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Abstract

This note presents jet substructure measurements in pp and Pb—Pb collisions at \/snn = 5.02 TeV
with the ALICE detector. The Soft Drop grooming algorithm provides access to the hard parton
splittings inside a jet by removing soft wide-angle radiation. We report the groomed jet momentum
fraction, zg, and the (scaled) groomed jet radius, 6, = R, /R. Charged-particle jets are reconstructed
at midrapidity using the anti-kT algorithm with resolution parameters R = 0.2 and R = 0.4. In heavy-
ion collisions, the large underlying event poses a challenge for the reconstruction of groomed jet
observables, since fluctuations in the background can cause groomed parton splittings to be misiden-
tified. By using strong grooming conditions to reduce this background, we report these observables
fully corrected for detector effects and background fluctuations for the first time. A narrowing of
the 6, distribution in Pb—Pb collisions compared to pp collisions is observed, which provides direct
evidence of the modification of the angular structure of jets in the quark—gluon plasma. No signifi-
cant modification of the z, distribution in Pb—Pb collisions compared to pp collisions is seen. These
results are compared with a variety of theoretical models of jet quenching, and provide constraints
on jet energy-loss mechanisms and coherence effects in the quark—gluon plasma.
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1 Introduction

Ultrarelativistic heavy-ion collisions at the Large Hadron Collider (LHC) are used to study the high
temperature deconfined phase of strongly interacting matter known as the quark—gluon plasma (QGP)
[1HS)]. Highly-energetic jets created in the collisions interact with the QGP medium and through those
interactions they can lose energy and their internal structure can be modified. This process, known as jet
quenching [6-9]], can be used to reveal the physical properties of the QGP itself. Previous measurements
demonstrate the suppression of jet yields in heavy-ion collisions relative to appropriately scaled pp col-
lisions [10H135l], as well as jet substructure modifications [16-18|]. These measurements have established
that jets undergo energy loss, and that the distribution of momentum of jet constituents is modified rela-
tive to that in pp collisions. Some measured observables such as the jet angularity [[16] and jet transverse
profile [[18]], which are sensitive to the structure of jets in both angular and momentum space, suggest a
narrowing of the jet core in heavy-ion collisions. No direct modification of the intra-jet angular distribu-
tion alone has been measured.

Groomed jet substructure in pp collisions allows access to the hard (high-momentum transfer) parton
splittings inside a jet by removing soft, wide-angle radiation [19-21]]. Groomed jet observables are often
under good theoretical control because they can be calculated in perturbative QCD (pQCD) and allow
for a controlled reduction of non-perturbative effects. In heavy-ion collisions, groomed jet observables
can be used to investigate jet quenching effects in the QGP. Since jet grooming allows access to quan-
tities related to hard splittings in parton showers, it may give a handle on various jet quenching effects
such as energy loss, transverse-momentum broadening, path-length dependence and color coherence.
Measurements of groomed jet observables in heavy-ion collisions were performed by ALICE and CMS
collaborations [22H24]], and opened a new avenue in the study of jet substructure in heavy-ion collisions.

In this note, we report results in both pp and Pb—Pb collisions using the Soft Drop (SD) [19-21]] groom-
ing algorithm, which identifies a single splitting by first clustering a jet, then reclustering the constituents
of that jet using the Cambridge/Aachen (C/A) algorithm [235]], and traversing the history of the reclus-
tered tree to identify a particular splitting that satisfies the grooming condition. The groomed splitting
is characterized by two kinematic observables: the groomed jet radius, Rg, and groomed momentum
fraction, zg, as shown in Fig. E} The groomed jet radius is defined as the angular distance between the
two branches of the identified splitting:

Ry = VA +A¢?, (D

where y is the rapidity and ¢ is the azimuthal angle. In this measurement, we consider the scaled groomed
jet radius,

R
R )

0, 2)
where R is the jet resolution parameter used to reconstruct jets in the anti-k7 algorithm, and approxi-
mately represents the total angular aperture of the considered jets. The groomed momentum fraction, zg,
is defined as the fraction of transverse momentum (pr) carried by the sub-leading (lowest pt) prong in
the identified splitting:

PT subleading (3)

DT leading + PT subleading

g

By measuring both 6, and z, for the same population of jets, one can simultaneously constrain the full
kinematic variables of a groomed jet splitting.
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Fig. 1: Graphical representation of the angularly-ordered Cambridge-Aachen reclustering of jet constituents and
subsequent Soft Drop grooming procedure [[19]], with the identified splitting denoted in black and the splittings that
were groomed away in light blue.

In pp collisions, measurements of 6, and z, distributions test analytical pQCD predictions and constrain
the role of non-perturbative effects [26]]. Measurements of 6, and z, have been performed at RHIC and
the LHC [23 27-30]. At high transverse momentum, the data are described within uncertainties by
pQCD predictions [26]. In this note, we report results of 6, and z, with stronger grooming parameters
than in previous measurements, in which a larger fraction of the jet energy is groomed away.

In heavy-ion collisions, 8, may be sensitive to multiple jet-quenching physics mechanisms. It was pro-
posed that 6, can constrain the trade-off between the narrowing of jets due to the relative suppression of
gluon-initiated vs. quark-initiated jets, and the broadening of jets due to transverse momentum diffusion
[31]. Additionally, 6; may be sensitive to the ability of the medium to resolve jets via color coherence,
where a color dipole may either be resolved by the medium as two independent color charges or remain
unresolved as a single color charge, leading to different modifications in the medium [32]. Moreover, un-
certainty principle arguments suggest that jet splittings are formed at different times in vacuum (z; ~ 1/ 9g2
where f; is the splitting formation time) such that wider splittings are formed earlier in the parton shower
and narrower splittings are formed later. This would result in wider jet splittings traversing on average
a longer path in the medium, and undergoing more significant modification of the substructure than nar-
rower jet splittings. Complementary to 6, it has been argued that z, may be sensitive to the modification
of the DGLAP splitting function in the QGP, the breaking of color coherence, and the response of the
medium to the jet [33-36]. By measuring both 6, and z; simultaneously, and thereby both the angular
and momentum scales of the hard substructure of jets, these jet-quenching mechanisms can be further
constrained.

Up to now, no measurement of 6, has been performed in heavy-ion collisions. Previous measurements
of the zg distribution by the CMS [22] and ALICE collaborations [23] indicated significant modification
with respect to pp collisions for mild grooming settings zcy = 0.1 and large-angle splittings R, > 0.1.
However, these results were not corrected for background and detector effects, and are difficult to inter-
pret [37]. By using stronger grooming conditions to reduce the splitting background, we report the first
fully corrected measurement of groomed substructure observables in heavy-ion collisions, allowing for
a rigorous comparison to theoretical calculations.

2 Experimental setup and data sets

A description of the ALICE detector and its performance can be found in Refs. [38] 39]. The pp data
set used in this analysis was collected in 2017 during LHC Run 2 at /s = 5.02 TeV. A minimum bias
(MB) trigger was used, which required a coincidence of hits in VOA and VOC detectors, covering pseu-
dorapidity ranges of 2.8 <1 < 5.1 and —3.7 < n < —1.7, respectively [40]. The Pb—Pb data set was



4 ALICE Collaboration

collected in 2018 during LHC Run 2 at /sy = 5.02 TeV. Central and semi-central triggers that select
the 0—-10% and 30-50% most central events, based on the multiplicity of produced particles in the for-
ward VO counters, were used. The centrality was determined using the measured particle multiplicity in
the VO detectors [41, |42]]. The event selection includes a primary vertex selection, where the primary
vertex is required to satisfy basic quality criteria and to be within 10 cm from the center of the detector.
Beam-induced background events were removed using two neutron Zero Degree Calorimeters located
+112.5 m along the beam axis from the center of the detector. Pileup was rejected based on multiple
reconstructed vertices and tracking selections. After these selections, the pp data sample contains 870
million events and corresponds to an integrated luminosity of 18.040.4 nb~! [43]]. The corresponding
Pb-Pb data sample contains 92 million events in central collisions and 90 million events in semi-central
collisions, corresponding to an integrated luminosity of 0.12 nb~! and 0.06 nb™!, respectively.

In this analysis, we used charged particle tracks reconstructed using information from both the Time
Projection Chamber (TPC) [44] and the Inner Tracking System (ITS) [45)]. We define two types of
tracks: global tracks and complementary tracks. Global tracks are required to include at least one hit
in the silicon pixel detector (SPD) comprising the first two layers of the ITS and to satisfy multiple
tracking criteria. Complementary tracks are all those satisfying all the selection criteria of global tracks
except for the request of a point in the SPD. They are refitted using the primary vertex to constrain
their trajectory in order to preserve a good momentum resolution, especially at high pr. Including this
second class of tracks ensured approximately uniform azimuthal acceptance, while preserving similar
transverse-momentum pr resolution to tracks with SPD hits. Tracks with 0.15 < pr < 100 GeV/c were
accepted over pseudorapidity |1| < 0.9 and azimuthal angle 0 < ¢ < 27.

The instrumental performance of the detector was estimated with a model of the ALICE detector and
its response to particles using GEANT3 [46]. The tracking efficiency in pp collisions, as estimated
with a simulation performed with PYTHIA8 Monash 2013 [47] for the event generation and using the
GEANT3 [46] transport code for propagating particles through the simulated ALICE apparatus simula-
tion, is approximately 67% at track pr = 0.15 GeV/c, and rises to approximately 84% at pr = 1 GeV/c,
and remains above 75% at higher pr. Studies of the centrality dependence of the tracking efficiency in a
HIJING [48]] simulation demonstrated that the tracking efficiency is approximately 2% lower in 0—10%
central Pb—Pb collisions compared to pp collisions, independent of track pr. The momentum resolution
o(pr)/pr was estimated from the covariance matrix of the track fit [39]], and is approximately 1% at
track pr =1 GeV/c and 4% at pr = 50 GeV/c.

3 Analysis method
3.1 Jet reconstruction

Jets are reconstructed from charged tracks with FastlJet 3.2.1 [49] using the anti-kT algorithm with E-
scheme recombination for resolution parameters R = 0.2 and R = 0.4 [50,51]]. The pion mass is assumed
for all jet constituents. Jets in heavy-ion collisions have a large uncorrelated background contribution
due to fluctuations in the underlying event (UE). In ALICE, the UE contribution is quantified through
the transverse momentum density per unit area, p, which is on average 146 GeV /c in central collisions
and 32.3 GeV/c in semi-central collisions. In this measurement the event-by-event constituent subtrac-
tion method is used, which corrects the overall jet pr and its substructure simultaneously by subtracting
energy constituent by constituent [52,53[]. The constituent subtraction method works by adding infinites-
imally small “ghosts” to the event over the entire acceptance whose transverse momentum is negative.
The ghosts and particles are then combined based on how close they are to each other, as defined by

AR = 1%/ (N =1+ (9 — 9:)° @
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where 1, and @ are the 1) and @ of the ghosts, pr is the transverse momentum of the particle and « is a
parameter that can be varied. Particles and ghosts with less than zero total momentum are removed from
the event. The maximum recombination distance Ry specifies how close the particles and ghosts need
to be to be considered a match. In this note, we considered R.x = 0.25 and o = 0, which leads to an
unbiased corrected charged-particle jet transverse momentum pr, ¢ jer- After background subtraction, the
measured range is 40 < pr chjer < 120 GeV /c. The jet axis is required to be within the fiducial volume
of the TPC, njet} < 0.9 — R, where 1) is the jet pseudorapidity. The jet must not contain a track with
pr above 100 GeV /c in order to optimize the overall jet momentum resolution.

The jet reconstruction performance is studied by comparing PYTHIAS generated jets at “truth level”
(before the particles undergo interactions with the detector) to those at “detector level” (after the ALICE
GEANT3 detector simulation). In pp collisions we construct two collections of jets: pp truth level
(PYTHIA truth) and pp detector level (PYTHIA with detector simulation). We then geometrically match
the detector-level jets with truth-level jets within AR < 0.6 R. In Pb—Pb collisions, we embed PYTHIAS
events into 0-10% or 30-50% centrality Pb—Pb measured events. We then assign a truth-level jet from
PYTHIA with an associated “combined” jet consisting of a jet constructed from PYTHIA detector level
tracks and Pb—Pb tracks. To define such a match, we construct three collections of jets: pp truth level and
pp detector level (in the same way as in pp collisions) and “combined”. We use a scheme of jet matching
where we match the “combined” jet geometrically to the nearest pp detector-level jet, and require that
the jets are within AR < 0.6R and that the combined jet contains at least 50% of the total track pr of the
pp-detector level jet, implicitly enforcing uniqueness. Additionally, the pp detector-level jet is matched
to its corresponding pp truth-level jet in the same way as was done for the jets in pp collisions.

We perform Soft Drop grooming [[19], in which we re-cluster each jet with the Cambridge-Aachen al-
gorithm with resolution parameter R, and then decluster the jet starting from the largest-angle splitting,

where each splitting in the declustered sequence is defined by 7 = —Llsubleadine___ ¢
DT Jeading +PT,subleading

2 < zewbP, (5)

A2 +Ag? . .
where 0 = % = % and zqy, B are tunable free parameters of the grooming algorithm, then we

drop the softer branch and proceed to the next splitting in the harder branch. If

7> zew6?, (6)

then we conclude the grooming procedure, with all remaining constituents defining the groomed jet. The
groomed jet radius and groomed momentum fraction are then defined according to Eqs. (1)—(3) and in
this analysis we use 8 = 0.

Local background fluctuations in a heavy-ion environment can result in an incorrect splitting being iden-
tified by the grooming algorithm, in which the reconstructed splitting is unrelated to a hard process. In
order to address this issue, this measurement has been performed by applying strong grooming condi-
tions, zeye = 0.2 and 0.4 (with B = 0), which better mitigates these effects compared to milder grooming
conditions such as z¢y, = 0.1 [37]. The background subtraction technique was improved by using the
event-by-event constituent subtraction method instead of the jet-by-jet constituent subtraction method
[521 153]], which was used in previous ALICE jet-shape and jet-substructure measurements [[16-18), [23]].
Additionally, by also measuring jets with a small resolution parameter (R = 0.2 instead of R = 0.4), the
magnitude of these prong-mistagging effects was further decreased, since the collinear jet fragmentation
enhances the fraction of signal jet energy compared to background energy density. Finally, the analysis
for jets with a resolution parameter of R = 0.4 was also performed in more peripheral collisions (30—-50%
instead of 0—10%), where the impact of the background is less relevant.
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In order to evaluate the rate of prong mistagging due to the residual background effects, we performed a
study to quantify the subleading prong purity by embedding jets simulated with the PYTHIAS event gen-
erator [47] into measured Pb—Pb data, defined as the probability for subleading prongs at the pp detector
level get reconstructed inside the subleading prong after the embedding procedure. To do so, we tagged
prongs at the detector level according to the manner in which they were reconstructed in the embedded
event. This was done by checking if 50% of the pr in the detector-level prong ended up in either of the
prongs in the embedded event. The residual background contribution ranges from approximately 5% up
to 15% at lower pr, in more central events, and at larger R. This level of background contamination is
small enough to allow the results to be unfolded for detector effects and background fluctuations. The
impact of the residual background contribution is quantified in Section 4, and remains one of the leading
sources of systematic uncertainty.

3.2 Unfolding

The reconstructed pr, chjet, 6z, and zg differ from their true values due to tracking inefficiency, particle-
material interactions, and track pr resolution. Moreover, in Pb—Pb collisions, background fluctuations
significantly smear the reconstructed distributions of 6, and z,. To account for these effects, we simu-
lated events with the PYTHIAS generator [47] using the Monash 2013 tune and the GEANT3 model [46]

for the particle transport in the ALICE detector material. We constructed a 4D response matrix (RM) that

1 : . . det truth det ptruth
describes the detector and background response in pr, chjer and 6, or zg: R (pt chjet» PT, ch jet? Gg , Gg ,

%ﬁ"ch et is the detector-level pr, chjet in the case of pp collisions or the “combined” jet after em-
truth

bedding in the case of Pb—Pb collisions and p7" } et is the truth-level pr, chjet» and analogously for z.
We then perform a 2D unfolding in pr cpjer and 6, or z, using the iterative Bayesian unfolding algorithm
[54] implemented in the RooUnfold package [55].

where p

We impose a lower pr limit on the data that is input to the unfolding, in order to reject combinatorial
jets. For R = 0.2 jets in 0-10% centrality and R = 0.4 in 30-50% centrality, we limit the input range to
pdT‘ftch jet € [40,120] GeV/c. Similarly for R = 0.4 jets in 0-10% centrality, we limit the input range to
pdetCh jet € [60,140] GeV/c. No such limitation is imposed on p%“gfl jer during the unfolding process. The
distributions after unfolding are then corrected for the kinematic efficiency, defined as the efficiency of
reconstructing a “true” jet at a particular p%‘lgﬁl et value given a reconstructed jet p%f‘ch jet Fange. This inef-
ficiency can result from background effects including smearing from the SD threshold and pr-smearing
of the jet out of the selected pr, cnjer range. The kinematic efficiency is 70% or higher in all cases for
PT,chjet > 60 GeV/c. Since the final observables are normalized per jet, the kinematic efficiency only
affects the shape of the distribution. We include the number of untagged jets in the unfolding procedure
as an additional bin adjacent to the lower edge of the 6, and z, distributions (in iterative Bayesian un-
folding, the arrangement of the bins is immaterial). The number of iterations, which sets the strength of
regularization, is chosen by minimizing the quadrature sum of the statistical and systematic unfolding
uncertainties or by checking that the unfolding closure tests described below are successful. This results

in the optimal number of iterations ranging from 3 to 6.

To validate the performance of the unfolding procedure, we perform refolding tests, in which the RM
is multiplied by the unfolded solution and compared to the original detector-level spectrum. We also
do closure tests, in which the shape of the input MC spectrum is modified to account for the fact that
actual distribution may be different than the MC input spectrum. In all cases, we achieve closure within
statistical uncertainties. Additionally, we perform a thermal closure test to quantify the sensitivity of the
final result to combinatorial jets and background splittings. This consisted of redoing the entire analysis
on “combined” events containing a PYTHIA event and a thermal background, in which “combined” jets
were clustered from the combination of PYTHIA detector-level particles and thermal background parti-
cles. The background was modeled by generating N particles with pt taken from a Gamma distribution,
fr (p13B) o< pre P7/B, where N and B were fixed to roughly fit the R = 0.2 8 pr distribution in Pb—Pb
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data [56]. This background model was verified to describe the subleading prong purity to percent-level
accuracy. The test consisted of constructing the combined detector-level jet spectrum, building the RM,
unfolding the combined jets — and comparing the spectrum to the truth-level PYTHIA spectrum. Since
the background does not have any jet component, this test is able to quantify the extent to which the
analysis procedure indeed recovers the signal distribution and is not contaminated by background. Due
to a residual contamination of mistagged splittings, non-closure is observed in some distributions and is
therefore incorporated as a systematic uncertainty, which is discussed further in Section 4.

4 Systematic uncertainties

The systematic uncertainties in this measurement are due to the tracking efficiency, the unfolding pro-
cedure, residual mistagged prongs, the background subtraction procedure, and the generator model-
depdenence. Tables [I] and [2] summarizes the systematic uncertainty contributions for Pb—Pb and pp
collisions, respectively. All sources of systematic uncertainty contribute significantly in certain regions
of the measured observables. The total systematic uncertainty is calculated as the quadratic sum of all of
the individual systematic uncertainties described below.

The systematic uncertainty due to the uncertainty of the tracking efficiency is evaluated using random
rejection of additional tracks in jet finding according to the estimated tracking efficiency uncertainty of
4%, based on variations in the track selection criteria and on the ITS-TPC track-matching efficiency
uncertainty. In order to assign a systematic uncertainty to the final result, we construct an alternative
response matrix by randomly rejecting an additional 4% of tracks in jet finding. This response matrix is
then used to unfold the same measured result as used in the final result. This result is compared to the
main result, with the differences in each bin taken as the systematic uncertainty.

We perform several systematic variations on the unfolding procedure to evaluate a shape systematic
uncertainty arising from the unfolding regularization procedure:

— The number of iterations in the unfolding procedure was varied by +2 units and the difference
with respect to the nominal result is taken as the systematic uncertainty.

— The prior distribution is scaled by variations larger than that expected in the data. The difference
between the result unfolded with this RM and the original is taken as the systematic uncertainty.

— The binnings in the 6, and z, were varied to be finer and coarser than the nominal binning.

det

— The lower bound in the detector level charged-particle jet transverse momentum p7° et

extended up and down by 5 GeV/c.

range was

The constituent subtraction introduces a bias in the observed distributions, since it implicitly makes a
choice of how much pr to subtract from soft particles compared to the hard particles, and similarly for
their angular distributions. To estimate the size of the corresponding systematic uncertainty, we vary Rpyax
from “under-subtraction” (Rpax = 0.05) to “over-subtraction” (Ryy.x = 0.7), around the nominal value of
Rmax = 0.25. We take the maximum deviation of these two variations as the systematic uncertainty.

There is a small but potentially significant number of mistagged splittings that remain in the raw distribu-
tions. In principle, the unfolding procedure corrects for any mistagged splittings, however this procedure
is imperfect. To quantify the systematic uncertainty due to residual mistagged splittings, we take the
bin-by-bin non-closure of the thermal model closure test described in Section 3. This introduces some
model-dependence of the background but still reasonably quantifies the extent of the remaining back-
ground contribution. We also consider the non-closure derived by weighting the input distribution in the
MC to be similar to the shape in the Pb—Pb data, unfolding with the unweighted response, and comparing
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Pb-Pb Relative uncertainty (%)
Trk. eff. Unfolding Generator Tagging Bkgd. sub.  Total
g
0-10% R=0.2 1-4% 1-4% 1-7% 1-2% 1-6% 4-10%
0-10% R=04 1-13% 1-4% 1-7% 2-26% 4-28% 9-41%
30-50% R = 0.4 0-2% 0-5% 1-7% 1-6% 2-5% 5-9%
6,
0-10% R=0.2 1-8% 1-4% 1-5% 1-19% 1-14% 3-24%
30-50% R = 0.4 3—6% 1-7% 1-5% 0-4% 2-15% 6-15%

30-50% R=04 7o,y =04  4-11% 2-11% 1-5% 1-5% 1-13% 4-20%

Table 1: Summary of systematic uncertainties on the Pb—Pb measurements. The ranges correspond to the mini-
mum and maximum systematic uncertainties obtained. All values correspond to z¢y, = 0.2 unless otherwise noted.

PP Relative uncertainty (%)
Trk. eff. Unfolding Generator Total

g

R=0.2 0-3% 2-4% 2-4% 3-6%

R=04 0-3% 0-6% 0-3% 1-7%
6q

R=0.2 1-5% 2-5% 1-3% 4-6%

R=04 1-5% 0-10% 0-5% 2-13%

R=047z,4=04 1-15% 2-9% 0-13%  3-17%

Table 2: Summary of systematic uncertainties on the pp measurements. The ranges correspond to the minimum
and maximum systematic uncertainties obtained. All values correspond to zy = 0.2 unless otherwise noted.

to the weighted truth-level distribution. In cases where this non-closure is larger than the non-closure
obtained from the thermal closure test, we use this second non-closure as a systematic uncertainty.

A systematic uncertainty associated with the model-dependent reliance on the Monte Carlo generator
which is used to unfold the spectra is included. We construct a fast simulation to parameterize the
tracking efficiency and track pt resolution, and build response matrices using PYTHIAS Monash 2013
and either Herwig7 [57] (in the pp case) or JEWEL 2.2.0 [58] (in the Pb—Pb case) as generators. For
Herwig7, we use the default tune, and for JEWEL, we use settings described in Ref. [59] with no recoils.
Even though a full detector simulation using PYTHIAS has also been generated, a fast simulation is used
for this purpose so that there is complete parity between the two generators in the calculation of this
systematic uncertainty. These two response matrices are then used to unfold the measured data, and the
differences between the two unfolded results in each interval are taken as a symmetric uncertainty.

5 Results

We report the zg and 6, distributions in bins of pr, ¢ jer between 60 and 100 GeV/c for zeye = 0.2 in central
(0-10%) and semicentral (30-50%) Pb—Pb collisions. In addition, in semicentral events we present the
distributions for zo, = 0.4. The measurements are reported for R = 0.2 and R = 0.4. The distributions
are reported as normalized differential cross sections,

I do 1 dN
7 = —,
Ojet,inc ng Njet,inclusive ng

(7
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where N is the number of jets passing the Soft Drop condition in a given event sample with a given
PT, chjet> Njetinclusive 18 the number of inclusive jets in the same sample, and 0, Oje,inc are the correspond-
ing cross sections. The analog of Eq. (7)) defined for zg applies for 6.

The z, distributions are shown in Fig. @ (for central Pb—Pb collisions) and Fig. @ (for the semicentral
collisions). The 6, distributions are shown in Fig. 4| (for central Pb—Pb collisions) and Fig. E] (for the
semicentral collisions). The distributions from Pb—Pb collisions are compared with the corresponding
distributions from pp collisions, with their ratios displayed in the bottom panels. The relative uncertain-
ties 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 measurements decreases as the jet resolution parameter is
increased or the centrality is decreased, as the prong mis-tagging probability decreases with centrality
and with decreasing R.

The fraction of jets that do not contain a splitting that passes the Soft Drop condition ( fiagged) ranges from
10-12% for z¢, = 0.2 and is 44% for z.,« = 0.4. The differences in these tagging rates between pp and
Pb—Pb are at most 2%. Since these differences between pp and Pb—Pb collisions are small, the measured
distributions are approximately self-normalized, and therefore any modifications in Pb—Pb compared to
pp can change the shape of the distribution, but keep the integral approximately the same.

5.1 Comparing pp and Pb-Pb collisions

We find that the z, distributions in Pb—Pb collisions are consistent with those in pp collisions within the
experimental uncertainties. This holds independent of the jet momentum, jet resolution parameter, or
centrality of the Pb—Pb collisions. These measurements provide a benchmark for theoretical description
of the jet-medium interactions, constraining the in-medium modifications of the momentum structure of
the hard splittings to be less than 10% to 20% depending on the jet R and collision centrality.

The situation is remarkably different when comparing the groomed jet radius in both systems. For
R = 0.2 in central collisions, the data suggests a narrowing of the Pb—Pb distribution relative to the pp
distribution is observed (see Fig. @)). The apparent narrowing of jets persists even in semicentral Pb—Pb
collisions for R = 0.4 (see Fig. [5) where in general quenching effects are expected to be less than in
the most central collisions. In the semicentral case, we also explored the dependence of the large-angle
suppression on the shared momentum fraction of the splitting for two values of zy (see zcye = 0.4 in the
right panel of Fig. [3).

5.2 Comparison to theoretical models

We compare the ratio of the measurements in pp and Pb—Pb collisions to several theoretical implemen-
tations of jet quenching.

JETSCAPE. The prediction by the JETSCAPE Collaboration [60] is extracted from a Monte Carlo im-
plementation of multi-stage energy loss with the MATTER [64] medium-modified parton shower model
controlling the high-virtuality phase and the Linear Boltzmann Transport (LBT) model [65] describing
the low-virtuality phase. The version of JETSCAPE used for this calculation employs a jet transport
coefficient, g, that includes dependence on parton virtuality, in addition to dependence on the local
temperature and running of the parton-medium coupling. The JETSCAPE prediction reproduces the
measurements well.

JEWEL. The prediction by JEWEL [58,166] is a Monte Carlo implementation of BDMPS-based medium-
induced gluon radiation in a medium modeled with a Bjorken expansion. We use JEWEL 2.2.0 with an
initial temperature 7; = 590 MeV and initial quenching time 7; = 0.4, which provides an accurate de-
scription of a variety of jet quenching observables [59]. We consider the impact of medium recoil by
including results both with and without recoils enabled. In the case with recoils included, we perform a
subtraction of the thermal component of the recoils by using the constituent subtraction algorithm.
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Fig. 2: Unfolded z, distributions for charged-particle jets in 0-10% central Pb—Pb collisions compared to pp
collisions for R = 0.2 (left) and R = 0.4 (right). The distributions are normalized to the inclusive jet cross section
in the pr chjer interval, and fiaegeq indicates the fraction of splittings that were tagged to pass the SD condition in
the selected pr, chjer interval. The ratios in the bottom panel are compared to the following theoretical predictions:
JETSCAPE [60], Caucal et al. [34}61]], Chien et al. [33], Qin et al. [35]], and Pablos et al. [36, 62} 63]]. The
predictions by Caucal et al. are performed for 75 < pr, jer < 100 GeV/c for R=0.2 and 100 < DT, jer < 130 GeV/c
for R = 0.4. The predictions by Chien et al. are performed for 100 < pr jer < 130 GeV/c for R = 0.2 and
130 < pr,jet < 160 GeV/c for R = 0.4. The predictions by Qin et al. are performed for 90 < pr,jet < 120 GeV/c
for R=10.2 and 120 < pr jet < 150 GeV/c for R = 0.4.

Caucal et al. The prediction by Caucal et al. [34}161] implements a pQCD parton shower with incoherent
interactions including both factorized vacuum and medium-induced emissions in a static brick medium.
The model describes the trend found in the data well — suggesting that the constituents of the (vacuum)
shower once implanted into the medium act as independent emitters.

Chien et al. The prediction by Chien et al. [33] (for zg only) applies Soft Collinear Effective Theory
with Glauber gluon interactions. The prediction describes the z; measurements well.

Qin et al. The prediction by Qin et al. [35] (for z; only) applies the higher twist formalism with the
assumption of coherent energy loss. The prediction describes the z, measurements well.

Pablos et al. The prediction by Pablos et al. [36,162]63]], known as the Hybrid Model, consists of partons
produced by a vacuum shower that interact with the medium according to a strongly-coupled AdS/CFT-
based model. In the Hybrid Model, the parameter L, describes the degree to which the medium can
resolve the jet angular structure, where L;.s = 0 corresponds to full resolution of all jet constituents
(fully incoherent), L.s = oo corresponds to fully coherent energy loss, and Les = 2/7T corresponds to
coherence at scales less than 2 /7T and incoherence at scales above 2/xT, where T is the local medium
temperature. For each value of L, the quenching parameter x is separately tuned to achieve equivalent
energy loss in all cases. The data favor the incoherent energy loss (L..s = 0) supporting a picture where
the emitted gluons interact independently with the medium once they are sufficiently apart/de-cohered.

Yuan et al. The predictions by Yuan et al. [31] consist of two different types of calculations, both
only for 6,. The calculations labeled “med g/g” and “quark™ consist of 6, distributions where only
the medium-modified quark-gluon fractions are varied, without any additional effects (corresponding to
fully coherent energy loss). The medium quark-gluon fractions in the “med q/g” case are taken from a
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Fig. 3: Unfolded z, distribution for charged-particle jets in 30-50% Pb—Pb collisions in red compared to pp
collisions for R = 0.4. The distributions are normalized to the inclusive jet cross section in the pr, chje: interval,
and fiageed indicates the fraction of splittings that were tagged to pass the SD condition in the selected pr, ch jet
interval. The ratios in the bottom panel are compared to the following theoretical predictions: JETSCAPE [60],
Qin et al. [35] and Pablos et al. [36}162}163]]. The prediction by Qin et al. is performed for 90 < pr, je; < 120 GeV/c.

global analysis of jet quenching data in Ref. [67]], with a relative suppression factor of approximately four
between gluon jets and quarks jets, and the “quark™ case is a quark only model where the gluon jets are
completely suppressed by the medium (to show the maximum possible impact of this mechanism — which
is disfavored by comparisons to jet Raa). The calculation labeled “4L” includes an implementation of
transverse momentum broadening. The latter is rejected by the data, whereas the calculations pointing
towards strong modifications of the quark-to-gluon ratio in Pb—Pb collisions reproduce the narrowing
reasonably well. This prompts further investigations of quenching effects targeting exclusive studies for
quark and gluon induced jets in Pb—Pb collisions [16, 68]].

The Pb—Pb-to-pp ratios of z, distributions are well described by all theoretical predictions considered.
The modifications, which have been constrained by previous measurements [22} 23], are predicted to
be small, and the differences between them are yet smaller than the current uncertainty on the data.
Nevertheless, these new measurements provide the first direct comparisons of predictions to fully cor-
rected data, and limit the possible z; modifications to 10-20% depending on the centrality, jet R, and the
grooming settings considered.

Despite employing different microscopic implementations of the jet-medium interactions, the majority
of the models capture the qualitative feature of the narrowing seen in the 6 distributions. However, in a
number of ways they provide new insight to the nature of the modifications, as outlined in the following
section, and indicate promising directions for further studies.

5.3 Discussion

The theoretical models can be grouped according to three distinct mechanisms by which 6, is modified:
incoherent energy loss, coherent energy loss, and transverse broadening. The measurements are consis-
tent with models implementing (transverse) incoherent interaction of the jet shower constituents with the
medium. This is well illustrated by calculations of Pablos et al. and supported by Caucal et al., JEWEL,
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Fig. 5: Unfolded 6, distributions for charged-particle jets in 30-50% Pb—Pb collisions compared to pp collisions
for R = 0.4. The distributions are normalized to the inclusive jet cross section in the pr, cnjer interval, and fiagged
indicates the fraction of splittings that were tagged to pass the SD condition in the selected pr, chjer interval. The
left panel is for a SD grooming z.,: = 0.2 and the right panel is for z¢y¢ = 0.4. The ratios in the bottom panel are
compared to the following theoretical predictions: JETSCAPE [60] and Pablos et al. 36} 62, [63].

and JETSCAPE. It was shown that in vacuum, using Pythia simulations [36], a large R, correlates with
high intra-jet multiplicity. In the models where the amount of energy lost by the jet in the medium de-
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pends on the number of sources from the vacuum shower, the suppression of large-Rg jets is naturally
explained. On the other hand, the Yuan et al. calculation with medium-modified “quark/gluon” fractions
indicate that the data could be explained by the stronger suppression of on average broader and more
abundant splittings in gluon showers, with fully coherent energy loss. These two physics mechanisms —
the degree of incoherent energy loss, and the relative quark/gluon suppression — both lead to a suppres-
sion of wide-angle splittings. The prediction by Yuan et al. “4L” exhibits the opposite trend compared to
the data, demonstrating that there is no strong transverse broadening in the hard substructure.

In qualitative terms, disregarding the differences in actual parton shower implementations between the
models, the agreement with data depends on the physical properties of the medium. The presented mea-
surements of the angular structure clearly indicate that the medium has a significant resolving power for
splittings with a particular dependence on the angular (or coherence) scale promoting narrow structures
and/or filtering out (via quenching) the “wide” splits in groomed jets or wider jets altogether.

6 Conclusion

We have measured the groomed jet momentum fraction, z,, and the (scaled) groomed jet radius, 6,
of charged-particle jets in pp and Pb—Pb collisions at /sny = 5.02 TeV with the ALICE detector. By
using stronger grooming conditions in the Soft Drop grooming algorithm, we suppressed contamina-
tion of mistagged splittings from the underlying event, and unfolded the final distributions for detector
and background fluctuation effects. This allows for the first time the direct comparison of groomed jet
measurements in heavy-ion collisions with theoretical predictions of jet quenching in the quark—gluon
plasma. The z; distributions are consistent with no modification in Pb—Pb collisions compared to pp
collisions. The 6, distributions are narrower in Pb—Pb collisions compared to pp collisions, which is the
first direct experimental evidence for the modification of the angular scale of groomed jets in heavy-ion
collisions.

These new results demonstrate sensitivity to the microscopic structure of the QGP, including its angular
resolving power. This marks an important step towards quantitative understanding of the properties of
the QGP and provides a new path for novel differential jet substructure measurements to further elucidate
the microscopic nature of the QGP.
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