
EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH

CERN-EP-2022-256
17 November 2022

© 2022 CERN for the benefit of the ALICE Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.

J/ψ production at midrapidity in p−Pb collisions at
√

sNN = 8.16 TeV

ALICE Collaboration

Abstract

The production of inclusive, prompt and non-prompt J/ψ was studied for the first time at midrapid-
ity (−1.37 < ycms < 0.43) in p–Pb collisions at

√
sNN = 8.16 TeV with the ALICE detector at the

LHC. The inclusive J/ψ mesons were reconstructed in the dielectron decay channel in the transverse
momentum (pT) interval 0 < pT < 14 GeV/c and the prompt and non-prompt contributions were
separated on a statistical basis for pT > 2 GeV/c. The study of the J/ψ mesons in the dielectron
channel used for the first time in ALICE online single-electron triggers from the Transition Radia-
tion Detector, providing a data sample corresponding to an integrated luminosity of 689±13 µb−1.
The proton−proton reference cross section for inclusive J/ψ was obtained based on interpolations
of measured data at different centre-of-mass energies and a universal function describing the pT-
differential J/ψ production cross sections. The pT-differential nuclear modification factors RpPb of
inclusive, prompt, and non-prompt J/ψ are consistent with unity and described by theoretical models
implementing only nuclear shadowing.
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1 Introduction

Differential measurements of J/ψ mesons in heavy-ion collisions at the LHC give insight into their pro-
duction mechanisms, pointing to a significant contribution from regeneration at low pT, and give evi-
dence for deconfinement in Pb–Pb collisions [1–6]. However, to better understand the underlying mech-
anisms and the influence of the quark−gluon plasma, reference measurements in proton−proton (pp)
and proton−nucleus (p−A) collisions are crucial. Measurements in p−A collisions allow cold nuclear
matter effects to be quantified. In p–Pb collisions at the LHC, parton shadowing or gluon saturation are
considered to be the dominant effects influencing J/ψ production. These initial-state effects are expressed
in terms of modified parton distribution functions in the nucleus (nPDF) or the color glass condensate
effective theory [7–9]. Additional processes in the initial state, such as coherent parton energy loss, and
final-state effects, where the cc states interact with the system generated in the small collision volume,
have been predicted as well [10–13].

The inclusive J/ψ cross section includes contributions from prompt J/ψ , directly produced in the hadronic
interaction or via feed-down from other directly produced charmonium states (e.g. χc and ψ(2S)), as
well as non-prompt J/ψ originating from the decay of beauty hadrons. Thus, the influence of cold
nuclear matter effects on open-heavy flavour production can be accessed as well through non-prompt
J/ψ measurements (b-hadron→ J/ψ + X ) in p–Pb collisions.

The ALICE, ATLAS, CMS and LHCb collaborations performed many differential measurements of J/ψ
and open-beauty production at mid-, forward and backward rapidity in p–Pb collisions at√

sNN = 5.02 TeV [14–21] as well as at forward and backward rapidity at
√

sNN = 8.16 TeV [22–
24]. All the measurements can qualitatively be described by theoretical calculations including different
combinations of the above-mentioned effects.

This article reports, for the first time, on the measurement of inclusive, prompt and non-prompt J/ψ
mesons at midrapidity in p–Pb collisions at

√
sNN = 8.16 TeV. At low pT, the measurements reach

Bjorken-x values of 10−4 to 10−3. As the LHC beam time devoted to p–Pb collisions at this energy was
relatively short and only a small minimum bias data sample was recorded, the presented studies were
only possible thanks to the usage of single-electron triggers provided by the ALICE Transition Radiation
Detector (TRD).

This article is organised as follows. A brief description of the ALICE detector with a focus on the detec-
tors used for the analysis is given in Sec. 2, where the data sample and event selection are also discussed.
The analysis details and the estimation of the systematic uncertainties are described in Sec. 3. To quantify
possible modifications of the J/ψ production in p–Pb collisions, a reference pT-differential cross section
for pp collisions is obtained by interpolating measured data from different collision energies, as detailed
in Sec. 4. The results are presented and discussed in Sec. 5. Finally, conclusions are drawn in Sec. 6.

2 Detector setup, data sample, and event selection

The ALICE detector [25, 26] is ideally suited to measure J/ψ production in the dielectron decay channel
at midrapidity due to its low material budget as well as its excellent particle identification (PID) and
transverse momentum resolution.
The global track reconstruction is performed using the Inner Tracking System (ITS) [27] as well as
the Time Projection Chamber (TPC) [28], both covering the full azimuthal angle and pseudorapidity
|η | < 0.9. The detectors are placed inside a solenoid magnet, providing a magnetic field of B = 0.5 T
along the beam direction. The ITS includes 6 layers of silicon detectors (2 layers each of silicon pixel,
drift, and strip detectors) and is used for the primary and secondary vertex reconstruction. The silicon
pixel layers (SPD), which are the two innermost ones, are placed at radial distances of r = 3.9 and 7.6 cm
from the nominal interaction point (IP). Tracks with hits in both SPD layers (only in the second layer)
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have an impact parameter resolution better than 50 µm (100 µm) in the transverse plane for transverse
momenta above 2 GeV/c, allowing the prompt and non-prompt J/ψ contributions to be separated on a
statistical basis. The electron identification is based on the measurement of the specific ionisation energy
loss (dE/dx) in the TPC, a cylindrical gaseous drift detector with dimensions 85 < r < 250 cm along the
radial and |z|< 250 cm along the beam direction from the IP.

To enrich samples of electrons and positrons at intermediate and high pT, two online single-electron
triggers1 derived from information provided by the TRD [29] were deployed. The TRD consists of
522 chambers 2 arranged in 6 layers surrounding the TPC in full azimuth at a radial distance of 2.90 m to
3.68 m from the IP, and along the longitudinal direction in 5 stacks covering the pseudorapidity interval
|η | < 0.84. Each chamber comprises a foam/fibre sandwich radiator, a drift volume and a multiwire
proportional chamber filled with a Xe-CO2 gas mixture. The measurement of the temporal evolution of
the signal in the drift region allows track segments to be reconstructed in each chamber, as well as the
specific ionisation energy loss of the charged particle and the transition radiation photons from electrons
crossing the radiator with a Lorentz factor γ > 800 to be measured. Due to the fast readout and subsequent
online reconstruction of the TRD signals, where a transverse momentum and an electron likelihood3 is
calculated within a stack from the individual track segments, a trigger decision on individual tracks with
pT and likelihood thresholds is made about 6 µs after the collision (level-1 trigger decision).

Furthermore, two scintillator arrays (V0) [31] placed along the beam direction at −3.7 < η <−1.7 and
2.8 < η < 5.1 are used for triggering and event characterisation.

The analysis discussed in this article is based on data recorded in 2016 during the LHC heavy-ion run,
where lead ions and protons were collided at a centre-of-mass energy per nucleon pair of√

sNN = 8.16 TeV. Data were taken with two beam configurations, where the directions of the pro-
ton and lead beams were swapped. With respect to the laboratory frame, the proton−lead centre-of-mass
frame is shifted by ∆yNN = 0.465 towards the incoming proton beam for both beam configurations, lead-
ing to a rapidity coverage of −1.37 < ycms < 0.43. Minimum bias (MB) events (level-0) were selected
based on the coincident signal of both V0 scintillator arrays. The trigger is fully efficient for recording
events with inclusive J/ψ mesons. Only a small sample of MB events was recorded and used for the
J/ψ analysis at low pT and to evaluate the TRD trigger performance. The two single-electron triggers
were run with pT thresholds of 2 and 3 GeV/c and two different thresholds of the electron (positron)
likelihood. The different efficiencies for electrons and positrons arise from the E ×B effect4 [29]. To
reduce the background of electrons from photon conversions in the detector material, especially at large
radii outside the TPC, 5 track segments per stack and a track segment in the first layer were required. In
addition, a cut on the sagitta (∆p−1

T < 0.2 c/GeV) was applied. These trigger selection criteria result in a
reduction of the geometrical acceptance, because, due to individual inactive chambers, about 20% of the
stacks do not contribute to the trigger decision [29].

Figure 1 shows, as an example the acceptance times efficiency (εTRD) of the TRD trigger with the online
pT threshold at 2 GeV/c for electrons (left) and positrons (right) considering all trigger selection criteria.
The trigger turn-on curve results were obtained in the offline analysis as a function of the globally re-

1The TRD trigger selects online electrons and positrons. Throughout the article the term ‘electron trigger’ denotes both
electron and positron.

2Eighteen chambers are not installed in front of the PHOton Spectrometer [30] to reduce the material budget in front of this
detector.

3The total accumulated charge of each track segment is translated into an electron likelihood via a transformation function,
stored in the form of a one-dimensional look-up table in the front-end electronics of the detector. The electron likelihood of a
track is then obtained as the average of the likelihood values of the associated track segments.

4In the chambers, the direction of the drift electric field is perpendicular to that of the magnetic field, which affects the
direction of the drifting electrons such that it is approximately aligned with the negative tracks and systematically rotated
relative to the positive tracks. This leads to differences in performance of the track segment reconstruction and the electron
likelihood calculation.
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Figure 1: Acceptance times efficiency of the TRD trigger with the pT threshold at 2 GeV/c for single electrons
(left) and single positrons (right) obtained from data and MC simulations. See text for details.

constructed pT by identifying electrons and positrons using the TPC in MB data
(
NMB

e
)

and the fraction

of these that satisfy the online TRD trigger decisions
(

NMB,TRD
e

)
: εTRD(pT) =

NMB,TRD
e (pT)
NMB

e (pT)
. The TRD

trigger efficiency shows small variations as a function of time, as the gain of the gas detector depends
on pressure and gas composition affecting both the electron and positron efficiencies. In addition, the
downscaling factor of the MB trigger was modified during the data taking period. Thus, to compute the
correct efficiencies for the measurement, the single-electron trigger efficiencies determined in MB data
were studied as a function of time and weighted by the number of TRD-triggered events in each time
interval. The pT threshold is clearly visible as a sharp rise at 2 GeV/c, followed by a constant plateau at
an efficiency value determined by the geometrical and the electron identification selection criteria out-
lined above. The entries at low pT are either electrons or positrons in events that were recorded because
a high-pT electron or positron in the same event satisfied the online trigger condition. The difference in
the trigger turn-on curves for electrons and positrons is due to the E×B effect and it is well reproduced
in Monte Carlo (MC) simulations (see next section). To guide the eye, the turn-on curve of electrons is
fitted by an error function with an offset to describe the underlying event. For positrons, another error
function is added to better describe the slower rise of the distribution.

Events selected by either of the two single-electron triggers are considered for further analysis, and to
ensure a uniform detector acceptance, only events with a primary vertex located within 10 cm from the IP
along the beam direction are accepted. Beam−gas interactions and pile-up events were rejected offline
using information from the V0 and SPD detectors, together with algorithms identifying more than one
vertex within an event, as described in Ref. [26]. The remaining fraction of pile-up events is negligible.
These selection criteria result in MB and TRD-triggered data samples of about 50 million and 10 million
events, corresponding to an integrated luminosity of 24.2±0.5 µb−1 and 689±13 µb−1, respectively.

3 Data analysis

The measurements of inclusive, prompt, and non-prompt J/ψ production were performed in a similar way
to previous analyses in pp and p–Pb collisions at other centre-of-mass energies [20, 32–34]. However, in
this article TRD-triggered events were used for the first time for the J/ψ analysis. The minimum J/ψ pT
of the TRD-triggered analysis is 2 GeV/c, where the single-electron efficiencies result in a J/ψ efficiency
of about 10% increasing with rising pT, as shown in Sec. 3.1. For the measurement in the pT interval
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0−2 GeV/c, the small available MB data sample was used.

In a first step, tracks with good quality were selected, which in addition had to fulfil the requirement of
a minimum transverse momentum of 1 GeV/c and a pseudorapidity of |η |< 0.84 to reject tracks outside
the TRD kinematic acceptance. For the inclusive analysis, to reduce the background originating from
photon conversions at larger radii, tracks were required to have a hit in the first SPD layer. Also, in
order to further suppress this contamination in the inclusive analysis, electrons (positrons) paired with
positrons (electrons) in the same event yielding an invariant mass below 0.05 GeV/c2 were rejected. The
requirements on the SPD layers for the separation of the prompt and non-prompt J/ψ are outlined in
Sec. 3.2.

The electron and positron identification is based on the measurement of the specific ionisation energy
loss in the TPC. The selection criterion is nσi , which is defined as the difference between the measured
and expected signal in units of the detector resolution, for a specific particle hypothesis (i). Particles
satisfying the condition |nσe | < 3.0 were thus identified as electrons. Pions and protons were rejected
by excluding tracks that were compatible within 3 nσπ,p with the corresponding particle hypothesis. For
tracks with momenta p > 5 GeV/c, the rejection criterion was reduced to 2 nσπ,p to increase the J/ψ re-
construction efficiency at high pT. For the MB analysis, the selection criterion for electrons and positrons
was set to −2 < nσe < 3 to improve the signal-to-background ratio at low pT.

The efficiencies of the applied selection criteria and of the TRD trigger were obtained from MC simula-
tions. The EPOS-LHC model [35] was used to simulate minimum bias p–Pb collisions, into which one
J/ψ meson per event was embedded. The prompt J/ψ mesons were generated with a flat rapidity distri-
bution and a realistic pT distribution taken from the J/ψ measurement in the dimuon decay channel at
forward rapidity at the same centre-of-mass energy [23]. For the non-prompt J/ψ , PYTHIA 6.4 [36] was
used to generate the bb pairs hadronising into beauty hadrons, subsequently forced to decay into J/ψ . The
J/ψ decays were then simulated using the EvtGen package [37] together with the PHOTOS model [38]
for a proper description of the QED radiative decay channel (J/ψ → e+e−γ). The MC simulation as-
sumes the prompt J/ψ to be unpolarised, while the non-prompt J/ψ have a small residual polarisation
arising from the contributions of the different b-hadron decay channels as implemented in EvtGen [37].
All generated particles were transported through the ALICE detector setup using a GEANT3 model [39]
considering a realistic detector response and reproducing the detector performance during the data tak-
ing. The TRD trigger was emulated in the simulation, i.e. the same selection criteria were calculated and
applied as in real data.

3.1 Inclusive J/ψ analysis

The number of raw J/ψ candidates was extracted in pT intervals from the invariant mass distribution (mee)
of electron−positron pairs after background subtraction. Figure 2 shows the invariant mass distribution
before background subtraction for two illustrative pT intervals. The background is composed of pairs of
electrons and positrons with different physics origin (uncorrelated background) and to a small extent, of
electrons from common sources such as cc and bb decays or jet fragmentation (correlated background).
Both background sources, see Fig. 2, are estimated by means of a hybrid method using the mixed-event
technique (ME) for the uncorrelated background and a fitting function for the residual background, as
applied in the analyses of minimum bias pp collisions at

√
s = 5 and 13 TeV [32, 33]. The mixed-event

background distribution was normalised in the mass interval 2 < mee < 4 GeV/c2 to the measured distri-
bution of the same-event like-sign pairs, as these are expected to be little affected by correlated sources.
After subtraction of the ME background, the residual distribution was then fitted with a polynomial of
second order and a MC template for the J/ψ signal. Counting the number of electron−positron pairs
in the mass interval 2.92 < mee < 3.16 GeV/c2, after subtracting all background sources, yields the raw
number of J/ψ candidates.

The pT-differential cross section was obtained by correcting the number of J/ψ candidates found in a
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Figure 2: Invariant mass distribution of e+e− pairs from J/ψ decays and from correlated and uncorrelated back-
ground sources for the lowest (left) and the highest (right) pT interval considered in the analysis. For the highest
pT interval, the distributions were scaled by a factor 4 for better visibility.

given transverse momentum (∆pT) and rapidity (∆y) interval by the average acceptance and efficiency(
〈Acc× εreco× εmass× εTRDtrg〉

)
in these intervals:

dσ2

dydpT
=

Nraw
J/ψ(

〈Acc× εreco× εmass× εTRDtrg〉
)
×BR×∆y∆pT×Lint

, (1)

where BR denotes the branching ratio of J/ψ to dielectrons (5.97 ± 0.03)% [40]. The integrated lumi-
nosity of the data sample is given by Lint =

NMB
σMB

, where σMB is the MB trigger cross section obtained
from van der Meer scans [41]. The number of MB events NMB = NTRD× fnorm was calculated from
the number of TRD-triggered events NTRD and the normalisation factor fnorm. The latter corresponds to
the inverse probability of an MB event being triggered by the TRD as well. Its statistical uncertainty
amounts to 0.35%. The evaluation of fnorm was cross-checked with an alternative method based on the
online counters, provided by the central trigger processor, of the number of inspected events at level-0
(MB) and level-1 (TRD-triggered). The ratio of the two numbers is corrected for the slightly different
efficiency in event selection in both data samples. Due to the larger number of level-0 trigger counts,
this ratio has a smaller statistical uncertainty and agrees on the few per-mill level with the result from
the first method. Thus the statistical uncertainty of the first described method is used as the systematic
uncertainty of the normalisation factor fnorm. For the MB analysis, neither the TRD trigger efficiency
nor the trigger normalisation factor fnorm apply.

The acceptance and efficiency factors, determined via the aforementioned MC simulations, correct for
the kinematic acceptance (Acc), the reconstruction efficiency and the applied selection criteria (εreco),
the TRD trigger efficiency for J/ψ mesons (εTRDtrg) and the mass interval chosen to count the J/ψ signal
candidates (εmass). The individual contributions and the total efficiency are shown in Fig. 3 (left). The
TRD trigger algorithm was emulated in the simulation. The same quantities such as electron likelihood,
online pT, and number of track segments per stack as in real data were calculated and the analogous trig-
ger decision was derived. By comparing the distributions of these quantities for electrons and positrons
in data and MC simulations, it was ensured that the TRD trigger is correctly implemented in simulation
and shows the same performance as in data. Figure 3 (right) shows as an example the excellent agree-
ment of the electron and positron likelihood in data and MC simulations for the single-electron trigger
with a pT threshold at 2 GeV/c.
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Figure 3: (Left) Efficiency as a function of transverse momentum for the inclusive J/ψ analysis of the TRD-
triggered data. (Right) Electron likelihood estimated from TRD for electrons identified using the TPC particle
identification capabilities in data and MC simulations. The electron likelihood is stored in hardware as an unsigned
8-bit value (translating into integer values from 0 to 255).

The following sources of systematic uncertainties were considered for the determination of the inclusive
J/ψ cross section: (i) track reconstruction efficiency, (ii) electron identification, (iii) signal extraction,
(iv) kinematics of the J/ψ used in the MC simulation, and (v) TRD trigger efficiency (does not apply to
the analysis of the MB data sample). The uncertainty of the track reconstruction efficiency is related to
the ITS−TPC matching efficiency and to the track selection criteria. No statistically significant system-
atic effects were found when rerunning the analysis with variations of the track selection criteria, with
the exception of the requirement of the number of hits in the SPD layers (hit in first or both layers of
the SPD). To estimate the influence of the SPD criterion, a data-driven technique, where pions tagged
as belonging to identified K0

S decay topologies were used to determine the single-track uncertainty. The
latter was then propagated to the two-track level (J/ψ) using a phase space simulation of the J/ψ decay
to dielectrons. This uncertainty was found to amount to 3.1%, independent of the pair pT. It was ver-
ified using MC simulations that the single-track uncertainty obtained with pions is identical to the one
of electrons. Likewise, the uncertainty of the ITS−TPC matching efficiency, describing the probability
that a track reconstructed in the TPC also has matching hits in the ITS, was estimated in a data-driven
procedure as described in [42] and found to be independent of particle species. The uncertainty was
propagated to the two track level (J/ψ) and amounts to 2%, independent of pT. The two uncertainties
were added in quadrature and are considered to be correlated across pT intervals.
The uncertainty due to the particle identification was determined using electrons from photon conver-
sions, pions from K0

S and protons from Λ decays, topologically reconstructed in data and MC simula-
tions. The comparisons of the electron identification efficiency and hadron rejection in data and MC
simulations under variations of the PID selection criteria yield a 2% pT-independent uncertainty for the
J/ψ meson. The uncertainty is considered correlated across pT intervals.
The raw J/ψ yield was corrected for the average acceptance and efficiency in a given pT interval and is
thus sensitive to the kinematic distribution of the inclusive J/ψ mesons used in the MC simulation. To
estimate the related uncertainty, the pT spectrum of J/ψ mesons in the same rapidity range in p–Pb at√

sNN = 5.02 TeV [20] was fitted with a power law; then, new distributions were derived by varying the
obtained parameters according to the correlation matrix provided by the fit procedure. For each iteration
the average acceptance and efficiency in the given pT interval was recomputed and the RMS of all values
with respect to the default value was taken as uncertainty. In most of the pT intervals the uncertainty is
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negligible; the largest value, 0.2%, is found in the lowest pT interval.
The signal extraction uncertainty is composed of contributions from the background description and
the J/ψ signal distribution. The uncertainty related to the background description was determined by
choosing different fitting functions for the correlated and uncorrelated background. The studies were
performed in two pT intervals (2−6 and 6−14 GeV/c) with similar background distributions to avoid the
statistical uncertainties dominating the systematic uncertainties. The variations show a deviation with
respect to the default value of 1.9% for both pT intervals. The uncertainty associated with the J/ψ signal
shape was found by varying the mass interval used to count the raw J/ψ candidates. To reduce statistical
fluctuations, the root mean square of all values with respect to the central value was determined for the
pT-integrated case resulting in an uncertainty of 1.3%.
The uncertainty of the TRD trigger efficiency was estimated based on MC simulations, where the thresh-
old of the electron and positron likelihood value for the trigger decision was varied by an amount corre-
sponding to the granularity with which it is calculated in the front-end electronics, and then the trigger
efficiency for J/ψ mesons was recalculated. The resulting uncertainty is 2.3%. The adopted threshold
variation is larger than the one expected from the observed changes in pressure and gas composition, that
would lead to a change in gain and thus a change in the electron efficiency of the trigger.
The systematic uncertainties of all sources described above were added in quadrature and amount to a
total systematic uncertainty of 5.2% for all pT intervals. The total systematic uncertainty of the MB
analysis is 4.7%. The branching ratio uncertainty, the MB trigger cross section uncertainty (including
also a contribution from its stability over time, as discussed in Ref. [41]), and the uncertainty of the TRD
trigger normalisation factor fnorm are added in quadrature to obtain a global normalisation uncertainty of
2%. As the latter contribution is small, this uncertainty also holds for the MB analysis.

3.2 Determination of the non-prompt J/ψ fraction

The non-prompt J/ψ fraction ( fb) was determined as in previous analyses [20, 34, 43–45] on a statistical
basis. The method relies on the property that J/ψ mesons originating from b-hadron decays have, in
the studied kinematic range, a decay vertex distribution extending to values well beyond the secondary
vertex resolution, in contrast to prompt J/ψ . As a very good pointing resolution is needed, only J/ψ
candidates with at least one of the decay products having hits in both SPD layers were accepted.

The measurement of the fraction fb was carried out via a minimisation of a two-dimensional unbinned
negative log-likelihood fit in pT intervals, where the invariant mass and the pseudoproper decay length
(x) distributions of the electron-positron pairs were simultaneously fitted:

−ln L = −
N

∑
i=1

ln F(x,mee). (2)

The variable N denotes the number of J/ψ candidates in the invariant mass interval 2.4<mee < 3.6 GeV/c2

and F(x,mee) is given as

F(x,mee) = fsig×Fsig(x)×Msig(mee) + (1− fsig)×Fbkgd(x)×Mbkgd(mee), (3)

where fsig is the fraction of e+e− pairs attributed to prompt and non-prompt J/ψ within the invariant
mass interval 2.4 < mee < 3.6 GeV/c2. Msig(mee) and Fsig(x) are the functional forms describing the
invariant mass and pseudoproper decay length distributions of the signal. Mbkgd(mee) and Fbkgd(x) are
the corresponding functional forms of the background component. The pseudoproper decay length is
defined as x =

c×Lxy×mJ/ψ

pT
, where Lxy is the transverse projection of the vector from the primary vertex

of the event to the J/ψ decay vertex and mJ/ψ is the J/ψ pole mass [40]. The signal is composed of a
prompt and non-prompt J/ψ contribution

Fsig(x) = f raw
b ×Fb(x) + (1− f raw

b )×FP(x), (4)
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2 < pT < 14 GeV/c. Only statistical uncertainties are shown. The one-dimensional projections of the different
contributions of the fit as described in the text are drawn for each distribution.

where f raw
b is the uncorrected fraction of non-prompt J/ψ and Fb(x) and FP(x) are the pseudoproper decay

length distributions of non-prompt and prompt J/ψ , respectively.

The invariant mass and pseudoproper decay length distributions of e+e− pairs are shown as an example
for the pT interval 2 < pT < 14 GeV/c in Fig. 4. The one-dimensional projections of the different
components of the fit are drawn for each distribution. The invariant mass distribution is described in the fit
by a Crystal Ball function [46] and an exponential function for the signal and background contributions,
respectively. The parameters of the Crystal Ball function were tuned to match the J/ψ signal shape in
MC, which describes well the measured invariant mass distribution of inclusive J/ψ mesons presented
in this article. The analysis of the non-prompt J/ψ fraction was carried out for pT > 2 GeV/c in coarser
momentum intervals than the inclusive analysis to reduce statistical fluctuations.

The pseudoproper decay length distribution of prompt J/ψ , known as the resolution function R(x), is
given by the finite detector resolution and reconstruction algorithm. The resolution function was deter-
mined from MC simulations and is well described by the sum of two Gaussian distributions at its core,
with the addition of a power law function for the tails, symmetric around x = 0. To minimise discrepan-
cies in the R(x) description between data and MC simulations, the distance-of-closest-approach (DCA) to
the primary vertex in the transverse plane for single tracks was tuned in MC simulations via a data-driven
approach. In this approach, differences in the mean and width of the DCA distributions were corrected
for in MC simulations as a function of pT, azimuthal angle and SPD hit configuration, which strongly
influences the DCA resolution, using primary pions to match the performance in data. The RMS of the
resolution function shows, as expected, a strong dependence on the J/ψ pT with values of about 156 µm
(43 µm) for a J/ψ pT of 2 GeV/c (12 GeV/c). The pseudoproper decay length distribution of non-prompt
J/ψ is modelled by the kinematic distribution of J/ψ from b-hadron decays obtained from the MC sim-
ulation convoluted with the resolution function. The relative fractions of the different b-hadron species
were reweighted in the MC simulations to match the measurements performed by the LHCb collabora-
tion in pp collisions at

√
s = 13 TeV [47]. These measurements are consistent with the results, available

in a coarser pT binning, by the LHCb collaboration in p–Pb collisions at
√

sNN = 8.16 TeV [24]. As
the background contribution changes with invariant mass, see Fig. 4 (left), Fbkgd(x) was obtained by fit-
ting the pseudoproper decay length distributions from the side bands of the invariant mass distribution
(2.4 < mee < 2.8 GeV/c2 and 3.2 < mee < 3.6 GeV/c2) and interpolating the background contribution
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Table 1: Systematic uncertainties (in percent) of the pT-differential and pT-integrated fb measurements.

pT (GeV/c)
Sources 2−4 4−6 6−8 8−10 10−14 2−14
MC input pT shape 3.0 1.6 1.0 0.8 0.5 6.7
Resolution function R(x) 3.4 1.0 0.5 0.4 0.4 1.3
x distr. of non-prompt J/ψ (Fb(x)) 6.4 1.1 1.7 2.2 0.5 3.8
x distr. of bkgd

(
Fbkgd(x)

)
3.3 3.7 2.0 1.6 2.1 3.8

Inv. mass p.d.f. of signal
(
Msig(mee)

)
2.6 1.9 0.6 2.2 4.8 2.1

Inv. mass p.d.f. of bkgd
(
Mbkgd(mee)

)
1.5 0.6 0.1 2.4 0.1 0.6

Total 9.0 4.7 2.9 4.3 5.3 9.0

under the J/ψ signal peak (2.8 < mee < 3.2 GeV/c2) assuming a linear combination of the background in
the left and right side band. The relative fraction of each contribution was included as an additional free
parameter in the global fitting.

The final fb was then obtained by correcting f raw
b by the average acceptance and efficiency of prompt

(〈A× ε〉P) and non-prompt (〈A× ε〉b) J/ψ in a given pT interval:

fb =

(
1+

1− f raw
b

f raw
b

× 〈A× ε〉b
〈A× ε〉P

)−1

. (5)

The factors 〈A× ε〉 obtained from the MC simulations are slightly different for prompt and non-prompt
J/ψ due to the different pT distributions. For a more realistic treatment, the pT distributions in the MC
simulations were reweighted to match measurements of prompt and non-prompt J/ψ mesons performed
by the LHCb collaboration at forward rapidity in p–Pb collisions at

√
sNN = 8.16 TeV [22].

The systematic uncertainties of the fb measurement arising from the imprecise knowledge of the prob-
ability distributions used in the two-dimensional fit as well as from the input MC pT distributions of
prompt and non-prompt J/ψ affecting the 〈A× ε〉 correction factors are summarised in Table 1.

To estimate the systematic uncertainty related to the calculation of the average correction factors (〈A× ε〉),
the pT distributions in MC were not reweighted with the measurements by the LHCb collaboration, but
instead with ALICE measurements at midrapidity in p–Pb collisions at

√
sNN = 5.02 TeV [20]. Due

to the coarse binning and the large uncertainties, the central values of the ALICE measurement were
fitted with a power law function, which was then used in the reweighting procedure. The differences in
the fb fractions corrected with the 〈A× ε〉 factors obtained from different pT shapes were then taken as
systematic uncertainties. The uncertainties are largest for the pT-integrated case as well as at low pT,
where the pT distributions rapidly change. As in previous analyses, possible systematic uncertainties due
to polarisation are not considered as the measured degree of polarisation is small in pp collisions [48–
50] and no measurement yet exists for p–Pb collisions. In the MC simulations used, no polarisation is
implemented for prompt J/ψ , while due to the contributions of the different b-hadron species a small
polarisation arises for non-prompt J/ψ as implemented in EvtGen. Assuming no polarisation also for
non-prompt J/ψ would lead, as studied in Ref. [20], to a 4% (1%) variation of 〈A× ε〉 at low (high) pT.

The description of the DCA distribution for single tracks in the MC simulation was improved via a data-
driven approach using charged pions to reduce the systematic uncertainties of the resolution function
R(x). To study the influence of bremsstrahlung for electrons, the DCA resolution was varied based on
the observed resolution difference between electrons and pions in the MC simulation. Two extreme
scenarios were considered: one where the bremsstrahlung effect is twice as large in data as in MC, and
the other where the bremsstrahlung effect is null in data. The fb values were extracted for both hypotheses
and the differences with respect to the standard scenario were taken as the systematic uncertainty of the
resolution function R(x).
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The pT-differential spectra of the b-hadron species used as input for building the pseudoproper decay
length distribution Fb(x) of e+e− pairs from non-prompt J/ψ decays were simulated using
PYTHIA 6.4 [36], which yields compatible results to those obtained with FONLL [51–53]. As the
latter describes measurements in the b-hadron sector in pp collisions well [43, 54, 55], no additional sys-
tematic uncertainties related to the pT-shapes were added. Uncertainties related to the decay kinematics
were studied using PYTHIA 6.4 instead of the event generator EvtGen and the absolute differences in
the resulting fb values were assigned as the systematic uncertainties of the functional forms of the pseu-
doproper decay length of non-prompt J/ψ .
The Fbkgd(x) uncertainties were evaluated by changing the width of the side band regions as well as the
extrapolated region under the signal peak.
The systematic uncertainties related to the signal and background templates used for fitting the invari-
ant mass distributions of the e+e− pairs were estimated by exchanging the MC J/ψ signal shape with
one including only pairs originating from radiative or non-radiative decays, and by using different back-
ground fit functions (first and second order polynomials) as well as the invariant mass distribution of the
same-sign electron pairs. The usage of the MC signal shape with either only radiative or non-radiative
decays leads to extreme variations of the tail of the invariant mass distribution towards lower masses.
The differences between the fb values resulting from the aforementioned variations of the template and
the default fb values were taken as a systematic uncertainty.
Studies with a dedicated MC simulation showed that differences in TRD trigger efficiency for prompt
and non-prompt J/ψ are negligible.

All the aforementioned uncertainties were added in quadrature yielding the total uncertainties listed in
Table 1.

4 Proton−proton reference

In order to evaluate the impact of nuclear effects on the inclusive as well as prompt and non-prompt J/ψ
production in p–Pb collisions, reference cross sections are needed which reflect the production in the
absence of cold nuclear matter and hot-medium related effects. Since measurements in proton-proton
collisions at the same collision energy are not available, the reference distributions have to be obtained
from measured data at different centre-of-mass energies. The procedures are described in the following.

4.1 Reference for the inclusive J/ψ analysis

The calculation of the inclusive J/ψ production cross section at
√

s = 8.16 TeV is based on an assump-
tion on the shape of the J/ψ pT-differential cross section as well as an interpolation between measured
results at different collision energies to obtain the pT-integrated cross section and the average transverse
momentum (〈pT〉). With a suitable transformation, the J/ψ pT-differential cross section can be described
by a universal function [56], independent of collision energy and rapidity. The universal function is
defined as

〈pT〉
dσ/dy

× d2
σ

dydpT
=

2(n−1) ·C2× pT/〈pT〉
(1+C2× (pT/〈pT〉)2)n , (6)

with C = Γ(3/2)Γ(n− 3/2)/Γ(n− 1), where n is left as the only free fit parameter if the values of the
pT-integrated J/ψ cross section and 〈pT〉 are known. The universal function was fitted to the available
J/ψ data [18, 32, 49, 57–62], which range from 1.96 to 13 TeV in centre-of-mass energy with a pT range
from zero to 20 GeV/c, resulting in n = 3.45±0.05. The uncertainty of the parameter n was obtained by
excluding individual J/ψ measurements and repeating the fit. Once the 〈pT〉 and the pT-integrated cross
section are known, the pT-differential reference at

√
s = 8.16 TeV can then be calculated.

The 〈pT〉 value of 2.86±0.03 GeV/c at
√

s = 8.16 TeV was evaluated from the fit function 〈pT〉(
√

s) =
a+b× log(

√
s), which describes the evolution of the measured 〈pT〉 at midrapidity well over three orders

of magnitude as a function of collision energy from 0.2 to 13 TeV [33].
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For the interpolation of the pT-integrated J/ψ cross section at midrapidity, it is assumed that the collision-
energy dependence of J/ψ production is the same as the one of cc quark pair production. As FONLL
describes the available measurements of σcc well [63], the pT-integrated J/ψ production cross section
was estimated by scaling the cc cross sections calculated by FONLL with the PDF set CTEQ 6.6 [51–53].
The cc cross section σcc(|y|< 0.5) = dσcc/dy was calculated for midrapidity and for pT < 50 GeV/c for
all collision energies from 0.2 to 13 TeV for which measurements of the pT-integrated J/ψ production
cross section at midrapidity and low pT exist [32, 33, 57, 64–66]. Via a χ2 minimisation, the collision en-
ergy dependence of the FONLL cross sections was scaled to the measured J/ψ production cross sections
showing a good agreement between the energy dependence of the FONLL calculations and the one of
the measured data. The model uncertainties, i.e. the charm quark mass, renormalisation and factorisation
scales, are large, but were assumed to be fully correlated over the collision energy and thus should not
change the shape of the energy dependence. The cross section was then extracted by evaluating the scaled
FONLL curve at

√
s = 8.16 TeV. For the estimation of the statistical and systematic uncertainties of the

scaling procedure, each data point was shifted by its statistical or systematic uncertainty, respectively,
independently from the other data points, i.e. the uncertainties were assumed to be uncorrelated across
collision energies. These variations were repeated multiple times leading to a Gaussian distribution with
the mean being the evaluated central J/ψ cross section value and the width providing a 1σ uncertainty.
The resulting pT-integrated J/ψ cross section at

√
s = 8.16 TeV and midrapidity (|y| < 0.9) is BR ×dσ

dy
= 452.3 ± 2.1 (stat.) ± 16.5 (syst.) nb.

Using the universal function and the parameters obtained above, the pT-differential J/ψ production cross
section was calculated for the same pT intervals as the p–Pb measurement. The resulting pp reference
is shown in Fig. 5 (left) scaled by the Pb mass number (A = 208). The systematic uncertainty has a
correlated and uncorrelated component across pT intervals. The correlated uncertainty originates from
the interpolated pT-integrated J/ψ cross section and is about 3.8%. The uncorrelated uncertainty is
composed of the statistical and systematic uncertainty of the input pT spectra and 〈pT〉 as well as the
shape uncertainty of the universal fit function. The latter is the dominating contribution to the uncertainty
and was estimated to be 1% for pT < 7 GeV/c and 5% above. It was determined by comparing the pT
shape obtained with the universal fit function to the measured distributions for several collision energies.
For illustration purposes, the correlated and uncorrelated uncertainties were added in quadrature and are
shown as a grey band in Fig. 5 (left).

4.2 Reference for the non-prompt J/ψ fraction analysis

The non-prompt J/ψ fraction fb as a function of pT in pp collisions shows a slight dependence on centre-
of-mass energy. As no measured pp reference at

√
s = 8.16 TeV exists, the pT-differential fb fractions

were obtained via an interpolation method based on measurements available at midrapidity at other
centre-of-mass energies ranging from 1.96 TeV to 13 TeV [18, 34, 57, 58, 67]. At each energy with
available measurements, the pT-differential fb values with their statistical and systematic uncertainties
added in quadrature were fitted with a function. The latter was obtained as the ratio of the FONLL
calculated pT-differential production cross section of non-prompt J/ψ and the universal function repre-
senting the inclusive J/ψ measurement (see Sec. 4.1). The parameters of the universal fit function were
not constrained, to allow for the varying pT-dependence of fb measured at each collision energy. For the
fit results at each energy a 1σ uncertainty band was obtained based on the experimental uncertainties of
the considered measurements as well as the FONLL uncertainties (beauty quark mass, renormalisation
and factorisation scale), with the latter being the dominant contribution.

In the next step, the fb fractions evaluated in narrow pT intervals from the fitted functions were param-
eterised as a function of centre-of-mass energy assuming a linear dependence to obtain the fb value for√

s = 8.16 TeV. Repeating this procedure with the upper and lower edge of the 1σ uncertainty band of
the fit function yielded the systematic uncertainties of the fb values used as pp reference. Replacing the
linear function by a power law or exponential function resulted in a negligible systematic uncertainty.
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As the pT intervals used in this analysis are coarse and the fb values change within the pT intervals, the
average fb values and their related uncertainties were then determined for each pT interval using the pT
distribution as a weight. The uncertainty amounts to 6% in the first pT interval, 2 < pT < 4 GeV/c, and
is negligible above.

5 Results

The pT-differential production cross section of inclusive J/ψ in p–Pb collisions at
√

sNN = 8.16 TeV
is shown in Fig. 5 (left). The statistical and systematic uncertainties are shown as bars and boxes, re-
spectively. The measurements cover the pT intervals 0−2 GeV/c and from 2 up to 14 GeV/c obtained
from the MB and the TRD-triggered data samples, respectively. The usage of the single-electron triggers
provided by the TRD strongly enhances the number of J/ψ measured at intermediate and high pT.

As expected for the higher collision energy, the pT-differential production cross section at√
sNN = 8.16 TeV is consistently above the measurement at

√
sNN = 5.02 TeV, albeit the shapes are very

similar for pT > 2 GeV/c. Also depicted in Fig. 5 (left) is the pp reference spectrum for
√

s = 8.16 TeV
obtained as discussed in Sec. 4 and scaled by the mass number of Pb (A = 208). It can be observed that
the modifications in p–Pb compared to pp collisions are small for pT > 2 GeV/c.

To quantify the nuclear effects, the nuclear modification factor RpPb is calculated from the production
cross sections in p–Pb and pp collisions:

RpPb =
d2

σ
pPb
J/ψ

/dydpT

A×d2
σ

pp
J/ψ

/dydpT
, (7)

where A is the mass number of the Pb nucleus and d2
σ

pPb
J/ψ

/dydpT and d2
σ

pp
J/ψ

/dydpT are the pT-differential
production cross sections in p–Pb and pp collisions at the same collision energy. The nuclear modifica-
tion factor is expected to be equal to unity in the absence of nuclear effects.

Figure 5 (right) shows the pT-differential RpPb values for inclusive J/ψ production. The error bars repre-
sent the statistical uncertainties, the boxes the systematic uncertainties. The latter were derived by adding
in quadrature the systematic uncertainties of the p–Pb result and the systematic uncertainties correlated in
pT of the pp reference spectrum. The uncorrelated uncertainties of the pp reference spectrum are shown
as a pink band around unity. The normalisation uncertainty is shown as a box around unity at zero pT.

For pT > 2 GeV/c, the RpPb is consistent with unity. This tendency was already observed at the lower
energy of

√
sNN = 5.02 TeV. The data indicate that nuclear effects do not exceed 20% in the kinematic

range above pT = 2 GeV/c taking into account the deviation from unity and the related statistical and
systematic uncertainties. The RpPb for pT < 2 GeV/c from the MB analysis is, considering uncertain-
ties, larger than the one at the lower centre-of-mass energy by two standard deviations. However, no
significant conclusion can be drawn due to the limited size of the MB data sample.

To enhance the precision of the pT-integrated RpPb value, an extrapolation down to zero-pT of the cross
section measured with the TRD-triggered data sample is used instead of the minimum bias result. The
measured visible cross section for pT > 2 GeV/c corresponds to about two-thirds of the pT-integrated
cross section at midrapidity. The extrapolation method uses the pT-differential measurement in p–Pb
collisions at

√
sNN = 5.02 TeV assuming that cold nuclear matter effects influencing J/ψ production are

the same at both collision energies. This is very well supported by the findings at forward and backward
rapidity by the ALICE and LHCb collaborations within their present measurement accuracy [22, 23].
The extrapolation factor F was computed as the ratio of the cross section in the pT interval 0−2 GeV/c
to the one in 2−14 GeV/c. Taking into account the hardening of the pT spectrum as observed in pp
collisions between the two collision energies as estimated using the universal function (see Sec. 4) with
the mean pT parameters for each energy, the extrapolation factor F = 0.46± 0.04(stat.)± 0.04(syst.)

13



J/ψ production at midrapidity in p−Pb collisions at
√

sNN = 8.16 TeV ALICE Collaboration

0 2 4 6 8 10 12 14
)c (GeV/

T
p

1

10

210

))c
b/

(G
eV

/
µ (

T
pd

y
/dσ2 d

 < 0.43
cms

y1.37 < −,−e+ e→ ψPb, incl. J/−ALICE, p

norm. uncert. not shown

 = 5 TeV 3.7%NNs
 = 8.16 TeV 2%NNs

 

 

 = 5.02 TeVNNsMB data, 

 = 8.16 TeVNNsMB data, 

 = 8.16 TeVNNsTRD-triggered data, 

A × = 8.16 TeV spp reference, 

0 2 4 6 8 10 12 14
)c (GeV/

T
p

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

pP
b

R

 < 0.43
cms

y1.37 < −,−e+ e→ ψPb, incl. J/−ALICE, p

 

 

 = 5.02 TeVNNsMB data, 

 = 8.16 TeVNNsMB data, 

 = 8.16 TeVNNsTRD-triggered data, 

Figure 5: (left) pT-differential inclusive J/ψ production cross section in MB and TRD-triggered p–Pb collisions at
√

sNN = 8.16 TeV in comparison with the measurements at
√

sNN = 5.02 TeV [20]. The statistical and systematic
uncertainties are shown as error bars and boxes. Also depicted is the pp reference spectrum at

√
s = 8.16 TeV

obtained via the procedure described in Sec. 4 and multiplied by the mass number of the Pb nucleus (A = 208).
The grey band represents the combined correlated and uncorrelated uncertainties. (right) RpPb of inclusive J/ψ
in MB and TRD-triggered p–Pb collisions at

√
sNN = 5.02 TeV and 8.16 TeV. The statistical and systematic

uncertainties are shown as error bars and boxes. For the 8.16 TeV measurement, the uncorrelated uncertainties of
the pp reference are shown as a band around unity. The normalisation uncertainties are shown as coloured boxes
around unity at zero pT.

was derived. The statistical and systematic uncertainties of the extrapolation factor were determined by
adding in quadrature or linearly, respectively, the uncertainties of each pT interval of the p–Pb 5.02 TeV
cross section measurement. The systematic uncertainty also includes the uncertainties related to the
evaluation of the hardening of the pT spectrum and to possible differences in cold nuclear matter effects
at both energies. The first contribution was determined by modifying the parameters of the universal
function by the uncertainties of the mean pT values for both energies, resulting in a modification of
the F factor by 3%. The second contribution was estimated by computing the difference in the J/ψ
cross section calculations including cold nuclear matter effects via the EPPS16 nPDF sets by Lansberg
et al. [68, 69] at both energies, assuming the uncertainties of the calculations to be highly correlated
between energies. Repeating the calculation of the F factor with the obtained difference yields a 2.5%
uncertainty. All contributions to the total systematic uncertainty of the extrapolation factor F were added
quadratically.

The extrapolated pT-integrated inclusive J/ψ cross section is then given by:

dσ extra
inclusive J/ψ

dy
= (1 + F)×

dσvis
inclusive J/ψ

dy
= 1409±89(stat.)±84(syst.)µb, (8)

where
dσvis

inclusive J/ψ

dy = 968±56(stat.)±50(syst.)µb denotes the measured visible cross section of inclusive
J/ψ in the pT interval 2 < pT < 14 GeV/c at midrapidity (−1.37 < ycms < 0.43) in p–Pb collisions at√

sNN = 8.16 TeV. The pT-integrated RpPb value, depicted in Fig. 6, was then obtained as in Eq. 7.
The pT-integrated cross section for pp collisions at the same collision energy was obtained via the inter-
polation method discussed in Sec. 4. The systematic uncertainties of the RpPb value were calculated by
adding in quadrature the systematic uncertainties of the extrapolated pT-integrated inclusive J/ψ cross
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Figure 6: pT-integrated RpPb values for inclusive J/ψ production as a function of ycms in comparison with results
at forward and backward rapidity by the ALICE collaboration [23]. The statistical and systematic uncertainties are
shown as error bars and boxes. The overall normalisation uncertainties are shown as boxes around unity at large
ycms. Also shown are the results of theoretical calculations which refer to prompt J/ψ [10, 12, 68, 73–76].

section in p–Pb and of the cross section in pp collisions.

Also shown in Fig. 6 are the ALICE measurements for inclusive J/ψ in the dimuon decay channel at
forward (2.03 < ycms < 3.53) and backward (−4.46 < ycms <−2.96) rapidity [23] at the same collision
energy, as well as several theoretical calculations for prompt J/ψ . The calculations by Lansberg et al.
are based on the framework of NRQCD factorisation with nCTEQ15 and EPPS16 nPDF sets that were
reweighted to include results from the RHIC and LHC colliders [68–70]. The calculation by Vogt et al.
is based on a pure shadowing scenario employing the next-to-leading order (NLO) Color Evaporation
Model (CEM) with the EPS09 shadowing parametrisation [71]. This older parton distribution function
was obtained before collider data were available. The calculation by Arleo et al. [72] includes effects
of momentum broadening, coherent parton energy loss and no nuclear shadowing of the gluon PDF. The
model by Zhuang et al. [12] includes final-state effects (so-called hot nuclear matter effects), where
the cc states interact with the system generated in the collision, as well as nuclear shadowing using the
EPS09 gluon nPDF. The theoretical models describing the forward and backward rapidity results, also
agree within uncertainties with the measurement at midrapidity. While the pT-integrated inclusive yield
is strongly dominated by the prompt J/ψ , the pT-differential results for prompt and non-prompt J/ψ are
separately compared with models, in the following part of this section.

The fraction of J/ψ originating from b-hadron decays ( fb) is shown as a function of J/ψ pT in Fig. 7. In
addition to the results presented in this article, similar measurements from p–Pb collisions at√

sNN = 5.02 TeV and from pp collisions at 7 and 8 TeV, performed by the ALICE and ATLAS col-
laborations, are depicted. For all data shown, the statistical and systematic uncertainties were added
quadratically. The measurements show the complementarity of the experiments at the LHC; in particular
ALICE provides measurements at low and intermediate pT while ATLAS has results at high pT. In the
common pT interval the results from the different experiments are in good agreement. The emerging
picture is a rise of fb with increasing pT from values close to 0.1 in the 1−2 GeV/c interval to values ex-
ceeding 0.5 at pT larger than 20 GeV/c. With the current experimental uncertainties, one cannot discern
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Figure 7: Fraction of J/ψ originating from b-hadron decays as a function of J/ψ pT in comparison with analogous
measurements, also at midrapidity, in pp and p–Pb collisions by the ALICE and ATLAS collaborations [20, 43,
67, 79]. The statistical and systematic uncertainties of the measurements were added in quadrature.

differences between the results for pp and p–Pb collisions or at different collision energies. The exper-
imental precision at low and intermediate pT is expected to significantly improve with the much larger
data samples and tracking precision of the upgraded ALICE detector in LHC Runs 3 and 4 [77, 78].

The pT-integrated fraction of non-prompt J/ψ for the pT interval 2 < pT < 14 GeV/c at midrapidity
(−1.37 < ycms < 0.43) in p–Pb collisions at

√
sNN = 8.16 TeV is f vis

b = 0.18±0.03(stat.)±0.02(sys.).
Using the integrated inclusive cross section in the same kinematic region, the prompt and non-prompt
J/ψ cross sections per unit of rapidity were obtained as:

dσvis
prompt J/ψ

dy
= (1− f vis

b )×
dσvis

inclusive J/ψ

dy
= 797±66(stat.)±32(syst.)µb and

dσvis
non-prompt J/ψ

dy
= f vis

b ×
dσvis

inclusive J/ψ

dy
= 169±30(stat.)±17(syst.)µb.

(9)

The pT-differential production cross sections of prompt and non-prompt J/ψ are displayed in the left-
and right-hand panels of Fig. 8 together with the corresponding measurements at forward and backward
rapidity released by the LHCb collaboration at the same centre-of-mass energy, and with the ALICE
measurements at midrapidity at

√
sNN = 5.02 TeV.

The cross section is larger at midrapidity compared to the corresponding measurements at forward and
backward rapidity at the same centre-of-mass energy and shows a similar pT dependence as the mea-
surement at

√
sNN = 5.02 TeV for pT > 2 GeV/c. The measurements are very well described by

the calculations from P. Duwentäster et al. which utilise the latest version of the CTEQ15 nPDF set,
the nCTEQ15HQ set [80]. Here, for the cross section calculations, the effective scattering matrix ele-
ments were determined from measurements in pp collisions in a data-driven approach following Ref. [81]
and validated with NLO calculations in NRQCD for quarkonium and the general-mass variable-flavor-
number scheme [82] for the open heavy-flavour mesons. To obtain this nPDF set, measurements from
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Figure 8: pT-differential production cross sections of prompt (left) and non-prompt (right) J/ψ together with
corresponding results at forward and backward rapidity by the LHCb collaboration [22] and ALICE measurements
at midrapidity at

√
sNN = 5.02 TeV [20]. The statistical and systematic uncertainties are represented as error bars

and boxes for each data point. The normalisation uncertainties are not shown. The measurements are compared
with calculations using the latest version of the CTEQ nPDFs, nCTEQ15HQ [80], see text for details.

the LHC on heavy quark and quarkonium production were used to constrain the gluon density down
to Bjorken-x ∼ 10−5. Compared to the nCTEQ15 fit, not taking into account the LHC data, the un-
certainty of the gluon PDF in Pb is reduced by a factor 3 around Bjorken-x = 10−4. The measured
prompt J/ψ spectrum at midrapidity is mostly driven by the nuclear gluon PDF in the Bjorken-x range
2×10−4 to 10−3, where the ratio of the nuclear relative to the proton gluon PDF is 0.69−0.79 in the new
nCTEQ15HQ fit.

The prompt and non-prompt J/ψ nuclear modification factors were calculated as

Rprompt J/ψ

pPb =
1− f pPb

b

1− f pp
b
×RpPb and

Rnon-prompt J/ψ

pPb =
f pPb
b

f pp
b
×RpPb,

(10)

where RpPb denotes the inclusive J/ψ nuclear modification factors shown in Fig. 5. The fractions of J/ψ
originating from b-hadron decays in p–Pb and pp collisions are represented by f pPb

b and f pp
b , with the

latter obtained via an interpolation procedure as discussed in Sec. 4.2.

The resulting nuclear modification factors are shown as a function of J/ψ pT in Fig. 9 for pT > 2 GeV/c.
The displayed systematic uncertainties, shown as open boxes, include the uncertainties of the fb val-
ues for pp and p–Pb collisions as well as the correlated and uncorrelated uncertainties of the inclusive
J/ψ RpPb values. The prompt and non-prompt J/ψ nuclear modification factors are consistent with unity
within statistical and systematic uncertainties. Measurements performed at midrapidity in p–Pb colli-
sions at

√
sNN = 5.02 TeV by the ALICE, ATLAS and CMS collaborations, shown for comparison,

agree with our results for pT above 2 GeV/c, while the value for the lowest pT bin for prompt J/ψ at√
sNN = 5.02 TeV from ALICE is significantly below unity.

Several theoretical calculations for prompt J/ψ , introduced before when discussing the rapidity depen-
dence in Fig. 6, are shown for comparison with the measured pT-differential RpPb in Fig. 9 (left). Also
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Figure 9: pT-differential RpPb of prompt (left) and non-prompt (right) J/ψ together with corresponding results in
p–Pb collisions at

√
sNN = 5.02 TeV [18, 20, 79] and theoretical calculations [13, 68, 74, 75, 80]. The statis-

tical and systematic uncertainties are represented as error bars and boxes for each data point. The normalisation
uncertainties are indicated as boxes around unity at zero pT.

depicted is the transport calculation by Du et al. [13], based on the kinetic rate-equation approach within
a fireball model and previously used for heavy-ion and d−Au collisions, for the p–Pb collision system.
Shadowing effects were considered in the calculation by Vogt et al. via the pre-LHC EPS09 nPDFs. The
theoretical calculations describe the low pT data where the model should be applicable. The calculation
by Lansberg et al. [68] tends to be systematically below the data in the pT range below 10 GeV/c, only
approaching unity at 20 GeV/c. The approach based on the CEM and EPS09 nPDFs as well as the NLO
pQCD calculation of Duwentäser et al. are closest to the data. The latter calculation has the smallest
uncertainties profiting from the latest version of the nCTEQ15HQ nPDF set. This is also the case for the
corresponding studies on non-prompt J/ψ shown in Fig. 9 (right). Also shown are results from a FONLL
computation employing EPPS16 nPDFs [75], whose uncertainties strongly increase with decreasing pT.

6 Summary

This article presents for the first time the pT-differential production cross sections and nuclear modi-
fication factors RpPb of inclusive, prompt and non-prompt J/ψ at midrapidity (−1.37 < ycms < 0.43) in
p–Pb collisions at

√
sNN = 8.16 TeV with the ALICE detector at the LHC. The measurements were made

possible by the usage of online single-electron triggers provided by the Transition Radiation Detector.
Within the experimental and theoretical model uncertainties, the pT-differential cross sections are well
described by the calculations assuming only nuclear modified PDFs, with no final-state effects. The con-
sistency of the measured RpPb value of prompt J/ψ with unity shows that in the studied kinematic range
cold nuclear matter effects are modest, even smaller than predicted by most theoretical calculations.
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