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Abstract

Understanding the role of parton mass and Casimir colour factors in the quantum chromodynamics
parton shower represents an important step in characterising the emission properties of heavy quarks.
Recent experimental advances in jet substructure techniques have provided the opportunity to isolate
and characterise gluon emissions from heavy quarks. In this work, the first direct experimental
constraint on the charm-quark splitting function is presented, obtained via the measurement of the
groomed shared momentum fraction of the first splitting in charm jets, tagged by a reconstructed
D0 meson. The measurement is made in proton–proton collisions at

√
𝑠 = 13 TeV, in the low jet

transverse-momentum interval of 15 ≤ 𝑝
jet ch
T < 30 GeV/𝑐 where the emission properties are sensitive

to parton mass effects. In addition, the opening angle of the first perturbative emission of the charm
quark, as well as the number of perturbative emissions it undergoes, are reported. Comparisons to
measurements of an inclusive-jet sample show a steeper splitting function for charm quarks compared
to gluons and light quarks. Charm quarks also undergo fewer perturbative emissions in the parton
shower, with a reduced probability of large-angle emissions.
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The measured 𝑧g distribution is also compared to analytical calculations performed in the soft-collinear ef-
fective theory (SCET) framework with resummation to modified leading-logarithmic accuracy (MLL) [1,
2], presented in Fig. 1, which are consistent with the data. The calculations do not include hadroni-
sation effects and are performed utilising a leading-order evaluation of the charm cross section, which
experimentally corresponds to jets with both charged and neutral information. It is expected that the
low-𝑧g region of the calculations are affected by non-perturbative effects. For comparison with the SCET
predictions, the measurement is normalised to the number of jets passing the Soft Drop condition in each
sample, as the calculations are provided for 𝑧g ≥ 0.1 and do not include an untagged fraction.
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Figure 1: The 𝑧g distribution of prompt D0-tagged jets compared to that of inclusive jets for 15 ≤ 𝑝
jet ch
T < 30 GeV/𝑐

in pp collisions at
√
𝑠 = 13 TeV, normalised to the number of jets passing the Soft Drop condition. Model/data

ratios are shown in the bottom panels for soft-collinear effective theory calculations [1, 2].

Comparisons of distributions of D0-tagged jets, quark-initiated jets and gluon-initiated jets, obtained with
PYTHIA 8 simulations, are shown in Figs. 2, 3 and 4 for the 𝑧g, 𝑅g and 𝑛SD observables, respectively. The
distributions are all normalised to the total number of jets in the kinematic range, regardless of whether
they had a splitting which successfully passed the Soft Drop condition. Quark (gluon)-initiated jets are
tagged by requiring an outgoing quark (gluon) from the initial hard scatter to be within Δ𝑅 < 0.4 of the
jet axis. Differences between the quark-initiated jet distributions and the gluon-initiated jet distributions
highlight the role of Casimir colour effects in the observables, whilst differences between the quark-
initiated jet distributions and the D0-tagged jet distributions are sensitive to mass effects. We observe that
the 𝑧g observable is not very sensitive to the different Casimir colour factors of quarks and gluons, but
shows a heightened sensitivity to mass effects. The 𝑅g distribution on the other hand is sensitive to both
effects, with the larger Casimir colour factor of gluons compared to quarks resulting in broader opening
angles for gluon-initiated jets. The large mass of the charm quark also results in fewer small-angle
emissions, compared to the quark-initiated jet sample, as expected from the presence of a large dead-cone
region around the charm quark within which emissions are suppressed. The 𝑛SD distribution shows
sensitivity to both Casimir and mass effects, with the impact of the latter being much more significant
in this kinematic range. However, it is worth noting that flavour of emissions in the quark-tagged and
gluon-tagged jets is only well defined for the first emission, whereas in the case of the D0-tagged jets the
flavour is controlled all the way through the shower.

The systematic uncertainties of the measured 𝑧g, 𝑅g and 𝑛SD distributions of prompt D0-tagged jets
are presented in Figs. 5 and 6 for each individual uncertainty category considered (signal extraction,
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Figure 2: PYTHIA 8 𝑧g distributions of prompt D0-tagged jets, quark-initiated and gluon-initiated jets are
compared, for 15 ≤ 𝑝

jet ch
T < 30 GeV/𝑐 in pp collisions at

√
𝑠 = 13 TeV.
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Figure 3: PYTHIA 8 𝑅g distributions of prompt D0-tagged jets, quark-initiated and gluon-initiated jets are
compared, for 15 ≤ 𝑝

jet ch
T < 30 GeV/𝑐 in pp collisions at

√
𝑠 = 13 TeV.
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Figure 4: PYTHIA 8 𝑛SD distributions of prompt D0-tagged jets, quark-initiated and gluon-initiated jets are
compared, for 15 ≤ 𝑝

jet ch
T < 30 GeV/𝑐 in pp collisions at

√
𝑠 = 13 TeV.
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Figure 5: The systematic uncertainties of the measured 𝑧g distribution of prompt D0-tagged jets for each uncertainty
category, relative to the central value of the measurement in each interval, are presented. The statistical uncertainty
relative to the central value is also shown.

feed-down subtraction, unfolding, jet energy scale (JES), D0 selection). The results are shown relative to
the central values of the measured distributions in each interval. The statistical uncertainty relative to the
central value is also shown for comparison.

The systematic uncertainties of the measured 𝑧g, 𝑅g and 𝑛SD distributions of inclusive jets are presented
in Figs. 7 and 8 for each individual uncertainty category considered (unfolding, JES and 𝑝T selection on
the leading track). The results are shown relative to the central values of the measured distributions in
each interval. The statistical uncertainty relative to the central value is also shown for comparison.
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Figure 6: The systematic uncertainties of the measured 𝑅g (left) and 𝑛SD (right) distributions of prompt D0-tagged
jets for each uncertainty category, relative to the central value of the measurement in each interval, are presented.
The statistical uncertainty relative to the central value is also shown.
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Figure 7: The systematic uncertainties of the measured 𝑧g distribution of inclusive jets for each uncertainty
category, relative to the central value of the measurement in each interval, are presented. The statistical uncertainty
relative to the central value is also shown.
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Figure 8: The systematic uncertainties of the measured 𝑅g (left) and 𝑛SD (right) distributions of inclusive jets for
each uncertainty category, relative to the central value of the measurement in each interval, are presented. The
statistical uncertainty relative to the central value is also shown.
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