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Figure 2: Unfolded zg distributions for charged-particle jets in pp collisions compared to those in Pb–Pb collisions
at

p
sNN = 5.02 TeV with zcut = 0.2 for 0–10% centrality for R = 0.2 (left) and 30–50% centrality for R = 0.4

(right). The distributions are normalized to the inclusive jet cross section in the 60 < pT, ch jet < 80 GeV/c interval,
and ftagged indicates the fraction of splittings that were tagged to pass the SD condition in the selected pT, ch jet

interval. The ratios in the bottom panel are compared to the following theoretical predictions: JETSCAPE [63],
JEWEL [62, 64], Caucal et al. [34, 65], Chien et al. [33], Qin et al. [35], and Pablos et al. [36, 66, 67]. Further
details can be found in Ref. [50].

5 Results

We report the qg and zg distributions in the pT, ch jet interval between 60 and 80 GeV/c for zcut = 0.2 in
central (0–10%, R = 0.2) and semi-central (30–50%, R = 0.4) Pb–Pb collisions. The distributions are
reported as normalized differential cross sections,

1
sjet,inc

ds
dzg

=
1

Njet,inc

dN

dzg
, (3)

where N is the number of jets passing the SD condition with a given pT, ch jet, Njet,inc is the number of
inclusive jets, and s ,sjet,inc are the corresponding cross sections. The analog of Eq. (3) also applies for
qg.

The zg and qg distributions are shown in Fig. 2 and Fig. 3, respectively. The distributions from Pb–Pb col-
lisions are compared with the corresponding distributions from pp collisions, with their ratios displayed
in the bottom panels. The relative uncertainties are assumed to be uncorrelated between pp and Pb–Pb
collisions, and are added in quadrature in the ratio. In Pb–Pb collisions the precision of the measure-
ments decreases as the jet resolution parameter is increased or the centrality is decreased, as the prong
mistagging probability decreases with centrality and with decreasing R.

The fraction of jets that do not contain a splitting which passes the SD condition ( ftagged) differs by
at most 1% between Pb–Pb and pp collisions. Therefore, any modifications in Pb–Pb compared to pp
collisions can change the shape of the distribution, but keep the integral approximately the same.

The zg distributions in Pb–Pb and pp collisions are consistent within experimental uncertainties for all
jet momenta, jet resolution parameters, and centralities measured.

The situation is remarkably different when comparing the groomed jet radius, qg, in both systems. For
R = 0.2 in central collisions, the data suggests a narrowing of the Pb–Pb distribution relative to the pp
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Figure 2: Unfolded zg distributions for charged-particle jets in pp collisions compared to those in Pb–Pb collisions
at

p
sNN = 5.02 TeV with zcut = 0.2 for 0–10% centrality for R = 0.2 (left) and 30–50% centrality for R = 0.4

(right). The distributions are normalized to the inclusive jet cross section in the 60 < pT, ch jet < 80 GeV/c interval,
and ftagged indicates the fraction of splittings that were tagged to pass the SD condition in the selected pT, ch jet

interval. The ratios in the bottom panel are compared to the following theoretical predictions: JETSCAPE [63],
JEWEL [62, 64], Caucal et al. [34, 65], Chien et al. [33], Qin et al. [35], and Pablos et al. [36, 66, 67]. Further
details can be found in Ref. [50].

5 Results

We report the qg and zg distributions in the pT, ch jet interval between 60 and 80 GeV/c for zcut = 0.2 in
central (0–10%, R = 0.2) and semi-central (30–50%, R = 0.4) Pb–Pb collisions. The distributions are
reported as normalized differential cross sections,
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=
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, (3)

where N is the number of jets passing the SD condition with a given pT, ch jet, Njet,inc is the number of
inclusive jets, and s ,sjet,inc are the corresponding cross sections. The analog of Eq. (3) also applies for
qg.

The zg and qg distributions are shown in Fig. 2 and Fig. 3, respectively. The distributions from Pb–Pb col-
lisions are compared with the corresponding distributions from pp collisions, with their ratios displayed
in the bottom panels. The relative uncertainties are assumed to be uncorrelated between pp and Pb–Pb
collisions, and are added in quadrature in the ratio. In Pb–Pb collisions the precision of the measure-
ments decreases as the jet resolution parameter is increased or the centrality is decreased, as the prong
mistagging probability decreases with centrality and with decreasing R.

The fraction of jets that do not contain a splitting which passes the SD condition ( ftagged) differs by
at most 1% between Pb–Pb and pp collisions. Therefore, any modifications in Pb–Pb compared to pp
collisions can change the shape of the distribution, but keep the integral approximately the same.

The zg distributions in Pb–Pb and pp collisions are consistent within experimental uncertainties for all
jet momenta, jet resolution parameters, and centralities measured.

The situation is remarkably different when comparing the groomed jet radius, qg, in both systems. For
R = 0.2 in central collisions, the data suggests a narrowing of the Pb–Pb distribution relative to the pp
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FIG. 13. Comparison of RAA as a function of (left) pjet
T for inclusive jets and for four intervals of rg and (right) as a function of rg for inclusive

jets in 0–10% centrality Pb+Pb events with theoretical predictions from the pQCD framework of Caucal et al., described in Refs. [41,42,92].
The error bars and the open boxes around the data points represent the statistical and systematic uncertainties, respectively. The uncertainties
in the pp luminosity (1.6%) and 〈TAA〉 are not included, but are listed in Table I. The shaded areas around the theoretical predictions represent
the uncertainties arising from the variation of the transport coefficient (q̂) and shower cutoff parameters.

(shown on logarithmic scale) in all centrality intervals and is
again noted to not significantly depend on pjet

T in the measured
kinematic range.

The jet suppression measurements are compared with pre-
dictions from various theoretical models and frameworks
including those from the JETSCAPE MC framework [43,91],
Caucal et al. [41,42,92] and Ringer et al. [93]. JETSCAPE
provides a multistage model of jet evolution by combin-
ing several jet-quenching formalisms applied in its range
of validity in shower energy and virtuality. The JETSCAPE
predictions combine jet energy-loss calculations from the

MATTER [94] and LBT [95,96] models at high and low
virtualities of the parton shower in the QGP medium, re-
spectively. The parameters used in generating the predictions,
including the transport coefficient (q̂) and the virtuality at
which to switch parton energy loss from MATTER to LBT
(Qsw), can be found in Ref. [43]. JETSCAPE also includes
a virtuality-dependent onset of coherence effects in order to
model the inability of the medium to resolve narrow splittings
of highly virtual partons at earlier timescales. The model from
Caucal et al. presents a perturbative QCD (pQCD) picture of
jet quenching dictated by the factorization of medium-induced

FIG. 14. Comparison of RAA as a function of rg for three intervals of pjet
T in 0–10% centrality Pb+Pb events with theoretical predictions from

Ringer et al. [93]. The error bars and the open boxes around the data points represent the statistical and systematic uncertainties, respectively.
The uncertainties in the pp luminosity (1.6%) and 〈TAA〉 are not included, but are listed in Table I. The green curve (med q/g) represents the
quark and gluon differential energy loss setting. The red curve (med q/g + pT broadening) adds transverse momentum broadening effects for
all subjets in the medium.
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Figure 2: Unfolded zg distributions for charged-particle jets in pp collisions compared to those in Pb–Pb collisions
at

p
sNN = 5.02 TeV with zcut = 0.2 for 0–10% centrality for R = 0.2 (left) and 30–50% centrality for R = 0.4

(right). The distributions are normalized to the inclusive jet cross section in the 60 < pT, ch jet < 80 GeV/c interval,
and ftagged indicates the fraction of splittings that were tagged to pass the SD condition in the selected pT, ch jet

interval. The ratios in the bottom panel are compared to the following theoretical predictions: JETSCAPE [63],
JEWEL [62, 64], Caucal et al. [34, 65], Chien et al. [33], Qin et al. [35], and Pablos et al. [36, 66, 67]. Further
details can be found in Ref. [50].

5 Results

We report the qg and zg distributions in the pT, ch jet interval between 60 and 80 GeV/c for zcut = 0.2 in
central (0–10%, R = 0.2) and semi-central (30–50%, R = 0.4) Pb–Pb collisions. The distributions are
reported as normalized differential cross sections,

1
sjet,inc

ds
dzg

=
1

Njet,inc

dN

dzg
, (3)

where N is the number of jets passing the SD condition with a given pT, ch jet, Njet,inc is the number of
inclusive jets, and s ,sjet,inc are the corresponding cross sections. The analog of Eq. (3) also applies for
qg.

The zg and qg distributions are shown in Fig. 2 and Fig. 3, respectively. The distributions from Pb–Pb col-
lisions are compared with the corresponding distributions from pp collisions, with their ratios displayed
in the bottom panels. The relative uncertainties are assumed to be uncorrelated between pp and Pb–Pb
collisions, and are added in quadrature in the ratio. In Pb–Pb collisions the precision of the measure-
ments decreases as the jet resolution parameter is increased or the centrality is decreased, as the prong
mistagging probability decreases with centrality and with decreasing R.

The fraction of jets that do not contain a splitting which passes the SD condition ( ftagged) differs by
at most 1% between Pb–Pb and pp collisions. Therefore, any modifications in Pb–Pb compared to pp
collisions can change the shape of the distribution, but keep the integral approximately the same.

The zg distributions in Pb–Pb and pp collisions are consistent within experimental uncertainties for all
jet momenta, jet resolution parameters, and centralities measured.

The situation is remarkably different when comparing the groomed jet radius, qg, in both systems. For
R = 0.2 in central collisions, the data suggests a narrowing of the Pb–Pb distribution relative to the pp
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FIG. 13. Comparison of RAA as a function of (left) pjet
T for inclusive jets and for four intervals of rg and (right) as a function of rg for inclusive

jets in 0–10% centrality Pb+Pb events with theoretical predictions from the pQCD framework of Caucal et al., described in Refs. [41,42,92].
The error bars and the open boxes around the data points represent the statistical and systematic uncertainties, respectively. The uncertainties
in the pp luminosity (1.6%) and 〈TAA〉 are not included, but are listed in Table I. The shaded areas around the theoretical predictions represent
the uncertainties arising from the variation of the transport coefficient (q̂) and shower cutoff parameters.

(shown on logarithmic scale) in all centrality intervals and is
again noted to not significantly depend on pjet

T in the measured
kinematic range.

The jet suppression measurements are compared with pre-
dictions from various theoretical models and frameworks
including those from the JETSCAPE MC framework [43,91],
Caucal et al. [41,42,92] and Ringer et al. [93]. JETSCAPE
provides a multistage model of jet evolution by combin-
ing several jet-quenching formalisms applied in its range
of validity in shower energy and virtuality. The JETSCAPE
predictions combine jet energy-loss calculations from the

MATTER [94] and LBT [95,96] models at high and low
virtualities of the parton shower in the QGP medium, re-
spectively. The parameters used in generating the predictions,
including the transport coefficient (q̂) and the virtuality at
which to switch parton energy loss from MATTER to LBT
(Qsw), can be found in Ref. [43]. JETSCAPE also includes
a virtuality-dependent onset of coherence effects in order to
model the inability of the medium to resolve narrow splittings
of highly virtual partons at earlier timescales. The model from
Caucal et al. presents a perturbative QCD (pQCD) picture of
jet quenching dictated by the factorization of medium-induced

FIG. 14. Comparison of RAA as a function of rg for three intervals of pjet
T in 0–10% centrality Pb+Pb events with theoretical predictions from

Ringer et al. [93]. The error bars and the open boxes around the data points represent the statistical and systematic uncertainties, respectively.
The uncertainties in the pp luminosity (1.6%) and 〈TAA〉 are not included, but are listed in Table I. The green curve (med q/g) represents the
quark and gluon differential energy loss setting. The red curve (med q/g + pT broadening) adds transverse momentum broadening effects for
all subjets in the medium.
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8

and kmin
t . In the JetMed context, these results are eas-

ily interpreted since the cut excludes the possibility of
tagging medium-induced emissions (kmin

t �
p

q̂L) and
✓hard is always bigger than ✓c. We would like to note that
Hybrid wake effects at kmin = 20 GeV are completely
negligible, and recoil particles in Jewel are strongly sup-
pressed (see in App. D).

We would like to highlight that not all jet-quenching
models predict a flat ratio. For example, a potential
source of substructure modifications at such high en-
ergy scales is the single-hit (or higher-twist) corrections
induced by rare, hard interactions with the medium.
These effects are included in the SCETg formalism [101]
and in MATTER+LBT Monte Carlo generator [34, 35].
However, the latest implementation of MATTER makes
use of a virtuality-dependent q̂ [39, 102] that effectively
reduces the impact of such corrections in this high-kt

regime.
The experimental measurement of the proposed ob-

servable has the potential to unambiguously establish
whether vacuum physics dominates the early stages of
jets in heavy-ion collisions. Knowing that there is a re-
gion of phase-space dominated by vacuum splittings
implies that all jet quenching models should agree not
only among them, but also with the pp baseline, within
that given region. This would represent a major step for-
ward in our understanding of jet quenching and is one
of the main results of this paper.

C. Substructure-dependent energy loss

When lowering the cut to kmin
t = 5 GeV, we enter a

domain where one can test the substructure dependence
of energy loss. Here, emissions with much longer for-
mation times �mfp ⌧ tf < 6.4 fm appear, while soft
medium-induced splittings are still suppressed kmin

t >
p

q̂L ⇡ 2.4 GeV. In the colour coherence picture sketched
in Fig. 1, we expect splittings with ✓ < ✓c to appear,
which are unresolved by the medium. As we have dis-
cussed, jets with wider splittings ✓ > ✓c loose more
energy and are suppressed due to selection bias. Con-
sequently, we expect the suppression of ✓hard > ✓c (or
equivalently an enhancement of ✓hard < ✓c). Most mod-
ern jet quenching models implement this coherence (or
resolution) effect, but they differ in the shape of the
phase space boundary as discussed in Sec. IV A (see
in Fig. 4). Theoretically, this boundary is not known
beyond the soft-and-collinear limit, and models imple-
ment it differently. An experimental measurement in
this regime, therefore, could put tighter constraints on
the modelling of the resolution phase space.

In Fig. 6, we show the angular distribution of the
hardest splitting ✓hard for kmin

t = 5 GeV. The PbPb-
to-pp ratio in JetMed displays a sharp enhancement at
✓c = 0.04, a clear consequence of colour resolution and
selection bias. Our expectation is that, on both sides of
✓c, the jet substructure does not change much, it is still
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Figure 5. The angular distribution of the hardest-kt splitting
inside inclusive jets in heavy-ion collisions with kmin

t = 20
GeV for the jet quenching Monte Carlo event generators de-
scribed in Fig. 4. The bottom panel displays the medium-to-
vacuum ratio.

vacuum-like (the ratio is flat). For the Hybrid model, the
resolution boundary is not as sharp as it gets washed out
due to fluctuations in the propagation length, tempera-
ture, and parton energy. The overall picture is however
similar to JetMed: wide-angle splittings are suppressed.
Results for the Hybrid model with different Lres values
are shown in App. C. We would like to highlight that
the angular distribution in the Lres = 1 fully coher-
ent limit of the Hybrid model (only the initiator loses
energy independent of the substructure) is barely modi-
fied as compared to vacuum, as expected. Even though
the wake is included in Fig. 6, the 5 GeV cut is still large
enough to completely remove its effects (see it in more
detail in App. D).

The Jewel model is somewhat distinct from the other
two models since it lacks an explicit implementation
of colour coherence. The competition between elastic
scattering and vacuum radiation still outlines a bound-
ary that we referred to as tel. However, this boundary
is beyond the phase space limited by kmin

t = 5 GeV
(see Fig. 4) and therefore the medium-to-vacuum ratio
is compatible with unity. Jets in Jewel of course lose en-

14

Figure 11. Same as the ratio plots in Figs. 5,6, and 7. The upper panels are Hybrid events with and without the wake for different
kmin
t . The lower panels are Jewel events with and without keeping track of recoilers for different kmin

t . The left and right side are
jets with different cone sizes R = 0.2 and R = 0.4.

distribution from the wake. To further illustrate wake
effects in Hybrid, we repeat the previous plot for wider,
R = 0.4 jets (upper right panel in Fig. 11). Here, the
wake becomes substantially more important at lower
kmin

t cuts, implying that the wake appears at wide an-
gles (✓ > 0.2). We would like to remind the reader
that the overall decreasing trend of the PbPb/pp ra-
tio with increasing angle is caused by the substructure-
dependent energy loss and selection bias effects as we
discussed in the main text. The effect from medium re-
sponse sits on top of this effect, typically at larger angles.

Jewel implements medium response in a radically dif-
ferent manner. The medium response dynamics can af-
fect the ✓hard distribution even for moderate kmin

t value
(lower left panel in Fig. 11). The size of this effect can

reach up to 50% for kmin
t = 1 GeV for R = 0.2. These

recoils are thermal particles that become part of corre-
lated background after undergoing elastic 2 ! 2 scatter-
ings with the jet particles. These scatterings can be per-
turbative or not depending on the exchanged momen-
tum.12Therefore, the medium response in Jewel pro-
duces harder particles at smaller angles than the wake
in Hybrid. Two technical details on the treatment of
these recoils are relevant: we have used the method pre-

12 2 ! 2 pQCD scatterings are modified in the QGP due to thermal
screening effects typically at small momenta [118, 119]. We refer to
these soft scatterings as non-perturbative as the plasma temperature
is relatively low TQGP ⇠ ⇤QCD.
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Figure 11. Same as the ratio plots in Figs. 5,6, and 7. The upper panels are Hybrid events with and without the wake for different
kmin
t . The lower panels are Jewel events with and without keeping track of recoilers for different kmin

t . The left and right side are
jets with different cone sizes R = 0.2 and R = 0.4.

distribution from the wake. To further illustrate wake
effects in Hybrid, we repeat the previous plot for wider,
R = 0.4 jets (upper right panel in Fig. 11). Here, the
wake becomes substantially more important at lower
kmin

t cuts, implying that the wake appears at wide an-
gles (✓ > 0.2). We would like to remind the reader
that the overall decreasing trend of the PbPb/pp ra-
tio with increasing angle is caused by the substructure-
dependent energy loss and selection bias effects as we
discussed in the main text. The effect from medium re-
sponse sits on top of this effect, typically at larger angles.

Jewel implements medium response in a radically dif-
ferent manner. The medium response dynamics can af-
fect the ✓hard distribution even for moderate kmin

t value
(lower left panel in Fig. 11). The size of this effect can

reach up to 50% for kmin
t = 1 GeV for R = 0.2. These

recoils are thermal particles that become part of corre-
lated background after undergoing elastic 2 ! 2 scatter-
ings with the jet particles. These scatterings can be per-
turbative or not depending on the exchanged momen-
tum.12Therefore, the medium response in Jewel pro-
duces harder particles at smaller angles than the wake
in Hybrid. Two technical details on the treatment of
these recoils are relevant: we have used the method pre-

12 2 ! 2 pQCD scatterings are modified in the QGP due to thermal
screening effects typically at small momenta [118, 119]. We refer to
these soft scatterings as non-perturbative as the plasma temperature
is relatively low TQGP ⇠ ⇤QCD.
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