 1. Distributions of the simultaneous fits to the (left) M(K−π+π+) and (right) log10 χ
2
IP for

D+ mesons in the forward data sample in the kinematic bin of 2 < pT < 3 GeV/c and 3.0 < y∗ < 3.5.

for the D+ → K−π+π+ decay obtained from ref. [65], and B = (2.24 ± 0.13)% for the
D+

s → K−K+π+ decay, obtained from ref. [66].
The total cross-section over a specific kinematic range is determined by integrating the

double-differential cross-section. The nuclear modification factor, RpPb, i.e. the normalized
ratio of the D-meson production cross-section in pPb collisions to that in pp interactions at
the same nucleon-nucleon centre-of-mass energy is defined as

RpPb(pT, y
∗) ≡ 1

A

d2σpPb(pT, y
∗)/dpTdy∗

d2σpp(pT, y∗)/dpTdy∗ , (3.2)

where A=208 is the mass number of the lead nucleus. The forward-backward production
ratio is defined as

RFB(pT, y
∗) ≡ d2σforward(pT, |y∗|; y∗ > 0)/dpTdy∗

d2σbackward(pT, |y∗|; y∗ < 0)/dpTdy∗ , (3.3)

in the common rapidity region 2.5 < |y∗| < 4.0.
The D-meson candidates are selected using similar selection criteria to those for the

open charm production measurements in pp collisions at
√
s = 5.02 TeV [53], 7 TeV [67] and

13 TeV [68] at LHCb. The trajectories of kaons and pions from the D-meson candidates are
required to be of good quality and originate from a common vertex. In order to improve the
signal purity, more stringent particle identification (PID) requirements than in pp interactions
are exploited.

The prompt and non-prompt (i.e. from b-hadron decays) D-meson yields in intervals of
the pT and y∗ are determined from simultaneous extended maximum-likelihood fits to the
unbinned invariant-mass and log10 χ

2
IP distributions. Here, χ2

IP is the difference in vertex-fit
χ2 of a given PV reconstructed with and without consideration of the signal candidates. The
simultaneous fits are performed to the D-meson candidates whose invariant mass lies within
±50 MeV/c2 of their known mass [65]. The inclusive signal shape in the M(K−π+π+) or
M(K−K+π+) distributions is modeled by the sum of a Crystal Ball (CB) function [69] and
a Gaussian with the same mean. The widths of CB function and Gaussian vary freely in the
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fit, and the fraction and the tail parameters of the CB function are fixed to values obtained
from simulation. The combinatorial background is described by a linear function. The
log10 χ

2
IP shapes for the prompt and non-prompt D-meson signal candidates are estimated

using simulated events and modeled with an asymmetric Bukin curve [70] with tails described
by Gaussian functions. In the forward and backward cases for both prompt and non-prompt
components, the width, asymmetry and tail coefficients of the Bukin function are fixed
to the values obtained from simulated events. Additionally, the Bukin peak location for
non-prompt D mesons is fixed to the value obtained from simulated events. The Bukin
parameters are determined from the fit to the whole forward or backward simulation sample.
The combinatorial background log10 χ

2
IP distribution is modeled by a kernel density estimate

function [71], which is created in the side-band interval outside their ±50 MeV/c2 mass window.
The total model is the sum of the contributions from the prompt and non-prompt signals and
the combinatorial background, where each component is the product of the corresponding
mass and log10 χ

2
IP distributions. The simultaneous fits are carried out independently in each

(pT, y
∗) bin of the D+ or D+

s mesons. Figures 1–4 show the invariant mass and log10 χ
2
IP

distributions, for two typical bins of y∗ in the forward and backward regions.
The total efficiency, εtot, in eq. (3.1) is the product of the geometric acceptance, trigger, re-

construction, selection, and PID efficiencies. The geometric acceptance efficiency is estimated
using simulated pp events to eliminate the effect of the spatial acceptance of the LHCb detector.
The analysis uses a minimum activity trigger whose efficiency for events containing a D+ or D+

s

meson is found to be 100%. The reconstruction and selection efficiencies are calculated with
simulated pPb samples at 5.02 TeV, and corrected for known differences in tracking efficiency
between data and simulation [72]. The PID efficiency is estimated using a sample of D0 meson
decays selected from data without PID criteria [54], and collected during the same period as the
pPb sample used in the analysis. The PID selection efficiency is calculated using the kaon and
pion single-track efficiencies from calibration data, and averaging them based on the kinematic
distributions observed in the simulated events in each (pT, y

∗) bin. The reconstruction and se-
lection efficiency and the PID efficiency are sensitive to differences between the track multiplic-
ity distributions in pPb data and those observed in the simulation and PID-calibration samples.
This effect is corrected for by re-weighting the latter to match the distributions seen in data.

4 Systematic uncertainties

The systematic uncertainties affecting the cross-section measurements are listed in table 1.
The uncertainties of the forward and backward samples were evaluated separately, unless
stated otherwise.

The systematic uncertainty related to the determination of the prompt signal yield has
contributions both from the assumed fit model and the fixed parameters in the simultaneous
fits, and from the fit method itself. The uncertainty associated to the fit model is assigned
using double CB functions for the signal component and an exponential function for the
background component to fit the invariant-mass distributions, and using a Gaussian for
non-prompt components to fit the log10 χ

2
IP distributions. Parameters in the fit model are

allowed to vary from their nominal values within uncertainties estimated from simulated
events. The standard deviation of the nominal and the alternative fits is taken as the

– 6 –
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Source
D+ → K−π+π+ D+

s → K−K+π+

Forward Backward Forward Backward

Uncorrelated between bins

Prompt yield determination 0.1–1.4 0.1–0.9 0–3.4 0–6.5

Simulation sample size 0–10 0–8 1–8 1–6

Correlated between bins

Multiplicity correction 0.4–2.3 1.8–4.8 0.4–2.5 2.1–5.0

Hadronic interactions 3.9 3.9 3.6 3.6

PID efficiency 0–18 1–13 1–12 1–17

Luminosity 1.9 2.1 1.9 2.1

Branching fraction 1.6 1.6 5.8 5.8

Statistical uncertainty 1–20 1–28 3–48 4–52

Table 1. Summary of systematic and statistical uncertainties on the D-meson cross-section measure-
ments (%).

uncertainty on the prompt signal yield determination. The resulting uncertainty is estimated
to be less than 6.5% for most bins.

The systematic uncertainty related to the multiplicity correction of the reconstruction
and selection efficiencies is due to several contributions. One source of uncertainty is caused
by the choice of the variables used to represent the detector occupancy for weighting the
distribution. The number of charged tracks, the number of long tracks, the number of hits in
the VELO, the number of hits in the IT and the OT, and the number of hits in the TT, are
all considered separately. The standard deviation of the efficiencies weighted by each variable
is taken as systematic uncertainty. The effects are summed in quadrature, yielding a total
uncertainty on the D+ (D+

s ) meson multiplicity correction of 0.4 − 2.3% (0.4 − 2.5%) and
1.8 − 4.8% (2.1 − 5.0%) for the forward and backward collision samples, respectively.

The difference in tracking efficiencies between data and simulation is studied with muons.
An additional uncertainty of 1.1% (1.4%) is assigned for each kaon (pion) present in the
final state, due to the incomplete modeling of the hadronic interactions of these particles
with the material of the LHCb detector [36]. This effect is dominated by the uncertainty on
knowledge of the amount of material present within the detector and hence can be assumed
to be fully correlated for kaons and pions. The total uncertainty associated to this effect
is 3.9% (3.6%) for D+ (D+

s ) mesons.
The finite size of the calibration sample used to determine the particle identification

efficiency also contributes to the systematic uncertainty. This contribution is evaluated by
varying the pion and kaon PID efficiencies obtained from the calibration sample within

– 7 –
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Figure 5. Double-differential cross-section of prompt D+ mesons in pPb collisions for the (left)
forward and (right) backward rapidities. The error bars are the statistical uncertainty and the boxes
are the systematic uncertainty, both of which are smaller than the symbol size. The value in a
particular rapidity interval is scaled by a multiplicative factor 10−m, where the factor m increase as
the rapidity rises.

their statistical uncertainties. The uncertainty from the PID binning scheme is studied by
using alternative binning schemes for the single track efficiency. The total PID systematic
uncertainty is a quadratic sum of these two sources and it ranges between 0 and 18% depending
on the kinematic region and the collision sample.

The relative uncertainty of the integrated luminosity is nearly 2% for both forward and
backward samples [34]. The relative uncertainty of the branching fraction is 1.6% [65] and
5.8% [66] for B(D+ → K−π+π+) and B(D+

s → K−K+π+), respectively. The finite size of
the simulation sample introduces uncertainties on the efficiencies which are then propagated
to the cross-section measurements. This effect is negligible for the central rapidity region,
while becomes significant in the region close to the boundaries of pT and y∗, ranging between
0 and 10%. The total systematic uncertainty varies gradually from 5% in the central rapidity
interval to about 20% in the boundary interval.

5 Results

5.1 Production cross-sections

The measured values of the double-differential cross-section of prompt D+ and D+
s mesons

in proton-lead collisions for forward and backward rapidities, as a function of pT and y∗, are
displayed in figures 5 and 6 and summarized in tables 2–5 of appendix A.

The one-dimensional differential prompt D+ and D+
s meson cross-sections as a function

of pT or y∗ are shown in figures 7 and 8, and are also summarized in appendix A. The
measurements are also shown as a function of pT integrated over y∗ for the common rapidity
range 2.5 < |y∗| < 4.0.
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Figure 6. Double-differential cross-section of prompt D+
s mesons in pPb collisions for the (left)

forward and (right) backward rapidities. The error bars are the statistical uncertainty and the boxes
are the systematic uncertainty, both of which are smaller than the symbol size. The value in a
particular rapidity interval is scaled by a multiplicative factor 10−m, where the factor m increase as
the rapidity rises.
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Figure 7. Differential cross-section of prompt D+ meson production in pPb collisions as a function
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statistical uncertainty while the boxes are the systematic uncertainty.

The integrated production cross-sections of prompt D+ and D+
s mesons in pPb forward

collisions in the full and common fiducial regions are

σ(D+)forward(0 < pT < 10 GeV/c, 1.5 < |y∗| < 4.0) = 79.8 ± 0.7 ± 5.1 mb,
σ(D+)forward(0 < pT < 10 GeV/c, 2.5 < |y∗| < 4.0) = 43.8 ± 0.2 ± 2.8 mb,
σ(D+

s )forward(1 < pT < 10 GeV/c, 1.5 < |y∗| < 4.0) = 27.5 ± 0.4 ± 2.4 mb,
σ(D+

s )forward(1 < pT < 10 GeV/c, 2.5 < |y∗| < 4.0) = 14.4 ± 0.3 ± 1.1 mb.

The first uncertainties are statistical while the second are systematic. The integrated
production cross-sections of prompt D+ and D+

s mesons in pPb backward collisions in the
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Figure 8. Differential cross-section of prompt D+
s meson production in pPb collisions as a function

of (left) pT and (right) y∗ in the forward and backward collision samples. The error bars are the
statistical uncertainty while the boxes are the systematic uncertainty.

full and common fiducial regions are

σ(D+)backward(0 < pT < 10 GeV/c, 2.5 < |y∗| < 5.0) = 77.6 ± 0.9 ± 4.9 mb,
σ(D+)backward(0 < pT < 10 GeV/c, 2.5 < |y∗| < 4.0) = 53.1 ± 0.7 ± 3.5 mb,
σ(D+

s )backward(1 < pT < 10 GeV/c, 2.5 < |y∗| < 5.0) = 28.7 ± 0.8 ± 3.0 mb,
σ(D+

s )backward(1 < pT < 10 GeV/c, 2.5 < |y∗| < 4.0) = 21.9 ± 0.6 ± 2.3 mb.

5.2 Nuclear modification factors

The values of the D-meson production cross-section in pp collisions at 5.02 TeV, which are
necessary for the measurement of the nuclear modification factor RpPb, are taken from
ref. [53]. Systematic uncertainties associated with the hadronic interaction length and
branching fractions of ref. [53] are fully correlated with the measurements presented here,
while other uncertainties are assumed to be uncorrelated. The nuclear modification factors
for prompt D+ and D+

s production, displayed in figure 9 in bins of pT and figure 10 in bins
of y∗, show a slight increase as a function of pT, implying that the suppression may decrease
with increasing pT. The values of RpPb for D+ and D+

s mesons are given in appendix B.
The measurements are compared with previous D0 results by the LHCb collaboration at

√
sNN = 5.02 TeV [36], as well as with the HELAC-Onia generator [76–78] using EPPS16 and

nCTEQ15 nPDFs [79, 80], where the nPDFs are re-weighted with the D0 cross-section [36].
At forward rapidity, the D+ results agree very well with the RpPb of D0 mesons and the
nPDF calculations within uncertainties. At backward rapidity, the D+

s results are consistent
with the D0 data and the nPDF calculations within uncertainties. However, the D+ RpPb
seems to be systematically lower than D0 and D+

s mesons across the whole pT range due
to the overall decrease in the RD+/D0 ratios at backward rapidity relative to the forward
in figure 12. The D+ RpPb results at backward rapidity are lower than nPDF predictions
with a significance of about 1 − 3 standard deviations as further discussed in section 5.4,
suggesting possible changes in charm hadronization in pPb collisions.

In figures 9 and 10 the measurements are also compared with predictions in the CGC
framework, which include the effect of the saturation of partons at small Bjorken-x. For
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Figure 10. Nuclear modification factors RpPb as a function of y∗ for prompt D+ and D+
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production, integrated up to pT = 10 GeV/c. The error bars are the statistical uncertainty and the
boxes are the systematic uncertainty. The CGC [73–75] predictions are only available in the forward
region. Previous results on D0 mesons [36] from LHCb are also shown.

CGC1 [73, 74], the cross-section of the D mesons is obtained with the optical Glauber
mechanism correlating the initial state of the nucleon with that of the proton, and for
CGC2 [75], it is derived by convolving the charm-quark fragmentation function in a transverse
momentum-dependent factorization framework. The CGC models are found to be able to
describe the trend of prompt D-meson nuclear modifications as a function of pT and of
rapidity in the forward regions.
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5.3 Forward-backward ratio

In the forward-backward production ratio RFB, the uncertainties from common sources
between the forward and backward measurements cancel out. The uncertainties due to
branching fractions and to hadronic interactions with the detector are considered fully
correlated, while other uncertainties are conservatively treated as uncorrelated. The measured
RFB values for D+ and D+

s mesons are shown in figure 11, as a function of pT integrated over
the range 2.5 < |y∗| < 4.0, and as a function of y∗ integrated up to pT = 14 GeV/c. The RFB
values in different kinematic bins are tabulated in appendix C. The RFB values for D+ and
D+

s mesons are also compared to the measurements of D0 mesons [36] and Λ+
c baryons [37] by

the LHCb collaboration at √sNN = 5.02 TeV in figure 11. The RFB of all open charm hadrons
deviates further from unity as |y∗| increases. This behavior is consistent with the expectations
from the QCD calculations, suggesting that the asymmetry becomes more pronounced
in the large rapidity region. The RFB of D+

s mesons as a function of y∗ shows reasonable
agreement with D0 and Λ+

c results and with the EPPS16 and nCTEQ15 nPDFs [79, 80] within
uncertainties. The RFB of D+ mesons as a function of y∗ is slightly larger than other charm
hadrons and model predictions. At low pT, the RFB of D+ and D+

s mesons are consistent with
the RFB of D0 mesons and Λ+

c baryons, and agree with nPDFs calculations. However, the
more precise D+ data show a clear increasing trend with increasing pT and saturates at unity
at high pT (> 10 GeV/c) within uncertainties, which deviates from the almost pT independent
nPDF calculations. This discrepancy derives from the overall suppression of D+ production
as a function of pT in the backward configuration, which is also pronounced in figure 9.

5.4 Production ratios

The measured prompt D+
s and D+ production cross-sections enable a calculation of D+

s to D+

ratios. The LHCb measurement of D0 cross-sections in pPb collisions at √sNN = 5.02 TeV [36]
also enables a calculation of the ratio of the production cross-sections of D+ to D0 and D+

s

to D0 mesons. The uncertainty due to hadronic interactions with the detector is considered
partially correlated because of different numbers of kaon and pion tracks between the
numerators and denominators of RD+/D0 , RD+

s /D0 or RD+
s /D+ . The uncertainties from the

luminosity are fully correlated, while the remaining uncertainties are uncorrelated. Figure 12
illustrates the RD+/D0 , RD+

s /D0 and RD+
s /D+ ratios as a function of pT integrated over total

rapidity range 1.5 < y∗ < 4.0 for forward and −5.0 < y∗ < −2.5 for backward. Figure 13
illustrates the RD+/D0 , RD+

s /D0 and RD+
s /D+ ratios as a function of y∗ integrated over the

pT range up to 10 GeV/c. The measured production ratios are tabulated in appendix D.
The results of relative cross-section ratios between D mesons in LHCb pPb collisions

show a mild pT and y∗ dependence, which are consistent with the results from the LHCb
collaboration in pp [53], and from the ALICE collaboration in pPb [38] and in pp [15]
collisions. The RD+

s /D0 and RD+
s /D+ ratios are found not to be enhanced in neither forward

nor backward rapidities in pPb collisions at √
sNN = 5.02 TeV. The lower RD+/D0 ratios at

backward rapidity relative to the forward region lead to differences in the results of RpPb
and RFB for D+ versus other D mesons. On average, the multiplicity value at backward
rapidity is 1.6 times higher than that at forward rapidity in terms of the backward-forward
production ratio of charged particles at the same center-of-mass energy from LHCb [81].
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s meson production (left) as a
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c [37] baryons from
LHCb are also shown.

As some contributions of D+ and D0 mesons come from the decay of the excited charm
resonance, the D∗+ meson [65, 82], it may be possible to further understand this phenomenon
by investigating the production of D∗+ mesons in high multiplicity pPb events.

6 Conclusion

The prompt D+ and D+
s production cross-sections have been measured with LHCb proton-

lead collision data corresponding to an integrated luminosity of (1.58 ± 0.02) nb−1 collected
at √

sNN = 5.02 TeV. The measurement is performed in the range of the D-meson transverse
momentum 0 < pT < 14 GeV/c, in both backward and forward collisions covering the rapidity
ranges 1.5 < y∗ < 4.0 and −5.0 < y∗ < −2.5. This is the first measurement in this rapidity
region down to zero transverse momentum of the D+ and D+

s mesons. Nuclear modification
factors and forward-backward production ratios are also measured in the same kinematic
region. A large asymmetry in the forward-backward production is observed, which is consistent
with the expectations from nuclear parton distribution functions, and colour glass condensate
calculations. The RD+

s /D0 and RD+
s /D+ ratios show no enhancement of the yield of strange

hadrons at high transverse momentum or rapidity, and may therefore be used as a reference for
experimental measurements related to investigations of the QGP in nucleus-nucleus collisions.
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A Numerical values of the D+ and D+
s mesons cross-sections

Tables 2–5 give the numerical results for the double-differential cross-sections. Tables 6–11
give the numerical results for the one-dimensional differential cross-sections.

Forward

pT [ GeV/c] 1.5 < y∗ < 2.0 2.0 < y∗ < 2.5 2.5 < y∗ < 3.0 3.0 < y∗ < 3.5 3.5 < y∗ < 4.0

[0, 1] 6.835 ± 1.131 ± 0.590 ± 0.528 7.069 ± 0.207 ± 0.104 ± 0.766 7.953 ± 0.164 ± 0.085 ± 0.659 7.527 ± 0.185 ± 0.091 ± 0.393 7.132 ± 0.270 ± 0.134 ± 0.468

[1, 2] 11.748 ± 0.481 ± 0.282 ± 0.848 12.768 ± 0.157 ± 0.092 ± 1.079 12.198 ± 0.122 ± 0.069 ± 0.806 10.733 ± 0.130 ± 0.071 ± 0.609 8.238 ± 0.187 ± 0.091 ± 0.487

[2, 3] 8.377 ± 0.165 ± 0.102 ± 0.527 8.348 ± 0.067 ± 0.041 ± 0.671 7.552 ± 0.054 ± 0.032 ± 0.704 6.096 ± 0.054 ± 0.034 ± 0.523 4.476 ± 0.075 ± 0.039 ± 0.307

[3, 4] 4.383 ± 0.069 ± 0.044 ± 0.274 4.067 ± 0.032 ± 0.018 ± 0.500 3.678 ± 0.027 ± 0.016 ± 0.539 2.873 ± 0.027 ± 0.015 ± 0.379 2.040 ± 0.037 ± 0.019 ± 0.178

[4, 5] 2.103 ± 0.034 ± 0.020 ± 0.156 2.015 ± 0.018 ± 0.010 ± 0.338 1.704 ± 0.016 ± 0.009 ± 0.321 1.238 ± 0.015 ± 0.008 ± 0.216 0.805 ± 0.021 ± 0.009 ± 0.081

[5, 6] 1.108 ± 0.020 ± 0.012 ± 0.099 0.999 ± 0.012 ± 0.006 ± 0.204 0.808 ± 0.010 ± 0.005 ± 0.183 0.601 ± 0.010 ± 0.005 ± 0.124 0.348 ± 0.015 ± 0.006 ± 0.033

[6, 7] 0.550 ± 0.012 ± 0.007 ± 0.059 0.494 ± 0.008 ± 0.004 ± 0.115 0.412 ± 0.007 ± 0.003 ± 0.103 0.294 ± 0.007 ± 0.003 ± 0.064 0.170 ± 0.013 ± 0.005 ± 0.017

[7, 8] 0.318 ± 0.009 ± 0.005 ± 0.038 0.267 ± 0.005 ± 0.003 ± 0.067 0.231 ± 0.005 ± 0.002 ± 0.061 0.144 ± 0.005 ± 0.002 ± 0.030 0.073 ± 0.015 ± 0.005 ± 0.009

[8, 9] 0.188 ± 0.006 ± 0.004 ± 0.025 0.154 ± 0.004 ± 0.002 ± 0.041 0.133 ± 0.004 ± 0.002 ± 0.037 0.084 ± 0.004 ± 0.002 ± 0.016 —

[9, 10] 0.111 ± 0.005 ± 0.002 ± 0.017 0.094 ± 0.003 ± 0.001 ± 0.026 0.072 ± 0.003 ± 0.001 ± 0.021 0.052 ± 0.004 ± 0.002 ± 0.008 —

[10, 11] 0.066 ± 0.003 ± 0.002 ± 0.011 0.056 ± 0.002 ± 0.001 ± 0.016 0.043 ± 0.002 ± 0.001 ± 0.012 0.028 ± 0.004 ± 0.002 ± 0.004 —

[11, 12] 0.043 ± 0.003 ± 0.001 ± 0.007 0.040 ± 0.002 ± 0.001 ± 0.011 0.027 ± 0.002 ± 0.001 ± 0.007 0.026 ± 0.004 ± 0.003 ± 0.005 —

[12, 13] 0.022 ± 0.002 ± 0.001 ± 0.004 0.022 ± 0.002 ± 0.001 ± 0.007 0.019 ± 0.002 ± 0.001 ± 0.005 — —

[13, 14] 0.023 ± 0.002 ± 0.001 ± 0.004 0.014 ± 0.001 ± 0.001 ± 0.004 0.012 ± 0.001 ± 0.001 ± 0.003 — —

Table 2. Double-differential cross-section (mb) for prompt D+ mesons as functions of pT and y∗ in
the forward regions. The first uncertainty is statistical, the second is the component of the systematic
uncertainty that is uncorrelated between bins and the third is the fully correlated component.

Backward

pT [ GeV/c] −3.0 < y∗ < −2.5 −3.5 < y∗ < −3.0 −4.0 < y∗ < −3.5 −4.5 < y∗ < −4.0 −5.0 < y∗ < −4.5

[0, 1] 6.430 ± 1.127 ± 0.371 ± 0.647 7.921 ± 0.340 ± 0.115 ± 0.835 9.220 ± 0.321 ± 0.106 ± 0.607 8.069 ± 0.438 ± 0.115 ± 0.571 8.054 ± 0.750 ± 0.195 ± 0.715

[1, 2] 13.372 ± 0.641 ± 0.321 ± 0.966 13.751 ± 0.252 ± 0.099 ± 1.162 12.931 ± 0.221 ± 0.073 ± 0.855 11.049 ± 0.283 ± 0.073 ± 0.627 7.973 ± 0.497 ± 0.088 ± 0.471

[2, 3] 8.325 ± 0.210 ± 0.101 ± 0.524 8.064 ± 0.102 ± 0.040 ± 0.649 7.087 ± 0.087 ± 0.030 ± 0.661 5.434 ± 0.092 ± 0.030 ± 0.467 3.603 ± 0.138 ± 0.032 ± 0.247

[3, 4] 4.058 ± 0.086 ± 0.040 ± 0.254 3.616 ± 0.046 ± 0.016 ± 0.445 2.965 ± 0.039 ± 0.013 ± 0.435 2.017 ± 0.038 ± 0.011 ± 0.266 1.081 ± 0.052 ± 0.010 ± 0.094

[4, 5] 1.824 ± 0.042 ± 0.018 ± 0.135 1.533 ± 0.024 ± 0.008 ± 0.257 1.194 ± 0.021 ± 0.006 ± 0.225 0.775 ± 0.020 ± 0.005 ± 0.135 0.338 ± 0.026 ± 0.004 ± 0.034

[5, 6] 0.857 ± 0.024 ± 0.009 ± 0.077 0.702 ± 0.015 ± 0.004 ± 0.144 0.492 ± 0.012 ± 0.003 ± 0.111 0.294 ± 0.011 ± 0.002 ± 0.060 0.094 ± 0.017 ± 0.002 ± 0.009

[6, 7] 0.433 ± 0.015 ± 0.006 ± 0.046 0.340 ± 0.009 ± 0.003 ± 0.079 0.227 ± 0.008 ± 0.002 ± 0.057 0.128 ± 0.008 ± 0.001 ± 0.028 —

[7, 8] 0.223 ± 0.009 ± 0.003 ± 0.026 0.159 ± 0.006 ± 0.002 ± 0.040 0.106 ± 0.005 ± 0.001 ± 0.028 0.053 ± 0.005 ± 0.001 ± 0.011 —

[8, 9] 0.120 ± 0.007 ± 0.002 ± 0.016 0.087 ± 0.004 ± 0.001 ± 0.023 0.055 ± 0.004 ± 0.001 ± 0.015 0.024 ± 0.004 ± 0.001 ± 0.005 —

[9, 10] 0.065 ± 0.005 ± 0.001 ± 0.010 0.051 ± 0.003 ± 0.001 ± 0.014 0.030 ± 0.003 ± 0.001 ± 0.009 0.014 ± 0.004 ± 0.001 ± 0.002 —

[10, 11] 0.042 ± 0.004 ± 0.001 ± 0.007 0.030 ± 0.003 ± 0.001 ± 0.009 0.014 ± 0.002 ± 0.000 ± 0.004 — —

[11, 12] 0.029 ± 0.003 ± 0.001 ± 0.005 0.014 ± 0.002 ± 0.000 ± 0.004 0.008 ± 0.001 ± 0.000 ± 0.002 — —

[12, 13] 0.021 ± 0.002 ± 0.001 ± 0.004 0.008 ± 0.001 ± 0.000 ± 0.002 — — —

[13, 14] 0.013 ± 0.002 ± 0.001 ± 0.002 0.006 ± 0.001 ± 0.000 ± 0.002 — — —

Table 3. Double-differential cross-section (mb) for prompt D+ mesons as functions of pT and y∗ in
the backward regions. The first uncertainty is statistical, the second is the component of the systematic
uncertainty that is uncorrelated between bins and the third is the fully correlated component.
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J
H
E
P
0
1
(
2
0
2
4
)
0
7
0

Forward

pT [ GeV/c] 1.5 < y∗ < 2.0 2.0 < y∗ < 2.5 2.5 < y∗ < 3.0 3.0 < y∗ < 3.5 3.5 < y∗ < 4.0

[0, 1] — 3.213 ± 0.403 ± 0.123 ± 0.441 2.873 ± 0.346 ± 0.097 ± 0.317 3.454 ± 0.538 ± 0.147 ± 0.303 2.134 ± 1.045 ± 0.175 ± 0.205

[1, 2] 4.885 ± 0.521 ± 0.170 ± 0.621 5.250 ± 0.227 ± 0.073 ± 0.602 6.079 ± 0.219 ± 0.077 ± 0.505 4.464 ± 0.235 ± 0.072 ± 0.356 3.699 ± 0.415 ± 0.110 ± 0.316

[2, 3] 4.059 ± 0.221 ± 0.078 ± 0.487 3.738 ± 0.104 ± 0.034 ± 0.356 3.640 ± 0.094 ± 0.034 ± 0.318 2.659 ± 0.098 ± 0.033 ± 0.217 1.630 ± 0.149 ± 0.038 ± 0.133

[3, 4] 2.090 ± 0.093 ± 0.031 ± 0.211 1.967 ± 0.052 ± 0.018 ± 0.218 1.717 ± 0.046 ± 0.017 ± 0.199 1.248 ± 0.046 ± 0.016 ± 0.130 0.623 ± 0.065 ± 0.016 ± 0.054

[4, 5] 1.096 ± 0.051 ± 0.017 ± 0.101 0.964 ± 0.030 ± 0.010 ± 0.133 0.817 ± 0.027 ± 0.009 ± 0.118 0.534 ± 0.026 ± 0.008 ± 0.069 0.315 ± 0.035 ± 0.008 ± 0.029

[5, 6] 0.592 ± 0.032 ± 0.011 ± 0.058 0.509 ± 0.020 ± 0.006 ± 0.081 0.363 ± 0.017 ± 0.006 ± 0.059 0.226 ± 0.016 ± 0.004 ± 0.034 0.166 ± 0.029 ± 0.006 ± 0.016

[6, 7] 0.275 ± 0.019 ± 0.007 ± 0.029 0.227 ± 0.012 ± 0.004 ± 0.040 0.196 ± 0.012 ± 0.004 ± 0.035 0.124 ± 0.011 ± 0.003 ± 0.020 0.090 ± 0.022 ± 0.005 ± 0.009

[7, 8] 0.154 ± 0.013 ± 0.004 ± 0.018 0.108 ± 0.008 ± 0.002 ± 0.020 0.099 ± 0.008 ± 0.002 ± 0.019 0.073 ± 0.009 ± 0.002 ± 0.012 —

[8, 9] 0.086 ± 0.009 ± 0.003 ± 0.011 0.067 ± 0.006 ± 0.002 ± 0.014 0.050 ± 0.006 ± 0.001 ± 0.010 0.031 ± 0.006 ± 0.001 ± 0.005 —

[9, 10] 0.052 ± 0.007 ± 0.002 ± 0.007 0.044 ± 0.005 ± 0.001 ± 0.009 0.027 ± 0.004 ± 0.001 ± 0.006 0.026 ± 0.006 ± 0.002 ± 0.004 —

[10, 12] 0.027 ± 0.004 ± 0.001 ± 0.004 0.020 ± 0.002 ± 0.001 ± 0.004 0.020 ± 0.002 ± 0.001 ± 0.004 — —

[12, 14] 0.012 ± 0.002 ± 0.001 ± 0.002 0.007 ± 0.002 ± 0.000 ± 0.001 0.008 ± 0.002 ± 0.000 ± 0.002 — —

Table 4. Double-differential cross-section (mb) for prompt D+
s mesons as functions of pT and y∗ in

the forward regions. The first uncertainty is statistical, the second is the component of the systematic
uncertainty that is uncorrelated between bins and the third is the fully correlated component.

Backward

pT [ GeV/c] −3.0 < y∗ < −2.5 −3.5 < y∗ < −3.0 −4.0 < y∗ < −3.5 −4.5 < y∗ < −4.0 −5.0 < y∗ < −4.5

[0, 1] — 3.749 ± 0.796 ± 0.164 ± 0.556 3.461 ± 0.780 ± 0.127 ± 0.351 6.190 ± 1.561 ± 0.314 ± 1.169 —

[1, 2] 6.929 ± 0.818 ± 0.212 ± 1.243 6.020 ± 0.400 ± 0.086 ± 0.777 7.245 ± 0.440 ± 0.103 ± 0.655 5.443 ± 0.549 ± 0.107 ± 0.678 1.654 ± 0.877 ± 0.129 ± 0.202

[2, 3] 4.441 ± 0.305 ± 0.075 ± 0.723 4.488 ± 0.181 ± 0.044 ± 0.469 3.931 ± 0.157 ± 0.039 ± 0.369 2.883 ± 0.182 ± 0.044 ± 0.268 1.519 ± 0.265 ± 0.050 ± 0.205

[3, 4] 2.270 ± 0.137 ± 0.032 ± 0.293 2.062 ± 0.082 ± 0.019 ± 0.235 1.559 ± 0.068 ± 0.016 ± 0.182 0.955 ± 0.065 ± 0.014 ± 0.101 0.358 ± 0.093 ± 0.014 ± 0.043

[4, 5] 1.077 ± 0.070 ± 0.017 ± 0.116 0.934 ± 0.045 ± 0.011 ± 0.127 0.622 ± 0.036 ± 0.008 ± 0.087 0.337 ± 0.034 ± 0.007 ± 0.042 0.232 ± 0.053 ± 0.011 ± 0.027

[5, 6] 0.450 ± 0.037 ± 0.008 ± 0.051 0.377 ± 0.025 ± 0.005 ± 0.059 0.290 ± 0.022 ± 0.005 ± 0.046 0.166 ± 0.020 ± 0.004 ± 0.024 —

[6, 7] 0.265 ± 0.026 ± 0.006 ± 0.032 0.208 ± 0.017 ± 0.004 ± 0.036 0.154 ± 0.015 ± 0.004 ± 0.025 0.053 ± 0.011 ± 0.002 ± 0.008 —

[7, 8] 0.125 ± 0.015 ± 0.003 ± 0.017 0.059 ± 0.008 ± 0.001 ± 0.011 0.052 ± 0.009 ± 0.002 ± 0.009 0.038 ± 0.011 ± 0.002 ± 0.006 —

[8, 9] 0.074 ± 0.010 ± 0.003 ± 0.010 0.042 ± 0.008 ± 0.001 ± 0.008 0.022 ± 0.006 ± 0.001 ± 0.004 — —

[9, 10] 0.043 ± 0.009 ± 0.002 ± 0.007 0.027 ± 0.005 ± 0.001 ± 0.005 — — —

[10, 14] 0.010 ± 0.002 ± 0.000 ± 0.002 0.007 ± 0.001 ± 0.000 ± 0.002 — — —

Table 5. Double-differential cross-section (mb) for prompt D+
s mesons as functions of pT and y∗ in

the backward regions. The first uncertainty is statistical, the second is the component of the systematic
uncertainty that is uncorrelated between bins and the third is the fully correlated component.
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J
H
E
P
0
1
(
2
0
2
4
)
0
7
0

Forward

pT [ GeV/c] y∗ dσ
dpT

[ mb/( GeV/c)]

[0, 1] [1.5, 4.0] 18.258 ± 0.603 ± 0.313 ± 1.180

[1, 2] [1.5, 4.0] 27.842 ± 0.284 ± 0.163 ± 1.510

[2, 3] [1.5, 4.0] 17.424 ± 0.104 ± 0.063 ± 1.103

[3, 4] [1.5, 4.0] 8.521 ± 0.047 ± 0.028 ± 0.840

[4, 5] [1.5, 4.0] 3.933 ± 0.025 ± 0.014 ± 0.526

[5, 6] [1.5, 4.0] 1.932 ± 0.015 ± 0.008 ± 0.310

[6, 7] [1.5, 4.0] 0.960 ± 0.011 ± 0.005 ± 0.171

[7, 8] [1.5, 4.0] 0.517 ± 0.010 ± 0.004 ± 0.097

[8, 9] [1.5, 3.5] 0.279 ± 0.005 ± 0.002 ± 0.059

[9, 10] [1.5, 3.5] 0.164 ± 0.004 ± 0.002 ± 0.034

[10, 11] [1.5, 3.5] 0.097 ± 0.003 ± 0.001 ± 0.021

[11, 12] [1.5, 3.5] 0.068 ± 0.003 ± 0.002 ± 0.014

[12, 13] [1.5, 3.0] 0.031 ± 0.001 ± 0.001 ± 0.008

[13, 14] [1.5, 3.0] 0.024 ± 0.001 ± 0.001 ± 0.005

Backward

pT [ GeV/c] y∗ dσ
dpT

[ mb/( GeV/c)]

[0, 1] [−5.0,−2.5] 19.847 ± 0.749 ± 0.231 ± 1.276

[1, 2] [−5.0,−2.5] 29.538 ± 0.461 ± 0.169 ± 1.705

[2, 3] [−5.0,−2.5] 16.257 ± 0.150 ± 0.058 ± 1.070

[3, 4] [−5.0,−2.5] 6.869 ± 0.062 ± 0.024 ± 0.663

[4, 5] [−5.0,−2.5] 2.832 ± 0.031 ± 0.011 ± 0.365

[5, 6] [−5.0,−2.5] 1.219 ± 0.018 ± 0.006 ± 0.187

[6, 7] [−4.5,−2.5] 0.564 ± 0.010 ± 0.004 ± 0.100

[7, 8] [−4.5,−2.5] 0.270 ± 0.007 ± 0.002 ± 0.052

[8, 9] [−4.5,−2.5] 0.143 ± 0.005 ± 0.002 ± 0.029

[9, 10] [−4.5,−2.5] 0.080 ± 0.004 ± 0.001 ± 0.017

[10, 11] [−4.0,−2.5] 0.043 ± 0.002 ± 0.001 ± 0.010

[11, 12] [−4.0,−2.5] 0.026 ± 0.002 ± 0.001 ± 0.006

[12, 13] [−3.5,−2.5] 0.015 ± 0.001 ± 0.000 ± 0.003

[13, 14] [−3.5,−2.5] 0.009 ± 0.001 ± 0.000 ± 0.002

Table 6. Differential cross-section for prompt D+ mesons as a function of pT in the total forward
and backward rapidity regions, respectively. The first uncertainty is statistical, the second is the
component of the systematic uncertainty that is uncorrelated between bins and the third is the fully
correlated component.
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J
H
E
P
0
1
(
2
0
2
4
)
0
7
0

Forward

pT [ GeV/c] y∗ dσ
dpT

[ mb/( GeV/c)]

[0, 1] [2.0, 4.0] 5.837 ± 0.645 ± 0.139 ± 0.591

[1, 2] [1.5, 4.0] 12.189 ± 0.387 ± 0.120 ± 1.087

[2, 3] [1.5, 4.0] 7.864 ± 0.158 ± 0.052 ± 0.649

[3, 4] [1.5, 4.0] 3.823 ± 0.070 ± 0.023 ± 0.360

[4, 5] [1.5, 4.0] 1.863 ± 0.039 ± 0.012 ± 0.209

[5, 6] [1.5, 4.0] 0.928 ± 0.026 ± 0.008 ± 0.117

[6, 7] [1.5, 4.0] 0.456 ± 0.018 ± 0.005 ± 0.063

[7, 8] [1.5, 3.5] 0.217 ± 0.010 ± 0.003 ± 0.033

[8, 9] [1.5, 3.5] 0.117 ± 0.007 ± 0.002 ± 0.019

[9, 10] [1.5, 3.5] 0.074 ± 0.006 ± 0.002 ± 0.012

[10, 12] [1.5, 3.0] 0.033 ± 0.002 ± 0.001 ± 0.006

[12, 14] [1.5, 3.0] 0.013 ± 0.002 ± 0.000 ± 0.002

Backward

pT [ GeV/c] y∗ dσ
dpT

[ mb/( GeV/c)]

[0, 1] [−4.5,−3.0] 6.700 ± 0.959 ± 0.188 ± 0.966

[1, 2] [−5.0,−2.5] 13.646 ± 0.723 ± 0.151 ± 1.587

[2, 3] [−5.0,−2.5] 8.631 ± 0.252 ± 0.058 ± 0.850

[3, 4] [−5.0,−2.5] 3.602 ± 0.104 ± 0.023 ± 0.355

[4, 5] [−5.0,−2.5] 1.601 ± 0.055 ± 0.013 ± 0.175

[5, 6] [−4.5,−2.5] 0.641 ± 0.027 ± 0.006 ± 0.083

[6, 7] [−4.5,−2.5] 0.340 ± 0.018 ± 0.004 ± 0.047

[7, 8] [−4.5,−2.5] 0.137 ± 0.011 ± 0.002 ± 0.020

[8, 9] [−4.0,−2.5] 0.069 ± 0.007 ± 0.002 ± 0.010

[9, 10] [−3.5,−2.5] 0.035 ± 0.005 ± 0.001 ± 0.006

[10, 14] [−3.5,−2.5] 0.009 ± 0.001 ± 0.000 ± 0.001

Table 7. Differential cross-section for prompt D+
s mesons as a function of pT in the total forward

and backward rapidity regions, respectively. The first uncertainty is statistical, the second is the
component of the systematic uncertainty that is uncorrelated between bins and the third is the fully
correlated component.
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J
H
E
P
0
1
(
2
0
2
4
)
0
7
0

Forward

pT [ GeV/c] y∗ dσ
dpT

[ mb/( GeV/c)]

[0, 1] [2.5, 4.0] 11.306 ± 0.183 ± 0.091 ± 0.604

[1, 2] [2.5, 4.0] 15.584 ± 0.129 ± 0.067 ± 0.725

[2, 3] [2.5, 4.0] 9.062 ± 0.054 ± 0.030 ± 0.669

[3, 4] [2.5, 4.0] 4.295 ± 0.026 ± 0.014 ± 0.518

[4, 5] [2.5, 4.0] 1.874 ± 0.015 ± 0.007 ± 0.300

[5, 6] [2.5, 4.0] 0.879 ± 0.010 ± 0.005 ± 0.166

[6, 7] [2.5, 4.0] 0.438 ± 0.008 ± 0.003 ± 0.087

[7, 8] [2.5, 4.0] 0.224 ± 0.008 ± 0.003 ± 0.046

[8, 9] [2.5, 3.5] 0.108 ± 0.003 ± 0.001 ± 0.026

[9, 10] [2.5, 3.5] 0.062 ± 0.002 ± 0.001 ± 0.014

[10, 11] [2.5, 3.5] 0.036 ± 0.002 ± 0.001 ± 0.008

[11, 12] [2.5, 3.5] 0.027 ± 0.002 ± 0.001 ± 0.005

[12, 13] [2.5, 3.0] 0.009 ± 0.001 ± 0.000 ± 0.002

[13, 14] [2.5, 3.0] 0.006 ± 0.001 ± 0.000 ± 0.001

Backward

pT [ GeV/c] y∗ dσ
dpT

[ mb/( GeV/c)]

[0, 1] [−4.0,−3.0] 11.786 ± 0.610 ± 0.201 ± 0.800

[1, 2] [−4.0,−2.5] 20.026 ± 0.362 ± 0.146 ± 1.242

[2, 3] [−4.0,−2.5] 11.738 ± 0.125 ± 0.051 ± 0.755

[3, 4] [−4.0,−2.5] 5.320 ± 0.053 ± 0.021 ± 0.505

[4, 5] [−4.0,−2.5] 2.275 ± 0.026 ± 0.010 ± 0.292

[5, 6] [−4.0,−2.5] 1.026 ± 0.015 ± 0.005 ± 0.157

[6, 7] [−4.0,−2.5] 0.500 ± 0.010 ± 0.003 ± 0.088

[7, 8] [−4.0,−2.5] 0.244 ± 0.006 ± 0.002 ± 0.047

[8, 9] [−4.0,−2.5] 0.131 ± 0.004 ± 0.001 ± 0.027

[9, 10] [−4.0,−2.5] 0.073 ± 0.003 ± 0.001 ± 0.016

[10, 11] [−4.0,−2.5] 0.043 ± 0.002 ± 0.001 ± 0.010

[11, 12] [−4.0,−2.5] 0.026 ± 0.002 ± 0.001 ± 0.006

[12, 13] [−3.5,−2.5] 0.015 ± 0.001 ± 0.000 ± 0.003

[13, 14] [−3.5,−2.5] 0.009 ± 0.001 ± 0.000 ± 0.002

Table 8. Differential cross-section for prompt D+ mesons as a function of pT in the common forward
and backward regions, respectively. The first uncertainty is statistical, the second is the component
of the systematic uncertainty that is uncorrelated between bins and the third is the fully correlated
component.
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J
H
E
P
0
1
(
2
0
2
4
)
0
7
0

Forward

pT [ GeV/c] y∗ dσ
dpT

[ mb/( GeV/c)]

[0, 1] [2.5, 4.0] 4.230 ± 0.613 ± 0.124 ± 0.382

[1, 2] [2.5, 4.0] 7.121 ± 0.262 ± 0.076 ± 0.530

[2, 3] [2.5, 4.0] 3.965 ± 0.101 ± 0.030 ± 0.296

[3, 4] [2.5, 4.0] 1.794 ± 0.046 ± 0.014 ± 0.177

[4, 5] [2.5, 4.0] 0.833 ± 0.026 ± 0.007 ± 0.103

[5, 6] [2.5, 4.0] 0.377 ± 0.018 ± 0.005 ± 0.052

[6, 7] [2.5, 4.0] 0.205 ± 0.014 ± 0.003 ± 0.030

[7, 8] [2.5, 3.5] 0.086 ± 0.006 ± 0.002 ± 0.015

[8, 9] [2.5, 3.5] 0.041 ± 0.004 ± 0.001 ± 0.007

[9, 10] [2.5, 3.5] 0.026 ± 0.004 ± 0.001 ± 0.005

[10, 12] [2.5, 3.0] 0.010 ± 0.001 ± 0.000 ± 0.002

[12, 14] [2.5, 3.0] 0.004 ± 0.001 ± 0.000 ± 0.001

Backward

pT [ GeV/c] y∗ dσ
dpT

[ mb/( GeV/c)]

[0, 1] [−4.0,−3.0] 3.605 ± 0.558 ± 0.104 ± 0.409

[1, 2] [−4.0,−2.5] 10.097 ± 0.506 ± 0.125 ± 1.186

[2, 3] [−4.0,−2.5] 6.430 ± 0.194 ± 0.048 ± 0.652

[3, 4] [−4.0,−2.5] 2.945 ± 0.087 ± 0.020 ± 0.294

[4, 5] [−4.0,−2.5] 1.316 ± 0.045 ± 0.011 ± 0.146

[5, 6] [−4.0,−2.5] 0.558 ± 0.025 ± 0.005 ± 0.072

[6, 7] [−4.0,−2.5] 0.314 ± 0.017 ± 0.004 ± 0.043

[7, 8] [−4.0,−2.5] 0.118 ± 0.010 ± 0.002 ± 0.017

[8, 9] [−4.0,−2.5] 0.069 ± 0.007 ± 0.002 ± 0.010

[9, 10] [−3.5,−2.5] 0.035 ± 0.005 ± 0.001 ± 0.006

[10, 14] [−3.5,−2.5] 0.009 ± 0.001 ± 0.000 ± 0.001

Table 9. Differential cross-section for prompt D+
s mesons as a function of pT in the common forward

and backward regions, respectively. The first uncertainty is statistical, the second is the component
of the systematic uncertainty that is uncorrelated between bins and the third is the fully correlated
component.
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J
H
E
P
0
1
(
2
0
2
4
)
0
7
0

Forward
y∗ dσ

dy∗ [ mb ]
[1.5, 2.0] 35.87 ± 1.24 ± 2.08
[2.0, 2.5] 36.41 ± 0.27 ± 2.95
[2.5, 3.0] 34.84 ± 0.21 ± 2.73
[3.0, 3.5] 29.70 ± 0.23 ± 1.86
[3.5, 4.0] 23.28 ± 0.34 ± 1.21

Backward
y∗ dσ

dy∗ [ mb ]
[−3.0,−2.5] 35.81 ± 1.32 ± 2.49
[−3.5,−3.0] 36.28 ± 0.44 ± 2.49
[−4.0,−3.5] 34.33 ± 0.40 ± 2.14
[−4.5,−4.0] 27.86 ± 0.53 ± 1.65
[−5.0,−4.5] 21.14 ± 0.91 ± 1.67

Table 10. Differential cross-section for prompt D+ mesons as a function of |y∗| integrated over
1 < pT < 14 GeV/c for the forward and backward regions, respectively. The first uncertainty is
statistical, the second is systematic.

Forward
y∗ dσ

dy∗ [ mb ]
[1.5, 2.0] 13.37 ± 0.58 ± 1.42
[2.0, 2.5] 12.93 ± 0.26 ± 1.26
[2.5, 3.0] 13.04 ± 0.25 ± 1.10
[3.0, 3.5] 9.38 ± 0.26 ± 0.73
[3.5, 4.0] 6.52 ± 0.45 ± 0.51

Backward
y∗ dσ

dy∗ [ mb ]
[−3.0,−2.5] 15.71 ± 0.89 ± 2.07
[−3.5,−3.0] 14.25 ± 0.45 ± 1.12
[−4.0,−3.5] 13.88 ± 0.47 ± 1.20
[−4.5,−4.0] 9.88 ± 0.58 ± 1.14
[−5.0,−4.5] 3.76 ± 0.92 ± 0.94

Table 11. Differential cross-section for prompt D+
s mesons as a function of |y∗| integrated over

1 < pT < 14 GeV/c for the forward and backward regions, respectively. The first uncertainty is
statistical, the second is systematic.
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0

B Nuclear modification factor RpPb

Tables 12–13 give the numerical results for the nuclear modification factor as a function of pT.
Tables 14–15 give the numerical results for the nuclear modification factor as a function of y∗.

pT [ GeV/c] Forward Backward

[0, 1] 0.585+ 0.029+ 0.052
− 0.029− 0.048 0.610+ 0.042+ 0.070

− 0.042− 0.066

[1, 2] 0.606+ 0.006+ 0.033
− 0.006− 0.032 0.779+ 0.015+ 0.069

− 0.015− 0.067

[2, 3] 0.634+ 0.005+ 0.028
− 0.005− 0.028 0.822+ 0.009+ 0.060

− 0.009− 0.061

[3, 4] 0.678+ 0.005+ 0.024
− 0.005− 0.029 0.839+ 0.009+ 0.053

− 0.009− 0.057

[4, 5] 0.684+ 0.007+ 0.025
− 0.007− 0.027 0.831+ 0.011+ 0.051

− 0.011− 0.053

[5, 6] 0.698+ 0.010+ 0.026
− 0.010− 0.028 0.814+ 0.013+ 0.048

− 0.013− 0.050

[6, 7] 0.723+ 0.015+ 0.031
− 0.015− 0.032 0.825+ 0.018+ 0.050

− 0.018− 0.050

[7, 8] 0.715+ 0.028+ 0.036
− 0.028− 0.037 0.778+ 0.023+ 0.048

− 0.023− 0.048

[8, 9] 0.806+ 0.030+ 0.052
− 0.030− 0.050 0.975+ 0.043+ 0.066

− 0.043− 0.065

[9, 10] 0.847+ 0.045+ 0.065
− 0.045− 0.060 1.002+ 0.056+ 0.077

− 0.056− 0.073

Table 12. Nuclear modification factor RpPb for prompt D+ meson production in different pT intervals,
for the forward and backward rapidity regions. The first uncertainty is statistical, the second is
systematic.

pT [ GeV/c] Forward Backward

[1, 2] 0.665+ 0.036+ 0.047
− 0.036− 0.044 0.944+ 0.060+ 0.121

− 0.060− 0.119

[2, 3] 0.592+ 0.019+ 0.028
− 0.019− 0.027 0.960+ 0.034+ 0.097

− 0.034− 0.096

[3, 4] 0.587+ 0.019+ 0.026
− 0.019− 0.024 0.964+ 0.034+ 0.077

− 0.034− 0.075

[4, 5] 0.614+ 0.022+ 0.027
− 0.022− 0.025 0.971+ 0.038+ 0.068

− 0.038− 0.066

[5, 6] 0.621+ 0.036+ 0.030
− 0.036− 0.025 0.920+ 0.051+ 0.064

− 0.051− 0.059

[6, 7] 0.720+ 0.057+ 0.043
− 0.057− 0.034 1.101+ 0.078+ 0.080

− 0.078− 0.069

[7, 8] 0.748+ 0.076+ 0.062
− 0.076− 0.039 1.030+ 0.116+ 0.083

− 0.116− 0.066

[8, 9] 0.687+ 0.092+ 0.058
− 0.092− 0.039 0.981+ 0.145+ 0.093

− 0.145− 0.070

[9, 10] 0.709+ 0.123+ 0.070
− 0.123− 0.048 0.931+ 0.170+ 0.099

− 0.170− 0.075

Table 13. Nuclear modification factor RpPb for prompt D+
s meson production in different pT intervals,

for the forward and backward rapidity regions. The first uncertainty is statistical, the second is
systematic.
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y∗ RpPb

[−4.5,−4.0] 1.018+ 0.031+ 0.074
− 0.031− 0.071

[−4.0,−3.5] 0.875+ 0.022+ 0.062
− 0.022− 0.059

[−3.5,−3.0] 0.765+ 0.015+ 0.066
− 0.015− 0.062

[−3.0,−2.5] 0.649+ 0.029+ 0.065
− 0.029− 0.065

[2.0, 2.5] 0.710+ 0.013+ 0.062
− 0.013− 0.056

[2.5, 3.0] 0.632+ 0.017+ 0.038
− 0.017− 0.039

[3.0, 3.5] 0.626+ 0.011+ 0.032
− 0.011− 0.027

[3.5, 4.0] 0.594+ 0.016+ 0.036
− 0.016− 0.033

Table 14. Nuclear modification factor RpPb for prompt D+ meson production in different y∗ intervals,
integrated up to pT = 10 GeV/c. The first uncertainty is statistical, the second is systematic.

y∗ RpPb

[−4.5,−4.0] 1.264+ 0.191+ 0.134
− 0.191− 0.111

[−4.0,−3.5] 1.275+ 0.073+ 0.104
− 0.073− 0.093

[−3.5,−3.0] 0.895+ 0.039+ 0.089
− 0.039− 0.084

[−3.0,−2.5] 0.821+ 0.052+ 0.123
− 0.052− 0.124

[2.0, 2.5] 0.760+ 0.048+ 0.093
− 0.048− 0.073

[2.5, 3.0] 0.680+ 0.024+ 0.036
− 0.024− 0.038

[3.0, 3.5] 0.591+ 0.024+ 0.036
− 0.024− 0.030

[3.5, 4.0] 0.601+ 0.050+ 0.044
− 0.050− 0.038

Table 15. Nuclear modification factor RpPb for prompt D+
s meson production in different y∗ intervals,

integrated up to pT = 10 GeV/c. The first uncertainty is statistical, the second is systematic.
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C Forward-backward production ratios of D+ and D+
s

Tables 16–17 give the numerical results for the forward-backward production ratios.

pT [ GeV/c ] RFB

[0, 1] 0.959 ± 0.052 ± 0.092

[1, 2] 0.778 ± 0.015 ± 0.062

[2, 3] 0.772 ± 0.009 ± 0.048

[3, 4] 0.807 ± 0.009 ± 0.042

[4, 5] 0.823 ± 0.012 ± 0.040

[5, 6] 0.857 ± 0.016 ± 0.039

[6, 7] 0.876 ± 0.023 ± 0.042

[7, 8] 0.919 ± 0.041 ± 0.051

[8, 9] 1.046 ± 0.052 ± 0.057

[9, 10] 1.061 ± 0.071 ± 0.068

[10, 11] 0.987 ± 0.088 ± 0.079

[11, 12] 1.241 ± 0.152 ± 0.167

[12, 13] 0.877 ± 0.135 ± 0.089

[13, 14] 0.902 ± 0.189 ± 0.107

|y∗| RFB

[2.5, 3.0] 0.973 ± 0.036 ± 0.089

[3.0, 3.5] 0.819 ± 0.012 ± 0.058

[3.5, 4.0] 0.680 ± 0.013 ± 0.043

Table 16. Forward-backward production ratios of D+ mesons as a function of pT, integrated over the
common rapidity range 2.5 < |y∗| < 4.0; and as a function of y∗, integrated over 0 < pT < 14 GeV/c.
The first uncertainty is statistical, the second is systematic.
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pT [ GeV/c ] RFB

[0, 1] 0.775 ± 0.208 ± 0.104

[1, 2] 0.705 ± 0.044 ± 0.086

[2, 3] 0.617 ± 0.024 ± 0.056

[3, 4] 0.609 ± 0.024 ± 0.042

[4, 5] 0.633 ± 0.029 ± 0.036

[5, 6] 0.675 ± 0.045 ± 0.036

[6, 7] 0.654 ± 0.057 ± 0.036

[7, 8] 0.929 ± 0.119 ± 0.047

[8, 9] 0.701 ± 0.111 ± 0.041

[9, 10] 0.762 ± 0.155 ± 0.054

[10, 14] 1.337 ± 0.323 ± 0.089

|y∗| RFB

[2.5, 3.0] 0.830 ± 0.054 ± 0.119

[3.0, 3.5] 0.715 ± 0.049 ± 0.071

[3.5, 4.0] 0.502 ± 0.071 ± 0.041

Table 17. Forward-backward production ratios of D+
s mesons as a function of pT, integrated over the

common rapidity range 2.5 < |y∗| < 4.0; and as a function of y∗, integrated over 0 < pT < 14 GeV/c.
The first uncertainty is statistical, the second is systematic.
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D Production ratios between D+, D+
s and D0

Tables 18–20 give the numerical results for the cross-section ratios between mesons as a
function of pT. Tables 21–23 give the numerical results for the cross-section ratios between
mesons as a function of y∗.

pT [ GeV/c] Forward Backward
[0, 1] 0.337 ± 0.011 ± 0.031 0.302 ± 0.012 ± 0.036
[1, 2] 0.334 ± 0.004 ± 0.023 0.302 ± 0.005 ± 0.029
[2, 3] 0.351 ± 0.002 ± 0.017 0.311 ± 0.003 ± 0.024
[3, 4] 0.373 ± 0.002 ± 0.016 0.325 ± 0.004 ± 0.024
[4, 5] 0.378 ± 0.003 ± 0.017 0.330 ± 0.005 ± 0.024
[5, 6] 0.391 ± 0.005 ± 0.026 0.339 ± 0.009 ± 0.030
[6, 7] 0.406 ± 0.009 ± 0.035 0.360 ± 0.009 ± 0.027
[7, 8] 0.402 ± 0.010 ± 0.028 0.332 ± 0.012 ± 0.035
[8, 9] 0.418 ± 0.010 ± 0.039 0.350 ± 0.020 ± 0.060
[9, 10] 0.418 ± 0.015 ± 0.046 0.339 ± 0.023 ± 0.038

Table 18. Measured of RD+/D0 as a function of pT in LHCb pPb collisions at 5.02 TeV in the forward
and backward regions, integrated over 2.5 < |y∗| < 4.0. The first uncertainty is statistical, the second
is systematic.

pT [ GeV/c] Forward Backward
[0, 1] 0.139 ± 0.015 ± 0.014 0.162 ± 0.023 ± 0.025
[1, 2] 0.146 ± 0.005 ± 0.012 0.140 ± 0.007 ± 0.018
[2, 3] 0.159 ± 0.003 ± 0.010 0.165 ± 0.005 ± 0.016
[3, 4] 0.167 ± 0.003 ± 0.008 0.170 ± 0.005 ± 0.014
[4, 5] 0.179 ± 0.004 ± 0.009 0.186 ± 0.007 ± 0.015
[5, 6] 0.188 ± 0.006 ± 0.013 0.193 ± 0.009 ± 0.013
[6, 7] 0.193 ± 0.008 ± 0.017 0.217 ± 0.012 ± 0.017
[7, 8] 0.181 ± 0.008 ± 0.013 0.169 ± 0.015 ± 0.018
[8, 9] 0.175 ± 0.011 ± 0.017 0.193 ± 0.022 ± 0.019
[9, 10] 0.190 ± 0.015 ± 0.022 0.198 ± 0.031 ± 0.019

Table 19. Measured of RD+
s /D0 ratio as a function of pT in LHCb pPb collisions at 5.02 TeV in the

forward and backward regions, integrated over 2.5 < |y∗| < 4.0. The first uncertainty is statistical,
the second is systematic.
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pT [ GeV/c] Forward Backward

[0, 1] 0.393 ± 0.046 ± 0.041 0.532 ± 0.082 ± 0.081

[1, 2] 0.438 ± 0.015 ± 0.036 0.462 ± 0.026 ± 0.057

[2, 3] 0.451 ± 0.009 ± 0.025 0.531 ± 0.016 ± 0.050

[3, 4] 0.449 ± 0.009 ± 0.018 0.524 ± 0.016 ± 0.038

[4, 5] 0.474 ± 0.010 ± 0.014 0.565 ± 0.020 ± 0.033

[5, 6] 0.480 ± 0.014 ± 0.013 0.547 ± 0.025 ± 0.027

[6, 7] 0.475 ± 0.019 ± 0.015 0.603 ± 0.034 ± 0.029

[7, 8] 0.451 ± 0.022 ± 0.012 0.509 ± 0.044 ± 0.024

[8, 9] 0.419 ± 0.025 ± 0.014 0.523 ± 0.056 ± 0.028

[9, 10] 0.454 ± 0.036 ± 0.018 0.598 ± 0.098 ± 0.037

[10, 12] 0.486 ± 0.040 ± 0.018 —

[12, 14] 0.469 ± 0.065 ± 0.028 —

[10, 14] — 0.426 ± 0.070 ± 0.026

Table 20. Measured of RD+
s /D+ ratio as a function of pT in LHCb pPb collisions at 5.02 TeV in the

forward and backward regions, integrated over 2.5 < |y∗| < 4.0. The first uncertainty is statistical,
the second is systematic.

|y∗| Forward Backward

[1.5, 2.0] 0.311 ± 0.011 ± 0.030 —

[2.0, 2.5] 0.340 ± 0.003 ± 0.024 —

[2.5, 3.0] 0.371 ± 0.003 ± 0.017 0.283 ± 0.011 ± 0.041

[3.0, 3.5] 0.368 ± 0.003 ± 0.014 0.301 ± 0.004 ± 0.027

[3.5, 4.0] 0.362 ± 0.006 ± 0.028 0.328 ± 0.004 ± 0.022

[4.0, 4.5] — 0.317 ± 0.007 ± 0.023

[4.5, 5.0] — 0.325 ± 0.016 ± 0.039

Table 21. Measured of RD+/D0 as a function of |y∗| in LHCb pPb collisions at 5.02 TeV in the
forward and backward regions, integrated over 0 < pT < 10 GeV/c. The first uncertainty is statistical,
the second is systematic.
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|y∗| Forward Backward

[1.5, 2.0] 0.147 ± 0.006 ± 0.016 —

[2.0, 2.5] 0.151 ± 0.005 ± 0.012 —

[2.5, 3.0] 0.169 ± 0.005 ± 0.008 0.159 ± 0.009 ± 0.027

[3.0, 3.5] 0.159 ± 0.007 ± 0.008 0.149 ± 0.008 ± 0.016

[3.5, 4.0] 0.135 ± 0.018 ± 0.012 0.166 ± 0.009 ± 0.013

[4.0, 4.5] — 0.183 ± 0.019 ± 0.024

[4.5, 5.0] — 0.086 ± 0.021 ± 0.013

Table 22. Measured of RD+
s /D0 as a function of |y∗| in LHCb pPb collisions at 5.02 TeV in the

forward and backward regions, integrated over 0 < pT < 10 GeV/c. The first uncertainty is statistical,
the second is systematic.

|y∗| Forward Backward

[1.5, 2.0] 0.460 ± 0.028 ± 0.045 —

[2.0, 2.5] 0.444 ± 0.014 ± 0.039 —

[2.5, 3.0] 0.457 ± 0.013 ± 0.024 0.535 ± 0.039 ± 0.084

[3.0, 3.5] 0.433 ± 0.020 ± 0.018 0.496 ± 0.026 ± 0.053

[3.5, 4.0] 0.373 ± 0.049 ± 0.026 0.506 ± 0.027 ± 0.034

[4.0, 4.5] — 0.578 ± 0.061 ± 0.069

[4.5, 5.0] — 0.290 ± 0.074 ± 0.037

Table 23. Measured RD+
s /D+ as a function of |y∗| in LHCb pPb collisions at 5.02 TeV in the forward

and backward regions, integrated over 0 < pT < 10 GeV/c. The first uncertainty is statistical, the
second is systematic.
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