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1 Introduction

Hadronization, the process by which a colored quark or gluon becomes confined within a color-
neutral hadron, is one of the most fundamental processes in quantum chromodynamics (QCD),
yet its underlying mechanisms remain poorly understood. The nonperturbative energy
scales associated with bound-state formation and color neutralization prevent a theoretical
description based on perturbative QCD. Instead, the hadronization process is parameterized
with the use of fragmentation functions (FFs), which describe the probability density for a
particular flavor of outgoing parton to produce a specific hadron [1]. These functions are
assumed to be universal, meaning that they are independent of the collision system in which
they are measured, and since they are nonperturbative they must be constrained from fits to
data [2–8]. Measurements sensitive to FFs in a variety of collision systems and for different
hadron species are therefore necessary to improve the current understanding of hadronization.

Different types of fragmentation functions reveal varying levels of detail about the
hadronization process. Collinear FFs describe the probability for a parton to form a hadron car-
rying a fraction z of the parton’s initial momentum. Transverse-momentum-dependent (TMD)
FFs [2] additionally describe the probability for a parton to form a hadron carrying a certain
transverse momentum, expanding the one-dimensional description of hadronization to three
dimensions. In recent years, the FF formalism has been extended to jets, collimated sprays of
hadrons produced during the hadronization of a high-energy quark or gluon. Measurements
of hadrons within jets have been shown to be sensitive to the collinear and TMD FFs [9–14].
Jets are therefore powerful tools for studying hadronization, not only because they provide
additional constraints on FFs but also because they enable a way to access both the initial
and final states of the hadronization process. The jet kinematics serve as a proxy for the
initial-state parton, while the particles within the jet constitute the final-state hadrons.
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Heavy-flavor jets, which originate from the hadronization of a beauty or charm quark,
are ideal systems for studying hadronization as they provide access from an experimental
point of view to the flavor content of both the initial fragmenting parton and final-state
hadrons. Measurements of hadron production in heavy-flavor jets in proton-proton (pp)
collisions complement previous measurements of inclusive collinear heavy-flavor FFs measured
in e+e− collisions [15–21], provide additional access to TMD FFs, and allow to test the FFs’
universality. Measurements in jets of the longitudinal momentum fraction z carried by an
open heavy-flavor hadron, i.e. a bound state of at least one charm or beauty quark and one
or more lighter quarks, have been performed by the ATLAS and ALICE collaborations using
fully reconstructed B± [22], D∗± [23], D0 [24, 25], and Λ+

c [26] decays. These measurements
are sensitive to the collinear FFs. Similar measurements using partially reconstructed inclusive
heavy-flavor decays have been performed in beauty jets by the ATLAS [27] and CMS [28]
collaborations. Fewer measurements exist of the hadrons produced along with the heavy-flavor
hadron in the jet, which also originate from the fragmentation of the initial heavy quark.
These measurements, which are typically based on charged hadrons, also benefit from the
fact that they can be directly compared with previous measurements in light-parton-initiated
jets. The charged-particle multiplicity and jet shape [29], an observable that describes the
energy distribution of particles within the jet, have been compared between beauty and
inclusive jets by the CMS collaboration, with the former category found to have larger
particle multiplicities and a broader energy distribution [30]. The energy-energy correlator, a
measure of the correlation function between particles in a jet, is sensitive to the transition
between partons and hadrons and was recently studied in charm and inclusive jets by the
ALICE collaboration, with observed differences in the correlation functions attributed to
quark mass effects [31]. Measurements of charged-hadron production within heavy-flavor jets
complement measurements of the heavy-flavor hadron itself and are necessary to understand
the full picture of heavy-quark hadronization.

Fragmentation studies within heavy-flavor jets are complemented by jet substructure
measurements, which enhance understanding of the parton shower stage leading up to
hadronization. Recent measurements [32, 33] have confirmed the presence of the dead-cone
effect [34], in which quark radiation is suppressed for emission angles smaller than the quark
mass divided by its energy. Heavy-flavor quarks correspondingly have larger dead-cone
angles, which influence their radiation patterns and the distribution of hadrons produced
during their fragmentation.

In this paper, measurements of charged-hadron fragmentation distributions in beauty
and charm jets are presented. The measured observables are the longitudinal momentum
fraction z, the transverse momentum relative to the jet axis jT, and the radial position
within the jet r, defined as

z ≡ phad · pjet
|pjet|2

, (1.1)

jT ≡ |phad × pjet|
|pjet|

, (1.2)

and
r ≡

√
(ϕhad − ϕjet)2 + (ηhad − ηjet)2. (1.3)
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Here, p is the three-momentum vector, ϕ the azimuthal angle and η the pseudorapidity,
and the subscripts refer to the jet or a single hadron within the jet. Each distribution is
normalized by the total number of beauty or charm jets. These observables have previously
been measured in pp collisions for inclusive jets by the ATLAS [35, 36] collaboration and
in jets recoiling against a Z boson (“Z-tagged” jets) by the LHCb collaboration [37, 38].
The jT and similar z observables have also been studied by the ALICE collaboration using
pp and pPb collisions [39–41].

The data sample used in this measurement is the same as that used in the bb and cc cross-
section measurement [42], consisting of pp collision data collected by the LHCb experiment
during its Run 2 in 2016 at a center-of-mass energy of

√
s = 13 TeV and corresponding to an

integrated luminosity of 1.6 fb−1. The fragmentation distributions of beauty and charm quarks
are measured as a function of the jet transverse momentum, pjet

T , in the intervals 20–30 GeV/c,
30–50 GeV/c, and 50–100 GeV/c. The distributions are compared to those previously measured
by the LHCb collaboration in Z-tagged jets [37, 38]. In the forward region accessible to the
LHCb detector, the Z-tagged jets are primarily light-quark-initiated, therefore comparing the
z, jT, and r distributions in beauty, charm, and Z-tagged jet samples allows for comparison
of beauty, charm, and light-quark hadronization.

2 Detector and simulation

The LHCb detector [43, 44] is a single-arm forward spectrometer covering the pseudorapidity
range 2 < η < 5, designed for the study of particles containing b or c quarks. The detector
used to collect the data analysed in this paper includes a high-precision tracking system
consisting of a silicon-strip vertex detector surrounding the pp interaction region [45], a
large-area silicon-strip detector located upstream of a dipole magnet with a bending power
of approximately 4 T m, and three stations of silicon-strip detectors and straw drift tubes
placed downstream of the magnet [46]. The tracking system provides a measurement of the
momentum, p, of charged particles with a relative uncertainty that varies from 0.5% at low
momentum to 1.0% at 200 GeV/c [44]. The minimum distance of a track to a primary pp

collision vertex (PV), the impact parameter, is measured with a resolution of (15+29/pT)µm,
where pT is the component of the momentum transverse to the beam, in GeV/c. Different
types of charged hadrons are distinguished using information from two ring-imaging Cherenkov
detectors [47]. Photons, electrons and hadrons are identified by a calorimeter system consisting
of scintillating-pad and preshower detectors, an electromagnetic calorimeter and a hadronic
calorimeter. Muons are identified by a system composed of alternating layers of iron and
multiwire proportional chambers [48]. The online event selection is performed by a trigger [49],
which consists of a hardware stage, based on information from the calorimeter and muon
systems, followed by a software stage, which applies a full event reconstruction. Triggered
data further undergo a centralized, offline processing step [50].

The same trigger selection used in the bb and cc cross-section measurements [42] is also
applied for this analysis. At the hardware trigger stage, events are required to have a muon
with high pT or a hadron, photon or electron with high transverse energy in the calorimeters. A
global event cut is applied on the number of hits in the scintillating-pad detector. The software
trigger consists of two stages. The first stage requires a displaced secondary vertex (SV) or
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a high-pT track inconsistent with originating from the PV. The second stage requires two
jets with pjet

T > 17 GeV/c each and a SV consistent with a heavy-flavor hadron decay. More
details about the jet reconstruction and heavy-flavor tagging are provided in section 3.

Simulation is required to model the effects of the detector acceptance and the imposed
selection requirements on the jets and charged hadrons. In the simulation, pp collisions are
generated using Pythia [51] with a specific LHCb configuration [52]. Decays of unstable
particles are described by EvtGen [53], in which final-state radiation is generated using
Photos [54]. The interaction of the generated particles with the detector, and its response,
are implemented using the Geant4 toolkit [55] as described in ref. [56]. Simulated samples
of bb and cc dijets are used in this analysis to compute the efficiencies and purities required
to correct the charged-hadron and jet yields, and to construct the response matrices used
in the unfolding procedure, which corrects for bin migrations introduced by the smearing
of reconstructed observables at the detector level. Several data-driven corrections are also
applied to the simulation in order to improve its agreement with data. These corrections
are described in more detail in section 4.

3 Jet reconstruction and event selection

Charged and neutral particles are selected as inputs to the jet reconstruction by a particle-flow
algorithm [57]. The anti-kT algorithm [58] implemented in the Fastjet package [59] is used to
reconstruct jets with a radius parameter of R = 0.5. Selections are applied to remove fake jets
arising from either combinatorial background or high-energy leptons mistakenly reconstructed
as jets. The fraction of charged particles in the jet must be at least 6%, at least one particle in
the jet must have pT > 1.4 GeV/c, and no particle is allowed to carry more than 75% of pjet

T .
Jets are identified as originating from heavy-flavor quarks with the use of a dedicated flavor-

tagging algorithm. The SV-tagging algorithm, described in detail in ref. [60], reconstructs
SVs within the jet that have properties consistent with originating from the decay of a
heavy-flavor hadron. The algorithm selects tracks displaced from the PV, without requiring
that the selected tracks are in a jet. All possible two-body SVs are reconstructed using
the displaced tracks, then two-body SVs that share tracks are merged to form an n-body
SV. Selected n-body SVs must have a significant pT sum of the constituent tracks and
displacement from the PV. Additional selection criteria are applied to reject light-hadron
decays. If an n-body SV passing the selection requirements is found within the jet cone,
the jet is “SV-tagged” and is very likely to have originated from a beauty or charm quark.
The SV-tagging efficiency in Run 2 simulation is about 60% for beauty jets and 20% for
charm jets, with a misidentification rate of light jets around 1% [42]. Due to the higher
particle multiplicity in

√
s = 13 TeV pp collisions compared to

√
s = 7 and 8 TeV collisions

in Run 1, the beauty and charm jet efficiencies in 2016 data are slightly lower and the light
jet misidentification rate is slightly higher than the corresponding efficiencies measured in
Run 1 data of 65%, 25%, and 0.3%, respectively [60].

Once a jet is SV-tagged, two boosted decision tree (BDT) classifiers [61, 62], also described
in detail in ref. [60], are used to further discriminate among light, beauty, and charm jets.
The BDTs are trained on simulated beauty, charm, and light-parton jets, and take as input
variables related to the SV in the jet, some of which also depend on the jet kinematics.
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One BDT is trained to separate heavy jets from light jets, while the other one is trained
to separate beauty from charm jets (BDTb|c). Since the data sample used in this analysis
was already measured to have a negligible light dijet contribution [42], only the BDTb|c
classifier is used in this measurement.

Events passing the trigger selection already contain two reconstructed and SV-tagged jets.
Further criteria are applied offline to select jets and charged hadrons for the measurement
of the fragmentation observables. Both jets are required to originate from the same PV,
and their difference in azimuthal angle, ∆ϕ = |ϕjet 1 − ϕjet 2|, is required to be at least 1.5
radians. The jet pseudorapidity is required to satisfy 2.5 < ηjet < 4.0 to ensure that the full
jet cone lies within the fiducial acceptance of the LHCb detector. Each jet is required to
have 17 < pjet

T < 100 GeV/c. In a small fraction of events, multiple dijets pass the selection
criteria and the dijet with the highest pT is chosen.

Jets passing the kinematic selections are divided into beauty- and charm-enhanced samples
by requiring a response of the BDTb|c classifier as larger or smaller than 0.1, respectively.
The selection requirement is chosen based on previous studies [60] of the BDTb|c performance
on data, which demonstrated that beauty jets typically have high BDTb|c scores, while charm
jets are typically concentrated around zero or negative values. Only jets in the beauty- or
charm-enhanced samples are used for the measurement of the charged-hadron distributions.
If only one of the jets in a dijet passes the BDTb|c selection requirement, only that jet is
assigned to the beauty- or charm-enhanced sample. The purity of the samples is estimated
using the previously measured flavor-tagged dijet yields in this data sample from ref. [42],
corrected by the misidentification rates obtained in simulation. The resulting purities are 95%
for the beauty-enhanced sample and 70–75% for the charm-enhanced sample, depending on
the pjet

T . Charged hadrons in the jet are identified with the particle-flow algorithm [57], which
uses information from the particle identification (PID) detectors to discriminate between
leptons and charged hadrons. The selected hadrons are required to have a good track quality,
a momentum between 4 GeV/c and 1 TeV/c, pT > 250 MeV/c, and to lie within the jet cone
(∆R(track, jet) < 0.5).

4 Determination of the charged-hadron distributions

The general strategy for measuring the charged-hadron distributions is the following. The num-
ber of charged hadrons in each z, jT, and r interval is computed according to eqs. (1.1)–(1.3)
using the candidates selected as described above. The dN/dx (x = z, jT, or r) distributions
are purity corrected, then unfolded two-dimensionally in pjet

T and each fragmentation ob-
servable in order to correct for bin migrations, and finally efficiency corrected. The dN/dx
distributions are normalized by the total number of jets, Nb-jets or Nc-jets, which is deter-
mined independently using the same procedure of purity corrections, unfolding, and then
efficiency corrections as a function of the pjet

T distribution. Finally, the fully corrected dN/dx
distributions are normalized by the fully corrected Nb-jets or Nc-jets.

Simulation is used to determine the purity and efficiency corrections, and the response
matrices used in the unfolding procedure. Several data-driven corrections are applied to
correct for known discrepancies between data and simulation. Weights are applied per-jet
to correct the trigger and jet SV-tagging efficiencies in simulation, and per-event to correct
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the global-event-cut efficiency [42, 60]. A second set of corrections is applied to correct
the energy and momentum resolution of jets in simulation. Jet energy scale (JES) and jet
energy resolution (JER) corrections are measured from Z+jet events in data and simulation,
where the Z boson provides a good approximation of pjet

T when produced approximately
back-to-back with the jet [63]. The JES and JER corrections are applied to the reconstructed
jets in simulation to improve the description of the detector response to jets.

The jet purity correction accounts for reconstructed dijets in simulation that are matched
to generator-level dijets not passing the kinematic selections discussed in section 3. The
purity correction for the normalization factor is computed as a function of pjet

T . The correction
is largest at low pjet

T , around 15%, where the reconstructed jets are more likely to be matched
to generator-level jets below the pjet

T requirement, and subsequently decreases to less than
5% in the highest pjet

T interval. The purity correction for the charged-hadron distributions is
computed two-dimensionally as a function of pjet

T and each fragmentation observable, and
consists of two components. The jet purity is determined as the fraction of reconstructed
charged hadrons in selected reconstructed dijets that are also matched to generator-level
dijets passing the kinematic selections. The correction is independent of z, jT, and r, with its
size being consistent with that observed in the purity correction for the normalization factor.
A separate purity correction is applied to the charged hadrons to account for extra hadrons
included in the jet at the reconstructed level that are not present in the generator-level
jet, and for charged leptons misidentified as charged hadrons in the reconstruction. The
charged-hadron purity correction is largest at low z and at large r, where low-energy particles
not correlated to the hard fragmentation are expected to be located. The purity is largely
independent of pjet

T when computed as a function of jT and r, while some pjet
T dependence

is observed when the correction is computed as a function of z. The minimum momentum
requirement on the charged hadrons results in higher pT jets probing lower z values, and
the lowest z values have the largest purity corrections.

The jet efficiency correction includes the jet reconstruction, the SV-tagging, the BDTb|c
selection requirement used to define the b- and c-enhanced samples, and the trigger efficiency.
The efficiency correction for the normalization factor is determined as a function of pjet

T , and
the efficiency correction for the charged-hadron distributions is computed two-dimensionally
as a function of pjet

T and each fragmentation observable. The jet reconstruction efficiency
increases from around 70% in the lowest pjet

T interval to over 90% in the highest interval,
with similar performance for both beauty and charm jets. The SV-tagging efficiency is lower,
as both jets in the dijet are required to be SV-tagged, and reaches up to 40% for beauty
jets, while it is around 3% for charm jets. The efficiency for beauty jets to pass the BDTb|c
selection requirement is larger than 85% in all pjet

T intervals, while for charm jets it varies
between 70 and 80%. The jet trigger efficiency includes the selection requirements in both
the hardware and the first stage of the software trigger, as the jet reconstruction and flavor
tagging (SV-tagging and BDTb|c) requirements imposed in the second stage are already
accounted for in the previous efficiencies. It is around 60% for both beauty and charm jets.
When computed as a function of z, jT, and r, the jet reconstruction and trigger efficiencies
are generally uniform, while the jet SV-tagging and BDTb|c efficiencies show a small but
non-negligible dependence on the fragmentation observables. This arises from the fact that
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the SV-tagging algorithm and the BDTb|c use some information about tracks within the jet,
which can slightly bias the charged-hadron distributions. A systematic uncertainty is assigned
to cover the size of the observed bias, as discussed in more detail in section 5.

A separate efficiency correction is applied to the charged hadrons to account for the
efficiency of their track reconstruction within the jet radius and their identification. For
each charged hadron in a generator-level dijet that is matched to a reconstructed dijet, the
efficiencies are determined as the product of the probability that the generator-level charged
hadron is reconstructed as a track, that the track is reconstructed within the reconstructed
jet, and that the track is identified as a charged hadron. The track reconstruction efficiency is
around 80%, consistent with the values previously measured in ref. [38]. The efficiency varies
slightly depending on the z, jT, and r interval and the pjet

T interval, as higher-pT jets can
have significantly larger multiplicities than lower-pT jets for the same jet radius. The second
correction accounts for the efficiency that a reconstructed track is actually selected by the
anti-kT algorithm as belonging to the reconstructed jet. It varies depending on the specific z,
jT, and r interval, and is larger than 80% in the majority of intervals. The charged-hadron
PID efficiency is generally larger than 98%.

Response matrices for the iterative Bayesian unfolding procedure [64] are also constructed
using simulation. For the unfolding of Njets, a response matrix composed of the true
and reconstructed pjet

T value is determined using the generator-level simulation and the
purity-corrected reconstructed simulation. For the unfolding of the dN/dx distributions, two-
dimensional response matrices are constructed as a function of pjet

T and each fragmentation
observable. Convergence is obtained after two unfolding iterations. Some intervals at
the edges of the z and jT distributions display large deviations from the generator-level
distributions after the two unfolding iterations, and are dropped from the final measurement.
Only jets with pjet

T > 20 GeV/c are reported in the final measurement, as jets with 17 <

pjet
T < 20 GeV/c are only used to improve the characterization of bin migrations at low pjet

T
in the unfolding procedure.

The measurement procedure is verified with a closure test of the entire analysis chain
using independent simulation samples generated with different LHCb magnet polarities.
The charged-hadron distributions after passing the entire analysis chain, including purity
correction, unfolding, efficiency correction, and normalization, are found to recover the
distributions in the generator-level simulation within a few percent, excluding edge intervals.
The residual nonclosure is assigned as a systematic uncertainty.

5 Systematic uncertainties

Systematic uncertainties are considered for the jet and charged-hadron selection, determination
of the purity corrections, response matrices, and efficiency corrections, bias induced by the jet
SV-tagging algorithm on the charged-hadron distributions, unfolding procedure and analysis
chain, and the difference in the detector response between data and simulation. Possible
variations of the distributions due to imperfect knowledge of the b- and c-hadron branching
fractions in simulation were not studied as a source of systematic uncertainty. The total
systematic uncertainty is obtained as the sum in quadrature of the individual components.
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Beauty jets Charm jets
Source z (%) jT (%) r (%) z (%) jT (%) r (%)
Jet identification 0–13 0–6 0–3 0–8 0–6 0–5
Track purity 2–7 1–7 2–4 1–10 1–10 3–7
Track-in-jet reconstruction efficiency 4–8 4–5 4–42 4–10 4–6 4–54
Particle misidentification 1–3 1–2 0–2 0–2 0–2 0–1
JES 0–20 1–10 1–3 0–19 0–13 0–8
JER 0–16 0–6 0–4 0–10 0–10 0–9
SV+BDTb|c tag bias 1–30 1–15 1–12 1–38 1–21 1–20
Unfolding 0–17 0–19 0–10 0–7 0–23 0–10
Nonclosure 0–25 0–20 0–7 0–14 0–14 0–5
Total (excl. 2% sys. on normalization) 6–42 6–40 6–43 6–39 7–34 7–57

Table 1. Summary of relative systematic uncertainties on the beauty- and charm-jet charged-hadron
distributions. The given ranges include variations over pjet

T . The additional 2% uncertainty due to the
description of the jet identification in simulation, which only affects the normalization factor, is not
included in the ranges.

Table 1 summarizes the systematic uncertainties for the z, jT, and r distributions in beauty
and charm jets.

The choice of selection requirements used to reject fake jets, discussed in section 3, can
affect the total number of selected jets, and could also bias the charged-hadron distributions
as they use some information about the particles within the jet. A systematic uncertainty is
assigned by tightening the selection requirements applied to the data, repeating the entire
analysis, and taking the ratio of the charged-hadron distributions with the tightened jet
selection cuts to the baseline ones. The difference from unity is assigned as a systematic
uncertainty in each interval, and is less than 5% in most intervals and slightly larger at the
extremes of the z and jT distributions. A second source of systematic uncertainty accounts for
the imperfect modeling of the jet selection efficiency in simulation. The tightened jet selection
requirements are also applied to the simulation, and the resulting difference in efficiency with
respect to the baseline requirements is computed. The same efficiency is computed with data,
and the double ratio of the jet selection efficiency in data and simulation is obtained. The
difference from unity reaches a maximum of around 2% in the highest pjet

T interval, and is
taken as a systematic uncertainty on the normalization factors Nb-jets and Nc-jets.

Sources of systematic uncertainty for charged-hadron selection include the track purity,
the track reconstruction within the jet cone, and the description of the charged-hadron
PID in the simulation. The purity of the charged-hadron selection is studied by applying
a tighter selection requirement to remove fake tracks,1 repeating the entire analysis, and
computing the ratio with respect to the baseline distributions. The deviation from unity is
assigned as a systematic uncertainty, and is within 5% for most intervals and slightly larger
at the extremes of the z and jT distributions and in the highest pjet

T interval. A systematic

1Tracks that do not correspond to a charged particle trajectory, but are instead reconstructed from
combinations of uncorrelated hits in the tracking detectors.
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uncertainty is applied to the track-reconstruction efficiency in simulation to account for the
uncertainty on the material budget of the LHCb detector [65]. In the previous measurement
of identified charged-hadron distributions in Z-tagged jets, this uncertainty was found to
be 1.5% for pions, 1.3% for kaons, and 3.3% for protons [38]. Since the current analysis
measures unidentified charged-hadron distributions, which are expected to be dominated
by pions and kaons, a conservative uncertainty of 2% is assigned. The angular resolution
of the jet cone is also considered as a source of systematic uncertainty, as it can determine
whether or not tracks are included within the jet. The jet angular resolution is studied by
looking at the ∆R distribution between matched generator-level and reconstructed jets in
simulation, which peaks at around 0.01–0.02 depending on the pjet

T interval. The charged-
hadron efficiencies and purities are recomputed after shifting the jet radius requirement within
the observed resolution, and the resulting efficiency difference is added in quadrature with
the track-reconstruction uncertainty to obtain a total uncertainty on the charged-hadron
efficiency and purity. The entire analysis is repeated with the charged-hadron efficiency
shifted within its uncertainty, and the envelope of the resulting charged-hadron distributions
is taken as a systematic uncertainty in each interval. The uncertainty is a few percent in
most intervals, but is larger in the r interval closest to the edge of the jet, which is expected
as this is where it is most difficult to determine if a charged hadron is correlated with the
jet fragmentation. A systematic uncertainty for the charged-hadron PID is studied by using
calibration samples from data to estimate the misidentification probabilities for leptons to be
mistakenly identified as charged hadrons and vice versa [66]. The efficiencies and purities
are recomputed taking into account the misidentification rates measured in data, and the
ratio to the baseline distributions is computed. The difference from unity is assigned as a
systematic uncertainty, and is less than 3% in all intervals.

The JES and JER corrections are also considered as a source of systematic uncertainty, as
they modify the reconstructed jet energy and momentum in simulation which in turn influence
the z, jT, and r distributions used to construct the purities, efficiencies, and response matrices.
Each correction is shifted within its uncertainty, and the purities, efficiencies, and response
matrices are computed for each shift and used to correct and unfold the data. An envelope of
the charged-hadron distributions obtained with the variations is computed. The larger value
between the size of the envelope and the maximum deviation from the baseline distribution is
assigned as a systematic uncertainty. For most intervals, the resulting systematic uncertainty
is a few percent; however, at the extremes of the z distribution, at large jT and in the highest
pjet

T interval, the uncertainty approaches the 10–20% level.

As previously mentioned in section 4, a systematic uncertainty is included to account for
the bias induced by the SV-tagging and BDTb|c algorithms on the z, jT, and r distributions.
The bias is studied in simulation for beauty and charm jets separately. Reconstructed dijets
in simulation are selected with the same requirements as data, with the exception of the
SV-tag and BDTb|c requirements, and matched to generator-level dijets. The z, jT, and
r distributions are computed in three samples of jets: all selected jets, those passing the
SV-tagging requirement, and those satisfying the BDTb|c requirement. The generator-level
information is used to compute the distributions in order to avoid including bin migration
effects, which are corrected separately with the unfolding procedure. Ratios of the SV-tagged
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and BDTb|c-tagged jets to the total sample are made to identify where the SV-tagging and
BDTb|c biases affect the distributions. Since the BDTb|c selection is only applied once a jet has
been SV-tagged, the ratio of the BDTb|c- to the SV-tagged jets is also studied to isolate the
effect of the BDTb|c classifier. Most of the observed bias is due to the SV-tagging algorithm,
and is typically larger for charm than for beauty jets. In the beauty-jet z distributions,
the SV-tagging and BDTb|c requirements preferentially select charged hadrons located at
intermediate z, approximately between 0.04 and 0.3. For most of the intervals, the bias is
within 10%, except at very low z where the bias reaches 30% in the highest pjet

T interval. For
charm jets, the low-z behavior is similar to that in beauty jets, but at high z the bias is
localized towards z values between 0.1 and 0.5, where it can be as large as 38%, depending
on the pjet

T . Beauty hadrons tend to have larger decay multiplicities than charm hadrons,
which could explain why the bias in the beauty z distribution is shifted to lower z values,
and the bias in the charm distributions is more localized and shifted to higher z values.
For the jT distributions, the bias is generally less than 10%. It is slightly higher in some
intervals in the lowest pjet

T interval, and in the highest jT interval for charm jets it is of
the order of 20% in some pjet

T intervals. The beauty r distribution bias is less than 10% in
most of the intervals, with the peak of the bias located between 0.05 and 0.25 depending
on the pjet

T interval. For charm jets the bias is larger, with the largest deviation of up to
20% at low r and around 10% in the large-r intervals. The behavior of the bias in the r
distributions is qualitatively consistent with the dead-cone effect. The beauty hadrons are
located at larger r compared to charm hadrons because of the larger beauty dead-cone, and
the charged-hadron decay products are therefore also close to the position of the beauty
hadron. The charm dead-cone is smaller, therefore the bias is concentrated in the small-r
intervals. For all distributions, either the size of the bias or the size of the error on the bias,
whichever is larger, is taken as a systematic uncertainty.

A systematic uncertainty on the unfolding is determined by swapping the beauty and
charm response matrices and unfolding the b-enhanced data sample with the charm response
matrix and vice versa. This allows the use of a different but still physically motivated prior
for the response matrix, to determine how much the charged-hadron distributions depend on
the choice of prior. The ratio of the distributions unfolded with the opposite-flavor response
matrices to the baseline distributions is computed, and the deviation from unity is assigned
as a systematic uncertainty. The uncertainties are generally of a few percent, but are larger at
the extremes of the z and jT distributions. A final systematic uncertainty is assigned for the
closure of the full analysis chain, as previously discussed in section 4. This uncertainty is less
than 5% for most intervals, and is larger in some edge intervals of the z and jT distributions
that also have large statistical uncertainties.
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Figure 1. Charged-hadron distributions measured as a function of the longitudinal momentum
fraction z carried by the charged hadron within the jet for (left) beauty and (right) charm jets.
Statistical uncertainties are drawn with error bars but are often too small to be observed, and
systematic uncertainties are drawn with shaded boxes. The lower panels show the ratio of the
distributions in data to predictions from the Pythia model.

6 Results

The charged-hadron distributions measured as a function of the longitudinal momentum
fraction z carried by a charged hadron within the jet are shown in figure 1. The distributions
in heavy-flavor jets display features qualitatively similar to those measured in light-parton-
initiated jets [37, 38]. At high z, the distributions are independent of pjet

T . At low z, higher-pT
jets probe lower z values due to the minimum track-momentum requirement being the same
for all pjet

T intervals. Higher-pT jets also have larger particle multiplicities, as shown by the
pjet

T -ordering of the distributions. The panels below the distributions show the ratio of the
data to the distributions from the Pythia generator [51] for each pjet

T interval. The Pythia
package uses a string-fragmentation model to simulate hadronization and describes the data
well within the uncertainties. The ratios of the charm distributions in data and simulation
show a hint of fewer charged hadrons at high z in data than in the simulation, as the central
values are consistently lower than unity. However, when interpreting the charm ratio between
data and simulation, it is important to consider that the charm-enhanced sample purity is
70–75%, therefore some discrepancies may be attributed to beauty-jet contamination.

The charged-hadron distributions as a function of jT are shown in figure 2. A similar
pjet

T -ordering is observed, with higher-pT jets containing more charged hadrons overall, and in
particular more charged hadrons with large jT values. Pythia generally describes the data
well across most of the jT range, but appears to predict fewer charged hadrons at large jT.
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Figure 2. Charged-hadron distributions measured as a function of the transverse momentum of
the charged hadron relative to the jet axis, jT, for (left) beauty and (right) charm jets. Statistical
uncertainties are drawn with error bars but are often too small to be observed, and systematic
uncertainties are drawn with shaded boxes. The lower panels show the ratio of the distributions in
data to predictions from the Pythia model.

The charged-hadron distributions as a function of r are shown in figure 3. The difference
between the number of charged hadrons in the lowest r interval (0.00–0.05) and the next-
to-lowest r interval (0.05–0.10) decreases with increasing pjet

T for both beauty and charm
jets. This is qualitatively consistent with the dynamics expected to arise from the heavy-
flavor dead-cone effect, which is larger for beauty than for charm quarks. The resulting r

distributions demonstrate that mass-dependent effects in the parton shower impact the hadron
distributions within the jets. Pythia nearly perfectly models the beauty-jet r distributions,
while it seems to predict more charged hadrons in charm jets at low r and fewer charged
hadrons at intermediate r. The slight discrepancy between data and simulation at low r for
charm jets could be due to the beauty contamination in the charm-enhanced sample.

The charged-hadron distributions measured in beauty and charm jets are compared to
previous LHCb measurements in Z-tagged jets [37, 38], which primarily probe light-quark-
initiated jets, to study differences between light- and heavy-quark hadronization. In the
forward acceptance of the LHCb detector, the dominant process to produce a Z boson
and a jet is quark-gluon scattering between a high-momentum quark and a low-momentum
gluon, which results in an enhanced fraction of jets initiated by light quarks. Figure 4 shows
the measured z and jT distributions in the lowest pjet

T interval in beauty and charm jets
from the present analysis, along with the distributions measured in the same pjet

T interval
in Z-tagged jets in pp collisions at center-of-mass energies of 8 and 13 TeV. The Z-tagged
jet distributions at

√
s = 13 TeV used a slightly different binning for z and jT, motivated by
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Figure 3. Charged-hadron distributions measured as a function of the radial position of the charged
hadron within the jet cone, r, for (left) beauty and (right) charm jets. Statistical uncertainties are
drawn with error bars but are often too small to be observed, and systematic uncertainties are drawn
with shaded boxes. The lower panels show the ratio of the distributions in data to predictions from
the Pythia model.

additional measurements of identified charged-hadron distributions. When accounting for the
different binning, the dependence of the distributions on the center-of-mass energy is a small
effect. Therefore, to obtain general observations about the differences between light- and
heavy-quark hadronization, the ratios of the beauty and charm distributions at

√
s = 13 TeV

to the Z-tagged jet distributions at
√
s = 8 TeV, which used the same binning, are computed

and shown in the panels below the distributions. The z ratios indicate that beauty and charm
jets tend to have fewer charged hadrons at high z compared to light-parton-initiated jets.
Previous measurements of single heavy-flavor hadron fragmentation functions, in jets and in
other collision systems, have shown that the heavy-flavor hadron has a large z, i.e. it carries
a large fraction of the initial momentum of the heavy quark [15–26]. In this measurement,
although the heavy-flavor hadron is not reconstructed, its decay products are still present in
the jet and would also be expected to be located at high z values. Since the heavy-flavor
hadron carries most of the momentum of the heavy-flavor quark, there is less momentum
available for other hadrons within the jet and these are therefore expected to be located at
lower z. Light-parton-initiated jets do not have the same limitations, and the initial quark
momentum can therefore be distributed differently among charged hadrons in the jets. The
jT ratios indicate that heavy-flavor jets also tend to have fewer charged hadrons at large
jT than light-parton-initiated jets, with the effect seeming to be slightly more pronounced
for charm jets than for beauty jets.
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Figure 4. Charged-hadron distributions measured as a function of (left) z and (right) jT in beauty
and charm jets, compared to the distributions measured in Z-tagged jets (denoted as “Light” in the
figure) at

√
s = 8 TeV [37] and

√
s = 13 TeV [38], in the lowest pjet

T interval. The lower panels show the
ratios of the distributions in heavy-flavor to light-parton-initiated jets, using the

√
s = 8 TeV Z-tagged

jet distributions as they used the same binning as the present measurement.
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Figure 5. Ratio of the charged-hadron distributions as a function of r in beauty jets at
√
s = 13 TeV

to Z-tagged jets at
√
s = 8 TeV [37], in the lowest pjet

T interval.

Figure 5 shows the ratio of the charged-hadron distributions in beauty and Z-tagged jets
as a function of the radial position r. A depletion of charged hadrons is observed at small r
in beauty jets compared to light-parton-initiated jets, which is qualitatively consistent with
an indirect observation of the dead-cone effect [67].

Additional comparisons between beauty and charm jets as well as between heavy-flavor
and light-quark-initiated jets can be found in appendices A and B, respectively. Tables of
jT and r distributions measured with z > 0.01 are provided in appendix C.
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7 Summary

Charged-hadron distributions are measured in samples of beauty and charm jets using
pp collision data collected by the LHCb experiment in 2016. The measured observables,
comprising the longitudinal momentum fraction z carried by charged hadrons in the jets,
the transverse momentum jT of the charged hadrons relative to the jet axis, and the radial
position r of the charged hadrons in the jets, together provide an image of heavy-quark
hadronization in momentum and position space. The distributions quantify the fragmentation
of a single beauty or charm quark into multiple charged hadrons, complementary to similar
measurements probing the fragmentation of a heavy quark into a single heavy-flavor hadron.
The measurements also provide an additional constraint for the extraction of collinear and
transverse-momentum-dependent heavy-flavor fragmentation functions. Comparisons are
made to generator-level Pythia distributions, and Pythia is found to generally describe
the beauty and charm data well within experimental uncertainties. The distributions are
also compared to those previously measured in Z-tagged jets at LHCb, allowing for a direct
comparison between beauty, charm, and light-quark hadronization. Differences between heavy-
and light-quark hadronization are observed and are consistent with interpretations based
on previous measurements of single-hadron fragmentation functions and the heavy-flavor
dead-cone effect.
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A Ratios of distributions in beauty and charm jets

This section contains ratios of the charged-hadron distributions measured in beauty jets with
respect to charm jets. Figure 6 shows the ratio as a function of z, figure 7 as a function
of jT and figure 8 as a function of r.
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Figure 6. Ratio of the measured b- to c-jet z distributions. Statistical uncertainties are indicated
with bars and systematic uncertainties with shaded boxes.
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Figure 7. Ratio of the measured b- to c-jet jT distributions. Statistical uncertainties are indicated
with bars and systematic uncertainties with shaded boxes.
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Figure 8. Ratio of the measured b- to c-jet r distributions. Statistical uncertainties are indicated
with bars and systematic uncertainties with shaded boxes.
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B Additional comparisons to Z-tagged jets

This section contains additional comparisons between the charged-hadron distributions
measured in beauty and charm jets and those previously measured in Z-tagged jets. Figures 9
and 10 show the z and jT distributions in the 30–50 GeV/c and 50–100 GeV/c pjet

T intervals,
respectively. Figures 11 and 12 show the ratios between the r distributions measured in beauty
and charm jets, respectively, to those previously measured in Z-tagged jets at

√
s = 8 TeV.
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Figure 9. Charged-hadron distributions measured as a function of (left) z and (right) jT in beauty and
charm jets, compared to those from Z-tagged jets (denoted as “Light” in the figure) at

√
s = 8 TeV [37]

and
√
s = 13 TeV [38], for 30 < pjet

T < 50 GeV/c. The lower panels show the ratios of the distributions
in heavy-flavor to light-parton-initiated jets, using the

√
s = 8 TeV measurement that shares the same

binning as this analysis. Statistical uncertainties are indicated with bars and systematic uncertainties
with shaded boxes.
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Figure 10. Charged-hadron distributions measured as a function of (left) z and (right) jT in
beauty and charm jets, compared to those from Z-tagged jets (denoted as “Light” in the figure) at√
s = 8 TeV [37] and

√
s = 13 TeV [38], for 50 < pjet

T < 100 GeV/c. The lower panels show the ratios
of the distributions in heavy-flavor to light-parton-initiated jets, using the

√
s = 8 TeV measurement

that shares the same binning as this analysis. Statistical uncertainties are indicated with bars and
systematic uncertainties with shaded boxes.

– 19 –



J
H
E
P
0
4
(
2
0
2
6
)
0
2
9

0 0.2 0.4

r

0

0.5

1

1.5

2

2.5

3

B
ea

u
ty

/L
ig

h
t

c < 30 GeV/
jet

T
p20 < 

ppLHCb 

0 0.2 0.4

r

0

0.5

1

1.5

2

2.5

3

B
ea

u
ty

/L
ig

h
t

c < 50 GeV/
jet

T
p30 < 

ppLHCb 

0 0.2 0.4

r

0

0.5

1

1.5

2

2.5

3

B
ea

u
ty

/L
ig

h
t

c < 100 GeV/
jet

T
p50 < 

ppLHCb 

Figure 11. Ratio of the measured b-jet r distributions at
√
s = 13 TeV to the measured r distributions

in Z-tagged jets at
√
s = 8 TeV [37]. Statistical uncertainties are indicated with bars and systematic

uncertainties with shaded boxes.
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Figure 12. Ratio of the measured c-jet r distributions at
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s = 13 TeV to the measured r distributions

in Z-tagged jets at
√
s = 8 TeV [37]. Statistical uncertainties are indicated with bars and systematic

uncertainties with shaded boxes.
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C Distributions with a minimum z requirement

The very soft contribution at z ≲ 0.01 is difficult to address in theoretical calculations of
the jT and r distributions. In this section, the z, jT and r distributions computed with
z > 0.01 are presented. A z > 0.01 selection is applied on the generator-level simulation
when computing the purities, efficiencies and response matrices. No z requirement is applied
to the reconstructed simulation or data, in order to allow the true z > 0.01 entries to be
misreconstructed in nearby z intervals, which is corrected for in the unfolding procedure.
The data are then corrected with the set of purities, efficiencies and response matrices with
the truth-level z > 0.01 requirement implemented. It has been verified that this procedure
recovers exactly the baseline z distributions for z > 0.01, which indicates that it successfully
reproduces the baseline measurement while simply excluding data points below z = 0.01.
However, it must be stated that since this method relies on applying the z requirement to the
simulation, it inherently includes some model dependence as the relation between z and jT
or z and r could vary depending on the choice of the used generator. Future two-dimensional
measurements of the charged-hadron distributions in z and jT and in z and r would allow
to remove intervals with z < 0.01 without introducing a model dependence.

z 1
Njets

dN
dz in beauty jets

20 < pjet
T < 30 GeV/c 30 < pjet

T < 50 GeV/c 50 < pjet
T < 100 GeV/c

0.010–0.015 20.7 ± 0.3 ± 2.8 67.5 ± 0.7 ± 9.0 151 ± 2 ± 16
0.015–0.020 46.0 ± 0.4 ± 5.4 97.0 ± 0.8 ± 9.3 142 ± 2 ± 11
0.020–0.030 65.9 ± 0.4 ± 5.3 95.7 ± 0.7 ± 6.3 115 ± 1 ± 7
0.030–0.040 64.5 ± 0.4 ± 4.7 77.4 ± 0.6 ± 6.0 85.8 ± 1.0 ± 6.9
0.040–0.050 55.3 ± 0.4 ± 4.8 62.6 ± 0.5 ± 4.9 66.5 ± 0.8 ± 5.0
0.050–0.060 47.3 ± 0.3 ± 4.6 51.4 ± 0.4 ± 5.1 53.1 ± 0.7 ± 6.2
0.060–0.080 37.5 ± 0.2 ± 4.7 39.5 ± 0.3 ± 4.7 40.5 ± 0.5 ± 4.8
0.080–0.100 28.0 ± 0.2 ± 3.7 28.5 ± 0.2 ± 3.9 28.1 ± 0.3 ± 3.8
0.100–0.125 20.3 ± 0.1 ± 2.9 19.8 ± 0.2 ± 2.7 19.1 ± 0.2 ± 3.1
0.125–0.150 14.1 ± 0.1 ± 2.1 13.5 ± 0.1 ± 2.1 12.8 ± 0.2 ± 1.8
0.150–0.200 8.38 ± 0.05 ± 1.29 8.10 ± 0.07 ± 1.07 7.58 ± 0.10 ± 1.22
0.200–0.300 3.30 ± 0.02 ± 0.48 3.21 ± 0.03 ± 0.46 2.97 ± 0.04 ± 0.45
0.300–0.400 0.988 ± 0.009 ± 0.121 0.992 ± 0.014 ± 0.107 0.921 ± 0.020 ± 0.145
0.400–0.500 0.326 ± 0.005 ± 0.039 0.346 ± 0.008 ± 0.053 0.334 ± 0.013 ± 0.062
0.500–0.750 0.0679 ± 0.0015 ± 0.0156 0.0660 ± 0.0024 ± 0.0173 0.0723 ± 0.0045 ± 0.0301

Table 2. Charged-hadron z distribution in beauty jets, computed for z > 0.01. The quoted
uncertainties are statistical and systematic.
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z 1
Njets

dN
dz in charm jets

20 < pjet
T < 30 GeV/c 30 < pjet

T < 50 GeV/c 50 < pjet
T < 100 GeV/c

0.010–0.015 18.9 ± 0.3 ± 3.5 65.4 ± 1.1 ± 11.3 167 ± 4 ± 31
0.015–0.020 38.6 ± 0.5 ± 6.4 87.9 ± 1.3 ± 14.0 149 ± 4 ± 26
0.020–0.030 54.4 ± 0.5 ± 7.2 83.9 ± 1.0 ± 10.5 115 ± 3 ± 15
0.030–0.040 54.7 ± 0.5 ± 4.9 68.9 ± 0.9 ± 6.9 88.2 ± 2.1 ± 12.2
0.040–0.050 47.2 ± 0.5 ± 3.5 55.6 ± 0.7 ± 4.2 69.9 ± 1.7 ± 9.8
0.050–0.060 39.9 ± 0.4 ± 2.6 45.0 ± 0.6 ± 3.0 54.3 ± 1.4 ± 7.2
0.060–0.080 30.7 ± 0.3 ± 2.0 33.1 ± 0.4 ± 2.1 36.9 ± 0.9 ± 4.5
0.080–0.100 22.5 ± 0.2 ± 1.7 23.3 ± 0.3 ± 1.7 24.7 ± 0.6 ± 3.6
0.100–0.125 16.4 ± 0.2 ± 1.6 16.7 ± 0.2 ± 1.7 17.0 ± 0.4 ± 3.7
0.125–0.150 11.8 ± 0.1 ± 1.8 11.4 ± 0.2 ± 1.7 11.2 ± 0.3 ± 2.6
0.150–0.200 7.40 ± 0.07 ± 1.70 7.16 ± 0.09 ± 1.67 6.82 ± 0.17 ± 2.01
0.200–0.300 3.34 ± 0.03 ± 1.12 3.18 ± 0.04 ± 1.17 3.00 ± 0.07 ± 1.07
0.300–0.400 1.23 ± 0.01 ± 0.47 1.19 ± 0.02 ± 0.47 1.09 ± 0.03 ± 0.38
0.400–0.500 0.477 ± 0.007 ± 0.168 0.485 ± 0.011 ± 0.190 0.479 ± 0.022 ± 0.150
0.500–0.750 0.0998 ± 0.0019 ± 0.0256 0.107 ± 0.003 ± 0.026

Table 3. Charged-hadron z distribution in charm jets, computed for z > 0.01. The quoted
uncertainties are statistical and systematic.

jT [ GeV/c ] 1
Njets

dN
djT

in beauty jets
20 < pjet

T < 30 GeV/c 30 < pjet
T < 50 GeV/c 50 < pjet

T < 100 GeV/c
0.005–0.050 3.33 ± 0.03 ± 0.27 3.47 ± 0.05 ± 0.45 3.23 ± 0.08 ± 0.42
0.050–0.100 7.48 ± 0.05 ± 0.54 7.87 ± 0.07 ± 0.70 7.45 ± 0.12 ± 0.58
0.100–0.150 10.4 ± 0.1 ± 0.7 11.0 ± 0.1 ± 0.7 10.4 ± 0.1 ± 0.9
0.150–0.200 11.8 ± 0.1 ± 0.9 13.0 ± 0.1 ± 0.9 12.3 ± 0.2 ± 1.0
0.200–0.250 11.6 ± 0.1 ± 0.9 13.3 ± 0.1 ± 0.9 13.5 ± 0.2 ± 1.1
0.250–0.300 10.8 ± 0.1 ± 1.0 12.5 ± 0.1 ± 1.0 13.3 ± 0.2 ± 1.0
0.300–0.400 8.87 ± 0.05 ± 0.98 10.4 ± 0.1 ± 1.0 11.7 ± 0.1 ± 1.0
0.400–0.500 6.34 ± 0.04 ± 0.74 7.55 ± 0.06 ± 0.75 8.80 ± 0.10 ± 0.83
0.500–0.625 4.21 ± 0.03 ± 0.55 5.10 ± 0.04 ± 0.55 6.14 ± 0.07 ± 0.60
0.625–0.750 2.66 ± 0.02 ± 0.36 3.35 ± 0.03 ± 0.41 4.15 ± 0.05 ± 0.33
0.75–1.00 1.37 ± 0.01 ± 0.19 1.80 ± 0.01 ± 0.20 2.39 ± 0.03 ± 0.26
1.00–1.25 0.568 ± 0.005 ± 0.080 0.821 ± 0.008 ± 0.094 1.15 ± 0.02 ± 0.16
1.25–1.50 0.241 ± 0.003 ± 0.044 0.387 ± 0.005 ± 0.068 0.634 ± 0.011 ± 0.059
1.50–2.00 0.0755 ± 0.0011 ± 0.0130 0.150 ± 0.002 ± 0.034 0.295 ± 0.006 ± 0.050
2.00–3.00 0.00825 ± 0.00025 ± 0.00153 0.0260 ± 0.0007 ± 0.0103 0.0769 ± 0.0024 ± 0.0188

Table 4. Charged-hadron jT distribution in beauty jets, computed for z > 0.01. The quoted
uncertainties are statistical and systematic.
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jT [ GeV/c ] 1
Njets

dN
djT

in charm jets
20 < pjet

T < 30 GeV/c 30 < pjet
T < 50 GeV/c 50 < pjet

T < 100 GeV/c
0.005–0.050 3.39 ± 0.04 ± 0.29 3.26 ± 0.06 ± 0.49 3.29 ± 0.14 ± 0.62
0.050–0.100 6.97 ± 0.07 ± 0.56 7.18 ± 0.10 ± 0.76 7.26 ± 0.22 ± 1.05
0.100–0.150 9.38 ± 0.09 ± 0.71 10.1 ± 0.1 ± 0.8 10.6 ± 0.3 ± 1.7
0.150–0.200 10.4 ± 0.1 ± 0.8 11.9 ± 0.1 ± 0.9 12.4 ± 0.3 ± 1.8
0.200–0.250 10.1 ± 0.1 ± 0.9 11.9 ± 0.1 ± 0.9 13.3 ± 0.3 ± 1.6
0.250–0.300 9.25 ± 0.08 ± 0.91 11.0 ± 0.1 ± 0.9 12.9 ± 0.3 ± 1.5
0.300–0.400 7.45 ± 0.06 ± 0.93 8.92 ± 0.10 ± 0.77 11.1 ± 0.2 ± 1.5
0.400–0.500 5.19 ± 0.04 ± 0.70 6.41 ± 0.08 ± 0.72 8.35 ± 0.19 ± 1.11
0.500–0.625 3.41 ± 0.03 ± 0.47 4.33 ± 0.05 ± 0.45 6.02 ± 0.14 ± 0.86
0.625–0.750 2.09 ± 0.02 ± 0.26 2.79 ± 0.04 ± 0.25 3.99 ± 0.10 ± 0.54
0.75–1.00 1.02 ± 0.01 ± 0.13 1.53 ± 0.02 ± 0.14 2.41 ± 0.06 ± 0.32
1.00–1.25 0.385 ± 0.006 ± 0.032 0.709 ± 0.012 ± 0.066 1.25 ± 0.04 ± 0.17
1.25–1.50 0.152 ± 0.004 ± 0.025 0.363 ± 0.009 ± 0.069 0.709 ± 0.028 ± 0.116
1.50–2.00 0.0471 ± 0.0019 ± 0.0118 0.154 ± 0.005 ± 0.036 0.368 ± 0.016 ± 0.081
2.00–3.00 0.0308 ± 0.0020 ± 0.0106 0.113 ± 0.008 ± 0.025

Table 5. Charged-hadron jT distribution in charm jets, computed for z > 0.01. The quoted
uncertainties are statistical and systematic.

r 1
Njets

dN
dr in beauty jets

20 < pjet
T < 30 GeV/c 30 < pjet

T < 50 GeV/c 50 < pjet
T < 100 GeV/c

0.00–0.05 6.07 ± 0.04 ± 0.57 11.4 ± 0.1 ± 1.3 22.8 ± 0.2 ± 2.6
0.05–0.10 14.4 ± 0.1 ± 1.4 23.6 ± 0.2 ± 2.6 34.6 ± 0.3 ± 4.2
0.10–0.15 17.2 ± 0.1 ± 2.0 23.4 ± 0.2 ± 2.6 25.6 ± 0.3 ± 3.0
0.15–0.20 16.6 ± 0.1 ± 2.2 19.3 ± 0.1 ± 2.3 18.3 ± 0.2 ± 2.5
0.20–0.25 14.9 ± 0.1 ± 1.9 15.2 ± 0.1 ± 1.6 13.5 ± 0.2 ± 1.5
0.25–0.30 12.8 ± 0.1 ± 1.3 12.1 ± 0.1 ± 1.1 10.4 ± 0.1 ± 0.7
0.30–0.35 10.9 ± 0.1 ± 1.0 10.0 ± 0.1 ± 0.7 8.45 ± 0.12 ± 0.74
0.35–0.40 9.32 ± 0.06 ± 0.65 8.47 ± 0.07 ± 0.55 6.98 ± 0.10 ± 0.62
0.40–0.45 7.50 ± 0.05 ± 0.52 7.07 ± 0.07 ± 0.79 5.95 ± 0.09 ± 0.89
0.45–0.50 4.44 ± 0.04 ± 1.67 4.53 ± 0.05 ± 1.85 4.02 ± 0.08 ± 1.73

Table 6. Charged-hadron r distribution in beauty jets, computed for z > 0.01. The quoted
uncertainties are statistical and systematic.

– 23 –



J
H
E
P
0
4
(
2
0
2
6
)
0
2
9

r 1
Njets

dN
dr in charm jets

20 < pjet
T < 30 GeV/c 30 < pjet

T < 50 GeV/c 50 < pjet
T < 100 GeV/c

0.00–0.05 7.17 ± 0.06 ± 1.26 12.6 ± 0.1 ± 2.7 22.1 ± 0.5 ± 4.8
0.05–0.10 14.4 ± 0.1 ± 3.0 20.4 ± 0.2 ± 3.8 28.4 ± 0.6 ± 5.1
0.10–0.15 14.8 ± 0.1 ± 2.6 18.4 ± 0.2 ± 2.0 23.5 ± 0.5 ± 2.9
0.15–0.20 13.3 ± 0.1 ± 1.3 15.4 ± 0.2 ± 1.1 19.4 ± 0.5 ± 3.6
0.20–0.25 11.5 ± 0.1 ± 0.8 12.8 ± 0.2 ± 1.2 15.1 ± 0.4 ± 2.4
0.25–0.30 10.0 ± 0.1 ± 0.9 10.7 ± 0.1 ± 1.2 12.0 ± 0.3 ± 1.9
0.30–0.35 8.76 ± 0.09 ± 0.91 9.24 ± 0.13 ± 1.33 10.1 ± 0.3 ± 1.7
0.35–0.40 7.67 ± 0.08 ± 0.93 7.92 ± 0.11 ± 1.15 8.10 ± 0.25 ± 1.41
0.40–0.45 6.43 ± 0.07 ± 0.83 6.80 ± 0.10 ± 1.01 6.92 ± 0.22 ± 1.42
0.45–0.50 3.86 ± 0.06 ± 2.01 4.56 ± 0.09 ± 2.32 4.66 ± 0.19 ± 2.65

Table 7. Charged-hadron r distribution in charm jets, computed for z > 0.01. The quoted uncertainties
are statistical and systematic.
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