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Heavy-flavor quarks produced in proton-proton (pp) collisions provide a unique opportunity to
investigate the evolution of quark-initiated parton showers from initial hard scatterings to final-state
hadrons. By examining jets that contain heavy-flavor hadrons, this study explores the effects of both
perturbative and nonperturbative QCD on jet formation and structure. The angular differences between
various jet axes, ΔRaxis, offer insight into the radiation patterns and fragmentation of charm quarks. The
first measurement of D0-tagged jet axes differences in pp collisions at

ffiffiffi
s

p ¼ 5.02 TeV by the ALICE

experiment at the LHC is presented for jets with transverse momentum pch jet
T ≥ 10 GeV=c and D0 mesons

with pD0

T ≥ 5 GeV=c. In this D0-meson-tagged jet measurement, three jet axis definitions, each with
different sensitivities to soft, wide-angle radiation, are used: the standard axis, soft drop groomed axis, and
winner-takes-all axis. Measurements of the radial distributions of D0 mesons with respect to the jet axes,
ΔRaxis-D0 , are reported, along with the angle, ΔRaxis, between the three jet axes. The D0 meson emerges as
the leading particle in these jets, closely aligning with the winner-takes-all axis and diverging from the
standard jet axis. The results also examine how varying the sensitivity to soft radiation with grooming
influences the orientation of the soft drop jet axis and uncover that charm-jet structure is more likely to
survive grooming when the soft drop axis is further from theD0 direction, providing further evidence of the
dead-cone effect recently measured by ALICE.
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I. INTRODUCTION

High-energy collisions at particle colliders produce
energetic quarks and gluons, which are scattered at wide
angles relative to the beam direction. These partons emit
radiation and split into lower-energy partons, forming a
parton shower, until their energy drops below the quantum
chromodynamics (QCD) confinement scale. At this point,
the parton shower transitions into collimated sprays of
color-neutral hadrons, known as jets, which serve as
powerful probes for studying QCD [1–4]. A detailed
understanding of parton showers within perturbative
QCD (pQCD) is of high interest and new measurements
provide valuable input to jet fragmentation and hadroniza-
tion models, especially when using observables that main-
tain control over nonperturbative effects [5–12].
Measurements in pp collisions serve as a reference for
future measurements in heavy-ion collisions, where the

radiation pattern, and therefore the jet substructure, is
modified by a deconfined state of quarks and gluons called
the quark-gluon plasma (QGP). Measurements of these
modifications probe this phase of QCD matter [13–25].
Heavy-flavor quarks, namely charm and beauty, provide

a unique opportunity to trace the evolution of quark-
initiated parton showers, from their production in the initial
hard scatterings to the formation of final-state hadrons
[26–31]. Due to the finite quark mass, heavy-quark
production can be computed using pQCD by introducing
a hard scale that effectively suppresses nonperturbative
effects and ensures a stable perturbative expansion [32–34].
Quark-initiated showers are expected to have a narrower
fragmentation profile than those initiated by gluons, due to
a difference in the Casimir color factors between quarks
and gluons [31,35]. The fragmentation profile of parton
showers initiated by a heavy quark are also generally harder
than those initiated by a light quark or a gluon because of an
additional mass-dependent suppression of the gluon radi-
ation emitted by the heavy quark, colloquially known as the
“dead-cone effect” [36]. This suppression was directly
observed by the ALICE experiment [26] and is known
to be more significant for low-momentum jets because of
the inverse relation of the dead-cone angle with the energy
of the radiating quark, θd:c: ≈mq=Eradiator. Comparisons
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between jets containing a heavy quark and inclusive jet
samples reveal the influence of Casimir color factors and
the quark mass on the fragmentation and subsequent
hadronization processes within the QCD shower.
This work leverages a novel probe of soft, wide-angle

radiation to study the effects of perturbative and non-
perturbative QCD processes on jet fragmentation and
radiation patterns. The jet axes difference, ΔRaxis, is the
angular distance between two different definitions for the
axis of the jet in pseudorapidity, η, and azimuth, φ, given by

ΔRaxis ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðΔηÞ2 þ ðΔφÞ2

q
: ð1Þ

The jet axes difference is an infrared-collinear safe
observable even at next-to-leading order (NLO) [37]. It
is calculable in the small-angle limit within soft collinear
effective theory, but measurements are additionally sensi-
tive to the nonperturbative physics not included in this
perturbative framework. Jet axes differences have been
studied for inclusive, gluon-dominated jets in ALICE [5]
but have not been previously studied for heavy-flavor jets.
This work presents the first measurement of this observ-

able for charm-tagged jets, selected by requiring the jets to
contain a D0 meson or its charge conjugate. The three jet
axes chosen for study in this analysis are the standard, soft
drop, and winner-takes-all axes (labeled in the figures and
tables as STD, SD, and WTA, respectively). Comparisons
of the data to several event generators are discussed. To
probe flavor dependencies in QCD showers, predictions
from PYTHIA8 of inclusive, gluon-initiated, and light-flavor-
initiated jets are compared to the charm-initiated results.
Jets are reconstructed using the anti-kT algorithm with

resolution parameter R ¼ 0.4 [38] and E-scheme recombi-
nation [39]. The E-scheme recombination strategy com-
bines the tracks of the jet and defines the four-momenta of
the jet as the sum of the constituents’ four-momenta. This
also defines the standard jet axis. The jet constituents can
be reclustered using the Cambridge-Aachen (angular order-
ing) algorithm with the same resolution parameter [40].

From this, the soft drop and winner-takes-all axes can be
calculated.
The soft drop axis is determined by starting at the root

splitting of the reclustered jet, following the harder branch
iteratively through the clustering tree, and applying the soft
drop condition at each splitting,

minðpT;1; pT;2Þ
pT;1 þ pT;2

> zcut

�
ΔR1;2

R

�
β

; ð2Þ

where pT;1 and pT;2 are the transverse momenta of the two
prongs and ΔR1;2 is their angular difference in the rapidity-
azimuth plane. The tunable parameters, zcut and β, control
the grooming intensity and determine if the splitting is
removed. Specifically, zcut sets the threshold for asymmetry
in transverse momentum between split branches, while β
adjusts the weight given to their angular separation [41].
The grooming procedure ends when a splitting that satisfies
the soft drop condition is found, with its parent branch
defining the groomed jet axis. If no splitting passes, the jet
is excluded from the soft drop sample.
The winner-takes-all scheme also operates on the reclus-

tered jet. At each splitting, the direction of the hardest
prong is selected with a transverse momentum equal to the
pT sum of the two subprongs [42].
Six ΔRaxis observables are measured in this paper,

summarized in Fig. 1. The jet axes vary in their sensitivity
to soft, nonperturbative radiation, with the standard axis
being the most responsive to these effects. Grooming
removes radiation according to the intensity of the
grooming parameters, zcut and β, making the soft drop
jet less sensitive to soft radiation than an ungroomed jet.
The winner-takes-all axis is insensitive to soft radiation at
leading order. Comparing the angles between the three
axes (ΔRSTD-WTA, ΔRWTA-SD, and ΔRSTD-SD) tunes the
sensitivity to these nonperturbative effects and investi-
gates the radiation pattern inside the reconstructed jets.
The difference between the D0 direction and the three jet
axes (ΔRSTD-D0 , ΔRWTA-D0 , and ΔRSD-D0) allows for

FIG. 1. A representation of the different jet axes: standard (STD), soft drop (SD), and winner-takes-all (WTA). The axis of the jet
containing the D0 meson (shown in solid black) and all gluonic radiation is referred to as the standard axis. The winner-takes-all axis is
also determined from this initial jet sample but aligns with the hardest subjet at each clustering step. Grooming away softer radiation
leaves a jet with the soft drop axis, defined by the remaining higher-momentum particles. Representations for the six ΔRaxis observables
are shown in the right of the figure.
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studies of the flavor dependence of the fragmentation
process [5,41–43].
This paper is organized as follows: Sec. II describes the

experimental setup of the ALICE detector and the data used
in this analysis. Section III delineates the steps of the
analysis and Sec. IV discusses the related systematic
uncertainties. Section V presents the results and discussion,
and Sec. VI summarizes the conclusions.

II. THE ALICE DETECTOR AND DATA SAMPLE

This work analyzes pp collision data at
ffiffiffi
s

p ¼ 5.02 TeV
recorded in 2017 by the ALICE experiment at the LHC
[14]. ALICE has a pseudorapidity acceptance of jηj < 0.9
in the central barrel and full azimuthal coverage. It has
excellent particle identification (PID) and precise tracking
and spatial resolution for charged particles and decay
vertices, which are required for reconstructing the D0

mesons in this analysis. A detailed description of the
experimental setup and performance at ALICE can be
found at Ref. [44].
The reconstruction of the tracks of charged particles

utilized in this analysis employs three detectors: the inner
tracking system (ITS), the time projection chamber (TPC),
and the time-of-flight detector (TOF). All three detectors
are located in the central barrel of the experiment. Charged
particles are detected in the ITS, a six-layer cylindrical
silicon detector, and the TPC, a gaseous drift chamber.
Reconstruction of low-momentum particles down to
0.15 GeV=c in the TPC is possible because of the low
magnetic field at ALICE (0.5 T) and the low material
budget. Particles in this analysis are required to have pT >
0.15 GeV=c and a pseudorapidity jηj < 0.9. The trans-
verse-momentum resolution σðpTÞ=pT increases linearly
from ≈1% at pT ¼ 1 GeV=c to ≈4% at pT ¼ 50 GeV=c.
The tracking efficiency rapidly increases from ≈60% at
pT ¼ 0.15 GeV=c to ≈80% at pT ¼ 1 GeV=c and remains
above ≈75% at higher pT.
The spatial precision of track reconstruction in the ITS

and TPC allows for precise identification of charm hadrons
near the interaction point and, consequently, the charm-
hadron decay vertices. The mean proper decay length of the
D0 meson is cτ ≈ 123.01 μm [45]; therefore, the secondary
decay vertex is displaced, typically, by a few hundred
microns from the primary collision vertex. A distance of
closest approach selection between decay daughters is used
to enhance the signal-to-background ratio for D0 decay
products.
Charged particles are identified using the time of flight

from the collision vertex, measured by the TOF, and
the specific energy loss, dE=dx, in the TPC. The TPC
provides the largest kaon/pion separation at low pT
(pT ≲ 0.7 GeV=c) and, because of the relativistic rise in
dE=dx, still achieves good separation at high pT
(pT ≳ 2 GeV=c) [44]. The TOF is particularly effective
in separating the kaon and pion in the intermediate pT

region, offering crucial PID capabilities for the D0 decay
daughters in the kinematic range where TPC PID is unable
to discriminate pions and kaons.
The data samples analyzed in this work consist of

870 million minimum-bias events from pp collisions atffiffiffi
s

p ¼ 5.02 TeV, corresponding to an integrated luminosity
of ð18.0� 0.4Þ nb−1 [6]. Minimum-bias events are trig-
gered by requiring a signal in both V0 scintillator detectors
[46], which cover full acceptance in azimuth and the
pseudorapidity ranges 2.8 < η < 5.1 (V0A) and −3.7 <
η < −1.7 (V0C). Events are also required to have a
primary vertex within 10 cm of the nominal interaction
point to provide uniform pseudorapidity acceptance. The
Monte Carlo (MC) samples, used in corrections throughout
the analysis, are charm enriched and were produced using
the PYTHIA8.2 event generator with the Monash 2013 tune
[47] transported through a GEANT3 [48] simulation of the
ALICE detector. The charm content was enhanced by
requesting a cc̄ in 50% of the events and a bb̄ in the
remaining half. The MC samples were anchored to the
detector conditions during the data collection run by run.

III. ANALYSIS METHODS

A. D0 meson and jet reconstruction

Jets initiated by charm quarks are identified by the
presence of a prompt D0 meson among their constituents.
Prior to jet finding, the D0-meson candidates are recon-
structed from their hadronic decay mode, D0 → K− þ πþ
(and its charge conjugate), which has a branching ratio of
ð3.947� 0.030Þ% [45]. TheD0-meson candidates undergo
topological selections based on the displacement of the
decay vertex, as well as particle-identification selections.
Details of the tracking and D0-meson selections can be
found in Ref. [27], where the same selections are used. The
selection criteria significantly suppress the combinatorial
background from hadrons that do not originate from D0

decays. The topological selections are tuned to optimize the
signal-to-background ratio while suppressing the back-
ground from the beauty-initiated, nonprompt D0, which
is typically enhanced by these selections due to the larger
displacement from the collision point of the nonprompt D0

compared to the prompt. After the D0 candidates are
reconstructed, the four-momenta of the daughters of each
candidate are replaced by their vector sum (representing the
D0 four-momentum), such that the charm quark remains
traceable through the splitting tree after jet reconstruction is
performed. This mitigates against cases where the angle
between the decay daughters is larger than the jet diameter,
which would degrade the jet-energy resolution, and allows
for efficient tagging of charm jets by the presence of a D0

candidate among their constituents.
The four-momenta of each D0 candidate and all other

reconstructed tracks are used as input to the anti-kT jet
finding algorithm implemented in FastJet [39]. A minimum
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D0 transverse momentum, pD0

T ≥ 5 GeV=c, is required,
with a corresponding D0 acceptance in rapidity of
jyD0 j ≤ 0.8. This analysis concentrates on jets with trans-
verse momenta 10 ≤ pch jet

T < 20 GeV=c but also extends
to 20 ≤ pch jet

T < 50 GeV=c for the study of the difference
between the winner-takes-all and D0 axes shown in
Sec. VA. The standard jet axis was required to be within
jηjetj < 0.9 − R, where R ¼ 0.4 is fixed for this analysis, to
guarantee that the full jet cone is contained within the TPC
acceptance. The standard, soft drop, and winner-takes-all
axes, along with theD0 meson direction, are determined for
each D0-tagged jet.

B. Raw-yield and shape extraction procedure

The invariant-mass distribution of the D0 candidates is
extracted in intervals of pD0

T and pch jet
T . For each pD0

T
interval, these distributions are fitted with a Gaussian
function in the signal region and an exponential function
to define two sideband (background) shapes. See, as an
example, a particular pch jet

T and pD0

T interval in Fig. 2 (left).
A fraction of signal “reflection” candidates exists, which
pass the topological selections but can have a swapped
mass assignment to the decay particles. This inconclusive
PID results in the charged kaon and pion pair being

accepted as both a D0 and a D0 candidate. To remove
these incorrect mass hypothesis assignments, MC-gener-
ated templates of reflection candidates are obtained and
their contribution is added in the background fit.
After the contribution from reflections is removed, the

sideband distributions are scaled to estimate and subtract
the background in the signal region and extract the D0

signal. The signal region is constrained within �2σ of the
mean value of the Gaussian fit. The background regions are

constrained to 4σ–9σ on either side of the Gaussian peak as
this region, being far from the signal peak, is expected to be
dominated by background candidates. The raw yields of the
signal and background regions are shown in Fig. 2 (right).
Their subtracted yield is the measured jet axes difference
spectra before corrections.

C. Corrections

1. Reconstruction efficiency

Once the combinatorial background is removed, what
remains is a signal ΔRaxis distribution inside jets tagged
with a D0 candidate. This must be corrected for the
reconstruction efficiencies. The reconstruction efficiency
is calculated from a charm-enriched MC sample anchored
to the data sample, using the ratio of the pD0

T spectra of the
matched D0-tagged jets at reconstruction level to the
generated D0-tagged jets. The truth-level (MC-generated)
D0 mesons and their jets are required to be fully contained
within the TPC acceptance and to have pch jet

T ≥ 5 GeV=c.
The efficiency is calculated for prompt and nonprompt D0

mesons separately and is strongly dependent on pD0

T . This is
because the D0-meson topological selections are stricter at
low pD0

T so that the larger combinatorial background can be
removed in that region. The raw yields, Nraw, are corrected
for the product of the acceptance and the prompt D0 (and

D0) jet reconstruction efficiency, ðAcc × εÞc→D0

, and then
summed over all pD0

T intervals to obtain the total efficiency-
corrected yield:

NðΔRaxis; p
ch jet
T Þ ¼

X
pD0
T

NrawðΔRaxis; p
ch jet
T ; pD0

T Þ
ðAcc × εÞc→D0ðpD0

T Þ ; ð3Þ

ALICE ALICE

FIG. 2. Left: the D0-decay candidate invariant-mass distribution for 10 ≤ pch jet
T < 20 GeV=c and 8 < pD0

T < 12 GeV=c. The total fit
function of the signal and background is represented by the blue line. The background fit function is represented by the red line. Right:
the raw yields of the D0-tagged jets as a function of ΔRSTD-D0 in the signal region and sideband region.
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where N is the total efficiency-corrected yield and where
ΔRaxis is the jet axes difference.

2. Subtraction of nonprompt D0 mesons

At this point, the jet axes difference distributions still
include nonprompt D0 mesons. These should be removed
as they do not originate from a charm quark produced in the
initial partonic interaction. No measurements of nonprompt
D0-tagged jets exist to date, so this contribution is esti-
mated using NLO pQCD calculations from the POWHEG

event generator [49] coupled to the PYTHIA8 generator [47]
to describe the parton shower. The nonprompt 4D response

matrix, RMb→D0

det ðΔRdet;ΔRtruth; p
ch jet
T;det ; p

ch jet
T;truthÞ, is applied

to fold the nonprompt distribution at truth level to detector
level, which introduces detector effects in the distribution.
The response matrix is estimated with the MC sample
described in Sec. II.
Before folding, the nonprompt D0-tagged jet axes

difference spectrum, Nb→D0

det , is corrected with the ratio
of the nonprompt over prompt D0 efficiency (mimicking
the same nonprompt D0 jet shape with prompt D0 jet
efficiency in data), branching ratio and integrated lumi-
nosity, according to

Nb→D0

det ðΔRdet; p
ch jet
T;det Þ ¼ RMb→D0

det ðΔRdet;ΔRtruth; p
ch jet
T;det ; p

ch jet
T;truthÞ

⊙
X
pD0
T

ðAcc × εÞb→D0ðpD0

T Þ
ðAcc × εÞc→D0ðpD0

T ÞN
b→D0

POWHEGðΔRtruth; p
ch jet
T;truth; p

D0

T Þ; ð4Þ

where Nb→D0

POWHEG is the number of jets with a D0 from
beauty decay as estimated by POWHEG+PYTHIA8, ΔRdet and
ΔRtruth refer to the jet axes difference at detector and truth
level, pch jet

T;det and pch jet
T;truth are the p

ch jet
T at detector and truth

level, and ðAcc × εÞb→D0

and ðAcc × εÞc→D0

signify the
products of the acceptance and reconstruction efficiency for
nonprompt-D0 and prompt-D0 jets, respectively.
The folded nonprompt contribution is then subtracted

from the efficiency-corrected jet axes difference distribu-
tion to obtain the corrected prompt distribution, Nc→D0

det , at
detector level:

Nc→D0

det

�
ΔRdet; p

ch jet
T;det

� ¼ N
�
ΔRdet; p

ch jet
T;det

�
− Nb→D0

det

�
ΔRdet; p

ch jet
T;det

�
: ð5Þ

The ratios of the MC-generated nonprompt D0 mesons
over the total prompt and nonprompt D0 mesons from data
are shown in Fig. 3, at detector level as a function ofΔRaxis.
For jet axes difference distributions from the standard jet
axis, this fraction is below 20%. Nonprompt jets generally
have a harder substructure that will pass a grooming
procedure with zcut ¼ 0.2. They have a harder splitting
at a smaller angle, which can be explained by the additional
decay products produced in the decay of the beauty hadron
[26]. Meanwhile, prompt D0 jets that occupy small ΔRaxis
are less likely to survive soft drop (Sec. V C) so, when the
jets are groomed, the nonprompt fraction increases at
small ΔRaxis.

3. Unfolding procedure

The final correction to the jet axes difference distribu-
tions is the correction for detector effects such as the

track pT resolution, tracking inefficiencies, and interactions
between particles and the material in the detector
volume. This was achieved using an iterative Bayesian
approach [50], implemented in the ROOUNFOLD

package [51]. The 4D prompt response matrix, RMc→D0

×
ðΔRdet;ΔRtruth; p

ch jet
T;det ; p

ch jet
T;truthÞ, maps detector-level varia-

bles ðΔRdet; p
ch jet
T;det Þ, reconstructed in the full PYTHIA8

ALICE

FIG. 3. Ratio of the simulated nonpromptD0 distribution in the
detector (detector-level) over the efficiency-corrected data, which
includes contributions from the prompt and feeddown D0. The
nonprompt D0 fraction is shown for ΔRSTD−D0 and ΔRSD−D0

(zcut ¼ 0.1, 0.2 and β ¼ 0). Systematic and statistical uncertain-
ties are represented by the corresponding color boxes and error
bars, respectively.
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+GEANT3 detector simulation (described in Sec. III C 2), to

the corresponding truth-level variables ðΔRtruth; p
ch jet
T;truthÞ.

The detector-level and truth-level jets are matched based on
the requirement that they contain the same prompt D0

meson among their constituents. The RM is scaled by the
prompt D0-jet efficiency before unfolding the measured
spectra to truth level.
The ΔRaxis distributions are unfolded together with the

pch jet
T spectra in a 2D unfolding method. Five unfolding

iterations are needed to achieve convergence within 5%
between subsequent iterations while maintaining minimal
statistical uncertainties.
The stability of the unfolding procedure is evaluated with

a series of closure tests, which are discussed in detail in
Ref. [5]. The unfolding procedure yields good agreement
between the compared distributions in each test. The
binning configuration for each jet axes difference distri-
bution is chosen to achieve acceptable unfolding conver-
gence and good closure test performance. The final results
shown in Sec. V are fully unfolded.

IV. SYSTEMATIC UNCERTAINTIES

Five sources of systematic uncertainty that affect the jet
axes difference distributions are considered. For each
source, the root mean square of all deviations is assigned
as the systematic uncertainty, unless otherwise stated.
(1) D0 topological selections. The distributions of

variables used in the D0 topological selections
may be different between data and MC. To account
for these discrepancies, the systematic uncertainty
due to the chosen topological selections on the D0

meson are estimated using five variations of the
selection criteria. These are obtained by varying the
selections such that �10% and �15% variations in
the selection efficiencies are induced.

(2) Yield extraction. An uncertainty is assigned to the
fitting strategy in the raw-yield extraction procedure,
described in Sec. III B. The stability of this pro-
cedure is estimated by varying the signal extraction
parameters and repeating the invariant-mass fits. The
varied parameters include the assumed background
fitting functions (exponential or linear), signal range,
sideband extraction range, and the width and mean
of the Gaussian signal.

(3) Tracking efficiency. Uncertainties on the track-
reconstruction efficiency influence the jet-momen-
tum resolution and D0 meson reconstruction
efficiency. The uncertainty on the tracking efficiency
is approximately 3% in pp collisions, determined as
a combination of uncertainties due to the TPC track-
selection efficiency and the TPC-ITS matching
efficiency. The effect of this uncertainty on the jet
axes difference distributions is evaluated by ran-

domly rejecting 3% of the reconstructed tracks in the
anchored MC and repeating the analysis with the
new reconstruction efficiency and response matrices.

(4) Nonprompt D0 contribution. The nonprompt D0

contribution, determined in simulation, is varied to
account for uncertainty in the modeling. The non-
prompt contribution is recalculated with varied
input parameters of the POWHEG+PYTHIA8 simulation
including the beauty-quark mass, factorization
scale factor, renormalization scale factor, and the
parton distribution function choice. The maximum
deviation of these variations from the standard
correction is taken as a systematic uncertainty.

(5) Unfolding. The systematic uncertainty due to the
unfolding procedure has four contributions.
(a) Variation of the regularization parameter, niter.

The unfolding is repeated with the number of
iterations varied by �2 around the central value.
The average difference with respect to the central
value is taken as an uncertainty.

(b) Choice of the prior. The prior (the predicted,
truth-level distribution) is scaled by ðpch jet

T Þ�0.5×
ð1� 0.5 × ð2ΔRaxis − 1ÞÞ. These variations are
chosen because they substantially change the
prior and demonstrate prior independence across
a range that would be reasonably expected in
differing calculations. The larger variation be-
tween the � cases is used as the uncertainty due
to the choice of prior.

(c) Variation of the truncation of the detector-level
pch jet
T . The lower pch jet

T;det limit, originally at
5 GeV=c, is truncated by 1 GeV=c. The differ-
ence from the central value is taken as an
uncertainty.

(d) Variation of the ΔRaxis binning. Alternate bin-
ning schemes are constructed, with finer and
coarser granularity than the main result, to
account for uncertainties due to the choice of
binning (of each ΔRaxis observable) during the
unfolding procedure. The size of every bin is
increased or decreased by 20% of its original
size. Variations that did not converge in
unfolding quality tests are removed. The un-
certainty is calculated by performing a linear fit
of the ratio of each variation to the default value.

These four sources probe the same source of uncertainty, so
the total unfolding uncertainty is estimated here as the
standard deviation of all four contributions.
The total systematic uncertainty is calculated by assum-

ing the individual sources are uncorrelated uncertainties
and summing them in quadrature. A summary of the
systematic uncertainties of all jet axes difference observ-
ables is provided in Table I but excludes the systematic
uncertainties for ΔRWTA−D0, where only the first bin is
reported as detailed in Sec. VA.
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V. RESULTS AND DISCUSSION

The fully corrected and differential jet axes difference
distributions for D0-tagged jets are reported for R ¼ 0.4
anti-kT jets. The distributions are normalized with respect
to the total number of standard, ungroomed jets. With the
exception of the results reported in Table 2, this paper
focuses on jets within 10 ≤ pch jet

T <20 GeV=c.

A. Difference between the winner-takes-all and D0 axes

The difference between the winner-takes-all and D0

axes, ΔRWTA-D0 , is shown in Fig. 4, together with the
result for ΔRSTD-D0, which will be discussed in more detail
in the next section. While the ΔRSTD-D0 distribution peaks
at low ΔRaxis, the standard jet axis may not always align
with the D0 meson. Conversely, ΔRWTA-D0 peaks strongly
at ΔRaxis ¼ 0. In fact, only the first interval is reported
because the number of counts outside this interval is too

small to unfold robustly. The reported interval matches the
PYTHIA8 prediction, which also shows very few counts
outside the smallest ΔRaxis interval.
Table II presents the total fraction of D0-tagged jets in

0 < ΔRaxis < 0.005, over the total number of D0-tagged
jets found within R ¼ 0.4. The central value of the
measurement is 99% for the lower pch jet

T interval and
95% for the higher pch jet

T interval, with systematic uncer-
tainties of 1% and 5%, respectively. Across both pch jet

T
regions, the measurements are consistent within
uncertainties.
It is, however, clear that the winner-takes-all and the D0

axes align extremely well. Since the winner-takes-all jet
algorithm tracks the hardest particle in the hardest branch of
the jet, it is insensitive to soft radiation and recoil effects
[42]. Thus, this result demonstrates that theD0 meson is the
leading particle in the jet. This result is expected in heavy-
flavor jets due to the presence of the dead cone, which
allows the D0 meson to retain a large fraction of the total
jet momentum and increases its likelihood of being selected
as the leading particle. Previous studies on the D0-tagged
momentum fraction, zjj, showed that the D0 is very often
the leading particle (zjj > 0.5) [27]. However, these studies
are constrained by the reported zjj range and do not
explore the regions where the D0 may be a subleading
particle. While ΔRWTA-D0 is also bounded in zjj, given
pD0

T > 5 GeV=c, a subset of the measured jets in the
sample may access down to zjj ¼ 0.25, where the D0 is
not necessarily leading. Consequently, the fraction reported
in Table II quantifies the probability that the D0 is
leading for R ¼ 0.4 jets with 10 ≤ pch jet

T <50 GeV=c
and 5 ≤ pD0

T < 36 GeV=c.

B. Comparison of D0, standard, and
winner-takes-all jet axes

The difference between the standard and D0 axes,
ΔRSTD-D0 , and the difference between the standard and
the winner-takes-all axes, ΔRSTD-WTA, are shown in Fig. 5
for 10 ≤ pch jet

T <20 GeV=c. The normalized distributions

ALICE

FIG. 4. Unfolded jet axes difference distribution for ΔRWTA-D0

and ΔRSTD-D0 in 10 ≤ pch jet
T <20 GeV=c. Includes systematic

and statistical uncertainties represented by color boxes and error
bars, respectively, and a comparison to predictions from PYTHIA8.

TABLE I. Systematic uncertainties of the D0-tagged jet axes difference measurements. The minimum and maximum values of the
uncertainties across the ΔRaxis intervals are provided.

Standard sample Groomed (zcut ¼ 0.1, β ¼ 0) Groomed (zcut ¼ 0.2, β ¼ 0)

Systematic unc. source STD-D0 STD-WTA SD-D0 WTA-SD STD-SD SD-D0 WTA-SD STD-SD

Tracking efficiency 0%–5% 0%–5% 1%–5% 2%–4% 1%–14% 0%–2% 0%–1% 0%–15%
Nonprompt variation 1% 1%–2% 1%–3% 1%–3% 0%–5% 2%–7% 2%–7% 2%–10%
Yield extraction 1%–3% 1%–3% 2%–3% 2%–4% 1%–5% 3%–9% 4%–9% 2%–11%
D0 topological selections 1%–3% 2%–4% 1%–4% 1%–4% 4%–22% 3%–14% 3%–12% 4%–17%
Unfolding variations 1% 2% 2% 1% 9% 5% 5% 11%
Total systematic uncertainty 3%–6% 3%–7% 4%–6% 4%–7% 10%–28% 9%–16% 8%–14% 12%–29%
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for ΔRSTD-D0 and ΔRSTD-WTA match extremely well due to
the observed alignment between the winner-takes-all axis
and the D0 direction. Their ratio is consistent with unity
within uncertainties, with a χ2 test yielding a p value of
0.99, indicating a strong agreement.
Model comparisons show that PYTHIA8 reproduces the

observed data within experimental uncertainties. The sharp
spike at small ΔRaxis, visible with the fine granularity of the
model, is discussed in Sec. V C. SHERPA Lund [52],
utilizing a string-based hadronization similar to PYTHIA,
aligns with the data outside the smallest ΔRaxis region,
where it slightly diverges. In contrast, the shapes of HERWIG

[53] and SHERPA Ahadic [52], which rely on cluster-based

hadronization, are steeper than the data over the full range
of ΔRaxis.

C. Groomed jet axes differences

Grooming jets with the soft drop algorithm removes the
softest radiation, making the jet properties less dependent
on the nonperturbative part of the jet evolution. In this
work, the angular weight parameter β is held at zero,
causing the soft drop groomer to remove all radiation softer
than the zcut value.
To illustrate the impact of soft drop on jet axes

differences, Fig. 6 compares the standard and groomed
jet samples. In this figure, ΔRSTD-D0 is extended to a finer

TABLE II. Fraction of D0-tagged jets where the difference between the winner-takes-all jet axis and D0 is less
than 0.005. “Measurement” reports the observed central value with the corresponding statistical uncertainties. A
statistical uncertainty < 1% is considered negligible. “Sys. uncertainty” reports the systematic uncertainties in each
pch jet
T interval, and “PYTHIA8” reports the same fraction modeled in PYTHIA8 with the corresponding statistical

uncertainties.

Fraction of jets in 0 ≤ ΔRaxis < 0.005 for ΔRWTA−D0

Distribution 10 ≤ pch jet
T <20 GeV=c 20 ≤ pch jet

T <50 GeV=c
5 ≤ pD0

T < 20 GeV=c 12 ≤ pD0

T < 36 GeV=c

Measurement 99%ðnegl:stat:unc:Þ ð95� 2Þ%
Sys. uncertainty �1% �5%
PYTHIA8 99.5%ðnegl:stat:unc:Þ 99.8%ðnegl:stat:err:Þ

ALICE

FIG. 5. Fully unfolded jet axes difference distribution for ΔRSTD-D0 (left) and ΔRSTD-WTA (middle) for 10 ≤ pch jet
T <20 GeV=c.

Systematic and statistical uncertainties are represented by color boxes and error bars, respectively, and comparisons to MC event
generators PYTHIA8, HERWIG7, and SHERPA2 (Ahadic and Lund) are shown in the respective bottom panels. The bottom right panel shows
a ratio of the two data distributions.
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granularity in the smallest ΔRaxis interval. The sharp spike
near ΔR ¼ 0, which deviates from the general shape of
ΔRSTD-D0 , contains jets that either have high momentum
asymmetry or a single charm quark that does not radiate at

all. These jets have few or no splittings and are more likely
to be groomed away when the soft drop condition is
applied. This is confirmed by the distribution of
ΔRSD-D0 . Fewer jets pass soft drop at small ΔRaxis, and
fewer still when the grooming condition is stricter
(zcut ¼ 0.2). This is a direct consequence of the dead-cone
effect. Just as the charm meson maintains a large fraction of
the jet momentum, any radiation emitted close to it is likely
to be extremely soft, making the jet less likely to satisfy the
grooming criteria at small ΔRaxis.
As ΔRaxis increases, the ΔRSD-D0 distributions, first

zcut ¼ 0.1 and then zcut ¼ 0.2, begin to agree until all
three curves are statistically indistinguishable. This larger
ΔRaxis region is populated by more symmetric jets (i.e., the
prong structure of the jets is more similar in momentum)
that are not as sensitive to the soft drop condition and are
more likely to survive grooming.
Figures 7 and 8 show ΔRSD-D0 and ΔRWTA-SD for

10 ≤ pch jet
T <20 GeV=c, to explore the effect of grooming

on jet axes differences. The strongest grooming, with
zcut ¼ 0.2, is shown in Fig. 8, while Fig. 7 illustrates less
intense grooming, with zcut ¼ 0.1. The ratio between
ΔRSD-D0 and ΔRWTA-SD is also reported for both cases
of zcut. The ratio is consistent with unity for both cases of
zcut, with a p value of 0.99. This p value holds for both
grooming settings, as expected from the observed align-
ment between the winner-takes-all axis and the D0.
The jet axes differences are fairly well reproduced by

PYTHIA8 and SHERPA Lund for zcut ¼ 0.2, but SHERPA Lund

ALICE

FIG. 6. Fully unfolded jet axes difference distributions for
ΔRSTD-D0 and ΔRSD-D0 , where the soft drop parameters are β ¼ 0

and zcut ¼ 0.1 or 0.2, in 10 ≤ pch jet
T <20 GeV=c. Systematic and

statistical uncertainties are representedbycolor boxes anderror bars,
respectively.Comparisons topredictions fromPYTHIA8 are included.

ALICE

FIG. 7. Fully unfolded jet axes difference distributions forΔRSD-D0 (left) andΔRWTA-SD (middle), with grooming parameters zcut ¼ 0.1
and β ¼ 0, for 10 ≤ pch jet

T <20 GeV=c. Systematic and statistical uncertainties are represented by color boxes and error bars, respectively,
and MC event generator comparisons are shown in the bottom panels. The bottom right panel shows a ratio of the two data distributions.
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and, considering the statistical errors, PYTHIA do not do as
well for zcut ¼ 0.1, suggesting that the remaining soft
splittings are challenging for the models which employ
string-breaking descriptions of hadronization. HERWIG

reproduces the data somewhat better for both values of
zcut. SHERPA Ahadic does not describe the data. The
performance of HERWIG7 and SHERPA Ahadic does not
change with increased grooming zcut. Overall, the two
string-based models, PYTHIA and SHERPA Lund, do agree
better with the data. Although HERWIG is cluster based, it
has a different parton-shower prescription than SHERPA

Ahadic and describes groomed jets better.
Figure 9 shows ΔRSTD-SD with 10 ≤ pch jet

T <20 GeV=c
for both values of zcut. The distributions peak sharply in the
first ΔRaxis interval. For jets outside this interval, grooming
away the soft radiation shifts the direction of the jet axis
away from the standard axis.
Interestingly, the models generally provide a better

description of ΔRSTD-SD when zcut ¼ 0.1. This outcome
is unexpected, as stronger grooming (higher zcut) enhances
the dominance of jets containing more perturbative radi-
ation, which typically improves a model’s description of
the data. However, for all cases of zcut, HERWIG and SHERPA

Lund offer the best agreement with the data. For slightly
higher pch jet

T , HERWIG also reproduces the inclusive
ΔRSTD-SD distribution quite well [5].

ALICE

FIG. 8. Fully unfolded jet axes difference distributions for ΔRSD-D0 (left) and ΔRWTA-SD (middle), with grooming parameters zcut ¼
0.2 and β ¼ 0, for 10 ≤ pch jet

T <20 GeV=c. Systematic and statistical uncertainties are represented by color boxes and error bars,
respectively, and MC event generator comparisons are shown in the bottom panels. The bottom right panel shows a ratio of the two data
distributions.

ALICE

FIG. 9. Fully unfolded jet axes difference distributions for
ΔRSTD-SD with zcut ¼ 0.1 (left) and zcut ¼ 0.2 (right), β ¼ 0 and
10 ≤ pch jet

T <20 GeV=c. Systematic and statistical uncertainties
are represented by color boxes and error bars, respectively, and
MC event generator comparisons are shown in the bottom panels.
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For 20 ≤ pch jet
T <40 GeV=c inclusive jets without a D0

tag, ΔRWTA-SD shows that grooming did not substantially
change the jet direction [5]. In D0-tagged jets, the
presence of the dead cone suppresses small-angle split-
tings such that the D0 takes a larger fraction of the jet’s
total momentum than the “winner” in inclusive jets. This
results in stronger sensitivity to the soft drop condition as
a larger fraction of D0-tagged jets do not satisfy soft drop
compared to the inclusive case. The axis shifts more than
in the inclusive case because the D0 axis always remains
inside the core of the jet, regardless of the grooming.
Consequently, it is always a hard, wide-angle splitting
from the D0 that is drawing the soft drop axis away from
the jet core.

To construct a clear summary of these results, Fig. 10
illustrates how each of the chosen jet axes are situated in an
average prompt D0-tagged jet. The charm quark initiates
the jet, and the dead cone, which grows with each splitting
as the charm quark loses energy, suppresses collinear
radiation. The standard axis results from recombining
the constituents of the jet using the E scheme (Sec. I).
As found in Sec. V B, it is located at a small angle from the
D0 meson. The soft drop axis is calculated by checking
each splitting along the harder branch against the soft drop
condition. It is less sensitive to soft radiation than the
standard axis and is often the furthest from the jet core.
Lastly, the winner-takes-all axis is insensitive to soft
radiation and, as discussed in Sec. VA, is nearly always
aligned with the D0 meson.

1. Probing flavor effects with PYTHIA8

Predictions from PYTHIA8 of jet axes differences,
ΔRSTD-WTA and ΔRWTA−SD, of various jet types are shown
in Fig. 11. The leftmost panel shows a direct comparison of
D0-tagged jets to the inclusive (gluon-dominated) sample
of jets in 10 ≤ pch jet

T <20 GeV=c, probing both mass and
Casimir-color effects. Casimir-color effects physically
broaden the shape of the inclusive ΔRaxis distributions.
Additionally, we observe that D0-tagged jets are less likely
to survive soft drop grooming than inclusive jets, as the
dead cone prevents harder collinear radiation from forming
at small ΔRaxis.
The middle panel illustrates the difference between D0-

tagged jets (a quark-enriched sample) and gluon-initiated
jets, where Casimir-color effects are examined. The ΔRaxis
distribution from gluon-initiated jets has a slightly broader
range than the inclusive-jet result and is considerably
broader than the light-quark-initiated result. The rightmost
panel shows the difference between D0-tagged jets and jets
initiated by a light quark, which reveals the effect of the
quark mass on the distribution. The light-flavor predictions
show an increased sensitivity to the soft drop condition yet
still less than the charm-jet predictions, which is expected
given the mass of the charm quark relative to light quarks.
A second peak is observed in the smallest ΔRaxis region of
ΔRSTD-WTA for both charm jets and light-flavor jets. This
peak is due almost entirely to single-track jets, where the
quark initiating the shower does not radiate at all. This peak
is more pronounced in charm jets, suggesting that it is
sensitive to the dead-cone effect and that future studies of
single-track jets may provide a new way of estimating this
prominent effect.

2. Tuning the sensitivity to soft radiation with soft drop

To extract a more precise conclusion from the compar-
isons made in Figs. 7–9, we consider the ratio of the zcut ¼
0.2 distribution to zcut ¼ 0.1 for both ΔRSD-D0 and
ΔRSTD-SD. This is shown in Fig. 12. The ratio in

FIG. 10. A representation of a prompt D0-tagged jet, with the
three jet axes (standard, soft drop, and winner-takes-all) and
theD0 axis. The dead cone is represented by the red cones around
the charm quark at each splitting. (i) The standard jet axis is
calculated as the sum of the jet constituent four-momenta. (ii) The
soft drop jet axis is determined from the first splitting which
passes the soft drop condition. In this example, it is satisfied by
the second splitting following the charm quark. The first splitting
does not satisfy the soft drop condition; thus, the softer branch is
removed. (iii) The winner-takes-all jet axis aligns with the hardest
subjet in the hardest branch at each splitting.
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ΔRSTD-SD is, within uncertainties, flat in the region of
ΔRaxis that is experimentally accessible, indicating that
increasing the grooming intensity from zcut ¼ 0.1 to zcut ¼
0.2 removes radiation uniformly with respect to the
standard axis. The p value for a constant ratio of 0.5 is

0.99. The ratio’s uniformity around 0.5 implies that the soft
drop jet axis remains very near to the standard jet axis and
more intense grooming does not change its direction.
The ratio of the ΔRSD-D0 distributions shows that jets are

more likely to pass the grooming condition if the soft drop
axis is further from the D0. This means that the jets
surviving soft drop grooming are more likely to have a
harder and/or wider emission that shifts the soft drop jet
axis away from the D0 direction. Predictions from PYTHIA8

of the same ratio for light-quark-initiated jets show little
suppression at small ΔRaxis compared to the D0-tagged
sample. This provides further evidence of the dead-cone
effect [26], where harder emissions are less frequent at
smaller angles from the heavy quark.

VI. CONCLUSIONS

In this work, the first measurements of the angles
between the standard, soft drop groomed, winner-takes-
all and the D0 jet axes in jets tagged with prompt D0

mesons are reported. The measurement focuses on low-
momentum jets, where quark-mass effects are significant,
within 10 ≤ pch jet

T <50 GeV=c and provides a detailed
picture of the reconstructed radiation patterns of D0-tagged
jets. We find that the D0 does not always define the
direction of the standard jet axis. However, due to the
strong alignment of the D0 and winner-takes-all jet axes,
we confirm that the D0 meson is overwhelmingly the
leading particle in D0-tagged jets. This is observed in
ð99%� 1Þ% of jets in 10 ≤ pch jet

T <20 GeV=c.
The distribution of ΔRSTD-SD shows that stricter groom-

ing (zcut ¼ 0.2) has minimal impact on the soft drop axis
position with respect to the standard axis in D0-tagged jets.
Increased grooming does not alter this result, as the jet axis

ALICE Simulation
-tagged PYTHIA0D

inclusive PYTHIA

gluon PYTHIA light-flavor PYTHIA

FIG. 11. PYTHIA8 predictions of the jet axes difference distributions for ΔRSTD-WTA and ΔRWTA-SD, where the soft drop parameters are
β ¼ 0 and zcut ¼ 0.1 or 0.2, in 10 ≤ pch jet

T <20 GeV=c. The top panels show the normalized distributions. Left: D0-tagged jets
compared to inclusive jets. Middle: D0-tagged jets compared to gluon-initiated jets. Right: D0-tagged jets compared to light-quark-
initiated jets.

ALICE

FIG. 12. Fully unfolded jet axes difference distributions for
ΔRSTD-SD (left) and ΔRSD-D0 (right), in 10 ≤ pch jet

T <20 GeV=c.
The soft drop parameter, zcut, is varied between zcut ¼ 0.1 and
zcut ¼ 0.2; the parameter β ¼ 0 throughout. Systematic and
statistical uncertainties are represented by color boxes and error
bars, respectively. Comparisons to MC event generators are
included. The bottom panel shows a ratio of the zcut ¼ 0.2
distribution over the zcut ¼ 0.1 distribution for ΔRSD-D0 and
ΔRSTD-SD. These ratios are taken for both the D0-tagged data
and each MC event generator.
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is primarily determined by hard jet fragments. A similar
observation was made for inclusive jets [5].
In contrast, the ΔRSD-D0 distribution shows that D0-

tagged jets generally have high momentum asymmetry at
small ΔRaxis and often fail the grooming criteria. Because
the dead cone suppresses small-angle emissions, heavy-
flavor jets tend to have emissions at wider angles than
inclusive jets. Those jets with a hard emission at a wider
angle are more likely to survive stricter grooming, which is
observed when the soft drop and D0 axes are separated.
Comparisons to several event generators show that

models with string-based fragmentation reproduce both
ΔRSTD-D0 and the grooming effects on ΔRSD-D0 . However,
the agreement with the measured ΔRSTD-SD axis distribu-
tion worsens with stricter grooming, where only SHERPA

Lund and HERWIG perform well. Consequently, there is not
yet a clear message as to whether hadron formation entails
string breaking or cluster hadronization. Comparing heavy-
flavor jets to inclusive, gluon and light-flavor jets in
PYTHIA8 shows the impact of flavor effects on the jet axis,
and the contribution of single-track jets is clearly visualized
as a consequence of the dead-cone effect.
In future analyses, the inclusion of the Λþ

c baryon with a
measurement of the Λþ

c =D0 ratio may provide additional
insight into charm hadronization. These results in pp
collision data lay the groundwork for studies of D0-tagged
jets in Pb-Pb collisions, which may be sensitive to the
diffusion properties of the QGP and could provide pivotal
insights into charm-quark energy loss. Additionally, future
studies may elucidate the specific impact of the QGP on
heavy-flavor quark fragmentation and radiation patterns,
contributing to a deeper understanding of QCD dynamics
in dense nuclear environments.
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Grenoble, France

73Lawrence Berkeley National Laboratory, Berkeley, California, USA
74Lund University Department of Physics, Division of Particle Physics, Lund, Sweden

75Nagasaki Institute of Applied Science, Nagasaki, Japan
76Nara Women’s University (NWU), Nara, Japan

77National and Kapodistrian University of Athens, School of Science,
Department of Physics, Athens, Greece

78National Centre for Nuclear Research, Warsaw, Poland
79National Institute of Science Education and Research, Homi Bhabha National Institute, Jatni, India

80National Nuclear Research Center, Baku, Azerbaijan
81National Research and Innovation Agency - BRIN, Jakarta, Indonesia
82Niels Bohr Institute, University of Copenhagen, Copenhagen, Denmark

83Nikhef, National institute for subatomic physics, Amsterdam, Netherlands
84Nuclear Physics Group, STFC Daresbury Laboratory, Daresbury, United Kingdom

85Nuclear Physics Institute of the Czech Academy of Sciences, Husinec-Řež, Czech Republic
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