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Abstract The measurement of the azimuthal-correlation
function of prompt D mesons with charged particles in
√
pp collisions at s = 5.02 TeV and p–Pb collisions at
√
sNN = 5.02 TeV with the ALICE detector at the LHC
is reported. The D0 , D+ , and D∗+ mesons, together with
their charge conjugates, were reconstructed at midrapidity in
the transverse momentum interval 3 < pT < 24 GeV/c and
correlated with charged particles having pT > 0.3 GeV/c
and pseudorapidity |η| < 0.8. The properties of the correlation peaks appearing in the near- and away-side regions (for
ϕ ≈ 0 and ϕ ≈ π , respectively) were extracted via a fit to
the azimuthal correlation functions. The shape of the correlation functions and the near- and away-side peak features are
found to be consistent in pp and p–Pb collisions, showing no
modifications due to nuclear effects within uncertainties. The
results are compared with predictions from Monte Carlo simulations performed with the PYTHIA, POWHEG+PYTHIA,
HERWIG, and EPOS 3 event generators.

1 Introduction
Two-particle angular correlations allow the mechanisms of
particle production to be investigated and the event properties of ultra-relativistic hadronic collisions to be studied. In
particular, the azimuthal and pseudorapidity distribution of
“associated” charged particles with respect to a “trigger” D
meson is sensitive to the charm-quark production, fragmentation, and hadronisation processes in proton–proton (pp)
collisions and to their possible modifications in larger collision systems, like proton–nucleus (pA) or nucleus–nucleus
(AA) [1]. The typical structure of the correlation function,
featuring a “near-side” (NS) peak at (ϕ, η) = (0, 0)
(where ϕ is the difference between charged-particle and
D-meson azimuthal angles ϕch − ϕD , and η the difference
between their pseudorapidities ηch − ηD ) and an “away-side”
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(AS) peak at ϕ = π extending over a wide η range, as
well as its sensitivity to the different charm-quark production
mechanisms, are described in details in [2].
In this paper, results of azimuthal correlations of prompt
D mesons with charged particles at midrapidity in pp and
√
p–Pb collisions at sNN = 5.02 TeV are presented, where
“prompt” refers to D mesons produced from charm-quark
fragmentation, including the decay of excited charmed resonances and excluding D mesons produced from beautyhadron weak decays. The study of the near-side correlation
peak is strongly connected to the characterisation of charm
jets and of their internal structure, in terms of their particle multiplicity and angular profile. Probing the near-side
peak features as a function of the charged-particle transverse
momentum ( pT ), possibly up to values of a few GeV/c, gives
not only access to the transverse-momentum distribution of
the jet constituents, but can also provide insight into how the
jet-momentum fraction not carried by the D meson is shared
among the other particles produced by the parton fragmentation, as well as on the correlation between the pT of these particles and their radial displacement from the jet axis, which is
closely related to the width of the near-side correlation peak.
This study provides further and complementary information
with respect to the analysis of charm jets reconstructed as a
single object through a track-clustering algorithm and tagged
by their charm content [3–5].
The azimuthal-correlation function of D mesons with
charged particles is largely sensitive to the various stages of
the D-meson and particle evolution, as hard-parton scattering, parton showering, fragmentation and hadronisation [6].
Its description by the available Monte Carlo event generators
like PYTHIA [7,8], HERWIG [9–11], and EPOS 3 [12,13] or
pQCD calculations like POWHEG [14,15] coupled to event
generators handling the parton shower, depends on several
features, including the order of the hard-scattering matrixelement calculations (leading order or next-to-leading order),
the modelling of the parton shower, the algorithm used for
the fragmentation and hadronisation, and the description
of the underlying event. The azimuthal-correlation func-
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tion of D mesons with charged particles in pp collisions at
√
s = 7 TeV measured by ALICE is described within uncertainties by simulations produced using PYTHIA6, PYTHIA8
and POWHEG+PYTHIA6 event generators [2]. However,
more precise and differential measurements are needed to
set constraints to models and be sensitive to the differences
among their expectations.
The validation of Monte Carlo simulations for angular
correlations of heavy-flavour particles in pp collisions is also
useful for interpreting the results in nucleus–nucleus collisions, for which the measurements in pp collisions are used
as reference. The temperature and energy density reached in
nucleus–nucleus collisions at LHC energies are large enough
to produce a quark–gluon plasma (QGP), a deconfined state
of strongly-interacting matter [16,17]. The interaction of
heavy quarks (charm and beauty) with the QGP should affect
the angular-correlation function [1,18,19]. First measurements performed at RHIC and the LHC showed modifications of the correlation function in nucleus–nucleus collisions
when the trigger was a heavy-flavour particle, where a suppression of the away-side correlation peak and an enhancement of the near-side correlation peak for associated particles
with pT < 2 GeV/c was observed [20,21]. A comparison of
the results in nucleus–nucleus collisions to those in pp collisions, along with a successful description by models, would
allow the modifications of the correlation function to be
related to the in-medium heavy-quark dynamics [18,22,23].
In proton–nucleus collisions, several cold-nuclear-matter
effects can influence the production, fragmentation and
hadronisation of heavy-flavour quarks. They are induced by
the presence of a nucleus in the initial state of the collision
and, possibly, by the high density of particles in its final
state. The most relevant effect is a modification of the parton distribution functions due to nuclear shadowing [24],
which can consequently affect the heavy-flavour production
cross section. Measurements of the nuclear modification factor of D mesons and of electrons from heavy-flavour hadron
√
decays in p–Pb collisions at sNN = 5.02 TeV [25,26] point
towards a small influence of cold-nuclear-matter effects on
the heavy-flavour quark production at midrapidity. Nevertheless, nuclear effects could still affect the fragmentation and
hadronisation of heavy quarks. These can be investigated by
measuring potential modifications of the shape of the angular correlation between heavy-flavour particles [27] or, more
indirectly, between heavy-flavour particles and charged particles.
Additionally, the search and characterisation of collectivelike effects in high-multiplicity proton–proton and proton–
nucleus collisions are a crucial topic, due to the observation
of long-range, ridge-like structures in two-particle angularcorrelation functions at RHIC [28,29] and the LHC [30–
35], resembling those observed in Pb–Pb collisions. The
mechanism leading to these structures in small collision
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systems is not straightforward to identify. Possible explanations include final-state effects due to a hydrodynamic
behaviour of the produced particles [36,37], colour-charge
exchanges [38,39], initial-state effects, such as gluon saturation as described within the Color-Glass Condensate effective field theory [40,41], or gluon bremsstrahlung by a
quark-antiquark string [42]. In addition, a positive ellipticflow coefficient was observed also for heavy-flavour particles, from the analysis of their azimuthal correlations with
charged particles, by the ALICE [43–45], ATLAS [46–
48], and CMS [49,50] Collaborations. This approach generally assumes that the jet-induced correlation peaks do not
differ in low- and high-multiplicity collisions, i.e. nuclear
effects have the same impact on the heavy-quark fragmentation and hadronisation at different event multiplicities. This
assumption can be tested by looking for modifications of the
azimuthal-correlation function.
The results presented in this paper significantly improve
the precision and extend the kinematic reach, with respect
to our previous measurements [2] in both pp (at a different
energy) and minimum bias p–Pb collisions. Correlations with
associated particles at higher pT probe the angular and pT
distribution of the hardest jet fragments, which retain more
closely the imprint of the hard-scattering topology. The properties of the away-side peak are also studied for the first time.
The paper is structured as follows. In Sect. 2, the ALICE
apparatus, its main detectors and the data samples used for
the analysis are presented. In Sect. 3 the procedure adopted
for building the azimuthal-correlation functions, correcting
them for experimental effects, and extracting physical quantities is described. Section 4 describes the systematic uncertainties associated to the measurement. The results of the
analysis are presented and discussed in Sect. 5. The paper is
briefly summarised in Sect. 6.

2 Experimental apparatus and data sample
The ALICE apparatus consists of a central barrel, covering the pseudorapidity region |η| < 0.9, a muon spectrometer with −4 < η < −2.5 coverage, and forward- and
backward-pseudorapidity detectors employed for triggering,
background rejection, and event characterisation. A complete
description of the detector and an overview of its performance
are presented in [51,52]. The central-barrel detectors used in
the analysis presented in this paper, employed for chargedparticle reconstruction and identification at midrapidity, are
the Inner Tracking System (ITS), the Time Projection Chamber (TPC), and the Time-Of-Flight detector (TOF). They are
embedded in a large solenoidal magnet that provides a magnetic field of 0.5 T, parallel to the beams. The ITS consists of
six layers of silicon detectors, with the innermost two composed of Silicon Pixel Detectors (SPD). It is used to track
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charged particles and to reconstruct primary and secondary
vertices. The TPC is the main tracking detector of the central barrel. In addition, it performs particle identification via
the measurement of the particle specific energy loss (dE/dx)
in the detector gas. Additional information for particle identification is provided by the TOF, via the measurement of
the charged-particle flight time from the interaction point to
the detector. The TOF information is also employed to evaluate the starting time of the event [53], together with the
time information provided by the T0 detector, an array of
Cherenkov counters located along the beam line, at +370
cm and −70 cm from the nominal interaction point.
The results reported in this paper were obtained on the data
√
samples collected during the 2016 LHC p–Pb run at sNN =
√
5.02 TeV and the 2017 LHC pp run at s = 5.02 TeV, corresponding, after the event selection, to integrated luminosities of L int = (295 ± 11) μb−1 and L int = (19.3 ± 0.4) nb−1 ,
respectively. The events were selected using a minimum bias
(MB) trigger provided by the V0 detector [54], a system of
two arrays of 32 scintillators each, covering the full azimuthal
angle in a pseudorapidity range of 2.8 < η < 5.1 (V0A) and
−3.7 < η < −1.7 (V0C). The trigger condition required
at least one hit in both the V0A and the V0C scintillator
arrays. This trigger is fully efficient for recording collisions
in which a D meson is produced at midrapidity [2]. The V0
time information and the correlation between number of hits
and track segments in the SPD were used to reject background events from the interaction of one of the beams with
the residual gas in the vacuum tube. Pile-up events, whose
probability was below 1% (0.5%) in pp collisions (p–Pb collisions), were rejected with almost 100% efficiency by using
an algorithm based on track segments, reconstructed with
the SPD, to detect multiple primary vertices. The remaining undetected pile-up events are a negligible fraction of the
analysed sample. In order to obtain a uniform acceptance
of the detectors, only events with a reconstructed primary
vertex within ±10 cm from the centre of the detector along
the beam line were considered for both pp and p–Pb colli√
sions. In p–Pb collisions, the sNN = 5.02 TeV energy was
obtained by delivering proton and lead beams with energies
of 4 TeV and 1.58 TeV per nucleon, respectively. Therefore, the proton–nucleus center-of-mass frame was shifted
in rapidity by yNN = 0.465 in the proton direction with
respect to the laboratory frame. The azimuthal correlations
between D mesons and charged particles in p–Pb collisions
were studied as a function of the collision centrality. The centrality estimator is based on the energy deposited in the zerodegree neutron calorimeter in the Pb-going direction (ZNA).
The procedure used to define the centrality classes and to
determine the average number of binary nucleon–nucleon
collisions for each class is described in [55].
Some of the corrections for the azimuthal-correlation
functions described in Sect. 3 were evaluated by exploiting
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Monte Carlo simulations, which included a detailed description of the apparatus geometry and of the detector response,
using the GEANT3 package [56], as well as the luminous
region distribution during the pp and p–Pb collision runs.
For the evaluation of the charged-particle reconstruction efficiency, pp collisions were simulated with the PYTHIA8 event
generator [8] with Monash-2013 tune [57], while p–Pb collisions were simulated using the HIJING 1.36 event generator [58] in order to describe the charged-particle multiplicity
and detector occupancy observed in data [59]. For the corrections requiring the presence of a D meson in the event,
enriched Monte Carlo samples were used, obtained by generating pp collisions containing a cc or bb pair in the rapidity
range [−1.5, 1.5], employing PYTHIA 6.4.21 with Perugia2011 tune. For p–Pb collisions, an underlying event generated
with HIJING 1.36, was superimposed to each heavy-quark
enhanced PYTHIA event.

3 Data analysis
The analysis largely follows the procedure described in detail
in [2]. It consists of three main parts: (1) reconstruction and
selection of D mesons and primary charged particles (see [60]
for the definition of primary particle); (2) construction of the
azimuthal-correlation function and corrections for detectorrelated effects, secondary particle contamination, and beauty
feed-down contribution; (3) extraction of correlation properties via fits to the average D-meson azimuthal-correlation
functions with charged particles.
3.1 Selection of D mesons and primary charged particles
The analysis procedure begins with the reconstruction of D
mesons (D0 , D∗ (2010)+ , and D+ and their charge conjugates), defined as “trigger” particles, and primary charged
particles, considered as “associated” particles. The D mesons
are reconstructed from the following hadronic decay channels: D0 → K− π + (BR = 3.89 ± 0.04%), D+ → K− π + π +
(BR = 8.98 ± 0.28%), and D∗+ → D0 π + → K− π + π +
(BR = 2.63 ± 0.03%) [61] in the transverse-momentum interval 3 < pT < 24 GeV/c. The D-meson selection strategy,
described in detail in [25,62], exploits the displaced topology
of the decay and utilises the particle identification capabilities
of the TPC and TOF to select on the D-meson decay particles.
A dedicated optimisation on the selection variables was done,
where the selections were tightened to increase the signalto-background ratio of the D-meson invariant mass peaks. A
gain up to a factor 5 at low pTD was obtained with respect to
the selection defined in [25,62], at the expenses of a reduction of the raw yield. This allowed reducing the impact of
the D-meson combinatorial background, whose subtraction
induces the largest source of statistical uncertainty on the
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Fig. 1 Invariant mass (mass-difference) distributions of D0 , D+ (D∗+ ),
and√charge conjugates, candidates in three pTD intervals for pp collisions
√
at s = 5.02 TeV (top row) and p–Pb collisions at sNN = 5.02 TeV
(bottom row). The curves show the fit functions applied to the distri-

butions. For the D0 , the dashed line represents the combinatorial background including the contribution of reflection candidates (see [62])

correlation functions. With the adopted candidate selection,
the D-meson reconstruction efficiency is of the order of few
percent for pTD = 3 GeV/c and increases up to 35% (50%)
for pTD = 24 GeV/c in case of D0 and D+ (D∗+ ) both in pp
and in p–Pb collisions.
The D-meson raw yields were extracted from fits applied
to the invariant mass (M) distributions of D0 and D+ candidates, and to the distribution of the mass difference M =
M(Kπ π ) − M(Kπ ) for D∗+ candidates, for several subranges in the interval 3 < pT < 24 GeV/c. The fit function
was composed of two terms, one for the signal and one for the
background. The signal was described by a Gaussian, while
the background was modelled by an exponential term for D0
and D+ mesons, and by a threshold function multiplied by an
exponential for the D∗+ meson, as detailed in [2]. Examples
of the invariant mass distributions in pp and in p–Pb collision
systems are shown in Fig. 1 for D0 , D+ , and D∗+ mesons in
different pT intervals.

Associated particles are defined as charged primary particles with pTassoc > 0.3 GeV/c and with pseudorapidity
|η| < 0.8. As additional requirement, for this study only
pions, kaons, protons, electrons and muons are considered
as associated particles. The associated-particle sample does
not include the decay products of the trigger D meson. Reconstructed charged-particle tracks with at least 70 space points
out of 159 in the TPC, 2 out of 6 in the ITS, and a χ 2 /ndf of
the momentum fit in the TPC smaller than 2 were considered.
The contamination of non-primary particles was largely suppressed by requiring the distance of closest approach (DCA)
of the track to the primary vertex to be less than 1 cm in the
transverse (x y) plane and along the beam line (z-direction).
This selection identifies primary particles with a purity varying from 95% to 99% (increasing with pTassoc ) and rejects a
negligible amount of primary particles. In particular, less than
1% of the primary particles originating from decays of heavyflavour hadrons are discarded. For the D0 mesons produced
in D∗+ → D0 π + decays, the low- pT pion accompanying the
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D0 was removed from the sample of associated particles by
rejecting tracks that, combined with the D0 , yielded a M
consistent within 3σ with the D∗+ mass peak. It was verified
with Monte Carlo simulations that this selection rejects more
than 99% of the pions from D∗+ decays in all D-meson pT
intervals considered and has an efficiency larger than 99% for
primary particles with pTassoc > 0.3 GeV/c. The selection criteria described above provided an average track reconstruction efficiency for charged particles with pTassoc > 0.3 GeV/c
of about 83% (82%) in pp (p–Pb) collisions in the pseudorapidity interval |η| < 0.8, with an increasing trend as a
function of pTassoc up to ≈ 1 GeV/c, followed by saturation
at about 90%. As the track reconstruction efficiency has a
sudden drop below ≈ 0.3 GeV/c, caused by the TPC requirements in the track selection, this transverse momentum value
was chosen as the minimum pTassoc for the analysis.
3.2 Evaluation and correction of the azimuthal-correlation
functions
Selected D-meson candidates with an invariant mass in the
range |M −μ| < 2σ (peak region), where μ and σ denote the
mean and width of the Gaussian term of the invariant mass
fit function, were correlated to the primary charged particles selected in the same event. A two-dimensional angularcorrelation function C(ϕ, η)peak was evaluated by computing the difference of the azimuthal angle and the pseudorapidity of each pair. The azimuthal-correlation functions were
studied in four D-meson pT intervals: 3 < pTD < 5 GeV/c,
5 < pTD < 8 GeV/c, 8 < pTD < 16 GeV/c, and 16 <
pTD < 24 GeV/c and in the following pT ranges of the associated tracks: pTassoc > 0.3 GeV/c, 0.3 < pTassoc < 1 GeV/c,
1 < pTassoc < 2 GeV/c, and 2 < pTassoc < 3 GeV/c, significantly extending both transverse momentum coverages with
respect to the previous measurements reported in [2].
The two-dimensional correlation functions are affected by
the limited detector acceptance and reconstruction efficiency
of the associated tracks (Aassoc × assoc ), as well as the variation of those values for prompt D mesons (Atrig × trig )
inside a given pTD interval. In order to correct for these effects,
a weight equal to 1/(Aassoc × assoc ) × 1/(Atrig × trig ) was
assigned to each correlation pair, as described in detail in [2].
A weight of 1/(Atrig × trig ) was applied also to the entries in
the D-meson invariant mass distributions, used for the evaluation of the amount of signal Speak and background Bpeak
triggers in the peak region.
The two-dimensional correlation function C(ϕ, η)peak
also includes correlation pairs obtained by considering Dmeson candidates from combinatorial background as trigger particles. This contribution was subtracted by evaluating the per-trigger correlation function obtained selecting D mesons with an invariant mass in the sidebands,
1/Bsidebands × C(ϕ, η)sidebands , and multiplying it by
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Bpeak . The term Bsidebands is the amount of background candidates in the sideband region, i.e. 4σ < |M − μ| < 8σ
(5σ < M − μ < 10σ , for D∗+ mesons) of the invariant
mass distributions weighted by the inverse of the prompt Dmeson reconstruction efficiency.
The event-mixing technique was used to correct the correlation functions C(ϕ, η)peak and C(ϕ, η)sidebands
for the limited detector acceptance and its spatial inhomogeneities. The peak and sideband region event-mixing
functions ME(ϕ, η)peak and ME(ϕ, η)sidebands were
evaluated as explained in [2]. The inverse of these functions was used to weight the functions C(ϕ, η)peak and
C(ϕ, η)sidebands , respectively.
The per-trigger angular-correlation function was obtained
by subtracting the sideband-region correlation function from
the peak-region one, as follows:
C̃inclusive (ϕ, η)


pprim (ϕ) C(ϕ, η) 
=
Speak
ME(ϕ, η) peak


Bpeak C(ϕ, η) 
−
.
Bsidebands ME(ϕ, η) sidebands

(1)

The division by Speak provides the normalisation to the number of D mesons. In our notation per-trigger quantities are
specified by the C̃ symbol. In Eq. 1, pprim (ϕ) is a correction
for the residual contamination of non-primary associated particles not rejected by the track selection (purity correction).
This was evaluated with Monte Carlo simulations based on
PYTHIA6 (Perugia-2011 tune) by quantifying the fraction of
primary particles, among all the tracks satisfying the selection criteria. The correction was applied differentially in ϕ,
since from Monte Carlo studies it was verified that this contamination shows a ϕ modulation, typically of about 1–2%.
The largest value of the contamination was found in the nearside region, for the lowest pT range of the associated tracks,
where pprim (ϕ) approaches 95%.
Statistical fluctuations prevented a (ϕ, η)-doubledifferential study of the correlation peak properties. Therefore, the per-trigger azimuthal-correlation function C̃inclusive
(ϕ) was obtained by integrating C̃inclusive (ϕ, η) in the
range |η| < 1.
A fraction of reconstructed D mesons originates from the
decay of beauty hadrons (feed-down D mesons). It was verified with Monte Carlo simulations that azimuthal correlations of prompt and feed-down D mesons with charged particles show different functions. This is a result of the different fragmentation of beauty and charm quarks, as well as
of the additional presence of beauty-hadron decay particles
in the correlation function of feed-down D-meson triggers.
The contribution of feed-down D-meson triggers to the measured angular-correlation function was subtracted using tem-
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plates of the azimuthal-correlation function of feed-down D
mesons with charged particles, obtained with Monte Carlo
simulations at generator level (i.e. without detector effects
and particle selection), as detailed in [2].
Before performing this subtraction, C̃inclusive (ϕ) has to
be corrected for a bias which distorts the shape of the nearside region of the feed-down contribution, induced by the
D-meson topological selection. For feed-down D-meson triggers, indeed, the selection criteria are more likely to be satisfied by decay topologies with small angular opening between
the trigger D meson and the other products of the beautyhadron decay. This induces an enhancement of correlation
pairs from feed-down D-meson triggers at ϕ ≈ 0 and a
depletion at larger ϕ values. This bias was accounted for
as a systematic uncertainty in [2]. In this paper, instead, a
ϕ dependent correction factor (cFD−bias (ϕ)) was determined by comparing Monte-Carlo templates of feed-down D
mesons and associated particles at generator level and after
performing the event reconstruction and particle selection as
on data. This correction factor ranges between 0.6 at ϕ ≈ 0
and 1.3 at ϕ ≈ π/4, decreasing then to 1, and was applied
to the feed-down contribution to C̃inclusive (ϕ) as follows,
to restore this contribution to an unbiased value:
corr
(ϕ) = C̃inclusive (ϕ)
C̃inclusive
 prompt
feed−down
(ϕ)
ANS (ϕ)
ANS
×
×
f
+
prompt
total
total
ANS (ϕ)
ANS (ϕ)


× (1 − f prompt ) × cFD−bias (ϕ) .

prompt

(2)

(ϕ)) is the value of the
In Eq. 2, ANS (ϕ) (Afeed−down
NS
per-trigger correlation function of prompt (feed-down) Dmesons with associated particles, and the term Atotal
NS (ϕ)
is the value of the per-trigger correlation function considering both prompt and feed-down components. The terms
prompt
(ϕ) were evaluated from an
ANS (ϕ) and Afeed−down
NS
analysis on reconstructed Monte Carlo events, where the
reconstruction was performed as on data. The fraction of
prompt D mesons in the raw yields, f prompt , was evaluated as
detailed in [63]. It typically decreases from 95% to 90% with
increasing pTD in the studied transverse-momentum intervals, independently of the collision centrality. The maximum
effect of the correction when applied on C̃inclusive (ϕ) is
about 5%, at ϕ ≈ 0, for the lowest D-meson pT range and
the highest pTassoc interval. The correction becomes negligible for pTD > 8 GeV/c. After performing this correction, the
feed-down contamination was subtracted as described above.
As a result, the fully-corrected, per-trigger azimuthalcorrelation function of prompt D mesons with associated
particles was obtained, denoted as 1/ND × dN assoc /dϕ
from Fig. 2 onwards.
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3.3 Average and fit to the correlation functions
The correlation functions obtained from D0 , D+ , and D∗+
mesons were averaged using, as weights, the inverse of
the quadratic sum of the statistical and D-meson uncorrelated systematic uncertainties, discussed in Sect. 4, since the
three functions were found to be consistent within uncertainties. Since the correlation functions are symmetric around
ϕ = 0 and ϕ = π , they were reflected in the range
0 < ϕ < π to reduce statistical fluctuations. In order to
quantify the properties of the average D-meson azimuthalcorrelation function, it was fitted with the following function:



YNS × β
−
×e
f (ϕ) = b+
2α (1/β)


ϕ β
α

YAS

+√
×e
2π σAS

)
− (ϕ−π
2
2σAS

2

.

(3)

The fit function is composed of a constant term b describing the flat contribution below the correlation peaks, a generalised Gaussian term describing the NS peak, and a Gaussian reproducing the AS peak. In the generalised Gaussian,
the term α is related to the variance of the function, hence
to its width, while the term β drives the shape of the peak
(the Gaussian function is obtained for β = 2). The function
in Eq. 3 is a generalisation of that adopted in [2], where a
Gaussian function was used for the near-side, corresponding to the case β = 2. The new parametrisation allowed to
improve the χ 2 /ndf value in all the kinematic ranges studied,
especially in the high pT ranges of both the D mesons and
associated particles, where the standard Gaussian fit systematically underestimates the near-side peak yields (widths) up
to 10% (20%) with respect to the generalised Gaussian. In
both collision systems, the β parameter decreases monotonically from ≈ 2.2 at low pTD and pTassoc to ≈ 1 in the highest
pTD and pTassoc intervals. By symmetry considerations, the
means of the Gaussian functions were fixed to ϕ = 0 and
ϕ = π . Figure 2 shows examples of fits to the azimuthalcorrelation functions of D mesons with associated particles,
for 5 < pTD < 8 GeV/c with pTassoc > 0.3 GeV/c in pp
collisions and for 8 < pTD < 16 GeV/c with 1 < pTassoc <
2 GeV/c in p–Pb collisions.
The integrals of the functions describing the near- and
away-side peaks, YNS and YAS , correspond to the associatedparticle yields (i.e. the average number of associated particles
contained in the peak), while the widths of the correlation
peaks are described by the square root of the variance of
√
(3/β)/ (1/β) and σAS , for the neartheir fitting terms, α
and away-side, respectively. The baseline b represents the
physical minimum of the ϕ function, and depends on the
average charged-particle multiplicity.
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Fig. 2 Examples of the fit to the D-meson average azimuthalcorrelation function, for 5 < pTD < 8 GeV/c, pTassoc > 0.3 GeV/c in pp
collisions (left), and for 8 < pTD < 16 GeV/c, 1 < pTassoc < 2 GeV/c
in p–Pb collisions (right). The statistical uncertainties are shown as vertical error bars. The fit function described in Eq. 3 is shown as a red

solid curve. Its different terms are shown separately: near-side generalised Gaussian function, away-side Gaussian function, and baseline
constant term. The scale uncertainty (see Sect. 4) is also reported for
completeness

To reduce the effect of statistical fluctuations on the estimate of the associated yields, b was fixed to the weighted
average of the points in the transverse region, defined as
π/4 < |ϕ| < π/2, using the inverse of the point squared
statistical uncertainties as weights.

p–Pb collisions for the possible dependence of the shape of
background correlation function on the invariant-mass value
of the trigger D meson. This source of uncertainty was determined by evaluating C̃(ϕ, η)sidebands , defining a different
invariant-mass sideband range, and also considering, for D0
and D+ mesons, only the left or only the right sideband for
the evaluation of C̃(ϕ, η)sidebands . No significant dependence on ϕ was obtained for this uncertainty.
A systematic effect originating from the correction of the
D-meson reconstruction efficiency, due to possible differences of the topological variable distributions between Monte
Carlo and data, was evaluated by repeating the analysis applying tighter and looser topological selections on the D-meson
candidates, with a corresponding variation of the D-meson
reconstruction efficiencies larger than ±25%. An uncertainty
up to 2.5% (2%), increasing for smaller pTD values, was
assigned in pp (p–Pb) collisions. No significant dependence
on ϕ was observed. The same uncertainty was estimated
for the three D-meson species.
The systematic uncertainty originating from the evaluation of the associated track reconstruction efficiency was
estimated by varying the quality selection criteria applied to
the reconstructed tracks, removing the request of at least two
associated clusters in the ITS, or requiring a hit on at least
one of the two SPD layers, or varying the request on the number of space points reconstructed in the TPC. An uncertainty

4 Systematic uncertainties
The systematic uncertainty induced on the correlation function from the evaluation of Speak and Bpeak , obtained by fitting the D-meson invariant-mass distribution, was evaluated
by varying the fit procedure. In particular, the fit was repeated
modelling the background distribution with a linear function
and a second-order polynomial function instead of an exponential function (for D0 and D+ mesons only), varying the
fit range, fixing the mean of the Gaussian term describing
the mass peak to the world-average D-meson mass [61], or
fixing the Gaussian width to the value obtained from Monte
Carlo studies. A systematic uncertainty ranging from 1 to
3% (1 to 2%), depending on the pTD , was estimated from the
corresponding variation of the azimuthal-correlation function for pp (p–Pb) collisions. No dependence on ϕ was
observed and the same uncertainty was estimated for all Dmeson species.
An uncertainty ranging from 1 to 3%, depending on pTD
and on the D-meson species, was assigned in both pp and
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Table 1 List of systematic uncertainties for the azimuthal-correlation functions in pp and in p–Pb collisions. If not specified, the uncertainty does
not depend on ϕ
System
D-meson species

pp
D0 , D∗+ , D+

p–Pb
D0 , D∗+ , D+
± 1–2%

Signal, background normalisation

± 1–3%

Background ϕ function

± 1–3%

± 1–3%

Associated-track reconstruction efficiency

± 2.5–4.5%

± 3%

Primary-particle purity

± 1–2%

± 1.5–3%

D-meson efficiency

± 1–2.5%

± 1–2%

Feed-down subtraction

up to 5%, ϕ-dependent

up to 3%, ϕ-dependent

Bias on topological selection

up to 2%, ϕ-dependent

up to 2%, ϕ-dependent

up to 4.5% (3%), was assessed for pp (p–Pb) collisions. No
significant trend in ϕ was observed.
The uncertainty on the evaluation of the residual contamination from secondary tracks was determined by repeating
the analysis varying the selection on the DCA in the x y plane
from 0.1 to 1 cm, and re-evaluating the purity of associated primary particles for each variation. This resulted in a
2% (3%) maximum systematic uncertainty on the azimuthalcorrelation functions in pp (p–Pb) collisions, decreasing with
increasing pTassoc and with negligible ϕ dependence.
The uncertainty on the subtraction of the beauty feeddown contribution was quantified by generating the templates
of feed-down azimuthal-correlation functions with different event generators (PYTHIA6 with the Perugia-2010 tune,
PYTHIA8 with the 4C tune) and by varying the value of
f prompt within its uncertainty band, as described in details
in [62]. The resulting uncertainty was found to be dependent
on ϕ, with a maximum value of 5% (3%) in pp (p–Pb)
collisions, and was applied point-by-point on the correlation
functions.
As discussed in Sect. 3, Monte Carlo studies revealed the
presence of a bias on the near-side region of the correlation
function for feed-down D-mesons triggers, induced by the
topological selections applied to the D mesons. The correction applied to remove this bias relies on a proper description of the azimuthal-correlation functions of prompt and
feed-down D-meson triggers by the Monte Carlo simulations. A ϕ-dependent,
symmetric systematic uncertainty
√
of ±δ C̃(ϕ)/ 12 was introduced to account for underor overestimation of the correction, where δ C̃(ϕ) is the
point-by-point shift of the correlation function induced by
the correction. The largest value of the uncertainty was 2%,
at ϕ ≈ 0, for both pp and p–Pb collisions.
In Tab. 1, the minimum and maximum values of the
systematic uncertainties affecting the azimuthal-correlation
functions, depending on the kinematic range, are listed for
both collision systems. Only the uncertainties deriving from
the feed-down subtraction and from the correction on the bias
of feed-down D-meson correlations are ϕ dependent. All
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the other contributions define a ϕ-independent systematic
uncertainty, which acts as a scale uncertainty for the correlation function. In both pp and p–Pb collisions the total scale
uncertainty ranges from ±4% to ±5%.
The systematic uncertainties on the near- and away-side
peak yields and widths, and on the baseline height, obtained
from the fits to the azimuthal-correlation functions, were
evaluated as follows. The main source of uncertainty arises
from the definition of the ϕ transverse region used to determine the baseline height (term b of Eq. 3). The impact on the
physical observables induced by the baseline value was estimated by considering different ϕ ranges for determining the
baseline position and performing the fits again using Eq. 3.
Moreover, the fits were repeated by moving the points of
the correlation functions upwards and downwards using the
corresponding value of the ϕ-dependent systematic uncertainty. The total systematic uncertainty was calculated by
summing in quadrature the aforementioned contributions.
For the associated yields and for the baseline, whose values depend on the normalisation of the correlation function,
also the ϕ-independent systematic uncertainties affecting
the correlation function (i.e. the first five contributions listed
in Table 1), which act as a scale factor, were summed in
quadrature.
In p–Pb collisions, the presence of long-range correlations among the particles produced in the collision can have
an impact on the values of the quantities extracted from the
fits, in particular for the analysis as a function of centrality. This effect was studied by fitting the functions with a
v2 -like modulation [43], in place of a flat baseline. The
v2 values adopted for D mesons, ranging up to 8% for the
lowest pTD range in 0–20% central events, were estimated
employing the available results for heavy-flavour particle
v2 in p–Pb collisions from CMS [49], ALICE [43], and
ATLAS [46,47], while those for associated particles were
estimated based on di-hadron correlation measurements by
ALICE [30]. For the centrality-integrated analysis and for the
case when pTassoc > 0.3 GeV/c, considering a v2 -like modulation reduced the near-side peak yields by about 16% (5%)
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Fig. 3 Average of the azimuthal-correlation functions of D0 , D+ , and
D∗+ mesons with associated√particles, after the subtraction of the
baseline, in pp collisions at s = 5.02 TeV and p–Pb collisions at
√
sNN = 5.02 TeV, for 3 < pTD < 5 GeV/c, 5 < pTD < 8 GeV/c,
8 < pTD < 16 GeV/c, and 16 < pTD < 24 GeV/c (from left to right) and
pTassoc > 0.3 GeV/c, 0.3 < pTassoc < 1 GeV/c, 1 < pTassoc < 2 GeV/c,

and 2 < pTassoc < 3 GeV/c (from top to bottom). Statistical and ϕdependent systematic uncertainties are shown as vertical error bars and
boxes, respectively, ϕ-independent uncertainties are written as text.
The uncertainties from the subtraction of the baseline are displayed as
boxes at ϕ > π

for 3 < pTD < 5 GeV/c (5 < pTD < 8 GeV/c) and the awayside peak yields by about 20% (3%) for 3 < pTD < 5 GeV/c
(5 < pTD < 8 GeV/c). A smaller variation was observed
for the peak widths and for the baseline value. For the
analysis as a function of the event centrality, the largest
effect was obtained for the 0–20% centrality class, where
for pTassoc > 0.3 GeV/c a decrease of 27%, 17%, and 5%
was found for 3 < pTD < 5 GeV/c, 5 < pTD < 8 GeV/c, and
8 < pTD < 16 GeV/c, respectively. Smaller variations were
found for the near-side peak width and the baseline. This
systematic uncertainty was summed in quadrature with the
others to obtain the total uncertainty.

5 Results
5.1 Comparison of results in pp and p–Pb collisions
The averaged azimuthal-correlation functions of the D0 , D+ ,
and D∗+ mesons with associated particles in pp and p–Pb
collision systems are compared, after baseline subtraction,
in Fig. 3, for four D-meson transverse momentum ranges,
3 < pTD < 5 GeV/c, 5 < pTD < 8 GeV/c, 8 < pTD < 16
GeV/c, and 16 < pTD < 24 GeV/c. The functions are presented for pTassoc > 0.3 GeV/c as well as for three sub-ranges,
0.3 < pTassoc < 1 GeV/c, 1 < pTassoc < 2 GeV/c, and
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Fig. 4 Near-side peak associated√yields (top row) and widths (bottom row) in pp collisions at
s = 5.02 TeV and p–Pb colli√
sions at sNN = 5.02 TeV, as a function of the D-meson pT , for
pTassoc > 0.3 GeV/c, 0.3 < pTassoc < 1 GeV/c, 1 < pTassoc < 2 GeV/c,

and 2 < pTassoc < 3 GeV/c (from left to right). Statistical and systematic uncertainties are shown as vertical error bars and boxes, respectively. The points and error boxes for pp collisions are shifted by
pT = −0.2 GeV/c

2 < pTassoc < 3 GeV/c. The qualitative shape of the correlation function and the evolution of the near- and away-side
peaks with trigger and associated particle pT are consistent
within uncertainties in the two collision systems. In particular, an increase of the height of the near-side correlation
peak is observed for increasing values of the D-meson pT .
This reflects the production of a higher number of particles
in the jet accompanying the fragmenting charm quark, when
the energy of the latter increases. A similar, though milder,
effect can be observed also for the away-side peak.
A more quantitative comparison of the near- and awayside peak features and pT evolution in the two collision
systems can be obtained by fitting the azimuthal-correlation
functions and evaluating the peak yields and widths, as it was
explained in Sect. 3. Figure 4 compares these observables for
the near-side correlation peaks in pp and p–Pb collisions, as
a function of the D-meson pT , for pTassoc > 0.3 GeV/c and
in three pTassoc sub-ranges. For both yields and widths, the
values measured in the two collision systems are in agreement. The increase of associated particle production inside
the near-side peak with pTD , qualitatively observed in Fig. 3,
is present for all the associated particle pT intervals, and is
similar in the two collision systems. A tendency for a narrowing of the near-side peak with increasing pTD is also observed
in most of the pT ranges, though a flat behaviour cannot be
excluded with the current uncertainties.
The away-side peak yields and widths measured in pp and
p–Pb collisions are compared in Fig. 5 as a function of the
D-meson pT , with the common associated-particle pT ranges

analysed. For pp collisions, specific kinematic regions where
the χ 2 /ndf of the fit was much larger than unity, or where
the uncertainties on the peak observables were larger than
100%, were excluded from the results. As in the near-side
analysis, the away-side yields show an increasing trend with
pTD , and overall have similar values in the two collision systems. In the intermediate D-meson transverse momentum
range, there is a hint for larger yields in p–Pb than in pp, but
not a statistically significant one (about 2.2σ for the combined range 5 < pTD < 16 GeV/c for all pTassoc ranges).
The away-side peak widths show consistent values in pp and
p–Pb collisions in all kinematic ranges. No significant impact
from cold-nuclear-matter effects on the fragmentation and
hadronisation of charm quarks appears from the comparison
of the results in the two collision systems, within the current precision of the measurements. This result complements
the observation, emerged from the measurements reported in
Refs. [25,26], that cold-nuclear-matter effects have a small
impact on the production of charm quarks at midrapidity in
p–Pb collisions.
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5.2 Results in p–Pb collisions as a function of the event
centrality
The correlation functions of D mesons with associated particles for p–Pb collisions in the 0–20%, 20–60%, and 60–100%
centrality classes are compared in Fig. 6, for nine kinematic
ranges with 3 < pTD < 16 GeV/c and pTassoc > 0.3 GeV/c.
No results are shown for the 60–100% centrality class, for
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Fig. 5 Away-side peak associated√yields (top row) and widths (bottom row) in pp collisions at
s = 5.02 TeV and p–Pb colli√
sions at sNN = 5.02 TeV, as a function of the D-meson pT , for
pTassoc > 0.3 GeV/c, 0.3 < pTassoc < 1 GeV/c, 1 < pTassoc < 2 GeV/c,

and 2 < pTassoc < 3 GeV/c (from left to right). Statistical and systematic uncertainties are shown as vertical error bars and boxes, respectively. The points and error boxes for pp collisions are shifted by
pT = −0.2 GeV/c

3 < pTD < 5 GeV/c and pTassoc > 1 GeV/c, because of instabilities in the fits to the correlation functions induced by
statistical fluctuations. For the comparison of the correlation peak characteristics, the baseline values were subtracted
from the functions, since they strongly depend on the centrality interval. For the pTassoc > 0.3 GeV/c interval, the
baseline values lied in the ranges 7.7–8, 6.2–6.6, and 4–4.2,
for the 0–20%, 20–60%, and 60–100% centrality classes,
respectively, showing no dependence with the D-meson pT .
The baseline-subtracted correlation functions do not show
significant differences among the three centrality intervals
studied.
Figure 7 shows the near-side yields and widths extracted
by a fit to the correlation functions, for the three centrality intervals. A similar increase of the near-side peak yields,
as a function of the D-meson pT , is observed for the three
centrality ranges, with the absolute values of the yields also
being generally in agreement. The only exception is for the
3 < pTD < 5 GeV/c, pTassoc > 0.3 GeV/c interval, where
the yield for the 60–100% centrality class is lower than for
the 0–20% and 20–60% centrality classes, with a statistical
significance of 1.4σ and 2.1σ , respectively. This effect could
be due to statistical fluctuations of the correlation function
data points (see Fig. 6). The near-side peaks also have consistent widths among the three centrality ranges, for all the
kinematic ranges studied. No centrality dependence on the
correlation peaks, which could have possibly been induced
by nuclear-matter effects, is observed within the experimental uncertainties. The limited precision of the results does not

provide a further validation of the subtraction technique of
the jet-induced correlation peaks, commonly used in analyses
searching for positive elliptic flow via two-particle correlations.
5.3 Comparison of ALICE results to predictions from
Monte Carlo simulations
The azimuthal-correlation functions of D mesons with associated particles, as well as the near- and away-side peak yields
and widths measured by ALICE in pp collisions, were compared to expectations from several Monte Carlo event generators.
The PYTHIA event generator [7,8] allows for the generation of high-energy collisions of leptons and/or hadrons.
It employs 2 → 2 QCD matrix elements evaluated perturbatively with leading-order precision, with the next-toleading order contributions taken into account during the
parton showering stage. The parton showering follows a
leading-logarithmic pT ordering, with soft-gluon emission
divergences excluded by an additional veto, and the hadronisation is handled with the Lund string-fragmentation model.
Two different versions of PYTHIA, with two different parameter tunes, were used in this paper. The PYTHIA 6.4.25
version [7] was employed, incorporating the Perugia 2011
tune [64], which was the first tune considering the data from
√
√
pp collisions at s = 0.9 TeV and s = 7 TeV at the
LHC. With respect to its predecessor, PYTHIA8 [8] has an
improved handling of the multiple-parton interactions and

123

979

Page 12 of 27

Eur. Phys. J. C

(2020) 80:979

Fig. 6 Average of the azimuthal-correlation functions of D0 , D+ , and
D∗+ mesons with associated particles, after the subtraction of the baseline, for p–Pb collisions in three different centrality classes, 0–20%
(blue circles), 20–60% (red squares), and 60–100% (green diamonds).
The functions are shown for 3 < pTD < 5 GeV/c, 5 < pTD < 8 GeV/c,
and 8 < pTD < 16 GeV/c (from left to right) and pTassoc > 0.3 GeV/c,

0.3 < pTassoc < 1 GeV/c, and pTassoc > 1 GeV/c (from top to bottom). Statistical and ϕ-dependent systematic uncertainties are shown
as vertical error bars and boxes, respectively, while ϕ-independent
uncertainties are written as text. The uncertainties from the subtraction
of the baseline are displayed as boxes at ϕ > π

the colour reconnection processes. In this paper, it was used
with the tune 4C [65].
POWHEG [14,15] is a pQCD generator implementing
hard-scattering matrix elements with NLO accuracy, which
can be coupled to Monte Carlo generators, like PYTHIA [7,
8] or HERWIG [9,10], for the parton showering and hadronisation of the produced partons. In this paper, Monte Carlo

simulations were done using the POWHEG-BOX [66] framework coupled to PYTHIA 6.4.25 with the Perugia-2011
tune [64]. A charm-quark mass of m c = 1.5 GeV/c2
was considered, and the renormalisation and factorisation
scales were set to the transverse mass of charm quark, i.e.
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μR = μF =

pT2 + m 2c . It was verified that simulation
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Fig. 7 Comparison of near-side associated peak yields (top row) and
widths (bottom row) as a function of the D-meson pT , for p–Pb collisions in three different centrality classes, 0–20% (blue circles), 20–
60% (red squares), and 60–100% (green diamonds). The results are
presented as a function of the D-meson pT , for pTassoc > 0.3 GeV/c,

0.3 < pTassoc < 1 GeV/c, and pTassoc > 1 GeV/c (from left to right).
Statistical and systematic uncertainties are shown as vertical error bars
and boxes, respectively. The points and error boxes for 0–20% (60–
100%) collisions are shifted by pT = −0.2 (+0.2) GeV/c

results do not change significantly when varying the generator parameters according to the guidelines in [67]: the
variation of the charm-quark mass does not alter the correlation function, while the variation of the renormalisation and
factorisation scales produces differences of ±10% (±5%)
for the near-side peak yields (widths) and negligible deviations for the away-side peak yields and widths. This can
be expected, since the per-trigger correlation function of
D mesons with associated particles is scarcely sensitive to
the absolute rate of production of D mesons, directly influenced by the aforementioned parameters. An additional set
of predictions from POWHEG+PYTHIA was also evaluated
(POWHEG LO+PYTHIA6 in the following), by stopping
the computation of the hard-scattering matrix elements at
leading-order accuracy, before passing the generated partons
to PYTHIA for the showering and hadronisation.
The HERWIG 7 [10,11] event generator allows one to perform Monte Carlo simulations at NLO accuracy for most of
the Standard Model processes, including heavy-quark production. The parton showering is performed with an angular

ordering of the fragments, which correctly takes the coherence effects for soft-gluon emissions into account. In addition, the hadronisation is handled via the cluster hadronisation model, differently from the Lund string fragmentation
model employed by PYTHIA.
EPOS 3 [12,13] is a Monte Carlo generator which considers flux tube initial conditions for the collision, generated in the Gribov-Regge multiple-scattering framework, and
applies a 3+1D viscous hydrodynamical evolution on the
dense core of the collision. Individual scatterings, referred to
as Pomerons, are identified with parton ladders, each composed of a pQCD hard process, plus initial- and final-state
radiations. The hadronisation is then performed with a string
fragmentation procedure. Non-linear effects are considered
by means of a saturation scale. An evaluation within the
EPOS 3 model shows that the energy density reached in pp
collisions at the LHC energies is already sufficient for applying such a hydrodynamic evolution [68]. In the following, due
to the limited precision of the available predictions, the comparison between EPOS 3 expectations and data results will
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Fig. 8 The average of the azimuthal-correlation functions of D0 , D+ ,
and D∗+ mesons with associated
√ particles, after the subtraction of the
baseline, in pp collisions at s = 5.02 TeV, compared to predictions
from the PYTHIA, POWHEG+PYTHIA6, POWHEG LO+PYTHIA6,
HERWIG, and EPOS 3 event generators with various configurations
(see text for details). The functions are shown for 3 < pTD < 5 GeV/c,
5 < pTD < 8 GeV/c, 8 < pTD < 16 GeV/c, and 16 < pTD < 24 GeV/c

(from left to right) and pTassoc > 0.3 GeV/c, 0.3 < pTassoc < 1 GeV/c,
1 < pTassoc < 2 GeV/c, and 2 < pTassoc < 3 GeV/c (from top to bottom). Statistical and ϕ-dependent systematic uncertainties are shown
as vertical error bars and boxes, respectively, while the ϕ-independent
uncertainties are written as text. The uncertainties from the subtraction
of the baseline are displayed as boxes at ϕ > π

be restricted to the kinematic interval 3 < pTD < 16 GeV/c,
and will not include the away-side peak observables.
In Fig. 8 the azimuthal-correlation functions of D mesons
with associated particles obtained from the aforementioned
event generators are compared to the measurements from
this analysis, for all the pTD and pTassoc ranges studied, in
√
pp collisions at s = 5.02 TeV, after the baseline subtraction. For the models, for which the statistical fluctuations are

generally negligible, the baseline was estimated as the minimum of the azimuthal-correlation function, and a systematic
uncertainty on the fit parameters was assessed by repeating
the fits after fixing the baseline as the weighted average of
the two lowest points of the correlation function. Most of
the models provide a fair description of the two correlation
peaks in the various kinematic ranges studied, though some
tensions are visible from this qualitative comparison. In par-
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ticular, HERWIG underestimates the near-side peak height
for pTassoc > 1 GeV/c, especially for low D-meson transverse
momentum, while EPOS 3 tends to overestimate the height
of the near-side peak and gives a flatter away-side peak.
In addition, some systematic hierarchies among the models appear throughout the whole pT ranges analysed, with
POWHEG+PYTHIA6 providing the highest near-side peak,
and in most of the cases the smallest away-side peak. The
overestimation of the near-side peak yield by EPOS 3 is a relevant feature also for the understanding of the dependence of
heavy-flavour production on the charged-particle multiplicity
measured in the same rapidity window of the heavy-flavour
signals [69]. Disentangling the role of jet-biases from effects
related to genuine global event properties is fundamental for
properly interpreting the measured trends, especially their
pT dependence [70].
A more detailed investigation can be performed by quantifying the peak yields and widths extracted from the fit to the
correlation functions. In Fig. 9, the comparison of near-side
peak yields and widths from data and simulation is shown,
as a function of the D-meson pT , for pTassoc > 0.3 GeV/c
and for the three pTassoc sub-ranges analysed, in pp colli√
sions at s = 5.02 TeV. In the top row (third row down),
the absolute value of the yields (widths) are displayed,
while the second (fourth) row down reports the ratios of the
yields (widths) to those obtained with POWHEG+PYTHIA6,
which reduces the visual impact of the statistical fluctuations
of the data points. As already visible from Fig. 8, EPOS 3
predicts the largest values of the near-side yields, followed
by POWHEG+PYTHIA6, while POWHEG LO+PYTHIA6
shows about 10% lower yields with respect to the version with
NLO accuracy. The latter difference could be explained by a
different relative contribution of the NLO production mechanisms, in particular the gluon splitting, present already at
the level of the hard scattering for POWHEG+PYTHIA6.
PYTHIA8 provides near-side yield values comparable to
those of POWHEG LO+PYTHIA6, while PYTHIA6 yields
are slightly lower. HERWIG expectations for near-side yields
are the lowest, except for the 0.3 < pTassoc < 1 GeV/c
range, where they are comparable to PYTHIA8 expectations.
POWHEG+PYTHIA6 and POWHEG LO+PYTHIA6 provide the best description of the near-side yields, with data
points lying between the two predictions. PYTHIA8 also
gives a good description of data, especially for pTassoc >
1 GeV/c, while PYTHIA6 predictions are generally lower
than data, though in agreement within the uncertainties. The
HERWIG expectations for near-side yield describe the data
well for the 0.3 < pTassoc < 1 GeV/c range, while they
severely underpredict the measurements for the other pTassoc
ranges, especially for the lower intervals of the D-meson pT .
In particular, for the integrated range pTassoc > 0.3 GeV/c, a
discrepancy of 3.3σ (2.9σ ) is found for 3 < pTD < 5 GeV/c
(5 < pTD < 8 GeV/c), increasing to 3.4σ (3.6σ ) for the
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highest associated particle transverse-momentum range 2 <
pTassoc < 3 GeV/c. The EPOS 3 model largely overestimates
the near-side associated yields, especially at low D-meson
pT . For pTassoc > 0.3 GeV/c, the discrepancy between data
and predictions ranges between 4.0σ and 5.2σ . Except for
EPOS 3, a similar hierarchy among the models also characterises the near-side widths. POWHEG+PYTHIA6 give the
broadest peaks, followed by POWHEG LO+PYTHIA6, with
increasing difference between the two model expectations
with increasing pTassoc . PYTHIA8 gives similar widths as
POWHEG LO+PYTHIA6, while PYTHIA6 widths are generally lower. The lowest predictions are provided by EPOS
3. HERWIG predictions are consistent with PYTHIA6 for
pTassoc < 1 GeV/c, and are generally lower for pTassoc >
1 GeV/c. POWHEG+PYTHIA6 provides systematically
larger widths than data, though still being compatible pointby-point. EPOS 3 predictions tend to underestimate the nearside widths, despite being consistent with data point-bypoint. All the other models provide values of the near-side
width closer to data.
The same comparison of model expectations to data
is shown for the away-side peak yields and widths in
Fig. 10. POWHEG+PYTHIA6 gives the smallest away-side
yields, with about 5%–10% smaller values than POWHEG
LO+PYTHIA6 predictions. As for the near-side peak yields,
this difference could be ascribed to a different contribution from back-to-back topologies of charm-quark pair production. PYTHIA8 and PYTHIA6 yields are rather similar, and systematically larger than POWHEG LO+PYTHIA6
expectations. HERWIG predicts similar yields as POWHEG
LO+PYTHIA6 for the integrated pTassoc range (with larger
values for 0.3 < pTassoc < 1 GeV/c and smaller values
for pTassoc > 1 GeV/c). The best description of the awayside yields is provided, as in the near-side peak case, by
POWHEG+PYTHIA6 and POWHEG LO+PYTHIA6 over
the whole kinematic range, as well as by HERWIG for
pTassoc > 1 GeV/c. As observed for the near-side peak
case, the PYTHIA8 and PYTHIA6 expectations tend to overpredict away-side yields in the majority of the transversemomentum intervals studied. For pTassoc > 0.3 GeV/c, about
a 2σ difference with respect to the data is present, over the
whole pTD interval studied. The largest values of the awayside peak width, in particular for large values of pTassoc , are
given by the PYTHIA6 event generator, which tends to systematically overpredict the data points. The predictions from
the other models, all in agreement with data, are very similar, with POWHEG+PYTHIA6 being in general the lowest of them. However, the precision of measurements for
this observable prevents from discerning the model that best
describes the data.
Figure 11 shows the baseline values of the measured
azimuthal-correlation functions and compares them to predictions from the event generators. The measured baseline
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Fig. 9 Measurements of near-side associated √
peak yields (top row)
and widths (third row down) in pp collisions at s = 5.02 TeV, compared to predictions by the PYTHIA, POWHEG+PYTHIA6, POWHEG
LO+PYTHIA6, HERWIG, and EPOS 3 event generators with various
configurations (see text for details). The ratios of yield (width) values
with respect to the predictions by POWHEG+PYTHIA6 are shown in

the second (fourth) row down. Results are presented as a function of
the D-meson pT , for pTassoc > 0.3 GeV/c, 0.3 < pTassoc < 1 GeV/c,
1 < pTassoc < 2 GeV/c, and 2 < pTassoc < 3 GeV/c (from left to right).
Statistical and systematic uncertainties are shown as vertical error bars
and boxes, respectively

values decrease with increasing pT of the associated particle, which is expected as the transverse-momentum dis√
tribution of associated particles in pp collisions at s =
5.02 TeV peaks at few hundred MeV/c [71]. From the
data it cannot be concluded whether the baseline is flat
or slightly increasing as a function of D-meson pT . A

mildly increasing trend with pTD is predicted by the event
generators. However, POWHEG+PYTHIA6 and POWHEG
LO+PYTHIA6 predict a larger increase than HERWIG,
EPOS 3 and PYTHIA. The same baseline values are obtained
by POWHEG+PYTHIA6 and POWHEG LO+PYTHIA6 for
all the kinematic ranges. This is not trivial, due to the differ-
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Fig. 10 Measurements of away-side associated√peak yields (top row)
and widths (third row down) in pp collisions at s = 5.02 TeV, compared to predictions by the PYTHIA, POWHEG+PYTHIA6, POWHEG
LO+PYTHIA6, and HERWIG event generators with various configurations (see text for details). The ratios of yield (width) values with
respect to the predictions by POWHEG+PYTHIA6 are shown in the

second (fourth) row down. Results are presented as a function of the
D-meson pT , for pTassoc > 0.3 GeV/c, 0.3 < pTassoc < 1 GeV/c,
1 < pTassoc < 2 GeV/c, and 2 < pTassoc < 3 GeV/c (from left to right).
Statistical and systematic uncertainties are shown as vertical error bars
and boxes, respectively

ent treatment of next-to-leading order contributions to charm
production, which can populate the transverse region of the
correlation function and, hence, affect the baseline value. The
best description of the results, for low values of the associated
particle pT , is provided by PYTHIA6, PYTHIA8, and EPOS,
while HERWIG overestimates the values by about 15% over

the whole pTD range and POWHEG+PYTHIA6 underpredicts them by 20% at low pTD . For pTassoc > 1 GeV/c HERWIG gives the closest description of the baseline. PYTHIA6,
PYTHIA8, EPOS 3, and POWHEG+PYTHIA6 tend to
underpredict data values, with the first three models catching
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Fig. 11 Measurements of√ azimuthal-correlation function baseline
height in pp collisions at s = 5.02 TeV, compared to predictions
by the PYTHIA, POWHEG+PYTHIA6, POWHEG LO+PYTHIA6,
HERWIG, and EPOS 3 event generators with various configurations
in the top row (see text for details). The ratios of baselines with

respect to predictions by POWHEG+PYTHIA6 are shown in the bottom row. Results are presented as a function of the D-meson pT , for
pTassoc > 0.3 GeV/c, 0.3 < pTassoc < 1 GeV/c, 1 < pTassoc < 2 GeV/c,
and 2 < pTassoc < 3 GeV/c (from left to right). Statistical and systematic
uncertainties are shown as vertical error bars and boxes, respectively

well the pTD dependence, while POWHEG+PYTHIA6 also
predicting a different behaviour against pTD .
The baseline-subtracted azimuthal-correlation functions
of D mesons with associated particles measured in p–Pb
collisions were compared to simulations from PYTHIA6,
PYTHIA8, and POWHEG+PYTHIA6 event generators. The
only modifications of the configuration of these models with respect to that used in pp collisions consisted
of a rapidity shift of the centre-of-mass system and, for
POWHEG+PYTHIA6, a nuclear correction for the parton
distribution functions [72], which induced negligible effects
on the model expectations. The comparison between these
models and the results from p–Pb collision yielded very similar conclusions as those discussed for pp collisions, not only
in terms of an overall agreement between data and models,
but also for the differences previously mentioned for specific observables and kinematic ranges. This was expected,
given the overall agreement of measurements in the two collision systems as discussed in Sect. 5.1, where additional coldnuclear-matter effects, not included in the models, could also
be present.

6 Summary

123

Measurements of azimuthal-correlation functions of D0 ,
D∗+ , and D+ mesons with charged particles in pp collisions
√
√
at s = 5.02 TeV and p–Pb collisions at sNN = 5.02 TeV
were reported. The results obtained have statistical and systematic uncertainties smaller by a factor of about 2-3 than
those reported in our previous paper [2] for the common pT
ranges, and extend the pT coverage both for the trigger and
associated particles, allowing for a more differential study of
the correlation function and charm-jet properties.
After subtracting the baseline, the correlation functions,
along with the values and transverse momentum evolution
of the near- and away-side peaks, are found to be consistent in pp and p–Pb collisions, in all the kinematic ranges
addressed. This suggests that the fragmentation and hadronisation of charm quarks is not strongly influenced by coldnuclear-matter effects, complementing what was observed
in previous measurements [25,26,73] that suggested a small
impact from cold-nuclear-matter effects on D-meson production in the pT region covered by our measurement.
The analysis in p–Pb collisions was also performed in the
0–20%, 20–60%, and 60–100% centrality intervals, in order
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to study the possible modifications of the charm fragmentation as a function of the event centrality. The same correlation pattern, along with similar values and pT evolution
of the near-side peak observables were found for the three
centrality ranges, within large experimental uncertainties.
The baseline-subtracted correlation functions and the
near- and away-side peak yields and widths measured by
ALICE in pp collisions were compared to predictions by
several event generators, with different modelling of charm
production, parton showering, and hadronisation. In general, the models describe well the main features of the
correlation functions. POWHEG+PYTHIA6 provides the
best description to experimental data of near- and awayside yields. PYTHIA8 tends to overestimate the away-side
peak yields, while providing a good description of the nearside peak yields and of the widths of both peaks. Overall, PYTHIA6 is more distant from data than PYTHIA8,
although in general it is consistent with the measurements.
HERWIG largely underestimates the near-side peak yields
for pTassoc > 1 GeV/c, while it describes reasonably well the
data at lower pTassoc , and provides a good description of the
away-side peak features. Finally, EPOS 3 provides a higher
near-side peak and qualitatively underestimates the awayside peak. Similar conclusions were obtained when comparing results in p–Pb collisions to predictions from the models
available in this collision system.
The agreement between data and model expectations suggests that charm-quark production, fragmentation and hadronisation processes, as implemented in POWHEG+PYTHIA6
and PYTHIA8, provide an overall satisfactory description of
the measured correlation functions. Therefore, in view of
future analyses in Pb–Pb collisions, these models constitute
a valid theoretical baseline for interpreting possible modifications of charm-jet properties and thus of the near-side
correlation peak induced by the interactions of charm quarks
with the quark–gluon plasma constituents. The same argument holds for the modifications of the whole correlation
function, whose characterisation can provide a deeper understanding of heavy-quark dynamics inside the QGP medium.
In addition, with the increased precision compared to previous measurement, and being at the same centre-of-mass
energy of the available Pb–Pb collision samples, these results
constitute the reference for measurements in that collision
system.
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Y. Pachmayer103 , V. Pacik88 , D. Pagano140 , G. Paić69 , J. Pan143 , A. K. Pandey48 , S. Panebianco137 , P. Pareek49,141 ,
J. Park60 , J. E. Parkkila126 , S. Parmar99 , S. P. Pathak125 , R. N. Patra141 , B. Paul23,58 , H. Pei6 , T. Peitzmann63 , X. Peng6 ,
L. G. Pereira70 , H. Pereira Da Costa137 , D. Peresunko87 , G. M. Perez8 , E. Perez Lezama68 , V. Peskov68 , Y. Pestov4 ,
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Y. Sekiguchi132 , D. Sekihata132 , I. Selyuzhenkov92,106 , S. Senyukov136 , D. Serebryakov62 , E. Serradilla71 , A. Sevcenco67 ,
A. Shabanov62 , A. Shabetai114 , R. Shahoyan33 , W. Shaikh109 , A. Shangaraev90 , A. Sharma99 , A. Sharma100 ,
H. Sharma118 , M. Sharma100 , N. Sharma99 , A. I. Sheikh141 , K. Shigaki45 , M. Shimomura82 , S. Shirinkin91 , Q. Shou39 ,
Y. Sibiriak87 , S. Siddhanta54 , T. Siemiarczuk84 , D. Silvermyr80 , G. Simatovic89 , G. Simonetti33,104 , R. Singh85 ,
R. Singh100 , R. Singh49 , V. K. Singh141 , V. Singhal141 , T. Sinha109 , B. Sitar13 , M. Sitta31 , T. B. Skaali20 , M. Slupecki126 ,
N. Smirnov146 , R. J. M. Snellings63 , T. W. Snellman43,126 , C. Soncco111 , J. Song60,125 , A. Songmoolnak115 , F. Soramel28 ,
S. Sorensen130 , I. Sputowska118 , J. Stachel103 , I. Stan67 , P. Stankus95 , P. J. Steffanic130 , E. Stenlund80 , D. Stocco114 ,
M. M. Storetvedt35 , L. D. Stritto29 , A. A. P. Suaide121 , T. Sugitate45 , C. Suire61 , M. Suleymanov14 , M. Suljic33 ,
R. Sultanov91 , M. Šumbera94 , S. Sumowidagdo50 , S. Swain65 , A. Szabo13 , I. Szarka13 , U. Tabassam14 , G. Taillepied134 ,
J. Takahashi122 , G. J. Tambave21 , S. Tang6,134 , M. Tarhini114 , M. G. Tarzila47 , A. Tauro33 , G. Tejeda Muñoz44 , A. Telesca33 ,
C. Terrevoli125 , D. Thakur49 , S. Thakur141 , D. Thomas119 , F. Thoresen88 , R. Tieulent135 , A. Tikhonov62 , A. R. Timmins125 ,
A. Toia68 , N. Topilskaya62 , M. Toppi51 , F. Torales-Acosta19 , S. R. Torres9,120 , A. Trifiro55 , S. Tripathy49 , T. Tripathy48 ,
S. Trogolo28 , G. Trombetta32 , L. Tropp37 , V. Trubnikov2 , W. H. Trzaska126 , T. P. Trzcinski142 , B. A. Trzeciak63 , T. Tsuji132 ,
A. Tumkin108 , R. Turrisi56 , T. S. Tveter20 , K. Ullaland21 , E. N. Umaka125 , A. Uras135 , G. L. Usai23 , A. Utrobicic98 ,
M. Vala37 , N. Valle139 , S. Vallero58 , N. van der Kolk63 , L. V. R. van Doremalen63 , M. van Leeuwen63 , P. Vande Vyvre33 ,
D. Varga145 , Z. Varga145 , M. Varga-Kofarago145 , A. Vargas44 , M. Vasileiou83 , A. Vasiliev87 , O. Vázquez Doce104,117 ,
V. Vechernin112 , A. M. Veen63 , E. Vercellin25 , S. Vergara Limón44 , L. Vermunt63 , R. Vernet7 , R. Vértesi145 , L. Vickovic34 ,
Z. Vilakazi131 , O. Villalobos Baillie110 , A. Villatoro Tello44 , G. Vino52 , A. Vinogradov87 , T. Virgili29 , V. Vislavicius88 ,
A. Vodopyanov75 , B. Volkel33 , M. A. Völkl102 , K. Voloshin91 , S. A. Voloshin143 , G. Volpe32 , B. von Haller33 ,
I. Vorobyev104 , D. Voscek116 , J. Vrláková37 , B. Wagner21 , M. Weber113 , S. G. Weber144 , A. Wegrzynek33 , D. F. Weiser103 ,
S. C. Wenzel33 , J. P. Wessels144 , J. Wiechula68 , J. Wikne20 , G. Wilk84 , J. Wilkinson10,53 , G. A. Willems33 , E. Willsher110 ,
B. Windelband103 , M. Winn137 , W. E. Witt130 , Y. Wu128 , R. Xu6 , S. Yalcin77 , K. Yamakawa45 , S. Yang21 , S. Yano137 ,
Z. Yin6 , H. Yokoyama63 , I.-K. Yoo17 , J. H. Yoon60 , S. Yuan21 , A. Yuncu103 , V. Yurchenko2 , V. Zaccolo24 , A. Zaman14 ,
C. Zampolli33 , H. J. C. Zanoli63 , N. Zardoshti33 , A. Zarochentsev112 , P. Závada66 , N. Zaviyalov108 , H. Zbroszczyk142 ,
M. Zhalov97 , S. Zhang39 , X. Zhang6 , Z. Zhang6 , V. Zherebchevskii112 , D. Zhou6 , Y. Zhou88 , Z. Zhou21 , J. Zhu6,106 ,
Y. Zhu6 , A. Zichichi10,26 , M. B. Zimmermann33 , G. Zinovjev2 , N. Zurlo140

123

Eur. Phys. J. C

(2020) 80:979

Page 25 of 27

979

1

A.I. Alikhanyan National Science Laboratory (Yerevan Physics Institute) Foundation, Yerevan, Armenia
Bogolyubov Institute for Theoretical Physics, National Academy of Sciences of Ukraine, Kiev, Armenia
3 Bose Institute, Department of Physics and Centre for Astroparticle Physics and Space Science (CAPSS), Kolkata,
Armenia
4 Budker Institute for Nuclear Physics, Novosibirsk, Russia
5 California Polytechnic State University, San Luis Obispo, California, United States
6 Central China Normal University, Wuhan, China
7 Centre de Calcul de l’IN2P3, Villeurbanne, Lyon, France
8 Centro de Aplicaciones Tecnológicasy Desarrollo Nuclear (CEADEN), Havana, Cuba
9 Centro de Investigación y de Estudios Avanzados (CINVESTAV), Mexico City, Mérida, Mexico
10 Centro Fermi, Museo Storico della Fisica e Centro Studi e Ricerche “Enrico Fermi’, Rome, Italy
11 Chicago State University, Chicago, IL, USA
12 China Institute of Atomic Energy, Beijing, China
13 Faculty of Mathematics, Physics and Informatics, Comenius University Bratislava, Bratislava, Slovakia
14 COMSATS University Islamabad, Islamabad, Pakistan
15 Creighton University, Omaha, NE, USA
16 Department of Physics, Aligarh Muslim University, Aligarh, Armenia
17 Department of Physics, Pusan National University, Pusan, Republic of Korea
18 Department of Physics, Sejong University, Seoul, Republic of Korea
19 Department of Physics, University of California, Berkeley, CA, USA
20 Department of Physics, University of Oslo, Oslo, Norway
21 Department of Physics and Technology, University of Bergen, Bergen, Norway
22 Dipartimento di Fisica dell’Università ’La Sapienza’ and Sezione INFN, Rome, Italy
23 Dipartimento di Fisica dell’Università and Sezione INFN, Cagliari, Italy
24 Dipartimento di Fisica dell’Università and Sezione INFN, Trieste, Italy
25 Dipartimento di Fisica dell’Università and Sezione INFN, Turin, Italy
26 Dipartimento di Fisica e Astronomia dell’Università and Sezione INFN, Bologna, Italy
27 Dipartimento di Fisica e Astronomia dell’Università and Sezione INFN, Catania, Italy
28 Dipartimento di Fisica e Astronomia dell’Università and Sezione INFN, Padova, Italy
29 Dipartimento di Fisica ‘E.R. Caianiello’ dell’Università and Gruppo Collegato INFN, Salerno, Italy
30 Dipartimento DISAT del Politecnico and Sezione INFN, Turin, Italy
31 Dipartimento di Scienze e Innovazione Tecnologica dell’Università del Piemonte Orientale and INFN Sezione di Torino,
Alessandria, Italy
32 Dipartimento Interateneo di Fisica ‘M. Merlin’ and Sezione INFN, Bari, Italy
33 European Organization for Nuclear Research (CERN), Geneva, Switzerland
34 Faculty of Electrical Engineering, Mechanical Engineering and Naval Architecture, University of Split, Split, Croatia
35 Faculty of Engineering and Science, Western Norway University of Applied Sciences, Bergen, Norway
36 Faculty of Nuclear Sciences and Physical Engineering, Czech Technical University in Prague, Prague, Czech Republic
37 Faculty of Science, P.J. Šafárik University, Košice, Slovakia
38 Frankfurt Institute for Advanced Studies, Johann Wolfgang Goethe-Universität Frankfurt, Frankfurt, Germany
39 Fudan University, Shanghai, China
40 Gangneung-Wonju National University, Gangneung, Republic of Korea
41 Department of Physics, Gauhati University, Guwahati, India
42 Helmholtz-Institut für Strahlen- und Kernphysik, Rheinische Friedrich-Wilhelms-Universität Bonn, Bonn, Germany
43 Helsinki Institute of Physics (HIP), Helsinki, Finland
44 High Energy Physics Group, Universidad Autónoma de Puebla, Puebla, Mexico
45 Hiroshima University, Hiroshima, Japan
46 Hochschule Worms, Zentrum für Technologietransfer und Telekommunikation (ZTT), Worms, Germany
47 Horia Hulubei National Institute of Physics and Nuclear Engineering, Bucharest, Romania
48 Indian Institute of Technology Bombay (IIT), Mumbai, India
49 Indian Institute of Technology Indore, Indore, India
50 Indonesian Institute of Sciences, Jakarta, Indonesia
51 INFN, Laboratori Nazionali di Frascati, Frascati, Italy
2

123

979

Page 26 of 27

52

Eur. Phys. J. C

(2020) 80:979

INFN, Sezione di Bari, Bari, Italy
INFN, Sezione di Bologna, Bologna, Italy
54 INFN, Sezione di Cagliari, Cagliari, Italy
55 INFN, Sezione di Catania, Catania, Italy
56 INFN, Sezione di Padova, Padova, Italy
57 INFN, Sezione di Roma, Rome, Italy
58 INFN, Sezione di Torino, Turin, Italy
59 INFN, Sezione di Trieste, Trieste, Italy
60 Inha University, Incheon, Republic of Korea
61 Institut de Physique Nuclèaire d’Orsay (IPNO), Institut National de Physique Nuclèaire et de Physique des Particules
(IN2P3/CNRS), Universitè de Paris-Sud, Université Paris-Saclay, Orsay, France
62 Institute for Nuclear Research, Academy of Sciences, Moscow, Russia
63 Institute for Subatomic Physics, Utrecht University/Nikhef, Utrecht, The Netherlands
64 Institute of Experimental Physics, Slovak Academy of Sciences, Košice, Slovakia
65 Institute of Physics, Homi Bhabha National Institute, Bhubaneswar, India
66 Institute of Physics of the Czech Academy of Sciences, Prague, Czech Republic
67 Institute of Space Science (ISS), Bucharest, Romania
68 Institut für Kernphysik, Johann Wolfgang Goethe-Universität Frankfurt, Frankfurt, Germany
69 Instituto de Ciencias Nucleares, Universidad Nacional Autónoma de México, Mexico City, Mexico
70 Instituto de Física, Universidade Federal do Rio Grande do Sul (UFRGS), Porto Alegre, Brazil
71 Instituto de Física, Universidad Nacional Autónoma de México, Mexico City, Mexico
72 iThemba LABS, National Research Foundation, Somerset West, South Africa
73 Jeonbuk National University, Jeonju, Republic of Korea
74 Johann-Wolfgang-Goethe Universität Frankfurt Institut für Informatik, Fachbereich Informatik und Mathematik,
Frankfurt, Germany
75 Joint Institute for Nuclear Research (JINR), Dubna, Russia
76 Korea Institute of Science and Technology Information, Daejeon, Republic of Korea
77 KTO Karatay University, Konya, Turkey
78 Laboratoire de Physique Subatomique et de Cosmologie, Université Grenoble-Alpes, CNRS-IN2P3, Grenoble, France
79 Lawrence Berkeley National Laboratory, Berkeley, CA, USA
80 Lund University Department of Physics, Division of Particle Physics, Lund, Sweden
81 Nagasaki Institute of Applied Science, Nagasaki, Japan
82 Nara Women’s University (NWU), Nara, Japan
83 Department of Physics, School of Science, National and Kapodistrian University of Athens, Athens, Greece
84 National Centre for Nuclear Research, Warsaw, Poland
85 National Institute of Science Education and Research, Homi Bhabha National Institute, Jatni, India
86 National Nuclear Research Center, Baku, Azerbaijan
87 National Research Centre Kurchatov Institute, Moscow, Russia
88 Niels Bohr Institute, University of Copenhagen, Copenhagen, Denmark
89 Nikhef, National institute for subatomic physics, Amsterdam, The Netherlands
90 NRC Kurchatov Institute IHEP, Protvino, Russia
91 NRC Kurchatov Institute - ITEP, Moscow, Russia
92 NRNU Moscow Engineering Physics Institute, Moscow, Russia
93 Nuclear Physics Group, STFC Daresbury Laboratory, Daresbury, UK
94 Nuclear Physics Institute of the Czech Academy of Sciences, Řežu Prahy, Czech Republic
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