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The production of prompt D0 mesons in proton-lead collisions in both the forward and backward
rapidity regions at a center-of-mass energy per nucleon pair of

ffiffiffiffiffiffiffiffi
sNN

p ¼ 8.16 TeV is measured by the

LHCb experiment. The nuclear modification factor of promptD0 mesons is determined as a function of the
transverse momentum pT , and the rapidity in the nucleon-nucleon center-of-mass frame y�. In the forward
rapidity region, significantly suppressed production with respect to pp collisions is measured, which
provides significant constraints on models of nuclear parton distributions and hadron production down to
the very low Bjorken-x region of ∼10−5. In the backward rapidity region, a suppression with a significance
of 2.0–3.8 standard deviations compared to parton distribution functions in a nuclear environment
expectations is found in the kinematic region of pT > 6 GeV=c and −3.25 < y� < −2.5, corresponding to
x ∼ 0.01.
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Charm and beauty quarks are produced in the early stage
of ultrarelativistic heavy-ion collisions and are strongly
affected by the presence of deconfined hot nuclear matter,
known as quark-gluon plasma (QGP) [1], as well as by cold
nuclear matter (CNM) effects. The latter can be studied in
proton-nucleus collisions where QGP effects are not
expected to be dominant. Heavy-flavor hadrons, i.e.,
hadrons containing one or more heavy quark, are affected
by CNM effects at all stages of their production. At LHC
energies, the most relevant effect is from the initial state,
where the parton distribution functions in a nuclear
environment (NPDF) [2–4] differ from those in isolated
nucleons at all values of Bjorken momentum fraction x.
Parton density decreases at x≲ 0.1 due to nuclear shad-
owing, and increases at 0.1≲ x≲ 0.3 as a result of
antishadowing [5]. Therefore different effects are expected
to be relevant at different intervals of rapidity, which is
strongly correlated with x. The parton distributions at small
x can also be described by the color-glass condensate
effective theory (CGC) as a saturated gluonic system [6].
Moreover, multiple scattering and energy loss may occur
when the incoming partons and the heavy quarks traverse
the nuclear medium [7–9]. Other initial-state or even final-
state effects [10,11] may also modify the kinematic dis-
tributions of produced heavy-flavor hadrons, as suggested

by their surprisingly large spatial anisotropy in momentum
in high-multiplicity p-Pb collisions [12,13].
The LHCb Collaboration has recently measured the

production cross section of various heavy-flavor hadrons
in p-Pb collisions at forward rapidity, including the
production of prompt D0 and Λþ

c hadrons at a center-of-
mass energy per nucleon pair of

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV
[14,15], and the production of J=ψ , B0, Bþ, Λ0

b and
ϒðnSÞ states at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 8.16 TeV [16–18]. The ALICE
collaboration has measured open charm production at
midrapidity at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV [19–24]. Other measure-
ments of heavy-flavor production in p-Pb collisions at the
LHC are also reported [25–36]. CNM effects have also
been investigated with heavy-quark production at the RHIC
collider in dAu collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV [37,38].
These measurements have led to significantly reduced
uncertainties of NPDFs in the small-x region [39,40],
especially with the constraints from the LHCb D0 mea-
surements at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV [14].
This Letter reports the measurement of the production

cross section and the nuclear modification factor RpPb of
promptD0 mesons in p-Pb collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 8.16 TeV
performed with the LHCb detector [41]. The quantity RpPb

is defined as the ratio of the cross section in p-Pb collisions
to the corresponding cross section in pp collisions scaled
by the mass number of Pb. Prompt mesons are those
directly produced in proton-lead collisions or from strong
decays of excited charm hadrons, rather than from decays
of beauty hadrons. This measurement uses a data sample
20 times larger than that used for the LHCb D0 measure-
ments at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV [14]. The results can be in-
corporated into global fits together with all other relevant
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measurements to improve NPDF parametrizations and to
test other possible CNM effects.
The LHCb detector is a single-arm forward spectrometer

designed for studying heavy-flavor particles, described in
detail in Refs. [41,42]. The data sample for this analysis
consists of p-Pb collisions collected with the LHCb
detector at the end of 2016, including two different
configurations: forward collisions (p beam coming from
upstream of the vertex detector) and backward collisions (p
beam coming from downstream of the vertex detector),
corresponding to an integrated luminosity of 12.2�
0.3 nb−1 (18.6� 0.5 nb−1) for forward (backward) colli-
sions [17,43]. The forward (backward) configuration data
cover a positive (negative) rapidity range of 1.5 < y� < 4.0
(−5.0 < y� < −2.5), corresponding to an x coverage of
approximately 10−5–10−3 (10−2–10−1) for the partons of
the Pb nucleus, with the positive z axis defined as the
direction of the proton beam.
Simulation samples are required to model the effects of

the detector acceptance and the selection requirements. The
D0 mesons are generated using PYTHIA 8 [44] with a
specific LHCb configuration [45] and embedded into
minimum-bias p-Pb events from the EPOS-LHC generator
[46]. Decays of unstable particles are described by EvtGen

[47], in which final-state radiation is generated using
PHOTOS [48]. The interaction of the generated particles
with the detector, and its response, are implemented using
the GEANT4 toolkit [49] as described in Ref. [50].
The double differential cross section for prompt D0

production is measured as a function of y�, the rapidity in
the nucleon-nucleon center-of-mass frame, and pT , the
transverse momentum with respect to the beam direction.
The quantity y� is related to the rapidity in the laboratory
frame ylab by y� ¼ ylab − 0.465 for p-Pb collisions. The
differential cross section in a given (pT , y�) interval is
defined as

d2σ
dpTdy�

≡ NðD0 → K∓π�Þ þ NðD̄0 → K�π∓Þ
L × εtot × BðD0 → K∓π�Þ × ΔpT × Δy�

; ð1Þ

where NðD0 → K∓π�Þ and NðD̄0 → K�π∓Þ are the D0

and D̄0 signal yields, L is the integrated luminosity, εtot is
the total efficiency, BðD0 → K∓π�Þ ¼ ð3.96� 0.03Þ% is
the sum of branching fractions for the decays D0 → K−πþ

and D0 → Kþπ− [51], and ΔpT and Δy� are the pT and y�

interval widths. The D0 mesons are reconstructed through
theD0 → K−πþ and the doubly Cabibbo-suppressedD0 →
Kþπ− decay channels and their charge conjugates. (The
branching fraction of D0 → Kþπ− channel is 2 orders
of magnitude smaller than that of D0 → K−πþ.) The
measurement is performed within a pT range of
0 < pT < 30 GeV=c, and the rapidity range defined above.
Throughout the analysis, the measurements are for the
combined sample of D0 and D̄0 mesons. The signal yields

and the total efficiency are determined in each kinematic
interval.
The D0 candidates are built from K∓ and π� candidate

tracks. The selection criteria are similar to those used in D0

production measurements in p-Pb collisions at
ffiffiffiffiffiffiffiffi
sNN

p ¼
5.02 TeV [14]. The reconstructed K∓ and π� tracks are
required to have transverse momentum greater than
0.4 GeV=c. Both tracks are also required to be of good
quality, come from a common vertex, and pass particle
identification (PID) requirements.
The inclusive D0 signal yield is the sum of the prompt

D0 mesons and those produced in the decays of b hadrons,
denoted “from b.” This inclusive yield is determined using
an extended unbinned maximum-likelihood fit to the
distribution of the K π invariant mass, MðKπÞ. The
MðKπÞ distribution of the signal is described by a sum
of a Crystal Ball function [52] and a Gaussian function
sharing a common mean value, while the background shape
is described by a linear function, following the measure-
ment of Ref. [14]. The prompt signal yield is determined by
fitting the distribution of log10ðχ2IPÞ of the D0 candidates,
where χ2IP is defined as the difference in the vertex fit χ

2 of a
given primary vertex reconstructed with and without theD0

candidate under consideration. The background component
in the log10ðχ2IPÞ distribution is subtracted using the sPlot
technique [53] with MðKπÞ as the discriminating variable.
The shapes of the log10ðχ2IPÞ distribution corresponding to
the prompt and from-b components are described inde-
pendently by Bukin functions [54], which are asymmetric
functions with tails described by Gaussian functions. The
parameters of the functions describing the prompt and
from-b components are fixed to those from simulation. The
invariant-mass and log10ðχ2IPÞ distributions of the forward
and backward samples are given in Supplemental
Material [55].
The total efficiency εtot is the product of the geometrical

acceptance of the detector, the selection and reconstruction
efficiency, the PID efficiency, and the trigger efficiency,
with each component determined separately. The geomet-
rical acceptance and the selection, reconstruction, and
trigger efficiencies are evaluated with the p-Pb simulation
samples. The simulation sample is weighted in order to
match the occupancy of the tracking system observed in the
data. The track reconstruction efficiency is calibrated with
minimum-bias J=ψ → μþμ− and K0

S → πþπ− samples,
using the tag-and-probe approach employed in Ref. [56].
The trigger efficiency obtained from the simulation is
validated by measuring it from control data samples
recorded with minimum trigger requirements. The PID
efficiency is estimated with a tag-and-probe method
[57,58], using the D�-tagged decay chain D�þ → D0πþ

with D0 → K−πþ decays.
Several sources of systematic uncertainty are considered

and described in detail in Supplemental Material [55],

PHYSICAL REVIEW LETTERS 131, 102301 (2023)

102301-2



where results and numerical values for the double-
differential cross section are also given. The total prompt
D0 production cross section, obtained by integrating the
double-differential measurements, is 297.6�0.6�14.0mb
in the kinematic range of 0 < pT < 30 GeV=c and 1.5 <
y� < 4.0 for the forward rapidity region, and 315.2� 0.2�
17.8 mb in the kinematic range of 0 < pT < 30 GeV=c and
−5.0 < y� < −2.5 in the backward rapidity region. The first
uncertainties are statistical and the second systematic.
The nuclear modification factor RpPb is defined as

RpPbðpT; y�Þ≡ 1

A

d2σpPbðpT; y�Þ=ðdpTdy�Þ
d2σppðpT; y�Þ=ðdpTdy�Þ

; ð2Þ

where A ¼ 208 is the mass number of the lead nucleus and
σpp is the prompt D0 production cross section in pp
collisions at

ffiffiffi
s

p ¼ 8.16 TeV. An interpolation between
LHCb measurements at

ffiffiffi
s

p ¼ 5.02 TeV and
ffiffiffi
s

p ¼
13 TeV [59,60] is performed to obtain d2σppðpT; y�Þ=
ðdpTdy�Þ, using a power-law function σð ffiffiffi

s
p Þ¼p0ð

ffiffiffi
s

p Þp1 .
A linear function is also considered. The interpolation
uncertainty comprises the difference between the two
interpolation models, and the propagated total uncertainties
from the pp measurements, and typically amounts to
3% (5%) at forward (backward) rapidity. The interpolation
is performed within the common measured kinematic range
of pT < 10 GeV=c and 2.0 < y < 4.5 for 5.02 and 13 TeV
pp results, hence RpPb is measured in that range.
The nuclear modification factor of the D0 meson as a

function of pT is displayed in Fig. 1, where eight panels
report the results in different y� subintervals of Δy� ¼ 0.5
and the two left panels are in the common range be-
tween the forward and backward rapidity coverage,
2.5 < jy�j < 4. Figures showing RpPb and the forward-
backward production ratio RFB as functions of y� and pT in
Δy� ¼ 0.25 intervals, as well as the numerical values are

given in Supplemental Material [55]. A significant sup-
pression of the cross section in p-Pb collisions, with respect
to that in pp collisions scaled by the lead mass number, is
observed at forward rapidity as well as at backward rapidity
up to y� ∼ −3.5.
The RpPb results are compared with several theoretical

calculations. The HELAC-Onia approach [65,66] is based
on a data-driven modeling of the scattering at partonic level
folded with the free proton PDFs [67]. The calculations are
first tuned by fitting the cross sections measured in pp
collisions at the LHC. Then, the modified PDFs of nucleons
in the Pb nucleus are introduced in the model to calculate
the cross sections in p-Pb collisions and to estimate the
effect of NPDFs, neglecting other cold and hot nuclear
matter effects. Reweighted EPPS16 [61] and NCTEQ15
[62] NPDF sets, where LHC heavy flavor data [14,19–21]
are incorporated by performing a Bayesian-reweighting
analysis [68], are used in the calculations, resulting in
considerably reduced uncertainties than calculations using
the default NPDFs. The uncertainties are dominated by
NPDF parametrizations and correspond to a 68% confi-
dence interval. At forward rapidity, the calculations are in
general agreement with the data, except for pT < 1 GeV=c
where the predictions are about 2 standard deviations larger
than the data. This discrepancy suggests stronger shadow-
ing or additional energy loss at low x. At backward rapidity,
for pT > 6 GeV=c and −3.5 < y� < −2.5 the data are
lower than the calculations by 2.0–3.8 standard deviations,
indicating a weaker antishadowing effect or possible final-
state effects.
The nuclear modification factor is also compared with

two calculations based on the CGC effective field theory,
CGC1 and CGC2. Since gluon saturation is expected to
occur at small x and Q2, the calculations are applicable for
pT < 5 GeV=c at forward rapidity where saturation effects
are relevant. For CGC1 [63,69] the D-meson production is
calculated with the color dipole formalism, and the optical
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FIG. 1. Nuclear modification factor as a function of pT in different y� intervals for prompt D0 mesons in the (top) forward and
(bottom) backward regions. The error bars show the statistical uncertainties and the boxes show the systematic uncertainties. The LHCb
results at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV [14] and theoretical calculations at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 8.16 TeV from Refs. [9,61–64] are also shown. For LHCb
results at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV, the error bars show the quadric sum of statistical and systematic uncertainties.
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Glauber model is used to relate the initial condition of a
nucleus to that of the proton. For CGC2 [64] the color
dipole approach is combined with a heavy-quark fragmen-
tation function to calculate the cross sections. The CGC1
predictions have much smaller uncertainties than the CGC2
ones, because the CGC1 uncertainties include only varia-
tions of the c quark mass and of the factorization scale,
which largely cancel out in the RpPb ratio versus pT . CGC1
is consistent with the upper bound of CGC2 and is slightly
higher than the data. CGC2 shows a stronger suppression
than HELAC-Onia calculations and gives a better descrip-
tion of the data, especially for pT < 3 GeV=c.
A fourth calculation estimates D0 suppression caused by

medium-induced fully coherent energy loss (FCEL) [9], a
CNM effect where the interference between initial- and
final-state gluon radiation results in an energy loss propor-
tional to the incoming parton energy. The FCEL prediction
shown in Fig. 1 does not consider the modification of
NPDFs. The effect is significant for low pT, suggesting the
suppression observed for pT < 1 GeV=cmay be caused by
combined effects from NPDFs and FCEL. For pT >
6 GeV=c the suppression due to FCEL is negligible, thus
the discrepancy between the data and HELAC-Onia cal-
culations with NPDFs at backward rapidity cannot be
attributed to FCEL effects.
The results are also compared with the LHCb D0

measurement at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV [14]. At forward rap-
idity the RpPb values at the two energies are compatible,
while at backward rapidity the 8.16 TeV data are signifi-
cantly lower. The difference could be related to the different
Bjorken-x coverage at the two collision energies, while
effects related to the Pb-going hemisphere other than

NPDFs and FCEL, such as final-state energy loss in a
high-particle-density environment, may also show a

ffiffiffiffiffiffiffiffi
sNN

p
dependence as more charged hadrons are produced in
8.16 TeV collisions. On the other hand, the model calcu-
lations offer limited insights into collision energy depend-
ence. HELAC-Onia predictions based on NPDFs are
compatible between the two

ffiffiffiffiffiffiffiffi
sNN

p
values due to the large

uncertainty of the NPDFs used in the 5.02 TeV calculation.
The CGC models show similar values at 5.02 and 8.16 TeV
at forward rapidity while they are not applicable at back-
ward. Effects due to FCEL are generally small at backward
rapidity.
It is essential to study the impact of Bjorken-x coverage

in order to interpret the energy dependence observed in the
data. However, x and the momentum transfer Q2 [5] are
partonic quantities that cannot be directly measured in
hadronic collisions. Instead, experimental proxies xexp and
Q2

exp, defined as

xexp ≡ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2
TðD0Þ þM2ðD0Þ

p

ffiffiffiffiffiffiffiffi
sNN

p e−y
�

and Q2
exp ≡ p2

TðD0Þ þM2ðD0Þ; ð3Þ

are introduced to approximate the variation of RpPb with x
and Q2, whereMðD0Þ and pTðD0Þ denote the mass and pT

of D0 mesons, respectively.
Figure 2 shows RpPb as a function of xexp in five Q2

exp

intervals, forD0 mesons measured in this work at 8.16 TeV,
and at 5.02 TeV from Ref. [14]. The xexp coverage of the
8.16 TeV data extends lower than that of the 5.02 TeV
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FIG. 2. Nuclear modification factor as a function of xexp in different Q2
exp intervals for prompt D0 mesons for LHCb results atffiffiffiffiffiffiffiffi

sNN
p ¼ 8.16 TeV and

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 [14] and the ALICE result at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV [22]. Theoretical calculations at
ffiffiffiffiffiffiffiffi
sNN

p ¼
8.16 TeV from Refs. [61,62] are also shown. The horizontal error bars account for the maximum and minimum xexp values for a given
ðpT; y�Þ interval and the vertical error bars show the quadric sum of statistical and systematic uncertainties.
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measurements due to the higher
ffiffiffiffiffiffiffiffi
sNN

p
value, reaching

down to xexp ∼ 10−5 in the interval 3.48 < Q2
exp <

7.48 GeV2, which corresponds to pT < 2 GeV=c. The
8.16 TeV data are also more precise. Data from the two
energies are in good agreement with each other at common
xexp values. The measurements form a consistent trend from
the small xexp region corresponding to forward rapidity to
the large xexp region corresponding to backward rapidity,
for all Q2

exp intervals. The D0 RpPb ratio at 5.02 TeV at
midrapidity [22] measured by the ALICE Collaboration is
also added to Fig. 2, and is compatible with the trend within
uncertainties. The trend suggests that the

ffiffiffiffiffiffiffiffi
sNN

p
dependence

observed at backward rapidity in Fig. 1 arises from different
x coverage in a kinematic region where RpPb depends
strongly on x.
The HELAC-Onia predictions are also transformed

according to Eq. (3) and shown in Fig. 2. In the small
xexp region, the calculations are in general agreement with
the data, except for the interval 3.48 < Q2

exp < 7.48 GeV2

(pT < 2 GeV=c) and 10−5 < xexp < 10−4, where the
NPDF expectations are slightly larger than the data and
show greater uncertainty. The data hint at a stronger
shadowing effect, or other possible effects such as
FCEL, that suppresses low-pT D0 production at forward
rapidity. Moreover, estimations from Ref. [70] suggest
gluon saturation may occur in this region. At backward
rapidity, the RpPb values from the model are larger than
those in the data for Q2

exp > 19.48 GeV2 (pT > 4 GeV=c)
and 10−2 < xexp < 10−1, indicating smaller antishadowing
effects in the data if nuclear effects other than NPDFs are
negligible. Alternatively, it suggests additional suppression
mechanisms, such as final-state energy loss, may occur at
backward rapidity.
In summary, the prompt D0 production cross section is

measured at the LHCb experiment in proton-lead collisions
at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 8.16 TeV, at both forward and backward
rapidities. The nuclear modification factors are measured
with high accuracy and show strong cold nuclear matter
effects. A stronger suppression than the predictions of
NPDF calculations is observed for the lowest transverse
momentum region of pT < 1 GeV=c at forward rapidity,
hinting at a stronger shadowing than predicted at Bjorken-
x ∼ 10−5, or additional effects at play. For the backward
rapidity range of −3.5 < y� < −2.5, the RpPb values are
lower than NPDF calculations at pT > 6 GeV=c with a
significance of 2.0–3.8 standard deviations, indicating a
weaker antishadowing effect than the model or additional
final-state effects at backward rapidity. This Letter presents
the most precise measurement of the promptD0 production
in p-Pb collisions to date, providing unique constraints to
improve NPDF parametrization down to x ∼ 10−5.
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energy loss on heavy meson production in pA collisions,
J. High Energy Phys. 01 (2022) 164.

PHYSICAL REVIEW LETTERS 131, 102301 (2023)

102301-5

https://doi.org/10.1088/1126-6708/2009/04/065
https://doi.org/10.1103/PhysRevD.69.074028
https://doi.org/10.1103/PhysRevC.76.065207
https://doi.org/10.1103/PhysRevC.76.065207
https://doi.org/10.1088/0954-3899/32/11/R01
https://doi.org/10.1088/0954-3899/32/11/R01
https://doi.org/10.1146/annurev.nucl.010909.083629
https://doi.org/10.1146/annurev.nucl.010909.083629
https://doi.org/10.1103/PhysRevC.75.064906
https://doi.org/10.1016/j.physletb.2014.11.024
https://doi.org/10.1016/j.physletb.2014.11.024
https://doi.org/10.1007/JHEP01(2022)164


[10] C. Zhang, C. Marquet, G.-Y. Qin, S.-Y. Wei, and B.-W.
Xiao, Elliptic Flow of Heavy Quarkonia in pA Collisions,
Phys. Rev. Lett. 122, 172302 (2019).

[11] W. Zhao, C. M. Ko, Y.-X. Liu, G.-Y. Qin, and H. Song,
Probing the Partonic Degrees of Freedom in High-
Multiplicity p-Pb collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV, Phys.
Rev. Lett. 125, 072301 (2020).

[12] A. M. Sirunyan et al. (CMS Collaboration), Elliptic Flow of
Charm and Strange Hadrons in High-Multiplicity p-Pb
Collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 8.16 TeV, Phys. Rev. Lett. 121,
082301 (2018).

[13] A. M. Sirunyan et al. (CMS Collaboration), Observation of
prompt J=ψ meson elliptic flow in high-multiplicity p-Pb
collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 8.16 TeV, Phys. Lett. B 791, 172
(2019).

[14] R. Aaij et al. (LHCb Collaboration), Study of prompt D0

meson production in p-Pb collisions at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 5 TeV,
J. High Energy Phys. 10 (2017) 090.

[15] R. Aaij et al. (LHCb Collaboration), Prompt Λþ
c production

in p-Pb collisions at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV, J. High Energy
Phys. 02 (2019) 102.

[16] R. Aaij et al. (LHCb Collaboration), Prompt and nonprompt
J=ψ production and nuclear modification in p-Pb collisions
at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 8.16 TeV, Phys. Lett. B 774, 159 (2017).
[17] R. Aaij et al. (LHCb Collaboration), Measurement of

Bþ, B0, and Λ0
b production in p-Pb collisions atffiffiffiffiffiffiffiffi

sNN
p ¼ 8.16 TeV, Phys. Rev. D 99, 052011 (2019).

[18] R. Aaij et al. (LHCb Collaboration), Study of ϒ production
in p-Pb collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 8.16 TeV, J. High Energy
Phys. 11 (2018) 194.

[19] B. B. Abelev et al. (ALICE Collaboration), Measurement of
Prompt D-Meson Production in p-Pb Collisions atffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV, Phys. Rev. Lett. 113, 232301 (2014).
[20] J. Adam et al. (ALICE Collaboration), Measurement of D-

meson production versus multiplicity in p-Pb collisions atffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV, J. High Energy Phys. 08 (2016) 078.
[21] J. Adam et al. (ALICE Collaboration), D-meson production

in p-Pb collisions at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV and in pp collisions
at

ffiffiffi
s

p ¼ 7 TeV, Phys. Rev. C 94, 054908 (2016).
[22] S. Acharya et al. (ALICE Collaboration), Measurement of

prompt D0, Dþ, D�þ, and Dþ
s production in p-Pb colli-

sions at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV, J. High Energy Phys. 12
(2019) 092.

[23] S. Acharya et al. (ALICE Collaboration), Λþ
c Production

and Baryon-to-Meson Ratios in pp and p-Pb Collisions atffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV at the LHC, Phys. Rev. Lett. 127,
202301 (2021).

[24] S. Acharya et al. (ALICE Collaboration), Λþ
c production in

pp and in p-Pb collisions at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV, Phys. Rev.
C 104, 054905 (2021).

[25] S. Acharya et al. (ALICE Collaboration), Production of
muons from heavy-flavour hadron decays in p-Pb collisions
at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV, Phys. Lett. B 770, 459 (2017).
[26] S. Acharya et al. (ALICE Collaboration), Measurement of

nuclear effects on ψð2SÞ production in p-Pb collisions atffiffiffiffiffiffiffiffi
sNN

p ¼ 8.16 TeV, J. High Energy Phys. 07 (2020) 237.
[27] S. Acharya et al. (ALICE Collaboration), ϒ production in

p-Pb collisions at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 8.16 TeV, Phys. Lett. B 806,
135486 (2020).

[28] S. Acharya et al. (ALICE Collaboration), Inclusive J=ψ
production at forward and backward rapidity in p-Pb
collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 8.16 TeV, J. High Energy Phys. 07
(2018) 160.

[29] S. Acharya et al. (ALICE Collaboration), Prompt and non-
prompt J=ψ production and nuclear modification at mid-
rapidity in p-Pb collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV, Eur. Phys.
J. C 78, 466 (2018).

[30] B. B. Abelev et al. (ALICE Collaboration), Production of
inclusive ϒð1SÞ and ϒð2SÞ in p-Pb collisions atffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV, Phys. Lett. B 740, 105 (2015).
[31] M. Aaboud et al. (ATLAS Collaboration), Measurement of

quarkonium production in proton-lead and proton-proton
collisions at 5.02 TeV with the ATLAS detector, Eur. Phys.
J. C 78, 171 (2018).

[32] A. Tumasyan et al. (CMS Collaboration), Nuclear modifi-
cation of ϒ states in p-Pb collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV,
Phys. Lett. B 835, 137397 (2022).

[33] A. M. Sirunyan et al. (CMS Collaboration), Measurement of
prompt and nonprompt J=ψ production in pp and p-Pb
collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV, Eur. Phys. J. C 77, 269
(2017).

[34] V. Khachatryan et al. (CMS Collaboration), Study of B
Meson Production in pþ Pb Collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼
5.02 TeV Using Exclusive Hadronic Decays, Phys. Rev.
Lett. 116, 032301 (2016).

[35] A. M. Sirunyan et al. (CMS Collaboration), Measurements
of the charm jet cross section and nuclear modification
factor in p-Pb collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV, Phys. Lett. B
772, 306 (2017).

[36] V. Khachatryan et al. (CMS Collaboration), Transverse
momentum spectra of inclusive b jets in p-Pb collisions
at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV, Phys. Lett. B 754, 59 (2016).
[37] J. Adams et al. (STAR Collaboration), Open Charm Yields

in dþ Au Collisions at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV, Phys. Rev. Lett.
94, 062301 (2005).

[38] A. Adare et al. (PHENIX Collaboration), Cold-Nuclear-
Matter Effects on Heavy-Quark Production in dþ Au
Collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV, Phys. Rev. Lett. 109,
242301 (2012).

[39] K. J. Eskola, I. Helenius, P. Paakkinen, and H. Paukkunen,
A QCD analysis of LHCb D-meson data in pþ Pb
collisions, J. High Energy Phys. 05 (2020) 037.

[40] R. A. Khalek, R. Gauld, T. Giani, E. R. Nocera, T. R.
Rabemananjara, and J. Rojo, nNNPDF3.0: Evidence for a
modified partonic structure in heavy nuclei, Eur. Phys. J. C
82, 507 (2022).

[41] A. A. Alves, Jr. et al. (LHCb Collaboration), The LHCb
detector at the LHC, J. Instrum. 3, S08005 (2008).

[42] R. Aaij et al. (LHCb Collaboration), LHCb detector
performance, Int. J. Mod. Phys. A 30, 1530022 (2015).

[43] R. Aaij et al. (LHCb Collaboration), Precision luminosity
measurements at LHCb, J. Instrum. 9, P12005 (2014).

[44] T. Sjöstrand, S. Mrenna, and P. Skands, PYTHIA physics and
manual, J. High Energy Phys. 05 (2006) 026; T. Sjöstrand,
S. Mrenna, and P. Skands, A brief introduction to
PYTHIA 8.1, Comput. Phys. Commun. 178, 852 (2008).

[45] I. Belyaev et al., Handling of the generation of primary
events in Gauss, the LHCb simulation framework, J. Phys.
Conf. Ser. 331, 032047 (2011).

PHYSICAL REVIEW LETTERS 131, 102301 (2023)

102301-6

https://doi.org/10.1103/PhysRevLett.122.172302
https://doi.org/10.1103/PhysRevLett.125.072301
https://doi.org/10.1103/PhysRevLett.125.072301
https://doi.org/10.1103/PhysRevLett.121.082301
https://doi.org/10.1103/PhysRevLett.121.082301
https://doi.org/10.1016/j.physletb.2019.02.018
https://doi.org/10.1016/j.physletb.2019.02.018
https://doi.org/10.1007/JHEP10(2017)090
https://doi.org/10.1007/JHEP02(2019)102
https://doi.org/10.1007/JHEP02(2019)102
https://doi.org/10.1016/j.physletb.2017.09.058
https://doi.org/10.1103/PhysRevD.99.052011
https://doi.org/10.1007/JHEP11(2018)194
https://doi.org/10.1007/JHEP11(2018)194
https://doi.org/10.1103/PhysRevLett.113.232301
https://doi.org/10.1007/JHEP08(2016)078
https://doi.org/10.1103/PhysRevC.94.054908
https://doi.org/10.1007/JHEP12(2019)092
https://doi.org/10.1007/JHEP12(2019)092
https://doi.org/10.1103/PhysRevLett.127.202301
https://doi.org/10.1103/PhysRevLett.127.202301
https://doi.org/10.1103/PhysRevC.104.054905
https://doi.org/10.1103/PhysRevC.104.054905
https://doi.org/10.1016/j.physletb.2017.03.049
https://doi.org/10.1007/JHEP07(2020)237
https://doi.org/10.1016/j.physletb.2020.135486
https://doi.org/10.1016/j.physletb.2020.135486
https://doi.org/10.1007/JHEP07(2018)160
https://doi.org/10.1007/JHEP07(2018)160
https://doi.org/10.1140/epjc/s10052-018-5881-2
https://doi.org/10.1140/epjc/s10052-018-5881-2
https://doi.org/10.1016/j.physletb.2014.11.041
https://doi.org/10.1140/epjc/s10052-018-5624-4
https://doi.org/10.1140/epjc/s10052-018-5624-4
https://doi.org/10.1016/j.physletb.2022.137397
https://doi.org/10.1140/epjc/s10052-017-4828-3
https://doi.org/10.1140/epjc/s10052-017-4828-3
https://doi.org/10.1103/PhysRevLett.116.032301
https://doi.org/10.1103/PhysRevLett.116.032301
https://doi.org/10.1016/j.physletb.2017.06.053
https://doi.org/10.1016/j.physletb.2017.06.053
https://doi.org/10.1016/j.physletb.2016.01.010
https://doi.org/10.1103/PhysRevLett.94.062301
https://doi.org/10.1103/PhysRevLett.94.062301
https://doi.org/10.1103/PhysRevLett.109.242301
https://doi.org/10.1103/PhysRevLett.109.242301
https://doi.org/10.1007/JHEP05(2020)037
https://doi.org/10.1140/epjc/s10052-022-10417-7
https://doi.org/10.1140/epjc/s10052-022-10417-7
https://doi.org/10.1088/1748-0221/3/08/S08005
https://doi.org/10.1142/S0217751X15300227
https://doi.org/10.1088/1748-0221/9/12/P12005
https://doi.org/10.1088/1126-6708/2006/05/026
https://doi.org/10.1016/j.cpc.2008.01.036
https://doi.org/10.1088/1742-6596/331/3/032047
https://doi.org/10.1088/1742-6596/331/3/032047


[46] T. Pierog, Iu. Karpenko, J. M. Katzy, E. Yatsenko, and K.
Werner et al., EPOS LHC: Test of collective hadronization
with data measured at the CERN Large Hadron Collider,
Phys. Rev. C 92, 034906 (2015).

[47] D. J. Lange, The EvtGen particle decay simulation package,
Nucl. Instrum.Methods Phys. Res., Sect. A 462, 152 (2001).

[48] P. Golonka and Z. Was, PHOTOS Monte Carlo: A precision
tool for QED corrections in Z andW decays, Eur. Phys. J. C
45, 97 (2006).

[49] J. Allison et al. (GEANT4 Collaboration), GEANT4 develop-
ments and applications, IEEE Trans. Nucl. Sci. 53, 270
(2006); S. Agostinelli et al. (GEANT4 Collaboration),
GEANT4: A simulation toolkit, Nucl. Instrum. Methods
Phys. Res., Sect. A 506, 250 (2003).

[50] M. Clemencic, G. Corti, S. Easo, C. R. Jones, S.
Miglioranzi, M. Pappagallo, and P. Robbe, The LHCb
simulation application, Gauss: Design, evolution and expe-
rience, J. Phys. Conf. Ser. 331, 032023 (2011).

[51] R. L. Workman et al. (Particle Data Group), Review of
particle physics, Prog. Theor. Exp. Phys. 2022, 083C01
(2022).

[52] T. Skwarnicki, A study of the radiative cascade transitions
between the upsilon-prime and upsilon resonances, Ph.D.
thesis, Institute of Nuclear Physics, Krakow, 1986 [Report
No. DESY-F31-86-02].

[53] M. Pivk and F. R. Le Diberder, sPlot: A statistical tool to
unfold data distributions, Nucl. Instrum. Methods Phys.
Res., Sect. A 555, 356 (2005).

[54] A. D. Bukin, Fitting function for asymmetric peaks,
arXiv:0711.4449.

[55] See Supplemental Material at http://link.aps.org/
supplemental/10.1103/PhysRevLett.131.102301 for a sum-
mary of systematic uncertainties and numerical results and
additional plots for the fit result, nuclear modification factor,
and forward-backward production ratio.

[56] R. Aaij et al. (LHCb Collaboration), Measurement of the
track reconstruction efficiency at LHCb, J. Instrum. 10,
P02007 (2015).

[57] L. Anderlini et al., The PIDCalib package, Report No. LHCb-
PUB-2016-021, 2016.

[58] R. Aaij et al., Selection and processing of calibration
samples to measure the particle identification performance

of the LHCb experiment in Run 2, Eur. Phys. J. Tech.
Instrum. 6, 1 (2019).

[59] R. Aaij et al. (LHCb Collaboration), Measurements of
prompt charm production cross-sections in pp collisions
at

ffiffiffi
s

p ¼ 5 TeV, J. High Energy Phys. 06 (2017) 147.
[60] R. Aaij et al. (LHCb Collaboration), Measurements of

prompt charm production cross-sections in pp collisions
at

ffiffiffi
s

p ¼ 13 TeV, J. High Energy Phys. 03 (2016) 159; 09
(2016) 13; 05 (2017) 74.

[61] K. J. Eskola, P. Paakkinen, H. Paukkunen, and C. A.
Salgado, EPPS16: Nuclear parton distributions with LHC
data, Eur. Phys. J. C 77, 163 (2017).

[62] K. Kovarik et al., nCTEQ15—Global analysis of nuclear
parton distributions with uncertainties in the CTEQ frame-
work, Phys. Rev. D 93, 085037 (2016).
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