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Abstract

We report on the inclusive J/ψ production cross section measured at the CERN Large Hadron Col-
lider in proton–proton collisions at a centre-of-mass energy

√
s = 13 TeV. The J/ψ mesons are re-

constructed in the e+e− decay channel and the measurements are performed at midrapidity (|y|< 0.9)
in the transverse-momentum interval 0 < pT < 40 GeV/c, using a minimum-bias data sample corre-
sponding to an integrated luminosity Lint = 32.2 nb−1 and an Electromagnetic Calorimeter triggered
data sample with Lint = 8.3 pb−1. The pT-integrated J/ψ production cross section at midrapidity,
computed using the minimum-bias data sample, is dσ/dy|y=0 = 8.97± 0.24 (stat)± 0.48 (syst)±
0.15 (lumi) µb. An approximate logarithmic dependence with the collision energy is suggested by
these results and available world data, in agreement with model predictions. The integrated and
pT-differential measurements are compared with measurements in pp collisions at lower energies
and with several recent phenomenological calculations based on the non-relativistic QCD and Color
Evaporation models.

*See Appendix A for the list of collaboration members
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1 Introduction

Quarkonium production in hadronic interactions is an excellent case of study for understanding hadroniza-
tion in quantum chromodynamics (QCD), the theory of strong interactions [1]. In particular, the pro-
duction of the J/ψ meson, a bound state of a charm and an anti-charm quark and the lightest vector
charmonium state, is the subject of many theoretical calculations. The cornerstone of all the theoret-
ical approaches is the factorization theorem, according to which the J/ψ production cross section can
be factorized into a short distance part describing the cc production and a long distance part describing
the subsequent formation of the bound state. In this way, the cc pair production cross section can be
computed perturbatively. The widely used Non-Relativistic QCD (NRQCD) approach [2] describes the
transition probabilities of the pre-resonant cc pairs to bound states with a set of long-distance matrix
elements (LDME) fitted to experimental data, assumed to be universal. Next-to-leading order (NLO)
calculations involving collinear parton densities are able to describe production yields for transverse
momentum (pT) larger than the mass of the bound state [3, 4], but have difficulties describing the mea-
sured polarization [5, 6]. Calculations employing the kT-factorization approach [7] can reach lower pT
but have similar difficulties when compared to data [8]. The low-pT range of quarkonium production
is modelled also within the Color Glass Condensate effective theory coupled to leading order NRQCD
calculations [9], which involves a saturation of the small Bjorken-x gluon densities that dampens the
heavy-quark pair production yields. An alternative to the universal LDME approach to hadronization
used in the NRQCD framework is provided by the Color Evaporation Model (CEM) [10, 11] and its
more recent implementation using the kT-factorization approach, the Improved CEM (ICEM) [12]. In
the ICEM, the transition probability to a given bound state is proportional to the cc pair production cross
section integrated over an invariant-mass range spanning between the mass of the bound state and twice
the mass of the lightest charmed meson. Finally, in the Color Singlet Model (CSM) [13–15], the pre-
resonant cc pair is produced directly in the color-singlet state with the same quantum numbers as the
bound state. Calculations within this model at NLO precision are known to strongly underpredict the
measured production cross sections [16]. In this context, a pT-differential measurement of J/ψ produc-
tion cross section covering a wide pT range, starting from pT =0 and up to high-pT, can discriminate
between the different models of quarkonium production.

In this paper, we present the integrated, and the pT and rapidity (y) differential production cross sections
of inclusive J/ψ production at midrapidity (|y| < 0.9) in proton–proton (pp) collisions at the center-of-
mass energy

√
s = 13 TeV. The inclusive J/ψ yields include contributions from directly produced J/ψ ,

feed-down from prompt decays of higher-mass charmonium states, and non-prompt J/ψ from the de-
cays of beauty hadrons. The pT-differential production cross section of inclusive J/ψ is measured in the
0 < pT < 15 GeV/c interval using a minimum-bias triggered data sample and in the 15 < pT < 40 GeV/c
interval using an Electromagnetic Calorimeter triggered data sample. These results complement exist-
ing measurements at midrapidity at

√
s = 13 TeV performed by the CMS Collaboration [17], which

report the prompt J/ψ production cross section for pT > 20 GeV/c. Previous measurements of the J/ψ

production cross section in pp collisions performed by the ALICE Collaboration at midrapidity at lower
energies were published in Refs. [18–20]. The inclusive J/ψ production cross section in pp collisions at√

s = 13 TeV was published by the ALICE Collaboration at forward rapidity in Ref. [21] and the prompt
and non-prompt production cross sections were reported by the LHCb Collaboration in Ref. [22].

In the next sections, the ALICE detector and the data sample are described in Section 2, and the data
analysis and the determination of the systematic uncertainties are described in Section 3 and Section 4,
respectively. The results are presented and discussed together with recent model calculations in Section 5
and conclusions are drawn in Section 6.

2



Inclusive J/ψ production at midrapidity in pp collisions at
√

s = 13 TeV ALICE collaboration

2 The ALICE detector, data set and event selection

A detailed description of the ALICE detector and its performance is provided in Refs. [23, 24]. Here we
mention only the detector systems used for the reconstruction of the J/ψ mesons decaying in the e+e−

channel at midrapidity. Unless otherwise specified, the term electrons will be used throughout the text to
refer to both electrons and positrons.

The reconstruction of charged-particle tracks is performed using the Inner Tracking System (ITS) [25]
and the Time Projection Chamber (TPC) [26], which are placed inside a solenoidal magnet providing
a uniform magnetic field of B = 0.5 T oriented along the beam direction. The ITS is a silicon detector
consisting of six cylindrical layers surrounding the beam pipe at radii between 3.9 and 43.0 cm. The two
innermost layers consist of silicon pixel detectors (SPD), followed by two layers of silicon drift (SDD)
and two layers of silicon strip (SSD) detectors. The TPC is a cylindrical gas drift chamber which extends
radially between 85 and 250 cm and longitudinally over 250 cm on each side of the nominal interaction
point. Both TPC and ITS have full coverage in azimuth and provide tracking in the pseudorapidity
range |η | < 0.9. Additionally, the measurement of the specific energy loss (dE/dx) in the TPC active
gas volume is used for electron identification. The Electromagnetic Calorimeter (EMCal) and the Di-jet
Calorimeter (DCal) [27–29] are employed for triggering and electron identification. The EMCal/DCal
is a Shashlik-type lead-scintillator sampling calorimeter located at a radius of 4.5 m from the beam
vacuum tube. The EMCal detector covers a pseudorapidity range of |η | < 0.7 over an azimuthal angle
of 80◦ < ϕ < 187◦, and the DCal covers 0.22 < |η | < 0.7 for 260◦ < ϕ < 320◦ and |η | < 0.7 for
320◦ < ϕ < 327◦. The EMCal and DCal have identical granularity and intrinsic energy resolution,
and they form a two-arm electromagnetic calorimeter, which in this paper will be referred to jointly as
EMCal.

In addition to these central barrel detectors, the V0 detectors, composed of two scintillator arrays [30]
placed along the beam line on either side of the interaction point and covering the pseudorapidity intervals
−3.7 < η <−1.7 and 2.8 < η < 5.1, respectively, are used for event triggering. Together with the SPD
detector, the V0 is also used to reject background from beam-gas collisions and pileup events.

The measurement of the pT-integrated and pT-differential production cross sections up to pT = 15 GeV/c,
the upper limit being determined by the available integrated luminosity, utilizes the minimum-bias (MB)
trigger, defined as the coincidence of signals in both V0 scintillator arrays. For the pT interval from 15 up
to 40 GeV/c, the EMCal trigger is employed to select events with high-pT electrons. The lower pT limit
is chosen such that the trigger efficiency does not vary with pT above this value, thus avoiding systematic
uncertainties related to trigger threshold effects. The EMCal trigger is an online trigger which includes a
Level 0 (L0) and a Level 1 (L1) component [27]. The calorimeter is segmented into towers and Trigger
Region Units (TRUs), the latter being composed of 384 towers each [27]. The L0 trigger is based on the
analog charge sum of 4× 4 groups of adjacent towers evaluated within each TRU, in coincidence with
the MB trigger. The L1 trigger decision requires the L0 trigger and, in addition, scans for 4×4 groups of
adjacent towers across the entire EMCal surface. The EMCal-triggered analysis presented in this paper
uses the L1 trigger, and requires that at least one of the charge sums of the 4×4 adjacent towers is above
9 GeV.

This analysis includes all the data recorded by the ALICE Collaboration during the LHC Run 2 data-
taking campaigns of 2016, 2017 and 2018 for pp collisions at

√
s = 13 TeV. The maximum interaction

rate for the dataset was 260 kHz, with a maximum pileup probability in the same bunch crossing of
0.5×10−3. The events selected for analysis were required to have a reconstructed vertex within the
interval |zvtx| < 10 cm to ensure a uniform detector acceptance. Beam-gas events and pileup collisions
occurring within the readout time of the SPD were rejected offline using timing selections based on the
V0 detector information. Pileup collisions occurring within the same LHC bunch crossing were rejected
using offline algorithms which identify multiple vertices [24]. The remaining fraction of pileup events
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surviving the selections is negligible for both the MB and EMCal data samples.

The analyzed MB sample, satisfying all the quality selections, consists of about 2×109 events, corre-
sponding to an integrated luminosity Lint = 32.2 nb−1± 1.6% (syst), and the EMCal-triggered sample
consists of approximately 9×107 events which corresponds to an integrated luminosity Lint = 8.3 pb−1±
2.0% (syst). The integrated luminosities are obtained based on the MB trigger cross section (σMB), mea-
sured in a van der Meer scan [31], separately for each year, as described in Ref. [32]. For each of the
used triggers, MB and EMCal, the integrated luminosity is obtained as

Lint =
NMB

σMB
×

dstrig

dsMB
×

LTtrig

LTMB
(1)

where NMB is the number of MB-triggered events in the triggered sample, dstrig is the downscaling factor
applied to the considered trigger by the ALICE trigger processor and LTtrig is the trigger live time, i.e.
the fraction of time where the detector cluster 1 assigned to the trigger was available for readout.

3 J/ψ reconstruction

In this work we study the integrated, and the rapidity- and pT-differential inclusive J/ψ production at
midrapidity (|y| < 0.9) reconstructing the J/ψ from the e+e− decay channel. The MB sample analysis
follows closely the one performed in pp collisions at

√
s = 5.02 TeV [20].

3.1 Track selection

Electron-track candidates are reconstructed employing the ITS and TPC. They are required to be within
the acceptance of the central barrel (|η |< 0.9), and to have a minimum transverse momentum of 1 GeV/c,
which suppresses the background with only a moderate J/ψ efficiency loss. The tracks are selected to
have at least 2 hits in the ITS, one of which having to be in one of the SPD layers, and share at most one
hit with other tracks. A minimum of 70 out of a maximum of 159 clusters are required in the TPC.

In order to reject tracks originating from weak decays and interactions with the detector material, a se-
lection based on the distance-of-closest approach (DCA) to the primary vertex is applied to the tracks.
For the MB analysis the tracks are required to have a minimum DCA lower than 0.2 cm in the transverse
direction and 0.4 cm along the beam axis. Such tight selection criterion is used in order to improve the
signal-to-background ratio and the signal significance. It was checked with Monte Carlo (MC) simula-
tions that these requirements do not lead to efficiency loss for the non-prompt J/ψ relative to the prompt
J/ψ . For the EMCal-triggered event analysis, a looser selection on the DCA to the primary vertex at 1
and 3 cm is applied to avoid rejecting non-prompt J/ψ from highly boosted beauty hadron decays.

The electrons are identified using the specific energy loss dE/dx in the TPC gas. Their dE/dx is required
to be within a band of [−2,3] σ relative to the expectation for electrons at the given track momentum,
with σ being the dE/dx resolution. The contamination from protons which occurs in the momentum
range p < 1.5 GeV/c and from pions for momenta above 2 GeV/c is mitigated by rejecting tracks com-
patible with the proton or pion hypothesis within 3σ .

For the analysis of EMCal-triggered events, both the TPC and the EMCal are used for electron identi-
fication. At least one of the J/ψ decay-electron tracks, initially identified by the TPC, is required to be
matched to an EMCal cluster (a group of adjacent towers belonging to the same electromagnetic shower).
In order to ensure a constant trigger efficiency on the selected events, the matched clusters are selected to
have a minimal energy of 14 GeV, a value that is significantly higher than the applied online threshold of
9 GeV. Electrons are identified by applying a selection on the energy-to-momentum ratio of the EMCal

1A detector cluster is a set of ALICE detectors readout with the same set of triggers. All triggers assigned to a given cluster
share the same live-time, determined by the slowest detector in the cluster.
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matched track of 0.8 < E/p < 1.3 and on the dE/dx in the TPC of [−2.25,3] σ . Due to the additional
use of the EMCal for electron identification with respect to the MB based analysis, no explicit hadron
rejection was used for the EMCal sample.

Secondary electrons from photon conversions, the main background source for both analyses, are rejected
using the requirement of a hit in the SPD detector. This requirement rejects most of the electrons from
photon conversions occurring beyond the SPD layers. An additional selection based on track pairing, as
described in details in Ref. [20], is applied to further reject conversion electrons, especially those from
photons converting in the beam pipe or in the SPD.

3.2 Signal extraction

The number of reconstructed J/ψ mesons is extracted from the invariant mass (mee) distribution of all
possible opposite-sign (OS) pairs constructed combining the selected electron tracks within the same
event (SE). Besides the J/ψ signal, i.e. pairs of electrons originating from the decay of a common J/ψ

mother, the invariant mass distribution contains a background with contributions from combinatorial and
correlated sources.

In the MB analysis, the combinatorial background, i.e. pairs of electrons originating from uncorrelated
processes, is estimated using the event-mixing technique (ME), in which pairs are built from opposite-
sign electrons belonging to different events. The mixing is done considering events from the same run
(a collection of events taken during a period of time of up to a few hours) with a similar vertex position.
The normalized combinatorial background distribution Bcomb(mee) is obtained as

Bcomb(mee) = NME
OS (mee)×

∑mi
NSE

LS (mi)

∑mi
NME

LS (mi)
(2)

where NSE
LS , NME

OS and NME
LS are the number of same-event like-sign (LS), mixed-event OS and mixed-event

LS pairs, respectively. Here, the mixed-event OS distribution is normalized using the ratio of SE to ME
like-sign pairs since these are not expected to contain any significant correlated source. The summation
extends over all the mass bins mi between 0 and 5 GeV/c2 to minimize the statistical uncertainty on the
background matching. The correlated background in the mass region relevant for this analysis originates
mainly from semi-leptonic decays of heavy-flavor hadrons [33]. In order to extract the number of recon-
structed J/ψ , NJ/ψ , the combinatorial background-subtracted invariant mass distribution is fitted with a
two-component function: one empirical function to describe the correlated background shape, which is a
second order polynomial at low pair pT (pee

T < 1 GeV/c) and an exponential at high-pT (pee
T > 1 GeV/c),

plus a template shape obtained from MC simulations, described in Section 3.3, for the J/ψ signal.

For the analysis of the EMCal-triggered event sample, due to the relatively large contribution from cor-
related sources at high pT, the event mixing technique is not used. Instead, a fit of the invariant mass
distribution is performed using the MC template for the signal and a third-order polynomial function to
describe both the combinatorial and correlated background contributions.

In both analyses, the contribution from ψ(2S) decaying in the dielectron channel is not included in the
fit as the expected number of such pairs is ∼1% of the J/ψ raw yield and it is statistically not significant
in the analyzed data samples. The number of J/ψ is obtained by counting the number of e+e− pairs
in the mass range 2.92 ≤ mee ≤ 3.16 GeV/c2 remaining after subtracting the background. The SE-OS
dielectron invariant mass distribution for a few of the pT intervals is shown in Fig. 1, together with the
estimated signal and background components.

3.3 Corrections

The double differential J/ψ production cross section is calculated as

5



Inclusive J/ψ production at midrapidity in pp collisions at
√

s = 13 TeV ALICE collaboration

2.5 3 3.5

100

200

300

400

=13 TeVsALICE pp 
-1 = 8.3 pbEMCal

intL, -1 = 32.2 nbMB
intL

|<0.9y, |−e+ e→ ψJ/

 (MB)c < 2 GeV/ee
T

p1 < 

2.5 3 3.5

100

200

300

400

 (EMCal)c < 20 GeV/ee
T

p15 < 

 2×

2.5 3 3.5
0

50

100

150

 (MB)c < 7 GeV/ee
T

p5 < 

MB:
Signal
Correlated bkg.
Combinatorial bkg.

2.5 3 3.5

50

100

150

 (EMCal)c < 30 GeV/ee
T

p25 < 

EMCal:
Signal
Total bkg.

)2c (GeV/eem

2 c
co

un
ts

 p
er

 4
0 

M
eV

/

Figure 1: (Color online) Invariant-mass distributions for SE e+e− pairs in two pee
T intervals from the MB event

analysis (left panels) and two pee
T intervals from the EMCal-triggered event analysis (right panels). The signal

and background components obtained from the fit procedure are shown separately. For the top-right panel, the
distributions are scaled for convenience by a factor of 2.

d2
σJ/ψ

dydpT
=

NJ/ψ

BR(J/ψ → e+e−)×〈A× ε〉×∆y×∆pT×Lint.
, (3)

where NJ/ψ is the number of reconstructed J/ψ in a given interval of rapidity ∆y and transverse momen-
tum ∆pT, BR(J/ψ → e+e−) is the decay branching ratio into the dielectron channel [34], 〈A× ε〉 is the
average acceptance and efficiency factor and Lint is the integrated luminosity of the data sample.

The correction for acceptance and efficiency is the product of the kinematical acceptance factor, the
reconstruction efficiency, which includes both tracking and particle-identification (PID) efficiency, and
the fraction of signal in the signal counting mass window. For the EMCal-triggered events analysis, the
efficiency for the EMCal cluster reconstruction is also considered. The efficiency related to the EMCal
trigger is estimated using a parameterized simulation of the L1 trigger which, includes decalibration and
noise based on measured data, and takes into account the time-dependent detector conditions. With the
exception of the PID efficiency, all the corrections are obtained based on a MC simulation of unpolarized
J/ψ mesons embedded in inelastic pp collisions simulated using PYTHIA 6.4 [35] with the Perugia 2011
tune [36]. The prompt J/ψ are generated with a flat rapidity distribution and a pT spectrum obtained
from a phenomenological interpolation of J/ψ measurements at RHIC, CDF and the LHC at lower
energies [37]. For the non-prompt J/ψ , bb pairs are generated using the PYTHIA Perugia 2011 tune.
The J/ψ decays are simulated using PHOTOS [38], which includes the radiative component of the J/ψ

decay. The generated particles are transported through the ALICE detector setup using the GEANT3
package [39].

The PID efficiency is determined with a data-driven method by using a clean sample of electrons from
tagged photon conversion processes, passing the same quality criteria as the electrons selected for the
J/ψ reconstruction. The PID selection efficiency for single electrons is propagated to the J/ψ level
using a simulation of the J/ψ decay. The acceptance times efficiency correction factor for the MB
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sample analysis varies with pT between 7.6% and 16% while in the case of the EMCal-triggered sample
analysis it increases with pT from 2 to 8%.

Due to the finite size of the pT intervals, there is a mild dependence of the correction factors on the
shape of the inclusive J/ψ pT distribution used in the simulation. This is mitigated iteratively by using
the corrected J/ψ pT-differential production cross section to reweight the acceptance times efficiency
correction factor and obtain an updated corrected cross section. The procedure is stopped when the
difference between the input and output corrected pT-differential production cross section drops below
1%, which typically occurs within 1 to 2 iterations, depending on the pT interval. Additionally, to check
if the default MC used in the analysis could introduce a bias on the EMCal trigger efficiency, due to the
enhancement of J/ψ , another MC simulation, based on a di-jet production generated by PYTHIA8 [40],
at
√

s = 13 TeV, is used as a cross-check. As a result, the default MC and the di-jet MC lead to a
compatible EMCal trigger efficiency.

4 Systematic uncertainties

There are several sources of systematic uncertainties affecting this analysis, namely the ITS-TPC track-
ing, the electron identification, the signal extraction procedure, the J/ψ input kinematic distributions
used in MC simulations, the determination of the integrated luminosity and the branching ratio of the
dielectron decay channel. A summary of these is given in Table 1.

The uncertainty of the ITS-TPC tracking efficiency is one of the dominant sources of systematic uncer-
tainty and has two contributions: one due to the TPC-ITS matching and one related to the track-quality
requirements. The former is obtained from the residual difference observed for the ITS-TPC single-track
matching between data and MC simulations [41], which is further propagated to J/ψ dielectron pairs. It
varies between 2.8% and 5.4%, depending on pT. The uncertainty related to the track-quality require-
ments is estimated by repeating the analysis with variations of the selection criteria and taking the root
mean square (RMS) of the distribution of the results as systematic uncertainty. This uncertainty also de-
pends on pT and is equal to 3.7% for pT < 5 GeV/c and approximately 2% for pT > 5 GeV/c. In Table 1,
both contributions are added in quadrature and provided as ranges for the pT- and y-differential results.

As described in Section 3.3, the particle identification efficiency is determined via a data-driven proce-
dure using a sample of identified electrons from tagged photon conversions. For the MB data sample,
the uncertainty of this procedure is estimated by repeating the analysis with a looser and a tighter hadron
(pion and proton combined) rejection criteria and taking the largest deviation from the results obtained
with the standard PID selection divided by

√
12. In addition, the statistical uncertainty of the pure elec-

tron sample used for the determination of the efficiency, which becomes non-negligible at high pT, is
propagated to the total uncertainty for the PID. The total PID systematic uncertainty is larger than 1%
only for pT > 7 GeV/c, reaching 4% in the pT interval 10 < pT < 15 GeV/c. For the EMCal-triggered
analysis, the particle identification systematic uncertainty has contributions from the electron identifi-
cation in both the TPC and the EMCal. The values are estimated by varying the dE/dx range for the
electron selection in the TPC, the E/p selection range in the EMCal, and the minimum energy of the
matched clusters. The total PID uncertainty, obtained in an analogous way as for the MB sample, in-
creases with pT from 2.8% to 5.4%.

For pT up to 15 GeV/c, the systematic uncertainties associated to the J/ψ signal extraction procedure is
dominated by the J/ψ invariant mass signal shape template used to calculate the fraction of reconstructed
J/ψ mesons within the signal counting mass window. This uncertainty amounts to 1.9% and is evaluated
by repeating the extraction of the corrected yield with different invariant mass intervals used for the
signal counting and taking the RMS of the variations as a systematic uncertainty. An additional source
of uncertainty, due to the fit of the correlated background, is determined by varying the fit mass range
and is typically below 1%. For pT >15 GeV/c, the systematic uncertainty associated to the J/ψ signal
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Table 1: Summary of contributions to systematic uncertainties of the measured J/ψ production cross section (in
percentage).

Source (pT, y)-integrated y-differential pT-differential (MB) pT-differential (EMCal)
0 < pT < 15 (GeV/c) 15 < pT < 40 (GeV/c)

Tracking 4.9 4.7 – 6.5 5.7
PID 0.6 0.0 – 4.1 2.8 – 5.4
Signal shape 1.9 1.4 – 2.2 1.0 – 4.0
Background fit 0.3 0.3 – 0.4 0.2 – 1.2 1.0 – 6.0
MC input 1.0 0.0 – 0.9 0.9
EMCal trigger not used not used not used 0.5
Luminosity 1.6 2.0
Branching ratio 0.5
Total uncorrelated 0.3 0.3 – 0.4 0.2 – 1.2 1.0 – 6.0
Total correlated 5.4 5.4 5.2 – 7.4 6.5 – 8.8
Global 1.7 2.0
Total (w/o global) 5.4 5.4 5.3 – 7.5 7.0 – 11.0

extraction are evaluated similarly to the MB analysis, however, the components associated to the signal
shape and the background fit have similarly large contributions. This is one of the main sources of
uncertainty in this pT range. The total uncertainty of the signal extraction varies with pT between about
2 and 7%.

The uncertainty on the EMCal trigger efficiency is studied varying the contribution from random noise
(evaluated using energy resolution measurements in data) applied to the 4×4 groups of adjacent towers.
It was also studied using the di-jet production generated by PYTHIA8 at

√
s = 13 TeV mentioned in

Sec. 3.3. The latter study showed a difference in the EMCal trigger efficiency of 0.5%, which is assigned
as a systematic uncertainty.

Since the J/ψ efficiency has a dependence on pT, the particular J/ψ kinematic distribution used in
the MC simulation, from which efficiencies are derived, can have an impact on the average efficiency
computed for finite pT intervals. As described in Section 3.3, this is mitigated via an iterative procedure
and the remaining uncertainty is related to the precision of the measured J/ψ spectrum. This uncertainty
is estimated by fitting the measured pT spectrum with a power law function and allowing the fitted
parameters to vary according to the covariance matrix. For each of such a variation, the average efficiency
in a given kinematic interval is recomputed and the RMS of the distribution obtained from the variation
of efficiency with respect to the central value is taken as a systematic uncertainty. This amounts to 1%
for the pT-integrated case and is smaller for all of the considered pT intervals.

The uncertainty of the integrated luminosity arising from the vdM-scan based measurements amounts to
1.6% for both the MB and EMCal-triggered data samples, and is determined as described in Ref. [32].
For the EMCal-triggered data sample only, an additional uncertainty of 1.1% arising from the precision
of the trigger downscaling is assigned. The uncertainty on the J/ψ decay branching ratio to the dielectron
channel amounts to 0.53% as reported by the Particle Data Group [34].

The uncertainties of the integrated luminosity and branching ratio are treated as global systematic uncer-
tainties. All the other uncertainties are considered as point to point correlated, with the exception of the
one due to the background fit which is considered to be fully uncorrelated. The systematic uncertainties
are thus dominated by correlated sources. The total correlated, uncorrelated and global uncertainties
obtained as the sum in quadrature of the corresponding sources are given in Table 1.
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5 Results

The inclusive pT-differential J/ψ production cross section in pp collisions at
√

s = 13 TeV at midra-
pidity, obtained from the combined analysis of the MB-triggered (pT < 15 GeV/c) and EMCal-triggered
(15 < pT < 40 GeV/c) samples is shown in the upper panels of Fig. 2. Statistical uncertainties are shown
as error bars, while the boxes around the data points represent the correlated and uncorrelated systematic
uncertainties added in quadrature, excluding the global uncertainty from luminosity determination and
branching ratio. The x-axis extent of the boxes illustrates the size of the pT interval with the data points
placed in the center. A simple power law function of the type

f (pT) = A× pT/(1+(pT/p0)
2)n, (4)

with A, p0 and n being free parameters, is used to fit the measured distribution. Since the systematic
uncertainties are largely correlated, only the statistical ones are used in the fit. Due to the large pT
intervals, the fit is performed by considering the mean value of the function in the pT interval rather
than its value at the center of the interval. The values obtained for the fitted parameters are A = 2.15±
0.18 µb/(GeV/c)2, p0 = 4.09±0.22 GeV/c and n = 3.04±0.09. The fit function, shown in Fig. 2 as a
dashed red line, provides a good description of the data points measured with both MB and EMCal data
samples, and illustrates the consistency between the two analyses.

In the left panel of Fig. 2, the production cross section measured at midrapidity is compared with the
forward rapidity measurement at the same energy [21]. The bottom panel shows the ratio between the
forward rapidity data points and the mean cross section at midrapidity obtained by integrating the fit
function described above in the pT intervals of the forward-rapidity measurement. The displayed uncer-
tainty boxes include the systematic uncertainty of the forward rapidity measurement and the uncertainty
of the function mean, added in quadrature. A monotonic drop of this ratio can be observed towards high
pT, indicating a harder J/ψ pT distribution at midrapidity.

The right panel of Fig. 2 shows a comparison with midrapidity measurements performed by the ALICE
Collaboration in pp collisions at the lower collision energies of

√
s = 7 TeV [18] and 5.02 TeV [20].

In the bottom panel, the ratio between the lower energy measurements and the fitted 13 TeV results is
shown. The displayed uncertainty boxes include the systematic uncertainty of the lower energy data
points and the uncertainty of the fit function mean, added in quadrature. Although the uncertainties
of the measurement at 7 TeV are large, the data indicates an increase of the production cross section
with increasing collision energy. In addition, the monotonic drop of the ratio between the 5.02 TeV and
13 TeV measurements indicates a hardening of the pT spectrum with increasing collision energy, as also
observed from the energy dependence of the inclusive J/ψ average pT discussed in Ref. [20].

The measured inclusive J/ψ production cross section is compared with several phenomenological cal-
culations of the prompt J/ψ production in the left panel of Fig. 3. In addition, to illustrate the impact
of the unaccounted feed-down from beauty decays in the theory predictions, a calculation of the non-
prompt J/ψ production by Cacciari et al., using the Fixed-Order Next-to-Leading-Logarithms approach
(FONLL) [45], is shown in the same panel. According to the FONLL calculations, the non-prompt con-
tribution to the inclusive J/ψ yield is approximately 10% at low-pT and grows to approximately 50%
at pT =40 GeV/c. In the right panel of Fig. 3, the measured inclusive production cross section is com-
pared to predictions for inclusive J/ψ production obtained as the sum of the prompt J/ψ calculations
listed above and the beauty feed-down contribution calculated using FONLL. The bottom panel shows
the ratio between each theoretical calculation and the fit to the data. The colored bands represent the
theoretical uncertainties for each model, centered around the model to data ratio. These uncertainties
are typically due to the variation of the renormalization and factorization scales, and of the charm quark
mass.
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Figure 2: Inclusive J/ψ production cross section at midrapidity (|y| < 0.9) in pp collisions at
√

s = 13 TeV
compared with the ALICE forward-rapidity measurement at

√
s = 13 TeV [21] (left panel) and the scaled ALICE

midrapidity measurements at
√

s = 5.02 TeV [20] and
√

s = 7 TeV [18] (right panel). The error bars represent
statistical uncertainties while the boxes around the data points represent the total systematic uncertainty, excluding
the global uncertainty from the luminosity and branching ratio. The lower panels show the ratio between the
measurements at different rapidity and energies, and the power law fit, discussed in the text, to the J/ψ production
cross section (red dashed line) at midrapidity at

√
s = 13 TeV. The boxes in the lower panels include the systematic

uncertainty of the data points and the uncertainty of the integral of the fit function in the given pT interval added
in quadrature.
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Figure 3: (Color online) Inclusive J/ψ production cross section compared with calculations for the prompt J/ψ

production cross section using ICEM [42], NLO NRQCD [3, 4, 43], LO NRQCD+CGC [44] and for the non-
prompt J/ψ from beauty-hadron feed-down using FONLL [45] (left panel). Inclusive J/ψ production cross section
compared with the corresponding calculations obtained as the sum of the prompt J/ψ component shown in the left
panel and the non-prompt contribution from FONLL (right panel). The bottom panel shows the ratios between the
model calculations and a fit to the data points. The bands illustrate the theoretical uncertainties centered around
the ratio between the model calculation and the power-law fit to the data (see text for details).
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Figure 4: (Color online) Inclusive pT-integrated J/ψ production cross section as a function of collision energy
(left panel) and rapidity (right panel) compared with the ICEM [42] and NRQCD+CGC [44] model calculations.
The midrapidity pT-integrated production cross section values are measured by the PHENIX [48], STAR [49],
CDF [50] and ALICE [18–20] collaborations. The forward-rapidity production cross section shown in the right
panel is reported by ALICE in Ref. [21].

Several phenomenological approaches are used for the calculation of the J/ψ yields shown in Fig. 3. The
green and blue dashed lines represent NLO NRQCD calculations from Ma et al. [4] and Butenschoen
et al. [3], respectively, using collinear gluon parton distribution functions (PDFs). Although the calcu-
lation of the short distance terms is very similar, the predictions of these two approaches differ due to
the LDME sets which are obtained in separate fits of the Tevatron and HERA data with different low-
pT cutoffs. In addition, the calculation from Ref. [3] does not include the feed-down from higher mass
charmonium states. The brown solid line represents a calculation obtained with the MC generator PEGA-
SUS [43] developed by Lipatov et al. which employs a kT-factorization approach using pT-dependent
gluon distribution functions and NRQCD matrix elements combined with LDMEs extracted from an
NLO high-transverse momentum analysis [8]. Using the KMR [46] technique to construct the uninte-
grated gluon PDFs, this calculation can extend down to J/ψ pT = 0. A different model to calculate
the low pT J/ψ production cross section, by Ma and Venugopalan [44] (green solid line) is based on a
Color-Glass Condensate (CGC) approach coupled to a Leading Order (LO) NRQCD calculation which
includes a soft-gluon resummation. The calculations obtained using the ICEM model by Cheung and
Vogt [42] within the kT-factorization approach are shown by the violet solid line. In this calculation,
LDMEs are not used, however one normalization parameter per charmonium state is used to account for
long distance effects [47]. The feed down from the higher mass charmonium states is taken into account
in this model.

As shown in the right panel of Fig. 3, all the models provide a reasonable description of the inclusive
J/ψ production cross section within the theoretical uncertainties over the entire pT range covered by this
measurement. In particular, both the ICEM and NRQCD+CGC calculations show very good agreement
with the data in the low-pT range. The NRQCD calculation from Lipatov, which uses the kT-factorization
approach, also provides a good description of the data for pT > 2 GeV/c, while it overestimates the
measured cross section at lower pT. However, this is a significant progress compared to traditional
collinear approaches which tend to diverge towards pT = 0.

The measured pT-integrated inclusive J/ψ production cross section at midrapidity, obtained by perform-
ing the analysis on the MB data sample without any explicit selection on the J/ψ pT (pT > 0), is
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dσJ/ψ

dy
= 8.97±0.24 (stat.)±0.48 (syst.)±0.15 (lumi)±0.05 (BR) µb .

The systematic uncertainty includes all the systematic sources mentioned in Table 1 added in quadra-
ture, with the exception of the global ones which are given separately. The fraction of the total cross
section covered by the EMCal-triggered event analysis results (pT > 15 GeV/c) is estimated to be less
than 0.5% and is not used in this measurement. A comparison of this measurement with previous midra-
pidity measurements in pp collisions at lower energies from PHENIX [48], STAR [49], CDF [50] and
ALICE [18–20] is shown in the left panel of Fig. 4. An approximate logarithmic increase of the cross
sections with the energy is observed. The collision energy-dependent measurements are also compared
with the calculations from the ICEM [42] and the NRQCD+CGC [44] models. Both calculations provide
a good description of the energy dependent trend within large theoretical uncertainties, dominated by the
low-pT region of the spectrum.

The right panel of Fig. 4 shows the rapidity-differential inclusive J/ψ production cross section which
includes three data points measured in this analysis around midrapidity and the previously published
ALICE measurement at forward rapidity [21]. While no rapidity dependence is observed in the central
rapidity range, a steep decrease towards forward rapidity is seen. The two model calculations employed,
using ICEM [42] and the NRQCD+CGC [44], combined with non-prompt contributions calculated with
FONLL [45], exhibit rather different rapidity dependences. However, both are compatible with the data
owing to the large theoretical uncertainties, which are at present much larger than the experimental
uncertainties.

6 Conclusions

The integrated, and the pT- and y-differential inclusive J/ψ production cross sections at midrapidity
(|y|< 0.9) in pp collisions at

√
s = 13 TeV are presented in the pT range 0 < pT < 40 GeV/c, exceeding

the pT range of all the previous measurements reported by the ALICE Collaboration. The measurement
up to 15 GeV/c is performed using a minimum-bias triggered data sample and the one at high-pT is
performed using an EMCal-triggered data sample, both collected by ALICE during the LHC Run 2.

The data are compared with the ALICE lower collision energy measurements at midrapidity [18, 20]
and with the ALICE forward-rapidity results [21]. An approximate logarithmic dependence of the inte-
grated J/ψ production cross section with collision energy is suggested by the data, in agreement with
the available predictions. The pT-differential cross section measured in this analysis shows a significant
hardening with respect to both the forward-rapidity measurement at

√
s = 13 TeV and the midrapidity

measurement at
√

s = 5.02 TeV.

Several calculations within the NRQCD framework [3, 4, 43, 44] and one using the ICEM approach [42]
are compared with the measured inclusive J/ψ production cross section. In particular, the ICEM, the
NRQCD model based on the CGC approach and a new NRQCD calculation using the kT-factorization
approach provide a prediction for the J/ψ production cross section down to pT = 0. All models provide a
good description of the measured inclusive J/ψ production cross section, although with large theoretical
uncertainties.
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L. Bianchi25, N. Bianchi53, J. Bielčík38, J. Bielčíková98, J. Biernat120, A. Bilandzic108, G. Biro147,
S. Biswas4, J.T. Blair121, D. Blau91,84, M.B. Blidaru110, C. Blume70, G. Boca29,59, F. Bock99,
A. Bogdanov96, S. Boi23, J. Bok63, L. Boldizsár147, A. Bolozdynya96, M. Bombara39, P.M. Bond35,
G. Bonomi142,59, H. Borel140, A. Borissov84, H. Bossi148, E. Botta25, L. Bratrud70,
P. Braun-Munzinger110, M. Bregant123, M. Broz38, G.E. Bruno109,34, M.D. Buckland130,
D. Budnikov111, H. Buesching70, S. Bufalino31, O. Bugnon117, P. Buhler116, Z. Buthelezi74,134,
J.B. Butt14, A. Bylinkin129, S.A. Bysiak120, M. Cai28,7, H. Caines148, A. Caliva110, E. Calvo Villar114,
J.M.M. Camacho122, R.S. Camacho46, P. Camerini24, F.D.M. Canedo123, F. Carnesecchi35,26,
R. Caron140, J. Castillo Castellanos140, E.A.R. Casula23, F. Catalano31, C. Ceballos Sanchez77,
P. Chakraborty50, S. Chandra143, S. Chapeland35, M. Chartier130, S. Chattopadhyay143,
S. Chattopadhyay112, A. Chauvin23, T.G. Chavez46, T. Cheng7, C. Cheshkov138, B. Cheynis138,
V. Chibante Barroso35, D.D. Chinellato124, S. Cho63, P. Chochula35, P. Christakoglou93,
C.H. Christensen92, P. Christiansen83, T. Chujo136, C. Cicalo56, L. Cifarelli26, F. Cindolo55,
M.R. Ciupek110, G. ClaiII,55, J. CleymansI,126, F. Colamaria54, J.S. Colburn113, D. Colella109,54,34,147,
A. Collu82, M. Colocci35, M. ConcasIII,61, G. Conesa Balbastre81, Z. Conesa del Valle80, G. Contin24,
J.G. Contreras38, M.L. Coquet140, T.M. Cormier99, P. Cortese32, M.R. Cosentino125, F. Costa35,
S. Costanza29,59, P. Crochet137, R. Cruz-Torres82, E. Cuautle71, P. Cui7, L. Cunqueiro99, A. Dainese58,
M.C. Danisch107, A. Danu69, I. Das112, P. Das89, P. Das4, S. Das4, S. Dash50, S. De89, A. De Caro30,
G. de Cataldo54, L. De Cilladi25, J. de Cuveland40, A. De Falco23, D. De Gruttola30, N. De Marco61,
C. De Martin24, S. De Pasquale30, S. Deb51, H.F. Degenhardt123, K.R. Deja144, L. Dello Stritto30,
S. Delsanto25, W. Deng7, P. Dhankher19, D. Di Bari34, A. Di Mauro35, R.A. Diaz8, T. Dietel126,
Y. Ding138,7, R. Divià35, D.U. Dixit19, Ø. Djuvsland21, U. Dmitrieva65, J. Do63, A. Dobrin69,
B. Dönigus70, O. Dordic20, A.K. Dubey143, A. Dubla110,93, S. Dudi103, M. Dukhishyam89,
P. Dupieux137, N. Dzalaiova13, T.M. Eder146, R.J. Ehlers99, V.N. Eikeland21, F. Eisenhut70, D. Elia54,
B. Erazmus117, F. Ercolessi26, F. Erhardt102, A. Erokhin115, M.R. Ersdal21, B. Espagnon80, G. Eulisse35,
D. Evans113, S. Evdokimov94, L. Fabbietti108, M. Faggin28, J. Faivre81, F. Fan7, A. Fantoni53,
M. Fasel99, P. Fecchio31, A. Feliciello61, G. Feofilov115, A. Fernández Téllez46, A. Ferrero140,
A. Ferretti25, V.J.G. Feuillard107, J. Figiel120, S. Filchagin111, D. Finogeev65, F.M. Fionda56,21,
G. Fiorenza35,109, F. Flor127, A.N. Flores121, S. Foertsch74, P. Foka110, S. Fokin91, E. Fragiacomo62,
E. Frajna147, U. Fuchs35, N. Funicello30, C. Furget81, A. Furs65, J.J. Gaardhøje92, M. Gagliardi25,
A.M. Gago114, A. Gal139, C.D. Galvan122, P. Ganoti87, C. Garabatos110, J.R.A. Garcia46,
E. Garcia-Solis10, K. Garg117, C. Gargiulo35, A. Garibli90, K. Garner146, P. Gasik110, E.F. Gauger121,
A. Gautam129, M.B. Gay Ducati72, M. Germain117, P. Ghosh143, S.K. Ghosh4, M. Giacalone26,

19



Inclusive J/ψ production at midrapidity in pp collisions at
√

s = 13 TeV ALICE collaboration

P. Gianotti53, P. Giubellino110,61, P. Giubilato28, A.M.C. Glaenzer140, P. Glässel107, D.J.Q. Goh85,
V. Gonzalez145, L.H. González-Trueba73, S. Gorbunov40, M. Gorgon2, L. Görlich120, S. Gotovac36,
V. Grabski73, L.K. Graczykowski144, L. Greiner82, A. Grelli64, C. Grigoras35, V. Grigoriev96,
S. Grigoryan77,1, O.S. Groettvik21, F. Grosa35,61, J.F. Grosse-Oetringhaus35, R. Grosso110,
G.G. Guardiano124, R. Guernane81, M. Guilbaud117, K. Gulbrandsen92, T. Gunji135, W. Guo7,
A. Gupta104, R. Gupta104, S.P. Guzman46, L. Gyulai147, M.K. Habib110, C. Hadjidakis80,
G. Halimoglu70, H. Hamagaki85, G. Hamar147, M. Hamid7, R. Hannigan121, M.R. Haque144,89,
A. Harlenderova110, J.W. Harris148, A. Harton10, J.A. Hasenbichler35, H. Hassan99, D. Hatzifotiadou55,
P. Hauer44, L.B. Havener148, S. Hayashi135, S.T. Heckel108, E. Hellbär110, H. Helstrup37, T. Herman38,
E.G. Hernandez46, G. Herrera Corral9, F. Herrmann146, K.F. Hetland37, H. Hillemanns35, C. Hills130,
B. Hippolyte139, B. Hofman64, B. Hohlweger93, J. Honermann146, G.H. Hong149, D. Horak38,
S. Hornung110, A. Horzyk2, R. Hosokawa15, Y. Hou7, P. Hristov35, C. Hughes133, P. Huhn70,
T.J. Humanic100, H. Hushnud112, L.A. Husova146, A. Hutson127, D. Hutter40, J.P. Iddon35,130,
R. Ilkaev111, H. Ilyas14, M. Inaba136, G.M. Innocenti35, M. Ippolitov91, A. Isakov38,98, M.S. Islam112,
M. Ivanov110, V. Ivanov101, V. Izucheev94, M. Jablonski2, B. Jacak82, N. Jacazio35, P.M. Jacobs82,
S. Jadlovska119, J. Jadlovsky119, S. Jaelani64, C. Jahnke124,123, M.J. Jakubowska144, A. Jalotra104,
M.A. Janik144, T. Janson76, M. Jercic102, O. Jevons113, A.A.P. Jimenez71, F. Jonas99,146, P.G. Jones113,
J.M. Jowett 35,110, J. Jung70, M. Jung70, A. Junique35, A. Jusko113, J. Kaewjai118, P. Kalinak66,
A.S. Kalteyer110, A. Kalweit35, V. Kaplin96, S. Kar7, A. Karasu Uysal79, D. Karatovic102,
O. Karavichev65, T. Karavicheva65, P. Karczmarczyk144, E. Karpechev65, A. Kazantsev91,
U. Kebschull76, R. Keidel48, D.L.D. Keijdener64, M. Keil35, B. Ketzer44, Z. Khabanova93, A.M. Khan7,
S. Khan16, A. Khanzadeev101, Y. Kharlov94,84, A. Khatun16, A. Khuntia120, B. Kileng37, B. Kim17,63,
C. Kim17, D.J. Kim128, E.J. Kim75, J. Kim149, J.S. Kim42, J. Kim107, J. Kim149, J. Kim75, M. Kim107,
S. Kim18, T. Kim149, S. Kirsch70, I. Kisel40, S. Kiselev95, A. Kisiel144, J.P. Kitowski2, J.L. Klay6,
J. Klein35, S. Klein82, C. Klein-Bösing146, M. Kleiner70, T. Klemenz108, A. Kluge35, A.G. Knospe127,
C. Kobdaj118, M.K. Köhler107, T. Kollegger110, A. Kondratyev77, N. Kondratyeva96, E. Kondratyuk94,
J. Konig70, S.A. Konigstorfer108, P.J. Konopka35,2, G. Kornakov144, S.D. Koryciak2, L. Koska119,
A. Kotliarov98, O. Kovalenko88, V. Kovalenko115, M. Kowalski120, I. Králik66, A. Kravčáková39,
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