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Abstract

The ALICE Collaboration reports measurements of the large relative transverse momentum (kT) com-
ponent of jet substructure in pp and in central and semicentral Pb−Pb collisions at center-of-mass en-
ergy per nucleon pair

√
sNN = 5.02 TeV. Enhancement in the yield of such large-kT emissions in cen-

tral Pb−Pb collisions is predicted to arise from partonic scattering with quasi-particles of the quark–
gluon plasma. The analysis utilizes charged-particle jets reconstructed by the anti-kT algorithm with
resolution parameter R = 0.2 in the transverse-momentum interval 60 < pT,ch jet < 80 GeV/c. The
soft drop and dynamical grooming algorithms are used to identify high transverse momentum split-
tings in the jet shower. Comparison of measurements in Pb−Pb and pp collisions shows medium-
induced narrowing, corresponding to yield suppression of high-kT splittings, in contrast to the ex-
pectation of yield enhancement due to quasi-particle scattering. The measurements are compared
to theoretical model calculations incorporating jet quenching, both with and without quasi-particle
scattering effects. These measurements provide new insight into the underlying mechanisms and
theoretical modeling of jet quenching.

This publication is dedicated to the memory of our colleague
Dr. Roy Crawford Lemmon who recently passed away

*See Appendix D for the list of collaboration members
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Strongly-interacting matter at high temperature and density forms a deconfined state known as the quark–
gluon plasma (QGP) [1, 2]. The QGP filled the universe a few microseconds after the Big Bang, and it is
generated and studied today using high-energy nuclear collisions at the Relativistic Heavy-ion Collider
(RHIC) and the Large Hadron Collider (LHC) [3–6]. RHIC and LHC measurements, together with theo-
retical studies, have revealed that the QGP exhibits marked emergent features; it flows with low specific
viscosity and is opaque to the passage of energetic partons [7–9]. While static properties of the QGP can
be calculated numerically using quantum chromodynamics (QCD) implemented on the lattice [10, 11],
the microscopic mechanisms underlying these dynamic phenomena remain poorly understood.

In high-energy hadronic collisions, partons from the projectiles may scatter with high momentum trans-
fer. Such scattered partons are initially highly virtual and evolve by radiating partons that hadronize in a
collimated spray of particles which is observable experimentally, denoted a “jet.” The jet shower has rich
internal substructure that is observable in correlations among its constituent particles. In pp collisions, jet
production cross sections and substructure have been measured extensively [12–16]. Theoretical calcula-
tions at high perturbative order (pQCD) agree well with the measurements, which provide stringent tests
of QCD [12, 15, 17–20]. Charged-particle jets are especially well suited for jet substructure measure-
ment due to the excellent angular resolution of charged-particle tracking in modern particle detectors,
and their properties are calculable in pQCD using non-perturbative track functions [21].

In collisions of heavy nuclei, jets are generated together with the QGP and interact with it. The inter-
action of a jet and the QGP, known as jet quenching, generates several observable phenomena: jet yield
suppression, jet deflection, and modification of jet substructure [22, 23]. Jet quenching has been mea-
sured extensively at RHIC and the LHC with several different observables [24–34], providing incisive
probes of the structure and dynamics of the QGP [35–38].

Jet scattering in the QGP may elucidate the microscopic structure of the medium and the nature of its
constituent quasi-particles, in analogy to Rutherford scattering which revealed the nature of the atomic
nucleus [39]. Rare, single-hard scattering off of medium constituents leads to a Coulomb-like power-law
tail in the emission spectrum (Molière scattering) [40–42].

Two experimental approaches have been proposed to search for direct evidence of jet–QGP scattering:
in-medium deflection of the jet centroid, which modifies the acoplanarity distribution [28, 29], and de-
flection of a component of the jet shower, resulting in the modification of jet internal structure [40, 41].
While significant medium-induced modification to acoplanarity distributions has recently been reported,
the dependence of the modification on jet resolution parameter R indicates that it is due predominantly
to medium response and energy redistribution, which mask the Molière-scattering signal [43–47]. For
substructure observables, in-medium quasi-particle scattering corresponds to a relative increase in the
rate of high transverse momentum splittings (high kT) in the jet shower; to date, no search for Molière
scattering in the QGP based on jet substructure has been reported.

This Letter reports the first measurement of medium-induced modification of jet substructure using high-
kT splittings to search for quasi-particle scattering in the quark–gluon plasma. The data were recorded
by the ALICE Collaboration during LHC Run 2 for pp collisions and for central and semicentral Pb–Pb
collisions at center-of-mass energy per nucleon pair

√
sNN = 5.02 TeV. Charged-particle jets are recon-

structed using the anti-kT algorithm [48, 49] with resolution parameter R = 0.2 in the 60 < pT,ch jet < 80
GeV/c jet transverse momentum interval. Background from the underlying event is corrected using
constituent subtraction [50]. Jet substructure is measured using the soft drop [51] and dynamical groom-
ing [52] algorithms. Theoretical calculations incorporating jet quenching are used to assess the effects
of in-medium Molière scattering, and are compared to the data.

The ALICE detector and its performance are described in Refs. [5, 53, 54]. Event triggering and event
characterization utilize the V0A and V0C scintillator detectors, which cover pseudorapidity intervals
2.8<η < 5.1 and −3.7<η <−1.7, respectively [55], and the Zero Degree Calorimeters located ±112.5
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m along the beam axis from the nominal interaction point of the beams. Charged-particle tracking
is carried out using signals from the Inner Tracking System (ITS) [56] and Time Projection Chamber
(TPC) [57] (and Transition Radiation Detector (TRD) [58] in pp collisions). The tracking acceptance
covers |η |< 0.9 over the full azimuth.

The dataset, triggering, and event selection for pp and Pb–Pb collisions at
√

sNN = 5.02 TeV are identical
to those of the analysis described in Ref. [31]. Data were recorded with a minimum bias trigger and an
event-activity (EA) trigger based on the V0 signal. For the Pb–Pb analysis, events are selected within the
0–10% (“central”) and 30–50% (“semicentral”) decile bins in EA. After event selection the pp collision
dataset comprises 870 million events, corresponding to integrated luminosity Lint = 18.0±0.4 nb−1 [59],
while the Pb–Pb dataset comprises 92 million central and 90 million semicentral events, corresponding
to Lint = 0.12 and 0.06 nb−1, respectively, with approximately 3% uncertainty [60].

Charged-particle tracks accepted for the analysis have pT > 0.15 GeV/c. Due to the spatially non-uniform
ITS response, which also varied during the data-taking period, different classes of tracks are combined
to create a population of charged-particle tracks with approximately uniform azimuthal acceptance [61].
Accepted tracks have momentum resolution σ(pT)/pT ∼ 1% for track pT = 1 GeV/c and 4% at track
pT = 50 GeV/c.

Both the pp and Pb–Pb datasets are corrected using events simulated by the PYTHIA 8 generator [62]
with the Monash 2013 tune [63], whose output is denoted “particle level.” These events are then passed
through a detailed model of the ALICE apparatus using GEANT 3 [64] to simulate detector effects, and
reconstructed with the same algorithms utilized for the event, track, and jet reconstruction of the data;
such events are denoted “detector level.” For Pb–Pb collisions, detector-level events are additionally
embedded into real Pb–Pb data to include the effect of background from the underlying event, and are
referred to as “reconstructed level”.

Measurements in pp collisions are compared with particle-level calculations using the pp-collision mode
of JEWEL [65, 66] and the Hybrid model [67], which are based on PYTHIA 6 [68] and PYTHIA 8, re-
spectively, and the JETSCAPE PP19 tune [69] based on the vacuum mode of the MATTER model [70].
For Pb–Pb collisions, the data are compared to calculations incorporating jet quenching. JETSCAPE
(v3.5 AA22 tune [71–73]) is a multi-stage calculation of the medium-modified parton shower with
virtuality-dependent interactions, based on MATTER and LBT [74]. The Hybrid Model [41, 75] in-
corporates AdS-CFT-inspired partonic energy loss and a model of medium response (“wake”). JEWEL
is based on the BDMPS energy loss formalism [76] within a medium modeled with a Bjorken expansion,
with an option to explicitly account for the distribution of partons in the QGP which recoil from the
jet-QGP interaction. JETSCAPE and JEWEL include Molière scattering, while the Hybrid Model can
disable elastic 2 → 2 Molière scattering to isolate such scattering effects.

The large underlying-event (UE) background in measured data is characterized via the pT density ρ

and mass density ρm [33, 61]. This background is suppressed using event-by-event constituent sub-
traction [50] with maximum subtraction distance parameter Rmax = 0.1, and pT-weight α = 0, which is
applied prior to jet finding. No UE subtraction is applied in pp collisions. Jet clustering implemented in
FastJet 3.3.3 [77] is carried out twice in each event: first applying the anti-kT clustering algorithm [48, 49]
with charged-particle tracks to reconstruct jet candidates, and then using the Cambridge–Aachen (CA)
clustering algorithm [78] with jet constituents from selected jet candidates to examine the jet substruc-
ture.

The anti-kT clustering utilizes jet resolution parameter R = 0.2 and the E-recombination scheme [48]. The
pion mass is assumed for all tracks. Charged-particle jet candidates are required to have 40 ≤ pT,ch jet <
120 GeV/c, jet area Ajet > 0.6π R2 [79], and jet centroid |ηjet|< 0.9−R, with the minimum pT,ch jet and
area requirements applied to remove jet candidates arising from uncorrelated background. Jet candidates
containing a constituent with pT > 100 GeV/c are rejected due to reduced momentum resolution in this
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region.

Jet grooming algorithms [80, 81] are used to remove soft, wide-angle radiation by unwinding the CA re-
combination tree, allowing the identification of hard splittings. At each recombination step the algorithm
evaluates a specified grooming condition based on a “hardness measure,” either accepting and recording
the splitting properties, or rejecting the splitting and following the harder subjet to the next splitting.
We utilize two different grooming algorithms which select splittings in distinct but partially overlapping
regions of phase space, which may probe Molière scattering in different ways.

For soft drop grooming (“SD”) [51], the hardness measure is the fraction of the momentum carried in
the softer subjet, z, and the grooming condition is z > zcut(∆R/R)β , where ∆R is the angle between the
subjets, and zcut and β are parameters of the algorithm. Successive splittings are evaluated until one
passes the grooming condition, which tags the event, or no splittings remain (untagged event). This
analysis utilizes zcut = 0.2 and β = 0 to preferentially select more symmetric splittings.

For dynamical grooming (“DyG”) [52], the hardness measure is κ ∝ z(1− z)pT,split(∆R/R)a, where a is
a tunable hardness parameter and pT,split is the transverse momentum of the parent splitting. There is
no explicit grooming condition, in contrast to SD; rather, the splitting with the largest value of hardness
measure is always selected. This analysis utilizes a = 1.0 to preferentially select high-kT splittings which
may not be selected by SD.

Single hard scatterings may generate hard parton shower splittings. In this analysis, jet grooming is
used to search for such hard splittings using the distribution of the relative transverse momentum of each
splitting,

kT = pT,subleading sin∆R, (1)

where pT,subleading is the transverse momentum of the softer subjet, ∆R =
√

∆y2 +∆ϕ2, and ∆ϕ and ∆y
are the subjet azimuthal angle and rapidity differences. The splitting phase space is characterized by
kT and ∆R, which are used to construct the Lund Plane [82]. The value of the splitting selected by the
grooming algorithm is denoted kT,g.

The complex background in Pb–Pb collisions generates false jet shower branches which may mask phys-
ical jet splittings and the physical leading and subleading subjets, with the subleading subjet more sus-
ceptible to contamination [31, 83]. The probability to falsely tag a background splitting is determined
using embedding [83]. Measurements with small R in non-central Pb–Pb collisions mitigate such effects.

The DyG algorithm is especially susceptible to selecting incorrectly identified subjets since it considers
all iterative splittings, without imposing a hard cutoff in the grooming condition. This effect is mitigated
for Pb–Pb collisions by requiring kmeas.

T,g > 1 GeV/c in semicentral and kmeas.
T,g > 1.5 GeV/c in central,

where kmeas.
T,g is the background-subtracted but otherwise uncorrected kT,g distribution. This requirement

trades more limited kinematic reach for increased purity; for details see Appendix A.

This minimum kmeas.
T,g requirement and the SD grooming condition similarly reduce soft contamination

and improve tagging purity. For central Pb–Pb collisions, SD (zcut = 0.2) and DyG (a = 1.0) with kmeas.
T,g

have a subleading subjet true tagging rate of ∼ 80−90%.

The kT,g distributions are corrected for background fluctuations and detector effects, including track
pT resolution and tracking inefficiency. A response matrix is constructed in Pb–Pb (pp) collisions by
correlating a probe jet at particle level and reconstructed level (detector level), relating the pT,jet and
kT,g distributions. The response matrix is used to perform 2D iterative Bayesian unfolding [84, 85] as
implemented in RooUnfold [86]. The optimal iteration for unfolding regularization is chosen such that
variation in the unfolded distribution for successive iterations is less than 1%. The iteration number for
regularization, which is optimized for each grooming method and collision system, ranges from 6 to 11.
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A closure test which varies analysis components with respect to their nominal values is utilized to assess
the full analysis chain. Closure corresponds to consistency within statistical error of corrected spec-
tra for the variant and nominal components. Component variations include regularization parameter,
prior spectrum shape, and background contribution via a parameterized thermal model and embedding.
Point-by-point excursions from the closure tests beyond 1σ statistical error contribute to the systematic
uncertainty.

For Pb–Pb collisions, systematic uncertainty in the kT,g distribution arises from the unfolding procedure,
tracking efficiency, generator dependence of the response matrix, subtraction of the underlying event,
and non-closure of the unfolding procedure due to mis-tagged subjets. For pp collisions, systematic
uncertainty arises from unfolding, tracking efficiency, and generator dependence.

Systematic uncertainties are quantified as described in Appendix B. The systematic uncertainty due to
track selection and ITS–TPC track-matching efficiency uncertainty is determined by randomly rejecting
tracks with a given probability, which is pT-dependent in Pb–Pb collisions. Under- and over-subtraction
of background is assessed by varying the constituent subtraction distance parameter Rmax. Systematic
uncertainties in the unfolding procedure are evaluated by varying the regularization parameter, the min-
imum jet pT,ch jet range, the kT,g binning, and the prior. Generator dependence of the corrections is
evaluated by unfolding with an alternative response matrix constructed using HERWIG 7 [87, 88] in
pp collisions and JEWEL without recoils in Pb–Pb collisions. The closure tests exhibit non-closure of
up to 12% in a single bin, with largest non-closure in central Pb–Pb collisions. The magnitude of the
non-closure is correlated with residual background contamination.

The various contributions to the systematic uncertainty are largely uncorrelated among each other and
are added in quadrature. The cumulative systematic uncertainty has magnitude 8–32% for central Pb–Pb
and 2–7% for pp collisions. The dominant uncertainties arise from the generator dependence of the cor-
rections, subtraction, and non-closure for Pb–Pb collisions, and the generator dependence and tracking
for pp collisions.

Figure 1 shows the corrected kT,g yield distributions measured in pp and in central and semicentral Pb–Pb
collisions, using DyG (a = 1.0) (left) and SD (zcut = 0.2) (right). Each distribution is normalized by the
number of jets found in the 60 < pT,ch jet < 80 GeV/c interval. This is the first measurement of heavy-ion
collision data to employ DyG. All distributions have a similar shape, with a steeply decreasing slope
for kT,g > 1 GeV/c. The results from pp collisions show a maximum at kT,g ≈ 0.5–1 GeV/c. The DyG
(a = 1.0) spectra in Pb–Pb collisions are restricted to kT,g > 2 GeV/c (kT,g > 3 GeV/c) in semicentral
(central) collisions due to the minimum kT,g requirement discussed above. The SD (zcut = 0.2) spectra
from pp collisions exhibit larger yield at high kT,g than those from Pb–Pb collisions, while for DyG
(a = 1.0), the pp and Pb–Pb spectra are consistent within uncertainties for kT,g > 2 GeV/c where the
Pb–Pb results are available. Comparing at fixed centrality and collision system, the DyG (a = 1.0) and
SD (zcut = 0.2) distributions are consistent over the measured kT,g range within the systematic error and
statistical uncertainty.

Figure 2 shows the same distributions as Fig. 1, in this case as the ratio with a smooth function that
parametrizes the data (details in Appendix C). This representation removes the main functional depen-
dence on kT,g so that detailed variation of the distributions can be seen. The function parameters are
different for each collision system, centrality class, and grooming method. Model calculations are also
shown, and are divided by the same data parametrization. In the upper panels, the central values of the
JETSCAPE and Hybrid Model calculations tend to underpredict the measured pp distribution at high kT
for both DyG (a = 1.0) and SD (zcut = 0.2), though are consistent with the data within the uncertainties.
At low kT,g (< 1 GeV/c), the JETSCAPE and Hybrid calculations with SD (zcut = 0.2) grooming hint
towards slightly overpredicting the data, while JEWEL underpredicts the DyG (a = 1.0) data. JEWEL
overestimates the data at intermediate kT,g for both grooming methods. For semicentral Pb–Pb collisions,
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Figure 1: Unfolded kT,g spectra for splittings selected by dynamical grooming a= 1.0 (left) and soft drop zcut = 0.2
(right) in pp and semicentral and central Pb–Pb collisions. The jets are measured with R= 0.2 in the 60< pT,ch jet <

80 GeV/c interval. Statistical uncertainties are represented by bars, while systematic uncertainties are shown in
shaded boxes.

displayed in the middle panels, both the DyG (a = 1.0) and SD (zcut = 0.2) measurements are described
well by all models for kT,g < 4 GeV/c. However, at high kT,g, the Hybrid Model with Molière scattering
(Hybrid/Molière) agrees better with the SD (zcut = 0.2) data, while there is a hint that the other models
underpredict the measured distributions. The bottom panels show tension of the models and data for
SD (zcut = 0.2) in central Pb–Pb collisions. At high kT,g > 3 GeV/c, the Hybrid Model without Molière
scattering (Hybrid/noMolière) best describes the data, while Hybrid/Molière overpredicts, JETSCAPE
slightly underpredicts, and JEWEL with and without recoils underpredict the measured values. For DyG
(a = 1.0), Hybrid/Molière and Hybrid/noMolière best describe the data, while JETSCAPE and JEWEL
underpredict the ratio. The large systematic uncertainties of the DyG (a = 1.0) spectra are due to a strong
dependence of the grooming algorithm on the generator used to derive corrections of the spectra, limiting
the model discrimination power. This indicates that the additional phase space probed by the algorithm
does not provide further resolving power.

In-medium Molière scattering is expected to generate yield enhancement at large kT,g [40, 41], as seen in
the Hybrid model variants in Fig 2. To search for this effect, Fig. 3 shows the ratios of kT,g distributions
for semicentral and central Pb–Pb collisions to that for pp collisions. The SD (zcut = 0.2) distributions
exhibit medium-induced yield enhancement for kT,g < 1 GeV/c and yield suppression at higher kT,g, with
stronger medium-induced effects in central than in semicentral Pb–Pb collisions. The DyG (a = 1.0)
distributions hint at yield suppression at large kT,g for central Pb–Pb collisions but not for semicentral
Pb–Pb collisions, though the ratios in both cases are consistent with unity within the systematic uncer-
tainties. Since yield suppression is observed in the data in the high-kT,g region, this measurement does
not show direct evidence of in-medium Molière scattering.

For SD (zcut = 0.2) the central Pb–Pb/pp yield ratio is smaller than unity (where unity corresponds to the
null hypothesis) by 3.1σ for 3< kT,g < 4 GeV/c and by 2.6σ for 4< kT,g < 6 GeV/c based on the statistical
error, which is larger than the systematic uncertainty. This medium-induced narrowing of jet structure is
qualitatively consistent with effects found in other inclusive jet substructure measurements [30, 31, 89].
Such narrowing is commonly interpreted as selection bias which modifies the relative fraction of quark-
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Figure 2: Ratio of kT,g distributions for data and model calculations to a smooth parametrization of the data,
selected by dynamical grooming a = 1.0 (left) and soft drop zcut = 0.2 (right). Data points are shown in black,
with statistical (error bars) and systematic (grey boxes) uncertainties. The bands for the model calculations show
statistical uncertainties.

or gluon-originating jets, due to the combined effects of a falling pT spectrum and larger energy loss in the
medium for wider jets [90–93]. The smaller modification of the kT,g distribution observed in semicentral
Pb–Pb collisions is consistent with this picture, due to the correspondingly smaller jet energy loss in
that population. The single-hard scattering signature may also be suppressed by subsequent multiple
soft interactions with the medium, which smear the angular correlations of jet constituents, such that the
Molière scattering is not reconstructed [94].

Figure 3 also shows model calculations. None of the models describe all measured distributions in
Figs. 2 and 3, with different levels of agreement for the two grooming algorithms. The SD (zcut = 0.2)
analysis for central Pb–Pb collisions (Fig. 3, lower right) exhibits the most significant medium-induced
modifications in this analysis, with experimental uncertainties which provide the best discrimination
of model predictions. These data are well-described within uncertainties by JETSCAPE (with Molière
scattering) and Hybrid/noMolière, but not by Hybrid/Molière or either variant of JEWEL. From this
comparison it is evident that the different theoretical approaches of these models to jet quenching and
the bulk dynamics of the QGP generate markedly different predictions for the relative effect of Molière
scattering, which these and other recent data [44] can discriminate.

This Letter reports the first measurement of the distribution of the hardest relative transverse jet splitting,
kT,g, in pp and Pb–Pb collisions, to search for evidence of quasi-particle scattering in the quark–gluon
plasma. The hardest splitting is identified using the soft drop and dynamical grooming algorithms, the
latter for the first time in heavy-ion collisions. The high-kT,g yield in central Pb–Pb collisions is ob-
served to be suppressed relative to that in pp collisions, consistent with in-medium narrowing effects
seen in other jet substructure observables. No direct evidence is observed for in-medium quasi-particle
scattering within the measured phase space. Model calculations can reproduce the measurements within
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Figure 3: Ratio of the kT,g distributions measured in Pb–Pb and pp collisions for dynamical grooming a = 1.0
(left) and SD (zcut = 0.2) (right), with comparison to model calculations. Statistical uncertainties are shown as
error bars and systematic uncertainties are shown as grey shaded boxes for the measured ratios. The width of the
colored bands corresponds to the statistical uncertainties in the model calculations.

uncertainties, but differ in the necessity to include quasi-particle scattering effects in order to do so. In
these models, the Molière scattering signal may be masked by yield suppression due to jet energy loss,
with their relative effects depending upon the theoretical picture underlying the modeling of jet quench-
ing, bulk dynamics, and the vacuum parton shower. These data therefore provide new constraints on
theoretical modeling of the microscopic structure and dynamics of the quark–gluon plasma.
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End Matter

A Subjet purity

The large underlying event present in heavy-ion collisions contaminates the jet shower, leading to poten-
tial misidentification of physical jet splittings and the contributing subjets [31, 83]. For example, a true
leading subjet may be paired with an uncorrelated jet constituent which is coincidentally close in angular
phase space, leading to no hard splittings being identified in the declustering tree. Unlike algorithms with
a hard cutoff in the grooming condition, DyG requires that a splitting be identified for each measured jet,
even in the case that a jet is solely composed of soft splittings. The heavy background contamination of
such soft splittings causes unfolding instabilities. These instabilities may be addressed via modifications
to existing analysis procedures, which are explored below.

To characterize the impact of background contamination and study mitigation techniques, PYTHIA 8
probe jets generated with the Monash 2013 tune are embedded into Pb–Pb data, following a similar
evaluation procedure as described in Ref. [83]. The grooming algorithms are applied to the probe jets at
both the detector and reconstructed (i.e. embedded) levels. Performance is characterized by the purity,
which is the fraction of subjets which are correctly identified in reconstructed-level jets, normalized by
the number of groomed subjets found in detector-level jets. Identified splittings and subjets are matched
based on subjet constituents, with the reconstructed-level subjet required to carry at least 50% of the
detector-level subjet pT. The leading subjet prong is correctly identified in more than 95% of all split-
tings, and is not shown here. The subleading subjet prong purity as a function of the detector-level probe
pT,ch jet is shown in Fig. A.1 for semicentral (left) and central (right) Pb–Pb collisions. Detector-level
pT,ch jet is utilized to assess the impact of background on the purity (as compared to detector effects).
The 40 < pdet

T,ch jet < 120 GeV/c interval contains nearly all of the particle-level jets which contribute to
the unfolded measurement. Soft drop zcut = 0.2 correctly identifies more than 80% (90%) of subleading
prongs in central (semicentral) Pb–Pb collisions. However, the purity drops to 65% (85%) for dynamical
grooming a = 1.0, which leads to unfolding instabilities.

The subleading subjet purity can be improved by excluding the most background contaminated region
of the kT,g spectra by requiring that the background-subtracted but otherwise uncorrected value, kmeas.

T,g ,
is larger than a minimum value. Figure A.1, open markers, demonstrates this effect, with the sublead-
ing subjet purity of dynamical grooming a = 1.0 with a minimum kmeas.

T,g requirement increasing to near
agreement with soft drop zcut = 0.2. This requirement causes a corresponding reduction in the kine-
matic efficiency, which describes the efficiency of finding particle-level jets given a fixed detector-level
kinematic interval [79], at low kT,g ∼ 1–2 GeV/c. Reduced kinematic efficiency restricts the reported
kinematic range to larger kT,g values where the kinematic efficiency is relatively higher, and increases
sensitivity to the generator used to correct for this reduction. This analysis requires a kinematic efficiency
greater than ∼ 70%. Optimizing the increase in purity against the reduction in kinematic efficiency (and
therefore the reported kinematic range), kmeas.

T,g > 1.5 (1.0) GeV/c in central (semicentral) Pb–Pb colli-
sions was selected for this measurement. Imposing this kmeas.

T,g condition for soft drop zcut = 0.2 does not
improve the subleading subjet purity because the grooming condition already removes the background
contamination.

B Systematic uncertainties

The systematic uncertainties in this measurement are due to the tracking efficiency, the subtraction of the
underlying background, the unfolding procedure, the generator dependence of the unfolding procedure,
and the residual non-closure of the unfolding procedure. Only the tracking, generator dependence, and
unfolding apply to the measurement in pp collisions. Sources of uncertainty are evaluated following
similar procedures and for similar physical considerations as described in Ref. [31]. Signed uncertainties
are symmetrized. The total uncertainty is summed in quadrature over the sources mentioned above,
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Figure A.1: Subleading subjet purity for soft drop zcut = 0.2 and dynamical grooming a = 1.0 applied to jets
found in semicentral (left) and central (right) Pb–Pb collisions. Closed markers correspond to the standard groom-
ing algorithms, while open markers represent dynamical grooming a = 1.0 with a minimum kmeas.

T,g requirement.
Statistical uncertainties are represented by bars.

assuming no correlation between the individual uncertainties.

Track selections are considered along with the uncertainty on the ITS–TPC track-matching efficiency
to estimate the systematic uncertainty on the observable due to the tracking performance. In pp colli-
sions, this amounts to a pT-independent uncertainty of ∼ 3%, while in Pb–Pb collisions, a pT-dependent
parametrization peaks at ∼ 6% for pT = 1 GeV/c and decreases to ∼ 3% for pT ≥ 15 GeV/c. This
performance dependence is assessed by randomly rejecting tracks according to the magnitude of the
uncertainties.

Imperfect background subtraction may bias the pT,ch jet and kT dependence of the measured kT,g distri-
butions. The analysis was carried out with two values of the constituent subtraction distance parameter
Rmax, 0.05 and 0.5, to characterize under- and over-subtraction of background contributions. The maxi-
mum bin-by-bin variation is assigned as a systematic uncertainty.

Sensitivity to the unfolding procedure is evaluated via variations of the unfolding parameters, including:
varying the regularization parameter of the Bayesian unfolding by ±1 unit; increasing and decreasing the
minimum smeared jet pT,ch jet range by ±5 GeV/c in Pb–Pb collisions (±3 GeV/c in pp collisions); mod-
ifying the kT,g bin edges by up to ±5%; and weighing the prior distribution to resemble the uncorrected
raw distributions. These variations are correlated in their characterization of the unfolding performance
and sensitivity. Consequently, the variations are combined into a single unfolding uncertainty, calculated
as the standard deviation of the individual values.

The generator utilized to construct the response matrix used for the unfolding can impact the measured
distributions. This is evaluated by constructing alternative response matrices using HERWIG 7 [87, 88]
in pp collisions, and JEWEL 2.2.0 [65, 66] without recoils in Pb–Pb collisions. A fast simulation is em-
ployed as described in Ref. [31], and the uncertainty is determined as the maximum bin-by-bin variation.
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The systematic uncertainty derived in central collisions is also applied in semicentral collisions.

To account for the effects of residual subjet misidentifications, two methods are considered. Closure
tests are performed using two approaches: 1) unfolding a known input distribution which is weighed
to resemble the measured data; and 2) unfolding a known probe distribution which is embedded into a
thermal background, as described in Ref. [31]. Any remaining non-closure in these correction procedures
is taken as a systematic uncertainty, with the value assigned as the maximum bin-by-bin difference of the
two methods from the nominal value.

Relative systematic uncertainties of kT,g distributions measured using soft drop zcut = 0.2 and dynamical
grooming a = 1.0 are shown in Table B.1 for pp collisions and Table B.2 for 0–10% and 30–50% Pb–Pb
collisions.

Table B.1: Relative systematic uncertainties (%) for kT,g distributions measured using soft drop zcut = 0.2 and
dynamical grooming a = 1.0 in pp collisions. The minimum and maximum values over the measured kT,g range
are reported. The combined uncertainty is the sum in quadrature of the individual uncertainties.

pp Relative uncertainty (%)

Trk. Eff. Generator Unfolding Total

DyG. a = 1.0 1 – 6% 2 – 6% 1 – 4% 3 – 7%
SD zcut = 0.2 0 – 4% 1 – 6% 1 – 2% 2 – 7%

Table B.2: Relative systematic uncertainties (%) for kT,g distributions measured using soft drop zcut = 0.2 and
dynamical grooming a = 1.0 in central and semicentral Pb–Pb collisions. The minimum and maximum values
over the measured kT,g range are reported. The combined uncertainty is the sum in quadrature of the individual
uncertainties.

Pb–Pb Relative uncertainty (%)

Trk. Eff. Bkgd. Sub. Unfolding Generator Non-closure Total

DyG. a = 1.0 0–10% 4 – 7% 8 – 14% 1 – 2% 22 – 26% 12 – 12% 27 – 32%
SD zcut = 0.2 0–10% 0 – 7% 1 – 7% 0 – 2% 2 – 11% 2 – 6% 8 – 15%

DyG. a = 1.0 30–50% 1 – 6% 4 – 9% 1 – 2% 22 – 26% 2 – 5% 24 – 28%
SD zcut = 0.2 30–50% 0 – 5% 1 – 9% 0 – 2% 2 – 11% 1 – 5% 8 – 12%

C Parametrization of spectra

A smoothed parametrization was employed in order to factorize the overall features of the spectra while
separating out the fluctuations of the data and model calculations. The smoothed functions were sepa-
rately fit to the data in for each grooming method in pp, semicentral, and central Pb–Pb collisions. The
same extracted parameters are used in the parametrized function to calculate the ratios with the data and
the model calculations. The spectra are parametrized by

f (kT,k0
T,s) = [q(kT,A,B)+(E −q(k0

T,A,B))]t(kT,k0
T,−s)

+[p(kT,C,D)+(E − p(k0
T,C,D))]t(kT,k0

T,s),
(C.1)

with each term defined as,
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q(kT;A,B) = A(kT −B)2,

p(kT;C,D) = (CkT)
−D,

t(kT;k0
T,s) = (1+ tanh((kT − k0

T)/s))/2,

(C.2)

where A, B, C, D, and E are fit parameters, s = 0.1 for both grooming methods in Pb–Pb collisions,
s = 0.3 for SD (zcut = 0.2) and s = 0.2 for DyG (a = 1.0) in pp collisions, and k0

T = 1.25 GeV/c. The
particular functional forms are arbitrary; they were selected to provide a smooth approximate description
of the bulk features of the spectra, with a peak at low kT,g via a quadratic term, transitioning to a power
law at high kT,g. For DyG (a = 1.0) in central Pb–Pb collisions, where there are insufficient points to
constrain the high-kT,g fit, the kT,g = 2–3 bin with low kinematic efficiency is included. The 1+ tanh(...)
element smoothly transitions between the two terms, while the normalization ensures that each term only
contributes in its region of applicability.
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