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Abstract

The production of prompt D+
s and D+ mesons is measured by the LHCb experiment

in proton-lead (pPb) collisions in both the forward (1.5 < y∗ < 4.0) and backward
(−5.0 < y∗ < −2.5) rapidity regions at a nucleon-nucleon center-of-mass energy of√
sNN = 8.16TeV. The nuclear modification factors of both D+

s and D+ mesons are
determined as a function of transverse momentum, pT, and rapidity. In addition,
the D+

s to D+ cross-section ratio is measured as a function of the primary charged
particle multiplicity in the event. An enhanced D+

s to D+ production in high-
multiplicity events is observed for the whole measured pT range, in particular at low
pT and backward rapidity, where the significance exceeds six standard deviations.
This constitutes the first observation of strangeness enhancement in charm quark
hadronization in high-multiplicity pPb collisions. The results are also qualitatively
consistent with the presence of quark coalescence as an additional charm quark
hadronization mechanism in high-multiplicity proton-lead collisions.
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At hadron colliders, charm quarks are mainly produced by hard parton-parton inter-1

actions in the initial stages of the collisions, which are well described by perturbative2

quantum chromodynamics (pQCD) calculations. These calculations are based on the3

factorisation theorem, according to which the charmed hadron cross-sections are depen-4

dent on the parton distribution functions (PDFs) of the incoming nucleons, the hard5

parton-parton scattering cross-section, and the fragmentation functions [1, 2].6

In proton–lead collisions, various effects could modify the charmed hadron cross-7

sections compared to pp collisions. In the initial state, the charmed hadron production8

can be affected by the modification of the parton distribution functions of bound nucleons9

(nPDFs) [3,4] compared to those of free nucleons. Furthermore, the increased gluon density10

at small momentum fraction x leads to non-perturbative features, even if the coupling11

constant is weak. The color-glass condensate (CGC) effective theory [5, 6] provides an12

appropriate theoretical framework in this regime. A recent measurement from the LHCb13

experiment has shown a discrepancy with the theoretical calculations based on nPDFs [7].14

In the final state, the fragmentation functions are typically parameterised based on15

measurements performed in e+e− or ep collisions, assuming that the hadronization of16

charm quarks to charmed hadrons is a universal process independent of the colliding17

system [8]. A recent measurement from the ALICE experiment has shown that charm18

quark hadronization differs between e+e− and pp collisions [9, 10]. This result suggests19

the existence of other hadronization mechanisms beyond fragmentation. An alternative20

mechanism is quark coalescence [11–14], where charm quarks recombine with other21

quarks to form charmed hadrons. This mechanism requires that multiple quarks overlap22

in velocity-position space. As a result, the fraction of charmed hadrons produced by23

coalescence is expected to be larger when the number of quarks produced in the collision24

is large, for example in relativistic heavy-ion collisions where quark-gluon plasma (QGP)25

is formed [15,16]. This mechanism is also expected to be more prominent at relatively low26

transverse momentum, pT, as most quarks or particles are produced in that kinematic27

region.28

Relativistic heavy-ion collisions are often accompanied by strangeness enhancement,29

which was originally considered as a signature of QGP [17]. The enhanced strangeness30

production [18, 19] and the coalescence mechanism result in an increased yield of strange31

charmed mesons relative to non-strange charmed mesons compared to pp collisions [20,21].32

Additionally, the ALICE collaboration observed the production enhancement of strange33

light hadrons in both high-multiplicity pp [22] and pPb [23,24] collisions. Although the34

origin of the strangeness enhancement in “small” systems (proton-proton or proton-nucleus35

collisions) is still under debate [25, 26], it may indicate a common underlying physics36

mechanism which gradually compensates the strangeness suppression in fragmentation. If37

the coalescence mechanism contributes to the charm quark hadronization in small systems,38

the production rates of D+
s mesons (cs̄) relative to D+ mesons (cd̄) could also increase39

with the event multiplicity.40

This letter reports LHCb measurements of the prompt D+
(s) (D+

s and D+) differential41

production cross-sections, of their nuclear modification factors and forward-backward42

cross-section ratio in pPb collisions at
√
sNN = 8.16 TeV. Additionally, the cross-section43

ratio, σD+
s
/σD+ , as a function of the primary charged particle multiplicity of the events is44

reported.45

The LHCb detector is a single-arm forward spectrometer covering the pseudorapidity46

range 2 < η < 5, described in detail in Refs. [27,28]. The present measurement covers the47
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forward rapidity range of 1.5 < y∗ < 4.0 when the proton beam points towards the LHCb48

arm, and the backward rapidity range of −5.0 < y∗ < −2.5 when the lead beam does.49

Here, y∗ is the rapidity in the nucleon-nucleon center-of-mass frame. The centre-of-mass50

frame does not coincide with the laboratory frame due to the asymmetry of the colliding51

beam energies, with a constant boost of ylab − y∗ = 0.5 log(A/Z) = 0.465 in the direction52

of the proton beam, where A = 208 is the lead nucleus mass number and Z = 82 is the53

lead nucleus atomic number. The corresponding integrated luminosity for the forward54

(backward) rapidity data sample is 12.18 ± 0.32 nb−1 (18.57 ± 0.46 nb−1).55

Simulation is used to model the effects of detector acceptance and selection requirements.56

The D+
(s) mesons are generated using Pythia 8 [29] and embedded into minimum-bias57

(MB) pPb events using the EPOS generator [30], calibrated with LHC data [31]. The58

decays of unstable particles are described by EvtGen [32], in which final-state radiation is59

generated using Photos [33]. The interaction of the generated particles with the detector,60

and its response, are implemented using the Geant4 toolkit [34] as described in Ref. [35].61

The simulated D+
(s) event multiplicity distribution is weighted to match the background-62

subtracted distribution that is extracted from data using the sPlot method [36].63

The double-differential cross-section in a given (pT, y∗) interval is defined as64

d2σpPb
dpTdy∗

=
N

L × ϵacc × ϵtrig × ϵPID × ϵrec&sel × B × ∆pT × ∆y∗
, (1)

where N is the observed number of prompt D+
(s) and D−

(s) mesons, L the integrated65

luminosity, B the branching fraction of the corresponding D+
(s) meson decay, ϵacc, ϵtrig, ϵPID,66

ϵrec&sel are the LHCb acceptance, trigger, particle identification (PID), reconstruction and67

selection efficiencies, respectively, and ∆pT and ∆y∗ are the pT and y∗ interval widths.68

The D+
(s) mesons are reconstructed through the D+ → K−π+π+ and D+

s → K−K+π+
69

decay channels, where the mass of the K+K− pair is required to be within 20 MeV/c270

of the known mass of the ϕ(1020) meson. The corresponding branching fractions are71

B = (2.24 ± 0.13)% for the D+
s → K−K+π+ decay [37], and B = (9.38 ± 0.16%) for the72

D+ → K−π+π+ decay [38].73

The selection criteria applied to D+
(s) candidates are similar to those used in the recent74

D0 production measurements in pPb collisions at
√
sNN = 8.16 TeV [7].75

The sample of D+
(s) candidates includes D+

(s) mesons originating from the collision76

point and from the decay of b hadrons. These categories are referred to as “prompt” and77

“from-b”, respectively. The inclusive signal yield is determined using an extended unbinned78

maximum-likelihood fit to the invariant-mass distributions of the K−K+π+ or K−π+π+
79

combinations. The invariant mass of the signal is described by the sum of a Crystal80

Ball function [39] and a Gaussian function, where both functions share a common mean,81

while the background shape is described by a linear function. The prompt signal yield is82

determined by fitting the distribution of log10(χ
2
IP) of the candidates, where χ2

IP is defined83

as the difference in the vertex-fit χ2 of a given primary vertex (PV) reconstructed with and84

without the candidate under consideration. Combinatorial background in the log10(χ
2
IP)85

distribution is subtracted using the sPlot method with the charm meson invariant mass as86

discriminating variable. The shapes of the log10(χ
2
IP) distributions corresponding to the87

prompt and from-b components are described by Bukin functions [40]. The parameters88

of the function describing the from-b component are fixed from simulation, and the89

parameters describing the prompt component are allowed to float. Typical invariant mass90
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and log10(χ
2
IP) distributions are shown in the Supplemental Material [41].91

The LHCb acceptance, trigger, reconstruction and selection efficiencies are evaluated92

with pPb simulated samples. The track reconstruction efficiency is calibrated with MB93

J/ψ →µ+µ− and K0
S →π+π− samples, using the tag-and-probe approach of Ref. [42]. The94

PID efficiencies are estimated using a tag-and-probe method [43,44].95

The various sources of systematic uncertainties considered in this measurement are96

listed in Table 1. The uncertainty from the invariant mass fit is determined by describing97

signal and background shapes with alternative models [45]. For the estimation of the98

uncertainty associated to the log10(χ
2
IP) fit, the data are fitted again with different models99

and after varying any fixed parameters to evaluate the change in signal yield. The100

uncertainties on the tracking and PID calibration are dominated by the limited size of101

calibration samples. The uncertainty associated to the simulation multiplicity correction is102

estimated by weighting simulated events using different multiplicity variables. The larger103

uncertainty from multiplicity corrections in the backward region primarily stems from a104

worse agreement between simulation and data in that region. For the trigger efficiency,105

the difference between the efficiencies derived from simulation and from collision data [46]106

are considered as a systematic uncertainty. The uncertainties associated to the luminosity,107

the branching fractions and the simulated samples size are also included.108

Table 1: Systematic uncertainties on the measured double-differential cross-section. Each range
indicates the minimum and the maximum value across all kinematic intervals. The uncertainties
due to the mass and log10(χ

2
IP) fits are uncorrelated across the intervals. The other sources of

uncertainty are 100% correlated between the different intervals.

Uncertainty source Forward [%] Backward [%]
Mass fit 0.1 – 6.1 0.1 – 9.6
log10(χ

2
IP) fit 0.1 – 22.2 0.1 – 17.3

Tracking calibration 0.9 – 3.6 1.4 – 9.6
PID calibration 1.2 – 14.0 1.4 – 8.9
Multiplicity correction 0.5 – 3.5 4.9 – 11.3
Trigger efficiency 0.0 – 1.6 0.0 – 1.5
Luminosity 2.6 2.5
Branching fraction D+

s 5.8 5.8
Branching fraction D+ 1.7 1.7

The double-differential cross-sections for prompt D+
s (D+) mesons are measured in the109

pT range 1 < pT < 13 GeV/c (1 < pT < 14 GeV/c) and the rapidity ranges 1.5 < y∗ < 4.0110

and −5.0 < y∗ < −2.5 for the forward and backward rapidity regions, respectively. The111

results and numerical values are given in the Supplemental Material [41]. The total prompt112

D+
(s) production cross-sections, obtained by integrating the double-differential results in113

the measured kinematic ranges, are 42.83 ± 0.29 ± 3.45 mb (92.36 ± 0.18 ± 4.96 mb) for114

the forward rapidity region, and 42.96 ± 0.36 ± 4.91 mb (84.09 ± 0.17 ± 8.39 mb) for115

the backward rapidity region, where the first uncertainty is statistical and the second116

systematic.117

The nuclear modification factor RpPb is defined as the ratio of differential cross-sections118

RpPb (pT, y
∗) ≡ 1

A

d2σpPb (pT, y
∗) /(dpTdy∗)

d2σpp (pT, y∗) /(dpTdy∗)
, (2)
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where A = 208 is the lead nucleus mass number and σpp is the prompt D+
(s) meson119

cross-section in pp collisions at
√
s = 8.16 TeV. The latter are obtained by an interpo-120

lation between LHCb measurements at
√
s = 5.02 TeV and

√
s = 13 TeV [47, 48]. The121

interpolation is performed within the common kinematic range 1 < pT < 10 GeV/c and122

2.0 < y < 4.5, using a power-law function. The difference obtained when using a linear123

function is assigned as a systematic uncertainty.124

The nuclear modification factors for D+
(s) mesons as a function of pT are displayed in125

Fig. 1, where the results are integrated over the rapidity range 2.0 < y∗ < 4.0 for the126

forward rapidity region and −4.5 < y∗ < −2.5 for the backward region. A significant127

suppression of D+
(s) production in pPb collisions, with respect to those in pp collisions128

scaled by the lead mass number, is observed at forward rapidity. Figures showing RpPb in129

different y∗ intervals of width ∆y∗ = 0.5, as well as the numerical values, are given in the130

Supplemental Material [41].131

The RpPb results are compared with nPDF theoretical calculations. These calculations132

use the HELAC-Onia approach [49,50], which is based on a data-driven modeling of the133

scattering at partonic level folded with free proton PDFs [51]. They are first tuned by134

fitting the cross-sections measured in pp collisions at the LHC. Then, the modified PDFs of135

nucleons in the Pb nucleus are introduced to calculate the cross-sections in pPb collisions136

and to estimate the effect of nPDFs. Reweighted EPPS16 [52] or nCTEQ15 [53] nPDF sets,137

which incorporate LHC heavy-flavor data [54–57] in a Bayesian-reweighting analysis [58],138

are used in these calculations. This procedure leads to considerably reduced uncertainties139

with respect to calculations using the default nPDFs. The theoretical uncertainties140

shown in Fig. 1 are dominated by the nPDF parameterisations and correspond to a 68%141

confidence interval. At forward rapidity, the calculations are in satisfactory agreement142

with data. At backward rapidity, the data are lower than the calculations, indicating a143

weaker antishadowing effect or possible final-state effects that depend weakly on charm144

hadronization.145

The nuclear modification factors in the forward rapidity region (small momentum146

fraction x ) are also compared with two calculations based on the CGC effective field theory,147

CGC1 [59,60] and CGC2 [61]. The most significant theoretical uncertainty in CGC2 is the148

initial saturation scale of the target nucleus. The CGC1 predictions have much smaller149

uncertainties than the CGC2 predictions, as they include only variations of the charm150

quark mass and of the factorisation scale, which largely cancel out in the RpPb ratio. The151

CGC1 calculations are consistent with the upper bound of the CGC2 predictions and152

slightly overshoot the data. The CGC2 predictions show a stronger suppression than153

HELAC-Onia, especially for pT < 3 GeV/c.154

The forward-backward cross-section ratio RFB is defined as155

RFB(pT, |y∗|) =
d2σpPb(pT,+|y∗|)/(dpTdy∗)

d2σPbp(pT,−|y∗|)/(dpTdy∗)
, (3)

and calculated in the common |y∗| interval of the forward-backward acceptances, namely156

2.5 < |y∗| < 4. The measurements of RFB are shown as a function of pT and |y∗| in Fig. 2,157

along with the nPDF calculations [52, 53]. Good agreement with nPDF calculations is158

found at low pT, however, the data show a clear rising trend with increasing pT, reaching159

unity at the highest pT values. This is in contrast to the nPDF calculations, which predict160

RFB ∼ 0.7 almost independently of pT. This discrepancy originates from the observed161

suppression of high-pT D+
(s) mesons at backward rapidity.162
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Figure 1: Nuclear modification factor RpPb as a function of pT for prompt (upper) D+
s and

(lower) D+ mesons. Forward rapidity results are shown on the left and backward rapidity on
the right. The vertical error bars show the statistical uncertainties and the boxes show the
systematic uncertainties. The theoretical calculations are also shown [52,53,59–61].

The cross-section ratio σD+
s
/σD+ , which is written as163

σD+
s

σD+

=
ND+

s

ND+

× BD+

BD+
s

×
ϵaccD+

ϵacc
D+

s

×
ϵtrigD+

ϵtrig
D+

s

×
ϵPIDD+

ϵPID
D+

s

×
ϵrec&sel
D+

ϵrec&sel
D+

s

, (4)

is more precisely measured thanks to a cancellation of systematic uncertainties. The164

dependence of σD+
s
/σD+ versus the primary charged particle multiplicity is measured in165

the D+
(s) kinematic intervals 2 < pT < 12 GeV/c and 1.8 < y∗ < 3.3 (−4.3 < y∗ < −2.8)166

for forward (backward) rapidity. The primary charged particle multiplicity, denoted as167

Nch, represents the number of charged particles originating from the collisions, including168

decay products. In this Letter, it is estimated within the forward-pseudorapidity region169

(2 < η < 4.8) by measuring the number of tracks used to reconstruct the primary vertex,170

denoted as NPV
Tracks. The correlation between the measured NPV

Tracks and Nch is obtained171

from simulation.172

Figure 3 shows the dependence of σD+
s
/σD+ on primary charged particle multiplicity173

5



5 10
]c [GeV/

T
p

0.5

1

1.5

FB
R EPPS16 Rwgt

nCTEQ15 Rwgt

+
sDPb, pLHCb 

 = 8.16 TeVNNs

2.5 3 3.5 4
*|y|

0.5

1

1.5

FB
R EPPS16 Rwgt

nCTEQ15 Rwgt

+
sDPb, pLHCb 

 = 8.16 TeVNNs

5 10
]c [GeV/

T
p

0.5

1

1.5

FB
R EPPS16 Rwgt

nCTEQ15 Rwgt

+DPb, pLHCb 
 = 8.16 TeVNNs

2.5 3 3.5 4
*|y|

0.5

1

1.5

FB
R EPPS16 Rwgt

nCTEQ15 Rwgt

+DPb, pLHCb 
 = 8.16 TeVNNs

Figure 2: Forward-backward cross-section ratio RFB for prompt (upper) D+
s and (lower) D+

mesons as a function of (left) pT and (right) y∗. The vertical error bars show the statistical
uncertainties and the boxes show the systematic uncertainties. The coloured bands represent the
theoretical calculations, incorporating nPDFs EPPS16 (gray) [52] and nCTEQ15 (cyan) [53].

in four different pT intervals (integrated over rapidity). Plots of σD+
s
/σD+ in different y∗174

intervals and the derived numerical values are given in the Supplemental Material [41].175

These measurements show that the σD+
s
/σD+ ratio increases significantly as a function176

of the primary charged particle multiplicity, especially in the low-pT and backward177

rapidity regions. They deviate from a flat distribution, expected if only the fragmentation178

mechanism is considered, by 6.1 (2 < pT < 4 GeV/c), 6.8 (4 < pT < 6 GeV/c), 2.7 (6 <179

pT < 8 GeV/c) and 3.2 (8 < pT < 12 GeV/c) standard deviations in the forward rapidity180

region, and by 7.9 (2 < pT < 4 GeV/c), 10.5 (4 < pT < 6 GeV/c), 4.4 (6 < pT < 8 GeV/c)181

and 1.1 (8 < pT < 12 GeV/c) standard deviations at backward rapidity. As a comparison,182

the measured σD+
s
/σD+ ratios in e+e− [62], pp [10, 63], pPb [64] and PbPb [65] collisions183

are also shown in the Fig. 3. There are significant differences in the σD+
s
/σD+ ratios184

between pp and PbPb collisions. The LHCb measurements reveal a trend where the185

ratio tends to resemble that of pp collisions in low-multiplicity pPb collisions, while it186

converges towards the behavior observed in PbPb collisions in high-multiplicity pPb187

collisions. In pPb collisions, the LHCb data are compatible with the ratio measured188

by ALICE within uncertainties. The σD+
s
/σD+ pattern is similar in both the forward189
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Figure 3: Cross-section ratio σD+
s
/σD+ versus the primary charged particles per unit of pseu-

dorapidity in e+e− [62], pp [10, 63], pPb [64], PbPb [65] collisions in different D+
(s) pT ranges.

The vertical error bars show the statistical uncertainties and the boxes show the systematic
uncertainties. The colored bands contain both statistical and systematic uncertainties. The
calculations from Pythia 8 [66, 67], EPOS4HQ [68, 69] and EPOS4HQ without coalescence
mechanism are also shown. These calculations are applicable to pp collisions at

√
s = 8.16TeV

within the rapidity range of 1.8 < y∗ < 3.3.

and backward rapidity regions. This suggests that the σD+
s
/σD+ ratio is independent190

of rapidity, and the mechanism contributing to this ratio increase is strongly correlated191

with the charged particle density. Additionally, theoretical calculations are compared192

using PYTHIA 8 with Monash [66] and CR [67] tunes, along with EPOS4HQ [68, 69].193

EPOS4HQ extends the EPOS4 framework to include heavy quarks and incorporates a194

coalescence mechanism in hadronization. These calculations are applicable to pp collisions.195

Theoretical calculations from Pythia 8 underestimate experimental measurements and and196

do not fully capture the trends dependent on multiplicity. While EPOS4HQ also exhibits197

some discrepancies with experimental data, it can depict the multiplicity-dependent trends198

across all pT intervals by introducing a coalescence mechanism.199

In summary, the prompt D+
(s) production cross-sections are measured by the LHCb200

experiment in pPb collisions at
√
sNN = 8.16 TeV, both in the forward and backward201

rapidity regions. The nuclear modification factors are measured and found to be consistent202

with the previous results with D0 mesons [7]. The results show a strong suppression of203

the D+
(s) cross-sections at forward rapidity, consistent with the nPDF and CGC effective204

theory calculations. At backward rapidity, the RpPb values of D+
(s) mesons are lower than205

nPDF calculations at high pT, indicating a weaker antishadowing effect than predicted206

by the models or additional hadronization-independent final-state effects. Moreover, the207
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forward-backward cross-section ratio also shows a deviation from the nPDF calculations208

at high pT. Combined with the nuclear modification factors, this deviation may arise from209

the observed suppression of high-pT D
+
(s) mesons at backward rapidity. The production of210

D+
s mesons is significantly enhanced relative to D+ mesons in high particle multiplicity211

proton-lead collision events, in particular for low pT and backward rapidity. This is212

the first observation of strangeness enhancement in charm quark hadronization in high-213

multiplicity small collision systems. The multiplicity-dependent trend is well understood214

within EPOS4HQ.215
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Supplemental material237

The multiplicity variable used in this paper is the number of tracks used to reconstruct the238

primary vertex (PV), NPV
Tracks. The NPV

Tracks distribution is affected by the position of the239

primary vertex along the beam axis. This is due to the asymmetry of the pPb collisions240

and the pseudorapidity coverage limitations of vertex locator (VELO). To address this241

effect, a selection is made on the position of the primary vertex along the beam axis242

to ensure the stable distribution of NPV
Tracks within this range. The NPV

Tracks distributions243

for three categories of events, namely minimum-bias events, D+
s signal events, and D+

244

signal events, with the additional requirement of one reconstructed primary vertex for245

each category, are shown in Fig. 4. The multiplicity distributions for D+
s and D+ signal246

events are extracted from data; background is removed using the sPlot method [36].247

The σD+
s
/σD+ ratios are extracted in different multiplicity classes defined as 10-60,248

60-80, 80-100, 100-120, 120-140, 140-200 (10-60, 60-80, 80-100, 100-120, 120-140, 140-180,249

180-250) NPV
Tracks for forward (backward) rapidity region. The normalised multiplicity is250

defined as NPV
Tracks/⟨NPV

Tracks⟩MB, where ⟨NPV
Tracks⟩MB is the average multiplicity for MB events251

in the corresponding beam configuration. For the forward (backward) rapidity sample252

⟨NPV
Tracks⟩MB = 60.3 (69.0) with negligible uncertainty. The primary charged particles253

per unity of pseudorapidity is defined as dNch/dη, where η range from 2 to 4.8. The254

primary charged particle multiplicity, denoted as Nch, represents the number of charged255

particles originating from the collisions, including decay products. It is estimated within256

the forward-pseudorapidity region (2 < η < 4.8) by measuring NPV
Tracks. In the forward257

(backward) rapidity region, the means and standard deviations of Nch in different NPV
Tracks258

intervals are denoted as 32.8 ± 9.8, 49.9 ± 8.6, 61.9 ± 10.0, 74.5 ± 11.4, 87.5 ± 12.5,259

108.4 ± 17.0 (34.6 ± 10.5, 54.6 ± 8.8, 70.1 ± 10.2, 86.0 ± 11.5, 102.3 ± 12.7, 126.2 ±260

16.7, 164.7 ± 22.1).261
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Figure 4: Distribution of the number of charged tracks used to reconstruct the PV for D+
(s)

signal and minimum-bias events in (left) forward and (right) backward configurations, each with
only one primary vertex. The vertical scale is arbitrary.

The results of the fits to the invariant-mass and log10(χ
2
IP) distributions in the forward262
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and backward rapidity intervals are shown in Fig. 5–8.263
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Figure 5: Distributions of (left) M(KKπ) and (right) log10(χ
2
IP) for inclusive D+

s mesons
in the forward data sample in the interval of 2.0 < pT < 4.0GeV/c, 2.3 < y∗ < 2.8 and
100 < NPV

Tracks < 120. The fit results are overlaid. For the log10(χ
2
IP) fit, the data are weighted

using the sPlot method to subtract the background component.
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Figure 6: Distributions of (left) M(KKπ) and (right) log10(χ
2
IP) for inclusive D+

s mesons in
the backward data sample in the interval of 2.0 < pT < 4.0GeV/c, −3.8 < y∗ < −3.3 and
100 < NPV

Tracks < 120. The fit results are overlaid. For the log10(χ
2
IP) fit, the data are weighted

using the sPlot method to subtract the background component.

The differential cross-section for prompt D+
s and D+ mesons in both forward and264

backward rapidities are shown in Fig. 9–12. The corresponding numerical values are listed265

in Tables 2–7.266

The nuclear modification factor RpPb for prompt D+
s and D+ mesons in both forward267

and backward rapidities are shown in Fig. 13–15. The corresponding numerical values are268

listed in Tables 8–13.269

The numerical values for the forward and backward production ratio RFB of prompt270

D+
s and D+ mesons are given in Tables 14 and 15.271

The production cross-section ratio of D+
s over D+ mesons σD+

s
/σD+ in both forward272

and backward rapidities are shown in Fig. 16–18. The corresponding numerical values are273

listed in Tables 16 and 17.274

10



1800 1850 1900
]2c) [MeV/ππK(M

0

1000

2000

3000

4000

5000

6000

7000

)2 c
C

an
di

da
te

s 
/ (

2 
M

eV
/

Data
All
Signal
Background

+DPb forward, p

 = 8.16 TeVNNs

LHCb

c <4.0 GeV/
T

p2.0< 

* <2.8y2.3< 

 <120.0PV
TracksN100.0< 

4− 2− 0 2 4
)

IP
2χ(

10
log

0

2

4

6

8

10
310×

C
an

di
da

te
s 

/ (
0.

2)

Data, weighted
All
Prompt

bFrom-

+DPb forward, p

 = 8.16 TeVNNs

LHCb

c <4.0 GeV/
T

p2.0< 

* <2.8y2.3< 

 <120.0PV
TracksN100.0< 
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IP) for inclusive D+ mesons

in the forward data sample in the interval of 2.0 < pT < 4.0GeV/c, 2.3 < y∗ < 2.8 and
100 < NPV

Tracks < 120. The fit results are overlaid. For the log10(χ
2
IP) fit, the data are weighted

using the sPlot method to subtract the background component.
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the backward data sample in the interval of 2.0 < pT < 4.0GeV/c, −3.8 < y∗ < −3.3 and
100 < NPV

Tracks < 120. The fit results are overlaid. For the log10(χ
2
IP) fit, the data are weighted

using the sPlot method to subtract the background component.
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Table 4: Differential cross-section for prompt D+
s production as a function of pT in pPb collisions

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

pT[ GeV/c] dσ/dpT [ mb/( GeV/c)] (Forward)
[1, 2] 17.826 ± 0.433 ± 0.955 ± 1.808
[2, 3] 12.218 ± 0.104 ± 0.216 ± 1.177
[3, 4] 6.259 ± 0.072 ± 0.074 ± 0.591
[4, 5] 3.051 ± 0.027 ± 0.025 ± 0.283
[5, 6] 1.576 ± 0.017 ± 0.017 ± 0.146
[6, 7] 0.843 ± 0.012 ± 0.019 ± 0.079
[7, 8] 0.476 ± 0.011 ± 0.010 ± 0.045
[8, 9] 0.244 ± 0.006 ± 0.009 ± 0.023
[9, 10] 0.147 ± 0.005 ± 0.004 ± 0.014
[10, 11] 0.095 ± 0.003 ± 0.005 ± 0.009
[11, 12] 0.059 ± 0.002 ± 0.002 ± 0.006
[12, 13] 0.034 ± 0.002 ± 0.001 ± 0.003

pT[ GeV/c] dσ/dpT [ mb/( GeV/c)] (Backward)
[1, 2] 20.196 ± 0.421 ± 0.975 ± 2.700
[2, 3] 12.163 ± 0.119 ± 0.196 ± 1.490
[3, 4] 5.729 ± 0.050 ± 0.073 ± 0.694
[4, 5] 2.553 ± 0.025 ± 0.029 ± 0.300
[5, 6] 1.182 ± 0.014 ± 0.020 ± 0.143
[6, 7] 0.524 ± 0.009 ± 0.012 ± 0.063
[7, 8] 0.276 ± 0.004 ± 0.005 ± 0.031
[8, 9] 0.153 ± 0.004 ± 0.004 ± 0.018
[9, 10] 0.083 ± 0.002 ± 0.003 ± 0.011
[10, 11] 0.053 ± 0.002 ± 0.003 ± 0.007
[11, 12] 0.029 ± 0.001 ± 0.001 ± 0.003
[12, 13] 0.019 ± 0.001 ± 0.001 ± 0.002
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Table 5: Differential cross-section for prompt D+ production as a function of pT in pPb collisions
at forward and backward rapidities. The first uncertainty is statistical, the second the component
of the systematic uncertainty that is uncorrelated between bins and the third the correlated
systematic component.

pT[ GeV/c] dσ/dpT [ mb/( GeV/c)] (Forward)
[1, 2] 40.198 ± 0.174 ± 0.717 ± 2.291
[2, 3] 25.763 ± 0.057 ± 0.456 ± 1.326
[3, 4] 12.959 ± 0.019 ± 0.219 ± 0.638
[4, 5] 6.311 ± 0.012 ± 0.135 ± 0.300
[5, 6] 3.188 ± 0.007 ± 0.064 ± 0.151
[6, 7] 1.693 ± 0.012 ± 0.042 ± 0.081
[7, 8] 0.943 ± 0.005 ± 0.022 ± 0.045
[8, 9] 0.559 ± 0.005 ± 0.014 ± 0.028
[9, 10] 0.306 ± 0.001 ± 0.008 ± 0.015
[10, 11] 0.194 ± 0.002 ± 0.004 ± 0.010
[11, 12] 0.130 ± 0.001 ± 0.004 ± 0.007
[12, 13] 0.071 ± 0.001 ± 0.002 ± 0.004
[13, 14] 0.048 ± 0.001 ± 0.002 ± 0.003

pT[ GeV/c] dσ/dpT [ mb/( GeV/c)] (Backward)
[1, 2] 40.492 ± 0.161 ± 0.785 ± 4.317
[2, 3] 23.726 ± 0.031 ± 0.402 ± 2.241
[3, 4] 10.684 ± 0.014 ± 0.170 ± 0.981
[4, 5] 4.720 ± 0.008 ± 0.094 ± 0.414
[5, 6] 2.170 ± 0.005 ± 0.041 ± 0.188
[6, 7] 1.050 ± 0.004 ± 0.020 ± 0.093
[7, 8] 0.557 ± 0.006 ± 0.013 ± 0.051
[8, 9] 0.289 ± 0.002 ± 0.007 ± 0.026
[9, 10] 0.166 ± 0.001 ± 0.004 ± 0.015
[10, 11] 0.101 ± 0.001 ± 0.003 ± 0.010
[11, 12] 0.069 ± 0.001 ± 0.003 ± 0.007
[12, 13] 0.038 ± 0.000 ± 0.002 ± 0.003
[13, 14] 0.025 ± 0.000 ± 0.001 ± 0.002
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Table 6: Differential cross-section for prompt D+
s production as a function of y∗ in pPb collisions

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

y∗ dσ/dy∗ [ mb ] (Forward)
[1.5, 2.0] 19.032 ± 0.467 ± 1.622 ± 2.098
[2.0, 2.5] 19.347 ± 0.231 ± 0.790 ± 1.854
[2.5, 3.0] 18.918 ± 0.276 ± 0.482 ± 1.749
[3.0, 3.5] 17.129 ± 0.344 ± 0.449 ± 1.606
[3.5, 4.0] 11.227 ± 0.594 ± 0.414 ± 1.113

y∗ dσ/dy∗ [ mb ] (Backward)
[−2.5,−3.0] 22.148 ± 0.434 ± 1.383 ± 3.142
[−3.0,−3.5] 21.695 ± 0.392 ± 0.539 ± 2.667
[−3.5,−4.0] 18.086 ± 0.342 ± 0.414 ± 2.214
[−4.0,−4.5] 15.176 ± 0.329 ± 0.714 ± 1.962
[−4.5,−5.0] 8.814 ± 0.459 ± 1.047 ± 1.002

Table 7: Differential cross-section for prompt D+ production as a function of y∗ in pPb collisions
at forward and backward rapidities. The first uncertainty is statistical, the second the component
of the systematic uncertainty that is uncorrelated between bins and the third the correlated
systematic component.

y∗ dσ/dy∗ [ mb ] (Forward)
[1.5, 2.0] 43.77 ± 0.31 ± 0.98 ± 2.90
[2.0, 2.5] 43.18 ± 0.10 ± 0.71 ± 2.26
[2.5, 3.0] 39.59 ± 0.09 ± 0.74 ± 1.88
[3.0, 3.5] 33.58 ± 0.09 ± 0.58 ± 1.62
[3.5, 4.0] 24.60 ± 0.12 ± 0.92 ± 1.22

y∗ dσ/dy∗ [ mb ] (Backward)
[−3.0,−2.5] 44.40 ± 0.23 ± 0.96 ± 4.73
[−3.5,−3.0] 41.19 ± 0.08 ± 0.68 ± 3.80
[−4.0,−3.5] 35.70 ± 0.07 ± 0.59 ± 3.47
[−4.5,−4.0] 27.78 ± 0.21 ± 0.75 ± 2.74
[−5.0,−4.5] 19.10 ± 0.06 ± 0.99 ± 2.13
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Figure 13: Nuclear modification factor RpPb for prompt D+
s production as a function of pT in

different y∗ intervals. The vertical error bars show the statistical uncertainties and the boxes show
the systematic uncertainties. The coloured bands represent the theoretical calculations using
the HELAC-Onia generator [49,50], incorporating nPDFs EPPS16 (grey) [52] and nCTEQ15
(blue) [53].
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Figure 14: Nuclear modification factor RpPb for prompt D+ production as a function of pT in
different y∗ intervals. The vertical error bars show the statistical uncertainties and the boxes show
the systematic uncertainties. The coloured bands represent the theoretical calculations using
the HELAC-Onia generator [49,50], incorporating nPDFs EPPS16 (grey) [52] and nCTEQ15
(blue) [53]. The coloured line represent the CGC2 (red) calculations [61].
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Table 8: Nuclear modification factor RpPb for prompt D+
s production as a function of pT

at forward (integrated over the common rapidity region of 2.0 < y∗ < 4.0) and backward
(integrated over the common rapidity region of −4.5 < y∗ < −2.5) rapidity. The first uncertainty
is statistical, the second systematic.

pT [ GeV/c ] RpPb (Forward)
[1, 2] 0.800 ± 0.021 ± 0.112
[2, 3] 0.705 ± 0.005 ± 0.066
[3, 4] 0.731 ± 0.006 ± 0.057
[4, 5] 0.742 ± 0.007 ± 0.058
[5, 6] 0.764 ± 0.008 ± 0.063
[6, 7] 0.816 ± 0.014 ± 0.080
[7, 8] 0.829 ± 0.022 ± 0.090
[8, 9] 0.852 ± 0.016 ± 0.117
[9, 10] 0.845 ± 0.019 ± 0.109

pT [ GeV/c ] RpPb (Backward)
[1, 2] 0.957 ± 0.022 ± 0.160
[2, 3] 0.967 ± 0.009 ± 0.111
[3, 4] 0.956 ± 0.008 ± 0.101
[4, 5] 0.928 ± 0.009 ± 0.099
[5, 6] 0.896 ± 0.010 ± 0.107
[6, 7] 0.817 ± 0.015 ± 0.100
[7, 8] 0.883 ± 0.013 ± 0.110
[8, 9] 0.862 ± 0.018 ± 0.136
[9, 10] 0.819 ± 0.028 ± 0.127

Table 9: Nuclear modification factor RpPb for prompt D+
s production as a function of y∗,

integrated over 1 < pT < 10GeV/c. The first uncertainty is statistical, the second systematic.

y∗ RpPb

[−4.5,−4.0] 1.172 ± 0.012 ± 0.147
[−4.0,−3.5] 1.016 ± 0.019 ± 0.123
[−3.5,−3.0] 0.941 ± 0.017 ± 0.112
[−3.0,−2.5] 0.869 ± 0.017 ± 0.144

[2.0, 2.5] 0.887 ± 0.011 ± 0.131
[2.5, 3.0] 0.742 ± 0.011 ± 0.072
[3.0, 3.5] 0.743 ± 0.015 ± 0.067
[3.5, 4.0] 0.635 ± 0.034 ± 0.069
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Table 11: Nuclear modification factor RpPb for prompt D+ production as a function of pT
at forward (integrated over the common rapidity region of 2.0 < y∗ < 4.0) and backward
(integrated over the common rapidity region of −4.5 < y∗ < −2.5) rapidity. The first uncertainty
is statistical, the second systematic.

pT [ GeV/c ] RpPb (Forward)
[1, 2] 0.652 ± 0.002 ± 0.058
[2, 3] 0.693 ± 0.002 ± 0.053
[3, 4] 0.715 ± 0.001 ± 0.051
[4, 5] 0.727 ± 0.001 ± 0.059
[5, 6] 0.746 ± 0.002 ± 0.058
[6, 7] 0.779 ± 0.005 ± 0.070
[7, 8] 0.787 ± 0.005 ± 0.071
[8, 9] 0.783 ± 0.010 ± 0.078
[9, 10] 0.929 ± 0.006 ± 0.087

pT [ GeV/c ] RpPb (Backward)
[1, 2] 0.808 ± 0.004 ± 0.100
[2, 3] 0.850 ± 0.001 ± 0.089
[3, 4] 0.834 ± 0.001 ± 0.083
[4, 5] 0.831 ± 0.001 ± 0.085
[5, 6] 0.809 ± 0.002 ± 0.085
[6, 7] 0.808 ± 0.003 ± 0.088
[7, 8] 0.797 ± 0.008 ± 0.085
[8, 9] 0.758 ± 0.004 ± 0.089
[9, 10] 0.841 ± 0.005 ± 0.098

Table 12: Nuclear modification factor RpPb for prompt D+ production as a function of y∗,
integrated over 1 < pT < 10GeV/c. The first uncertainty is statistical, the second systematic.

y∗ RpPb

[−4.5,−4.0] 0.892 ± 0.007 ± 0.096
[−4.0,−3.5] 0.854 ± 0.002 ± 0.087
[−3.5,−3.0] 0.796 ± 0.002 ± 0.088
[−3.0,−2.5] 0.791 ± 0.004 ± 0.102

[2.0, 2.5] 0.764 ± 0.002 ± 0.078
[2.5, 3.0] 0.704 ± 0.002 ± 0.053
[3.0, 3.5] 0.649 ± 0.002 ± 0.045
[3.5, 4.0] 0.591 ± 0.003 ± 0.055
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Table 14: Forward and backward production ratio RFB for prompt D+
s mesons as a function of

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

pT [ GeV/c ] RFB

[1, 2] 0.763 ± 0.032 ± 0.103
[2, 3] 0.743 ± 0.011 ± 0.079
[3, 4] 0.752 ± 0.011 ± 0.075
[4, 5] 0.764 ± 0.013 ± 0.073
[5, 6] 0.858 ± 0.016 ± 0.084
[6, 7] 0.982 ± 0.030 ± 0.102
[7, 8] 0.980 ± 0.030 ± 0.089
[8, 9] 0.921 ± 0.028 ± 0.092
[9, 10] 1.028 ± 0.051 ± 0.119
[10, 11] 0.978 ± 0.057 ± 0.148
[11, 12] 1.028 ± 0.074 ± 0.144
[12, 13] 1.068 ± 0.144 ± 0.161
|y∗| RFB

[2.5, 3.0] 0.854 ± 0.021 ± 0.119
[3.0, 3.5] 0.790 ± 0.021 ± 0.084
[3.5, 4.0] 0.623 ± 0.035 ± 0.071

Table 15: Forward and backward production ratio RFB for prompt D+ mesons as a function of
pT and y∗. The first uncertainty is statistical, the second systematic.

pT [ GeV/c ] RFB

[1, 2] 0.775 ± 0.004 ± 0.092
[2, 3] 0.785 ± 0.003 ± 0.082
[3, 4] 0.832 ± 0.002 ± 0.083
[4, 5] 0.878 ± 0.003 ± 0.086
[5, 6] 0.913 ± 0.004 ± 0.088
[6, 7] 0.979 ± 0.010 ± 0.097
[7, 8] 0.993 ± 0.014 ± 0.101
[8, 9] 1.048 ± 0.022 ± 0.111
[9, 10] 1.081 ± 0.013 ± 0.118
[10, 11] 1.103 ± 0.022 ± 0.127
[11, 12] 1.097 ± 0.028 ± 0.126
[12, 13] 1.101 ± 0.049 ± 0.137
[13, 14] 1.272 ± 0.044 ± 0.163
|y∗| RFB

[2.5, 3.0] 0.881 ± 0.005 ± 0.104
[3.0, 3.5] 0.814 ± 0.003 ± 0.086
[3.5, 4.0] 0.690 ± 0.004 ± 0.072
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Figure 16: The production cross-section ratio σD+
s
/σD+ as a function of pT and y∗ in pPb

collisions. The error bars show the statistical uncertainty, the red boxes the uncorrelated
systematic uncertainty and the blue boxes the correlated systematic uncertainty. The coloured
bands correspond to the theoretical calculations, incorporating nPDFs EPPS16 (gray) [52] and
nCTEQ15 (cyan) [53].
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Figure 17: The production cross-section ratio, σD+
s
/σD+ , versus normalized event multiplicity in

different D-meson pT (2-6GeV/c) and y∗ ranges for the (six upper plots) forward and (six lower
plots) backward rapidities. The vertical error bars show the statistical uncertainty, the boxes
the systematic.
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Figure 18: The production cross-section ratio, σD+
s
/σD+ , versus normalized event multiplicity

in different D-meson pT (6-12GeV/c) and y∗ ranges for the (six upper plots) forward and (six
lower plots) backward rapidities. The vertical error bars show the statistical uncertainty, the
boxes the systematic.
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qUniversità di Perugia, Perugia, Italy765

rScuola Normale Superiore, Pisa, Italy766
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wUniversità di Urbino, Urbino, Italy771
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