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ARTICLE INFO ABSTRACT

Editor: M. Doser The ALICE Collaboration reports a differential measurement of inclusive jet suppression using pp and Pb-Pb
collision data at a center-of-mass energy per nucleon-nucleon collision m =5.02 TeV. Charged-particle jets
are reconstructed using the anti-k; algorithm with resolution parameters R = 0.2, 0.3, 0.4, 0.5, and 0.6 in pp
collisions and R = 0.2, 0.4, 0.6 in central (0-10%), semi-central (30-50%), and peripheral (60-80%) Pb-Pb
collisions. A novel approach based on machine learning is employed to mitigate the influence of jet background.
This enables measurements of inclusive jet suppression in new regions of phase space, including down to the
lowest jet pr > 40 GeV/c at R = 0.6 in central Pb-Pb collisions. This is an important step for discriminating
different models of jet quenching in the quark-gluon plasma. The transverse momentum spectra, nuclear
modification factors, derived cross section, and nuclear modification factor ratios for different jet resolution
parameters of charged-particle jets are presented and compared to model predictions. A mild dependence of the
nuclear modification factor ratios on collision centrality and resolution parameter is observed. The results are
compared to a variety of jet-quenching models with varying levels of agreement.

Dataset link: https://
www.hepdata.net/record/ins2637686

1. Introduction

Lattice quantum chromodynamics (QCD) calculations predict that
strongly-interacting matter at very high temperature exists in a phase
called the quark—gluon plasma (QGP), where the partonic constituents,
quarks and gluons, are not confined to hadrons. There is compelling
evidence from observations reported by experiments at the Relativis-
tic Heavy Ion Collider (RHIC) [1-4] and at the Large Hadron Col-
lider (LHC) [5-17] that the QGP is created in high-energy nuclear
collisions.

High momentum transfer (hard) QCD scatterings of partons occur
early in the heavy-ion collision evolution, producing high transverse
momentum (py) partons that propagate through the medium and even-
tually fragment into collimated sprays of hadrons known as jets. Since
jet production in proton—proton (pp) collisions is well described by
perturbative QCD [18-21], measuring modifications to jet production
and jet properties in heavy-ion collisions offers a powerful way to
characterize the properties of the QGP. The high-p; partons within
the jet experience in-medium interactions through elastic scatterings
and induced gluon radiation, a phenomenon called jet quenching (see
Ref. [22] for a recent review). Jet quenching leads to several observable
consequences: parton energy loss, modification of the jet substructure,
and medium-induced acoplanarity. Jet quenching has been measured
via inclusive yield and correlation measurements of high-py hadrons
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and reconstructed jets, semi-inclusive jet measurements, jet shapes, and
recently via jet substructure measurements at RHIC [23-36] and at the
LHC [7,15,16,37-56].

Jet energy loss results in a suppression of the jet yield at a fixed
value of the jet py. Jet suppression is quantified using the nuclear mod-
ification factor,

1 d*N /dprdn
<TAA> dzo_pp/dedr’ '

which is the ratio of the measured per-event inclusive jet yield in heavy-
ion (AA) collisions and the inclusive cross sections in pp collisions
scaled by the nuclear overlap in a given centrality class Ty, [57]. The
value of Ry, is expected to be one in the absence of nuclear effects.

It is important to measure jet suppression over a wide range of pa-
rameters, including the jet pr and the resolution parameter (so-called
radius), R, of the clustering algorithm since the influence of in-medium
effects and the medium response are expected to vary with these pa-
rameters [58-61]. Measuring jets at large R is especially interesting
because more of the larger-angle medium-induced modification will be
recovered relative to jets with smaller R. Additionally, the contribu-
tion of the medium response relative to other effects is expected to
vary with R [58]. These competing effects may help to discriminate
the mechanisms underlying energy loss and elucidate the energy trans-
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port properties of the QGP. While jet suppression has been measured
over a large range in jet pp at both the LHC and RHIC [62-66], of
particular interest are the low-pr and large-R regions. A recent mea-
surement by the CMS collaboration [67] studied jet suppression up to
R = 1.0 for jets with high py > 200 GeV/c. Measurements of jet sup-
pression as a function of R were found to have excellent discriminating
power when compared to various jet quenching models [67]. However,
no significant radial dependence was observed, which implies that there
may be a combination of competing jet-quenching effects. The ATLAS
collaboration [68] also studied the R-dependence of the ratios of jet
spectra measured in central and peripheral collisions (Rcp) at lower
pr> 40 < pr <200 GeV/c, and found a dependence on R where jets
with larger R up to R =0.5 exhibit less suppression. Measuring the R-
dependence of energy loss [58-61] at low p will probe the expectation
that the R-dependence is larger in this region [58], and will connect to
inclusive jet measurements at RHIC [62].

The ALICE experiment at the LHC is well-suited to perform jet mea-
surements at low jet pr at the LHC due to high-precision tracking
in the Time Projection Chamber (TPC) [69] and Inner Tracking Sys-
tem (ITS) [70]. However, reconstructing the jet pr in nucleus-nucleus
collisions is challenging due to the large background fluctuations from
the underlying event (UE), which can be a significant fraction of the jet
pr itself. Jet measurements in heavy-ion collisions require a procedure
to account for this background which involves both a correction of the
jet pr and a suppression of combinatorial (or fake) jets.

One common procedure applied for the jet pr-smearing is to correct
for the average background via a pedestal subtraction of the event-
wise momentum density (herein referred to as the area-based or AB
method [71,72]). This is accompanied by an additional correction for
event-averaged residual smearing effects via an unfolding procedure.
Contributions from combinatorial jets to the inclusive jet yield can be
further suppressed via additional requirements on the jet acceptance,
such as a leading hadron pr requirement. The drawback of such re-
quirements is a bias of the jet population.

A generalization of this procedure is to utilize machine learn-
ing (ML) techniques to include multi-dimensional information in cal-
culating the corrected jet momentum, as explored in Ref. [73]. This
approach uses specific properties of the jet and its constituents in ad-
dition to the area-based corrected jet py to reduce the residual fluctu-
ations and remove combinatorial jets from the inclusive jet yield. An
unfolding procedure must be applied to correct for the contributions of
residual smearing effects, which can be performed down to lower jet pr
due to the improved jet pr resolution. Unique to this procedure is that
the correction for the jet energy scale and the removal of combinato-
rial jets from the inclusive jet yield is done in one step. This additional
constraining power is achieved by creating a mapping between the jet
properties and the corrected jet pr, which may also provide the oppor-
tunity to measure jets in Pb—Pb collisions with lower jet py and larger R
than is possible with the AB method. However, including constituent in-
formation in the training of the ML model introduces a dependence on
fragmentation patterns of the training sample, which may differ from
those in Pb-Pb collision data, whose effect on the results needs to be
addressed.

In this manuscript, we present an analysis of inclusive charged-
particle jet production at a center-of-mass energy per nucleon—nucleon
collision of m =5.02 TeV. Jets are measured with resolution pa-
rameters R = 0.2, 0.3, 0.4, 0.5, and 0.6 in pp and R = 0.2, 0.4, and
0.6 in Pb-Pb collisions. The jets in Pb—Pb collisions are also measured
for different centrality classes. The analysis of the Pb—Pb collision data
in the 0-10% and the 30-50% centrality classes utilizes the novel ap-
proach to the correction of the underlying event contribution based on
the ML techniques described above, while the analysis of the Pb-Pb
collision data in the 60-80% uses the standard area-based subtrac-
tion. The jet transverse momentum spectra, jet nuclear modification
factors, as well as ratios of jet cross sections and Ry, are presented
and compared to model calculations in central (0-10%), semi-central
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(30-50%), and peripheral (60-80%) Pb-Pb collisions. The dependence
on the jet fragmentation model used to train the ML algorithm was
studied and incorporated as a systematic uncertainty. The new analysis
extends previous measurements of inclusive charged-particle jet sup-
pression at the LHC to both lower py and larger R, measuring jets down
to pr =30 GeV/c for R=0.4 and to py =40 GeV/c for R=0.6.

The article is structured as follows: details on the detector and data
reconstruction are given in Sec. 2. The jet reconstruction is described in
Sec. 3. The jet background correction method based on ML techniques
is introduced in Sec. 4. The dependence of the new background estima-
tor on the fragmentation pattern used in the training and unfolding is
discussed in Sec. 5. The systematic uncertainties are discussed in Sec. 6.
The results and comparison with model calculations are presented in
Sec. 7. A summary concludes the paper in Sec. 8. Appendix B describes
the insensitivity of the ML correction to correlated background fluctua-
tions.

2. Experimental setup

A detailed description of the ALICE detector can be found in
Ref. [74], and its performance is described in Ref. [75].

The analyzed dataset for Pb—Pb collisions at 4/syy = 5.02 TeV was
collected in 2015, with online triggers that utilize the hit multiplicity
measured by forward VO detectors. The VO detectors are segmented
scintillators covering the full azimuth over the pseudorapidity ranges
2.8 <n<5.1 (VOA) and —3.7 < n < —1.7 (VOC). The accepted events,
reconstructed as described in Ref. [76], were required to have a recon-
structed primary vertex within +10 cm from the nominal interaction
point along the beam axis and the obtained sample corresponds to
an integrated luminosity of about 6.5 ub~!'. Events were character-
ized with VO multiplicities corresponding to the 0-10%, 30-50%, and
60-80% centrality ranges using the centrality determination described
in Ref. [77]. The 0-10% centrality range corresponds to the most cen-
tral 10% of the Pb—Pb inelastic cross section and 60-80% corresponds
to more peripheral collisions.

The analyzed dataset for pp collisions at \/_ = 5.02 TeV was col-
lected in 2017 during Run 2 of the LHC with an integrated luminosity
of about 19 nb~! [78]. Events were triggered using the VO detector by
having signals in both the VOA and VOC. Accepted events were required
to have a reconstructed primary vertex within +10 cm from the nom-
inal interaction point along the beam axis, the same as the events in
Pb-Pb collisions.

This analysis utilizes the ALICE tracking system in the central ra-
pidity region, which is located inside a large solenoidal magnet with
a field strength of 0.5 T aligned with the beam axis. This system con-
sists of the ITS, a high-precision six-layer cylindrical silicon detector
with the innermost layer at 3.9 cm and the outermost layer at 43 cm
radial distance from the beam axis; and the TPC with radial extent of
85-247 cm, which provides up to 159 independent space points per
track. To ensure good track-momentum resolution for jet reconstruc-
tion, reconstructed tracks are required to have at least three hits in the
ITS. For tracks without any hit in the Silicon Pixel Detector (SPD), com-
prising the two innermost layers of the ITS, the location of the primary
vertex is used to constrain the track. This approach improves the track
momentum resolution and reduces the azimuthal variation in the track
reconstruction efficiency arising from the non-uniform SPD acceptance.
Accepted tracks are required to have py > 0.15 GeV/c and |5| < 0.9, and
to have at least 70 TPC space-points, comprising no fewer than 80% of
the geometrically findable space-points in the TPC.

For pp collisions, the single-track reconstruction efficiency is esti-
mated using pp events generated with the PYTHIA 8 (Monash 2013
tune) [79] generator together with the GEANT 3-based detector simula-
tion and response model of ALICE [80]. The efficiency is approximately
67% for track py = 0.15 GeV/c, rising to approximately 84% at track
pr =1 GeV/c and remaining above 75% at higher track py [64]. The
tracking efficiency in 0-10% Pb-Pb collisions as compared to that in
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pp collisions was estimated by comparing central to peripheral HI-
JING+GEANT 3 [81] events, resulting in an approximately 2% reduc-
tion in the tracking efficiency as compared to pp, independent of the
track py. The momentum resolution in pp collisions at the primary ver-
tex, which is determined on a track-by-track basis using a Kalman filter
approach [82], is about 1% at a track pr of 1 GeV/c and about 4%
at 50 GeV/c. In heavy-ion collisions, the momentum resolution at high
track py is approximately 10-15% worse than in pp collisions. The con-
tamination by secondary particles [83] produced in particle-material
interactions, conversions, and weak decays of long-lived particles, is a
few percent of the yield.

For the reference spectra from pp collisions, the jet measurement
is carried out as described in Ref. [84] on the 2017 pp dataset at
\/_ = 5.02 TeV. This dataset is 10 times larger than the dataset used
in Ref. [84], extending the charged-particle jet spectra for all consid-
ered R values up to jet pp = 140 GeV/c.

The values for the (T,,) in the nuclear modification factor
Eq. (1) were computed in a Glauber model [85] to be 23.26 + 0.168,
3.917 + 0.0645, and 0.4188 + 0.0106 mb~! in central (0-10%), semi-
central (30-50%), and peripheral (60-80%) collisions, respectively.

3. Jet reconstruction and unfolding

Charged-particle jets are reconstructed using the anti-k algorithm
with E-scheme recombination [86,87] in the FastJet package [72] with
resolution parameters R = 0.2, 0.3, 0.4, 0.5, and 0.6 in pp collisions and
R=0.2,0.4, and 0.6 in Pb-Pb collisions. Jet candidates are accepted for
further analysis if their axis, defined using the standard axis [88], is re-
constructed within the pseudorapidity range |7, | < 0.9 — R to assure
that the nominal jet cone is fully contained within the track acceptance
of [#] <0.9. A jet area cut of A, > 0.567 R? is applied to suppress con-
tamination by non-physical jets [36,49,63]. Jets containing a track with
pr > 100 GeV/c are additionally removed due to reduced momentum
resolution in this region. In this paper, jets are corrected with either an
area-based or ML-based background correction.

The transverse momentum of reconstructed jets is affected both by
residual fluctuations from the UE remaining due to imperfect back-
ground subtraction as well as detector effects (mainly the tracking
efficiency and the track py resolution). To account for these effects,
pp collision events were simulated with the PYTHIA 8 generator us-
ing the Monash 2013 tune [89] (particle-level) and the particles were
then propagated through a model of the ALICE detector using GEANT
3 particle transport framework [80] (detector-level). These events were
then embedded into Pb-Pb minimum bias data to form hybrid events
(hybrid-level). In these events, the same detector configuration is sim-
ulated as that utilized during the data taking of the above-mentioned
Pb-Pb dataset. To account for a reduction in tracking efficiency for
central and semi-central Pb-Pb collisions relative to pp and peripheral
Pb-Pb collisions (where the tracking efficiency is similar), 2% of tracks
were randomly rejected, independent of the track pr.

Particle-level and hybrid-level jets are matched by the following
two-step procedure. First, the hybrid-level jet is matched geometrically
to a detector-level jet, where only matches with a maximum distance of
0.75 X R are accepted. The hybrid and detector-level jets are addition-
ally required to share particles responsible for at least 50% of the jet py.
Then the detector-level jet is matched geometrically with a maximum
distance of 0.75X R to a particle-level jet. These matched jets form a cor-
respondence between the true and reconstructed-level (hybrid-level) jet
pr, which is then used to fill a response matrix to reflect this mapping.
The jet reconstruction efficiency, defined as the ratio of the number of
accepted detector-level jets geometrically matched to a particle-level jet

and the number of particle-level jets in a given ptT”‘e interval,

true _ true true
grec(PT, chjel) - Nmatched(pT, chje[)/Ngenerated(pT, chjet)’ (2)
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accounts also for the efficiency of matching jets. The jet reconstruction
efficiency is high (above 95%) in all regions of phase space. It is used
to correct the unfolded spectrum.

The spectra are unfolded using the iterative Bayesian approach [90]
implemented in the RooUnfold package [91], with the response ma-
trix described above. The prior distribution for the unfolding is the
PYTHIA particle-level distribution. The number of iterations, which is
the regularization parameter, was selected to be the value where the
unfolded result becomes stable compared to further iterations, balanced
against the increasing statistical errors. This selected value is referred
to as the nominal result, while a variation on this value is taken as a
systematic uncertainty (see Section 6). A value of 8 iterations is used
for the nominal result for the most central collisions. The lower limit
in the measured transverse jet momentum that serves as input to the
unfolding procedure corresponds to five times the width of the distribu-
tion of residual fluctuations remaining after background subtraction, to
avoid contamination from combinatorial jets [63]. Some particle-level
jets will migrate outside of the measured kinematic range, which is cor-
rected with the so-called kinematic efficiency correction. A requirement
of a minimum kinematic efficiency of 60% is also imposed on the con-
sidered jet py intervals, while lower efficiency regions are rejected.

4. Machine learning-based background correction

To expand the jet py and R reach of the measurement, a novel es-
timator based on machine learning is used to correct the prp-smearing
effects caused by the background. This new background estimator, in-
troduced and described in detail in Ref. [73], is used for the first
time and follows an alternative approach to the established area-based
method. The method utilizes the properties of each individual jet can-
didate to assign a correction for the background contribution to the
measured pr of the jet. While the background is dominated by low-py
particles, the particles in the jet signal are distributed towards higher
pr constituents [71,92]. However, the relationship between the rele-
vant input features of the jet candidate and the true jet pr is complex.
Machine learning techniques are powerful tools to approximate this
mapping by learning from simulation instead of deriving the relation
from expert knowledge alone. This problem represents a regression task,
which aims to predict a reconstructed jet pr value for each jet candi-
date. The main physics motivation and performance are described here,
while further details on the implementation and validation of this ap-
proach are described in Appendix A.

Measurements of jet shapes have shown that certain features of
quenched jets are similar to unmodified jets in vacuum, notably that
the core of the jet is mildly modified due to quenching [51,54]. This
observation motivates the strategy adopted in this analysis to train on
jets produced by the PYTHIA 8 generator for pp collisions. We assess the
systematic uncertainty due to possible variation in the fragmentation in
Pb-Pb collisions with respect to pp collisions generated with PYTHIA 8
in Sec. 5.

Simulated jets with known transverse momentum are embedded
into real Pb-Pb events to compare the ML background estimator to
the area-based estimator. The left panel of Fig. 1 shows the distribu-
tion of the residual difference (6py) between background-corrected pr
and target detector-level probe pr, which measures how precisely the
background is approximated. The plot compares épr distributions of the
area-based and ML-based background estimators for R = 0.4. The right
panel of Fig. 1 provides the standard deviation of the residual distribu-
tions of both background estimators versus R for different centralities.
The ML-based estimator has an approximately two times narrower épr
distribution than the area-based estimator, indicating a reduction in
residual fluctuations. The performance of the ML-based estimator also
has no dependence on the angle between the jet axis and the event
plane, which is briefly discussed in Appendix B, indicating that the es-
timator is insensitive to correlated fluctuations in the background.
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Fig. 1. Residual p-distributions of embedded jet probes of known transverse momentum into Pb-Pb collision data. Left: Comparison of the distributions for the
area-based and ML-based background estimators. Note the lines connecting the points do not represent a fit and are only present to guide the eye. Right: Radius
dependence of the width of the distributions where the error bars come from the uncertainty in calculating the width.

5. Quenched jet fragmentation dependence

The machine learning-based background estimator is trained on jets
generated with PYTHIA 8 simulations for pp collisions, where the frag-
mentation is known to differ quantitatively from the fragmentation in
Pb-Pb data to which the estimator is applied [53,54,93,94]. The in-
clusion of specific fragmentation properties in the learning step of the
ML-based background correction procedure introduces an explicit frag-
mentation dependence. In comparison, although the area-based correc-
tion itself is not strongly fragmentation-dependent, this method is often
combined with a requirement on the p; of the leading charged con-
stituent to suppress the background contribution, which biases the frag-
mentation of the jet sample. There are three points where the ML-based
procedure is sensitive to jet fragmentation: the measured input spec-
tra, the response matrix, and the training. In this section, we explore
this dependence using model studies and quantify it as a component
of the systematic uncertainty in the measured spectra. In these stud-
ies, the training and the response matrix were varied, allowing for the
effect of a different fragmentation to be quantified through the full pro-
cedure. The procedure to estimate the systematic uncertainties on the
inclusive jet spectra due to this fragmentation dependence is discussed
in the following. The results are summarized in Sec. 6.

The sensitivity of the ML method to the fragmentation distribution
of the Monte Carlo sample used for training generated with PYTHIA
8 is explored by modifying the fragmentation distribution in physics-
motivated ways. One way to vary the fragmentation model is by uti-
lizing quark or gluon-initiated jets. Quark jets tend to be narrower and
have fewer constituents, each of them carrying a significant fraction
of the jet’'s momentum (harder fragmentation), while gluon jets tend
to be wider and have more constituents carrying smaller fractions of

the jet’s momentum, z = Planck pp practice, the inclusive jet popula-
Jjet
tion contains a mixture of quark and gluon jets, so using only quark or

gluon-initiated jets provides significant variation to the fragmentation.
Recent analyses suggest that the properties of quenched jets, exclud-
ing the enhancement at low z, may result primarily from the different
quenching of quarks and gluons [95].

Additionally, in-medium parton interactions lead to a variety of
physical effects. Phenomenological modifications are performed by
branching off additional hadrons from existing jet constituents, chang-
ing the final-state hadron distribution. The modifications are governed
by tunable parameters specifying p,.,, the probability of branching off
a particle; fj,, the fraction of the jet constituent py to radiate; and
AR, the maximum angle of the emission relative to the jet constituent.

For each jet constituent, a particle is radiated with probability p.,
carrying py = fiosspT™™" at an angle randomly sampled from a uniform
distribution between 0 and AR. Three different shower modifications
were studied using this framework, with each variation modifying the
final-state hadron distribution to model a different aspect of in-medium
jet modification.

Below is a summary of all the fragmentation modifications used in

this analysis:

1. Quark Only: jets originating from a quark in the PYTHIA 8 simu-
lation are used.

2. Gluon Only: jets originating from a gluon in the PYTHIA 8 simu-
lation are used.

3. Fractional Collinear: the radiated particle carries a specific frac-
tion of the original constituent’s energy and is emitted predomi-
nantly within the jet cone by setting AR to 0.1, 0.2, and 0.4 for
R=0.2, 0.4, and 0.6, respectively. The three-momentum of the ra-
diated particle is then subtracted from the original jet constituent
three-momentum, and the radiated particle is added to the list of
jet constituents if it falls within the jet cone.

4. Fractional Large Angle: the radiated particle carries a specific
fraction of the original constituent’s energy and is frequently emit-
ted outside the jet cone by setting AR to 0.4, 0.6, and 0.8 for
R=0.2, 0.4, and 0.6, respectively. The three-momentum of the ra-
diated particle is then subtracted from the original jet constituent
three-momentum, and the radiated particle is added to the list of
jet constituents if it falls within the jet cone.

5. Medium Response: the emission occurs as described for the Frac-
tional Collinear case, but the original jet constituent py is unmodi-
fied, emulating the addition of particles from the medium into the
jet.

The kinematic modifications vary both the momentum scale and the
angular distribution of jet constituents and, thereby, the jet distributions
themselves. Existing measurements guided the values of the tunable
parameters used in the phenomenological modifications. Specifically,
the p,.,, values were determined by evaluating the excess particle yield
for jets in Pb-Pb collisions compared to those in pp collisions using the
jet radial profiles for R = 0.4 inclusive jets above 100 GeV/c [96]. Each
modification attributes the p,., value to individual effects, whereas in
reality, the overall observed modification combines contributions from
all of them. Therefore, this approach overestimates the contribution of
each individual effect, which is a conservative choice to account for the
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Fig. 2. Left: Comparison of toy model modifications for R = 0.4 jets using the R4 as defined in Eq. (3) Right: The ratio of the modified to unmodified fragmentation
functions at low jet py (40 < pp,,, < 100 GeV/c, lower right panel) and high jet p; (100 < py . <200 GeV/c, upper right panel) for 0-10% central Pb—Pb collisions.
In the fractional collinear and fractional large angle case, f,,, =25% and p,,,, = 100%. In the medium response case, f, = 10% and p,,i, = 50%. The ratio of the
fragmentation functions measured in Pb-Pb and pp collisions are shown for jets with R = 0.4 and p; > 100 GeV/c [53] (ATLAS), and for jets with R =0.3 and

pr > 30 GeV/c recoiling from a photon with E; > 60 GeV/c [94] (CMS).

fact that the p,., values are not extrapolated when applied to lower
energy jets. The excess yield outside of the jet cone was used to fix
the value of p, for the Fractional Large Angle model, and the excess
inside of the jet cone was used to fix the value of p, for the Fractional
Collinear and Medium Response models. The modifications were then
compared to existing fragmentation measurements, as discussed below.
The values of f . were set to 25% and 10%, which provide a charged
hadron R,, of comparable magnitude to the measured values in the
0-10% and 30-50% centrality ranges, respectively [97].

We compare the modified and the unmodified jet distributions by

their ratio, R,,4,

_ Yinodified

Rmod - Y

) 3
unmodified
shown for R = 0.4 jets as a function of py in the left panel of Fig. 2. The
medium response adds energy to the jet cone, resulting in R4 > 1.
For the fractional collinear model, the jet does not lose energy most of
the time, which results in R4 = 1. In the case of fractional large-angle
radiation, the jet will lose energy, resulting in R4 < 1. Note that the
modifications shown here do not directly translate into the associated
systematic uncertainty, which instead corresponds to the propagation of
this yield modification through the ML-based correction and unfolding.
To quantify the modifications introduced by the various fragmen-
tation scenarios, the ratio between modified and unmodified jet frag-
mentation functions as a function of z is shown in the right panels of
Fig. 2. Both panels include comparisons to the measured ratio of frag-
mentation functions in Pb-Pb and pp collisions for R = 0.4 inclusive jets
with pp > 100 GeV/c from ATLAS [53] and R = 0.3 photon-tagged jets
with pp > 30 GeV/c from CMS [94]. The kinematic region of the ATLAS
measurement is the only one where the fragmentation function of in-
clusive jets has been measured, so this is a possible region to check that
the toy modifications cover the full phase space of modifications as ob-
served in the data. The CMS measurement is a quark-dominated sample
and does not fully describe the phase space measured in this analy-
sis, but it is still useful for the purpose of comparing the magnitude of
the induced variations in the toy models. The top right panel shows
the modifications for R = 0.4 jets in the 0-10% centrality class with
100 < pr < 200 GeV/c. The Medium Response and Fractional Collinear

models describe the measured low-z enhancement of soft particles. The
quark-only case describes the intermediate-z suppression and high-z en-
hancement. Additionally, the ratio between modified and unmodified
jet fragmentation functions is shown in the bottom right panel of Fig. 2
for R =0.4 jets with 40 < pr < 100 GeV/c in 0-10% central collisions.
The fragmentation in this region has not been measured, so no direct
comparison is possible, but the features are qualitatively the same as
for the R = 0.4 jets at high py, albeit with more significant modifica-
tion. The toy model variations introduced here cover the modification
of the photon-recoiling jet fragmentation measured by CMS from pp to
Pb-Pb collisions over a similar kinematic region.

For each variation, both the training and the response matrix were
varied to quantify the effect of a different fragmentation model through
the full analysis chain. To ensure realistic variations for the systematic
uncertainties, the unfolded spectrum corrected using the ML estimator
was refolded with the response matrix filled with jets corrected using
the AB method. The result was then compared to the spectrum obtained
with the AB method at the hybrid level to ensure the result was similar
to the one that would have been achieved with the AB method. For a
variation to be considered, we required an agreement comparable to
the size of the unfolding uncertainties.

In principle, any unfolded heavy-ion measurement could have a
fragmentation bias inherent to the unfolding procedure and, by defi-
nition, assumes a fragmentation model. The method developed for this
paper introduces a new range of variations that could be considered for
such studies in the future. Unique to the ML method is the fragmenta-
tion dependence of the training, but the results varied minimally when
only the training sample fragmentation was varied, indicating that the
main effect is due to the fragmentation in the response matrix.

6. Systematic uncertainties

The systematic uncertainties of the inclusive jet spectra arise from
the tracking efficiency, the unfolding procedure, and the model depen-
dence in the ML method. The full systematic uncertainty is given by
the quadratic sum of the individual uncertainties, where the single un-
certainties are taken to be symmetric about the nominal value unless
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Table 1
Relative systematic uncertainties (%) for jet spectra for 0-10% central Pb-Pb collisions and
all resolution parameters. The maximum uncertainties for low pr (prj,, <50 GeV/c) and high

Pr (Prje > 50 GeV/c) are shown. The direction of asymmetric uncertainties is indicated with

a + or — sign. The combined uncertainty is the sum in quadrature of individual uncertainties.

Resolution parameter (R) 0.2 0.4 0.6
Pr Low pp High py Low pp High p; Low pp High p;
Tracking eff. 21 18 24 12 12 34
Regularization param. (<2 (<2 (<2 2 2 (<2
Unfolding prior 6 16 8 (< 2) 4 (<2)
Measured p; range 46 4 8 (<2 6 8
Fractional Collinear +30 +12 +12 +16 +8 +20
Fractional Large Angle +10 +10 +6 +10 +8 +14
Fractional Medium Response +28 +14 +20 +14 +22 +14
Quarks/Gluon -8 -6 -12 -12 -14 -12
Combined 58 32 32 26 28 44
Table 2

Relative systematic uncertainties (%) for jet spectra for 30-50% central Pb-Pb collisions and
all resolution parameters. The maximum uncertainties for low pr (prje; <50 GeV/c) and high

pr (Prje > 50 GeV/c) are shown. The direction of asymmetric uncertainties is indicated with

a + or — sign. The combined uncertainty is the sum in quadrature of individual uncertainties.

Resolution parameter (R) 0.2 0.4 0.6

Pr Low pp High p; Low pp High p; Low pp High p;
Tracking eff. 10 12 12 16 12 14
Regularization param. (<2) (<2) (<2) (<2) (<2) (<2)
Unfolding prior (<2) 4 6 2 (<2) 6
Measured py range 28 (<2) 10 (<2) 20 (<2)
Fractional Collinear +12 +6 +22 +14 +26 +24
Fractional Large Angle +8 +8 +8 +10 +26 +24
Fractional Medium Response ~ +8 +8 +14 +10 +22 +20
Quarks/Gluon -8 -6 -8 -6 -12 -6
Combined 34 22 32 26 42 40
Table 3

Relative systematic uncertainties (%) for jet spectra for 60-80% central Pb-Pb colli-
sions and all used resolution parameters. The maximum uncertainties for low py (py o <
50 GeV/c) and high pr (prje > 50 GeV/c) are shown. In this centrality interval the spectra
are measured with the area-based method, the uncertainties related to the fragmentation
functions adopted in the machine learning algorithm are not included for this case. The
combined uncertainty is the sum in quadrature of individual uncertainties.

Resolution parameter (R) 0.2 0.4 0.6

Pr Low pr  Highpy Lowp;  Highpy Lowpy  Highpy
Tracking eff. 4 10 2 10 10 14
Regularization param. (<2) (<2) (<2) (<2) (<2) (<2)
Unfolding prior 6 (<2) 10 6 (<2) 8
Measured p; range 32 4 6 4 36 14
Quarks/Gluon -2 -4 -4 -4 (<=-2) -4
Combined 46 14 14 10 50 16
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otherwise specified. The following sources were taken into account for
the measurements in Pb-Pb collisions:

Tracking efficiency uncertainty: the loss of tracks due to track-
ing efficiency less than unity results in a reduction in jet pr, which
corresponds to a significant reduction in measured yield in a given pr
interval due to the steeply falling jet spectrum. Tracking efficiency is
consequently one of the largest sources of systematic uncertainty in this
measurement. Detailed studies of the tracking efficiency have been per-
formed to determine an appropriate variation for the systematic uncer-
tainty [75,98]. Those studies motivate the systematic variation, which
corresponds to a modified response matrix where 4% of the tracks are
randomly discarded.

Regularization parameter: to regularize in the Bayesian unfold-
ing procedure, a number of iterations is chosen for the nominal result

where the unfolded results are stable. For the systematic uncertainty,
variations of the parameter by +1 are taken into account.

Prior: for the Bayesian unfolding procedure, a prior distribution
is needed. The PYTHIA 8 jet py spectrum was taken as the nominal
prior. For the systematic uncertainty the sensitivity of the unfolded re-
sult to the prior was evaluated by scaling the PYTHIA 8 spectrum by
the parameterized ratio of the hybrid-level MC to Pb-Pb collision data,
accounting for any shape differences between the two. Then, the dif-
ference between the result unfolded by the scaled response and the
nominal response was taken as a systematic uncertainty.

Measured pr-range: the minimum transverse momentum of the jets
that enter the unfolding procedure is determined by the requirement
that it is five times the residual fluctuations o, which suppresses the
fake jet yield (see Sec 3). The low-py cut-off of the data that serves
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Fig. 3. The p;-differential inclusive charged-particle jet yield distributions as a function of p; for different values of R in three centrality classes: Top Left: 0-10%,
top right: 30-50%, bottom left: 60-80%. The peripheral spectra were measured using the area-based method for the background correction. All other reported
spectra were corrected with the ML-based background estimator. In the bottom right panel, the production cross sections in pp collisions are shown. The vertical
bars denote statistical uncertainties and the vertical extent of the boxes denotes systematic uncertainties. Note that the data points are plotted horizontally at the

bin center.

as input to the unfolding procedure is varied by +5 GeV/c. Small-R
jets are expected to be most sensitive to this cut due to their low prj¢
reach.

Fragmentation: the background estimator is trained using the jet
spectrum from simulated pp collisions utilizing PYTHIA 8 where the
clustered hadrons were constructed following the Lund fragmentation
model as discussed at length in Sec. 5. The systematic uncertainty was
estimated from the variations in the results obtained using different
fragmentation models. In particular, the following alternatives were
considered: q/g fragmentation, Medium Response, Fractional Collinear,
and Fractional Large Angle. The variations are added in quadrature and
the corresponding uncertainties are considered to be asymmetric.

For the measurements in pp collisions, several sources of uncertainty
were taken into account. For the unfolding, the SVD [99] algorithm was
used for the central value of the results, and the relative variation in
the results when using the Bayesian method was taken as the uncer-
tainty. The regularization parameters were further varied by +1 from
the nominal values, as in the Pb-Pb case. The unfolding uncertainties,
including the algorithm and regularization variations, are estimated
from the root-mean-square of these variations. The tracking efficiency
uncertainty was estimated in a similar manner as for the Pb-Pb spec-
tra, but in this case, disregarding 3% of the tracks due to the smaller
systematic uncertainty on the tracking efficiency in pp collisions. Ad-
ditionally, there is an uncertainty from secondary track contamination
due to weak decays, which was estimated by comparing the secondary

track fraction in data and MC. Note that the SVD and secondary track
contamination uncertainties are small in Pb—Pb collisions, and therefore
are neglected.

A summary of the systematic uncertainties discussed above for the
spectra is given in Tables 1, 2, and 3 for 0-10%, 30-50%, and 60-80%
Pb-Pb collisions, respectively. The uncertainties of the Ry, are calcu-
lated using the systematic uncertainties of the Pb-Pb spectra and the
uncertainties of the pp reference (evaluated as in [84]). Included in the
R, 4 uncertainty is an additional uncertainty associated with the calcu-
lation of the (T, ), given in Ref. [85]. The systematic uncertainties on
the R, 5 double ratios and the cross section ratios for different R values
are evaluated by separately treating correlated and uncorrelated uncer-
tainties. All unfolding uncertainties for the spectra in Pb-Pb collisions
are treated as uncorrelated and added in quadrature. The tracking un-
certainty and the uncertainties due to the fragmentation dependence are
treated as correlated by evaluating the double ratio for each variation
and calculating the difference from the nominal double ratio. The devi-
ations from the nominal value for each of these cases are then added in
quadrature to obtain the final correlated uncertainty on the R, 5 double
ratios and the cross section ratios.

7. Results

In this section, the py-differential inclusive charged-particle jet
production yields (Fig. 3), the nuclear modification factors Ry,
(Figs. 4, 5, 6), the ratios of the jet cross sections for different R (Fig. 7),
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Fig. 4. Nuclear modification factors of inclusive charged-particle jets as a function of p; for R=0.2, R=0.4, and R = 0.6, shown for 0-10%, 30-50% and 60-80%
central Pb-Pb collisions for the ML-based method compared to results obtained with the area-based method where applicable.

and the R,, double ratios representing the change of nuclear modi-
fication with respect to resolution parameter of R = 0.2 (Fig. 8) are
reported.

The pr-differential charged-particle jet cross section in pp collisions
is shown in the bottom right panel of Fig. 3 for a broad range of R val-
ues from R=0.2 to R=0.6. Jets with larger R capture more of the jet’s
energy, shifting the spectra to the right and resulting in an increased
yield at fixed jet pr. The effect is largest at low transverse momenta.
The charged-particle jet spectra in Pb-Pb collisions are presented as
an event-normalized yield divided by the average nuclear thickness
(Tap) [85] of the given centrality class

1 d2 N, ch jet

— " mbGev/e)™. 4
<TAA> de,chjetdnjet mb (Ge /C) ] @

These spectra are shown in the first three panels of Fig. 3 for the three
considered centrality classes and the three values of R. The uncertainty
from the Glauber calculation to derive (T, ) is included in the normal-
ization uncertainty of the measurements. The spectra for central and
semi-central collisions are measured using the ML-based method, while
the area-based method is used for peripheral (60-80%) collisions. While
the performance of the ML-based correction is comparable to the AB
method in peripheral collisions, the AB correction has the benefit of
reduced systematic uncertainties due to the absence of fragmentation
uncertainties for this method. The area-based method does not include
these fragmentation uncertainties because the effect of the fragmenta-
tion biases is small [36,49,62].

Fig. 4 shows the nuclear modification factors using both the new ML-
based estimator and the established area-based estimator for the 0-10%,
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Fig. 5. Nuclear modification factors for jets with R = 0.6 in 0-10% (left) and 30-50% (right) central Pb-Pb collisions outlining the impact of the various fragmentation
models on the final result. Note that the systematic uncertainties, described in Sec. 6, are drawn both with and without the fragmentation uncertainties in the empty

and filled boxes, respectively.

30-50%, and 60-80% centrality classes. The inclusive yield suppression
measured using these two approaches is consistent within uncertainties
in their region of overlap. The ML-based method enables measurements
at lower transverse momenta and for large R (R = 0.6) in most central
Pb-PDb collisions.

Fig. 5 shows the variation in the central value of the inclusive yield
suppression for R = 0.6 and the different fragmentation models de-
scribed in Sec. 5. The systematic uncertainties with and without the
fragmentation systematic uncertainty are shown to illustrate its relative
contributions to the total. As discussed in Sec. 6, the fragmentation sys-
tematic uncertainties were treated as asymmetric. As demonstrated in
Fig. 5, this typically results in a positive contribution to the yield sup-
pression with the exception of the Quarks Only variation. Typically the
Fractional Collinear variation gives the largest contribution to the sys-
tematic uncertainty.

In Fig. 6, the nuclear modification factors for R = 0.2, R = 0.4, and
R = 0.6 are compared to theoretical models incorporating jet quench-
ing. Results are compared with: the Hybrid Model [100], which imple-
ments an energy loss with an AdS-CFT-inspired dependence on the path
length, as well as a response of the medium to the lost energy; the Lin-
ear Boltzmann Transport (LBT) model [61,101] and LIDO [102], which
use linear Boltzmann equations to describe the transport of partons in
the QGP; JETSCAPE [103], which includes a medium-modified parton
shower at high parton virtuality via MATTER [104], switching to the
LBT model at low virtuality [101] (JETSCAPEv3.5 AA22 tune); Mehtar-
Tani et al. [105], which is a first-principles analytical calculation of the
single-inclusive jet spectrum using quenching factors; MARTINI [106],
which embeds partons into a hydrodynamic medium with a modified
parton shower; and JEWEL [107,108], which consists of a Monte Carlo
implementation of BDMPS-based medium-induced gluon radiation in a
medium modeled with a Bjorken expansion, including calculations both
with and without enabling recoils [59]. Some model calculations do not
cover the full phase space of the measurements.

The calculations generally describe the data in central collisions for
the smaller resolution parameters (R = 0.2 and 0.4), except for JEWEL
with recoils which overestimates the R = 0.4 result at low jet pr. Ad-
ditionally, the JEWEL with recoils predicts significantly higher values
for the result at R = 0.6 than the measurement. The calculations span a
larger range for the semi-central collisions but still mostly describe the
data within uncertainties, although JEWEL shows some slight tension.
Overall, these comparisons demonstrate the importance of comparing
with models over a wide py interval and for different values of the R
parameter, particularly at large R.

The jet cross section ratio is defined as the ratio of the per-event
jet yields measured in the same collision system for different resolution
parameters:

dNg,

6(R=R;)/6(R=R,) = —/—
dpr, cn jet dpr, cn jet

)
In the ratio, the tracking and fragmentation uncertainties are highly
correlated, while all other uncertainties are considered as uncorre-
lated. Sec. 6 describes the calculation of the systematic uncertainties
in the ratio. The inclusive jet cross section ratios are a key observ-
able for jet shapes and have been measured both at RHIC and the
LHC [19,62-64,66,109]. The jet cross section ratios are shown in Fig. 7
for pp collisions and for Pb-Pb collisions in the 0-10% and 30-50%
centrality intervals. The left panel presents the ratios for R = 0.2 and
R =04, and the right panel for R =0.2 and R = 0.6. The ratio for
o(R=0.2)/6(R =0.6) in Pb-Pb collisions is slightly larger than for pp
collisions, taking into account the uncertainties. This suggests a narrow-
ing of the intra-jet energy distribution in Pb-Pb collisions. No significant
centrality dependence is observed in the jet cross section ratios within
measurement uncertainties. There is a small pr-dependence in the jet
cross section ratios in pp collisions, which becomes stronger at lower
jet pr, resulting from the py spectrum being steeper for larger R than
from smaller R in pp collisions. However, the jet cross section ratios in
Pb-Pb collisions are consistent with no dependence on the jet pr. This
indicates that there is an R-dependence to the evolution of the jet cross
section in pp collisions with pr which may impact the dependence of
the Ry, on R and pg, as discussed below.

The double ratio of the nuclear modification factor, which compares
Rﬁ , for different R to Rﬁio‘z, is used to quantify the variation of the
nuclear modification factor with respect to the jet resolution parameter.
It is defined as

R
RR/O2 _ Rya _ oan(R) 7 opp(R) ©
AT RI2 T 5,,02) 5,,(02)

Thus, the observable is not only a double ratio of nuclear modification
factors but also of jet cross section ratios as defined in Eq. (5). The
Ry double ratio is a key observable to quantify the R-dependence
of energy loss: when this ratio is less than unity, jets with larger R
are more suppressed; when it is consistent with unity, there is no R-
dependence (or a cancellation of effects); and when it is greater than
unity, larger R jets are less suppressed.

The measured R,, double ratios are shown in Fig. 8 for 0-10%
and 30-50% central Pb-Pb collisions. The RO 4/92 ratio in 0-10% and



ALICE Collaboration

Physics Letters B 849 (2024) 138412

L e e L B AN R — R e e e e
| @ALICE Data Hybrid Model w/ Wake | n:g | @ALICE Data Hybrid Model w/ Wake
- mLiDO T SCAPE v3.5 Af22 - ELIDO [ Mehtar-Tani et. al, g
1287 JEWEL w/ Recoils i Mehtar-Tani ot 2r8 7 120 JEWEL w/Recoils [ Mehtar-Taniet. al, g
- mm JEWEL w/o Recoils mm Mehtar-Tani et. al, all - | I JEWEL w/o Recoils [l Mehtar-Tani et. al, all
([ mmMARTNL [ EEMARTINE B JETSCAPE v3.5 AA2Z
| ALICE \s, = 5.02 TeV, 0-10% Pb-Pb ]
0.8}0h-part|cle jets, anti-k;, R =0.2, |njet| <0.7 { 0.8}
0.6]- | o6
0.4f- 0.4[- .
0.2~ 7 O-2[7ALICE {sy, = 5.02 TeV, 30-50% Pb-Pb ]
i | ‘- TAA‘ normallzatlon uncertalnty ] r Ch‘ partlcle‘jets a”t"'kT: R= 0 2, |’7 | < 0 7]
0 100 20 140 0 200 40 60 80 100 120
T ch jet (GeV/c) T ch jet (GeV/C)
L e e e B A A — T
| mDALICE Data Hybrid Model w/ Wake | u:é | (MALICE Data Hybrid Model w/ Wake |
- - H?TO -ﬂﬂ L§C§PE.V§-5 IAA227 - @ LIDO [ Mehtar-Tani et. al, g
1287 JEWEL w/ Recoils 1= Mehtar-Tani ot 2.’8 7 12 JEWEL w/Recoils [ Mehtar-Taniet. al, q
- mm JEWEL w/o Recoils mm Mehtar-Tani et. al, all | I JEWEL w/o Recoils [l Mehtar-Tani et. al, all
1* = MARTINI _ [ I JETSCAPE v3.5 AA22
| ALICE \s, =5.02 TeV, 0-10% Pb-Pb ]
0.8}Ch-part|cle jets, anti-k;, R = 0.4, mjell <05 { 0.8;
0.6]- { o6
0.4 ] o4f .
0.2~ | O2[ALICE |5, = 5.02 TeV, 30-50% Pb-Pb |
B ‘ ‘- Tan normal‘|zat|on ‘uncerta‘lnty ] L Ch‘-particle‘jets, anti‘-kT, R= 9-41 |77J-et|‘< 0.5 1
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120
Py oo (GEVIC) Py onje (GEVIC)
T ‘ LI ‘ L ‘ L ‘ L ‘ L ‘ L T ‘ T T T ‘ T T T ‘ T T T ‘ T T T ‘ T T T
| @ALICE Data Hybrid Model w/ Wake | D:é | @IALICE Data Hybrid Model w/ Wake |
1 2;= LBTO Eii/le-{\?gﬁl'zlﬁi\?t-zr\gzz; ) 2:- LIDO [ Mehtar-Tani et. al, g
[ JEWEL w/ Recoils [ Mehtar-Tani ot aI' a A . JEWEL w/ Recoils [ Mehtar-Tani et. al, q
- mm JEWEL w/o Recoils mm Mehtar-Tani et. al, all | I JEWEL w/o Recoils [l Mehtar-Tani et. al, all
([ WmMARTINI J . EMARTINI I JETSCAPE v3.5 AAZZ
[ ALICE {5 = 5.02 TeV, 0-10% Pb-Pb ] I 7 ,, normalization uncertainty
0 8;Ch-particle jets, anti-k;, R = 0.6, |nje‘| <03 0.8
0.6]- - o6f
0.4 0.4
0.2~ 0.2-ALICE Vs, = 5.02 TeV, 30-50% Pb-Pb
i ‘ ‘- T aa NOrmalization uncertalnty L Ch‘ partlcle‘jets antl"kT' R= 0 6, |77 | <03
0 100 120 140 0 20 40 60 80 100 120

(GeVlc)

T ch jet

(GeV/c)

Tcht

Fig. 6. Nuclear modification factors for R=0.2, R=0.4, and R = 0.6, shown for 0-10% and 30-50% central Pb-Pb collisions compared to theoretical calculations
incorporating jet quenching (see text for details).

30-50% central collisions and the R

0 6/ 92 ratio in 30-50% central colli-

sions are consistent with unity, 1nd1cat1ng no significant R-dependence

or pr-dependence. In contrast, the R,

06/ ratio in 0-10% central col-

lisions is below unity at lower jet pr values, indicating a hint of an
R-dependence within uncertainties. Assuming a 50% (100%) correla-

tion of the systematic uncertainties, the deviation from unity in 0-10%

central collisions is approximately 2.8 (1.6) sigma for the R,/

2 .
0-6/0. ratio,

and approximately 1.6 (1.0) sigma for R A/ 92 ratio.

Many competing effects can be considered when interpreting this ra-
tio. As observed in Ref. [96], the jet energy is transferred mostly to soft
particles, and a significant fraction of these particles are found at large
angles relative to the jet axis. Thus, as the jet R increases, the energy
lost outside of a smaller R jet cone should be recovered in a larger R
jet cone. Additionally, the medium responds to the jet as the jet prop-
agates through it, which is hypothesized to cause a wake that pushes
particles back inside the jet cone [100]. This could cause an increase in

10



ALICE Collaboration

S L B e s e sy B
ALICE, Pb-Pb |5\ = 5.02 TeV
Ch-particle jets, anti-k, |nlet| <09-R

0.4)

1.2F

0.2)/5(R
T

o(R

0.8

0.6

0.4

0.0 = Pb-Pb, 0-10%
"L —e— Pb-Pb, 30-50%

—T—pp | | | | |
0720 a0 60 80 00120 140

(GeV/c)

T chjet

Physics Letters B 849 (2024) 138412

8 L B e s sy B B e
ALICE, Pb-Pb |5 = 5.02 TeV
Ch-particle jets, anti-k, |17]et| <0.9-R

1.2F

0.6

0.4

0.0 = Pb-Pb, 0-10%
"L —e— Pb-Pb, 30-50%

—T—pp | | | | |
720 a0 0 80 00120 140

(GeV/c)

T ch jet

Fig. 7. Jet cross section ratios for 6(R=0.2)/c(R =0.4) (left) and 6(R =0.2)/c(R = 0.6) (right).

LI L L I Y L B B BB

1.4~ ALICE, 0-10% Pb-Pb |s,, = 5.02 TeV

I Ch-particle jets, anti-k, |17je‘| <0.9-R

ALICE Data 1 Mehtar-Tani et. al, g
L DO 1 Mehtar-Tani et. al, q

LBT 1 Mehtar-Tani et. al, all
JEWEL w/ Recoils 1 Hybrid Model w/ Wake
ﬂ/l%—\vlgl%ll-Nvlwo Recoils g JETSCAPE v3.5 AA22

120 140
P njet (GeVie)

[ T ‘ T T T ‘ T T T ‘ T T T ‘ T T T ‘ T T T
— ALICE, 30-50% Pb-Pb |s\, =5.02 TeV —
[ Ch-particle jets, anti-k, |17jel| <0.9-R

PRI R

=0.2)
N

0.4)/Ruu(R

RpalR =
o
[e}
\‘\\\‘\\\‘\\\‘\\\‘\

-ALICE Data = Mehtar-Tanij et. al, all
mm LIDO 1 Mehtar-Tani et. al, g
\:|H brid Model w/ Wake = Mehtar-Tani et. al, q
[ J TSCAPE v3.5 AA22 JEWEL w/ Recoils
m JEWEL w/o Recons = MA

0 Il ‘ Il Il Il ‘ Il Il Il ‘ Il Il Il ‘ Il Il Il ‘ Il
20 40 60 80 100

P (

0.

N

@
)
<
35\\\\\\\\\\\\\\
o

T, chjet

Fig. 8. Double ratio of jet nuclear modification factors using Rﬁ:m

L AL L I B B
1.4— ALICE, 0-10% Pb-Pb s,

L Ch-particle jets, anti-k-

0.6

-ALICE Data 1 Mehtar-Tani et. al, g

DO |:|Mehtar Taniet. al, q

BT Mehtar-Tani et. al, all
-JEWEL w/o Recoils \:| I¥br|d Model w/ Wake
r mm Factorization TSCAPE v3.5 AA22

[ mm MARTINI

0 Il ‘ L1 ‘ |- ‘ | ‘ L1 ‘ L1 ‘ L1
20 40 60 80 1 120 140

PRI BRI

R e e I Emam
1.4~ ALICE, 30-50% Pb-Pb |s\, = 5.02 TeV —
[ Ch-particle jets, anti-k, |17iet| <0.9-R ]

-ALICE Data = Mehtar-Tanij et. al, all
mm LIDO 1 Mehtar-Tani et. al, g
[ Hé{bnd Model w/ Wake = Mehtar-Tani et. al, q

APE v3.5 AA22 JEWEL w/ Recoils
- JEWEL w/o Recoils = MA

0\\\\\\\\\\\\\\\\\\\\

o
(]

20 40 60 80 100 ‘ 120
p (GeV/c)

T, chjet

as the denominator and using R = 0.4 (left) and R = 0.6 (right) as the numerator compared to

model predictions for central (top row) and semi-central (bottom row) collisions. Note that a comparison to JEWEL with recoils was omitted from the top right plot

as its prediction is out of scale.

the Ry, with increasing R. Recent jet substructure measurements, such
as those in Ref. [110,111], show that the yield of jets with a more com-
plex substructure, for example, wider jets, is suppressed at a fixed jet py
compared to narrower jets. The larger R jets at a given py could be a
population whose transverse distribution is broader in pp collisions but
which, consequently, are more strongly quenched in the medium. Such
an effect would cause the Ry, to decrease with increasing R. Finally,
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in vacuum, the jet spectrum is slightly steeper for large R jets as seen
in Fig. 7 and Ref. [21]. Thus, even for the same energy loss, some small
decrease in the R, , with increasing R would be observed.

The double ratio is also compared in Fig. 8 to calculations that can
exhibit different dependencies with the jet R depending on the rela-
tive contributions of various energy loss mechanisms, making this a
potentially discriminating observable. In addition to the models pre-
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viously compared to the jet R, 4, further comparisons are made with
Qiu et al. [112] calculations, which are based on a factorization ap-
proach inspired by phenomenological considerations. JEWEL with re-
coils shows an increasing R,, with increasing R due to the medium
response, which contrasts with the data, especially for large R. LBT
also shows an increasing trend with increasing R, as well as a jet pr de-
pendence at large R, which is not supported by the data. The Hybrid
Model and LIDO predict values of the double ratio close to unity, indi-
cating a very mild dependence on R in these models. JETSCAPE, JEWEL
without recoils, MARTINI, all variations of Mehtar-Tani et al., and the
factorization (Qiu et al.) model show the R, , decreasing with increas-
ing R, describing the trend in the data. This could indicate that wider
jets with a more complex substructure experience more suppression.
This explanation may be compatible with the CMS measurement [67],
which did not show an R-dependence, as there may be a pp-dependence
to the substructure of the jet [21]. Additionally, quenching effects are
expected to be larger at lower jet pr. The double ratio in Fig. 8 is in con-
trast with the ch results from ATLAS [68], though many differences
in the jet populations may contribute to these differences. Assuming a
purely fractional energy loss scheme where each jet loses a specified
fraction of its energy, only an ~ 3% difference in energy loss between
R =0.6 and R=0.2 is needed to create a difference in the Ry, values
compatible with what is observed in Fig. 8.

8. Summary

A new ML-based background estimator was applied to measure in-
clusive charged-particle jets with resolution parameters up to R = 0.6
in Pb-Pb collisions at the LHC. The ML-based approach leads to sig-
nificantly reduced residual background fluctuations compared to the
area-based method (Fig. 1). This improvement is achieved at the ex-
pense of an additional systematic uncertainty from the fragmentation
dependence of the background estimator (Figs. 2 and 5, Tables 1, 2,
and 3). Still, this method allowed for the measurement of R = 0.6 jets
down to a low jet pp of 40 GeV/c in central (0-10%) Pb-Pb collisions
for the first time. Using the new estimator, the transverse momentum
spectra (Fig. 3), nuclear modification factors (Figs. 4 and 6), cross sec-
tion ratios (Fig. 7), and nuclear modification double ratios (Fig. 8) of
charged-particle jets in Pb-Pb collisions at /syy = 5.02 TeV could be
measured. Comparing the nuclear modification factors for different res-
olution parameters indicates increased jet suppression with increasing
R, most significantly for the R = 0.6 jets. This is also reflected in the
ratios of jet cross sections reconstructed with different R values mea-
sured in Pb-Pb collisions, which also deviate from the pp reference for
most central collisions. The data are consistent with a variety of the-
oretical descriptions, including JETSCAPE, the analytical calculations
of Mehtar-Tani and Qiu et al., and JEWEL without recoiling thermal
medium particles.
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Appendix A. Machine learning methods

A novel background estimator based on machine learning is used
to correct the pr-smearing effects caused by the background, utilizing
the approach described in Ref. [73]. In this treatment, correcting the
background effects is framed as a regression task which aims to predict
a reconstructed jet pr value for each jet candidate. Following this ap-
proach, several ML algorithms have been evaluated and compared, such
as neural networks [113], random forests [114], and linear regression.
While these algorithms differ in performance, they all lead to similar,
fully corrected results. For this analysis, we chose a shallow neural net-
work model, which (as in Ref. [73]) demonstrates a slightly improved
performance compared to other explored algorithms. This shallow neu-
ral network is implemented as a three-layer perceptron with 100 nodes
in the first two layers and 50 in the last. The activation function cho-
sen for the nodes is the ReLU [115], while the ADAM optimizer [116]
is employed in the neural network training.

The quality of the training dataset plays a crucial role in the ap-
plicability of corrections based on a machine-learning technique. To
simulate events with jets in a heavy-ion background for the training
of the ML estimator, reconstructed PYTHIA 8 events simulated to the
detector level are embedded into a thermally-distributed background.
The thermal background is created by randomly distributing charged
particles according to a uniform particle multiplicity distribution rang-
ing from O to 3000 tracks with a uniform # distribution and a realistic
(quasi-thermal) transverse momentum distribution based on a Tsallis
fit to data. The transverse momentum distribution is tuned to describe
the reconstructed track momentum distribution of Pb—Pb minimum bias
data at low py. For particles with pp > 4 GeV/c, the transverse mo-
mentum distribution in the thermal background is steeper than in data
since, by construction, the thermal background does not include jets.
As a cross-check, real minimum bias Pb-Pb events were also used as
background heavy-ion events. The difference in the distribution of final
jet observables was negligible for different choices of the background
training distribution. This indicates that the model is robust to changes
in the background used in training.

In order to find a suitable combination of jet and event proper-
ties as input features to the neural network, the analysis was repeated
for a large variety of configurations of the input parameters/features.
The number of features used was kept small to ensure a generalizable
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model. These features were chosen by iteratively removing unimpor-
tant or highly correlated features as long as the performance was not
significantly reduced, ensuring a minimal list with good performance
was reached. Note that the metric for considering a parameter unim-
portant is a relatively low Gini [117] importance in the random forest
estimator, which is used as a proxy for important features in the neural
network. The degree of correlation between variables was calculated
using the Pearson coefficient. For example, the uncorrected jet trans-
verse momentum was excluded from this list due to its correlation with
the area-based corrected transverse momentum. Based on these consid-
erations, the following input features were selected: the jet transverse
momentum corrected by the standard area-based method, the first ra-
dial moment of constituent momenta (jet angularity), the number of
constituents within the jet, and the transverse momenta of the eight
leading (highest py) particles within the jet. For the training, the ap-
plied supervised learning techniques need a target value assigned to
each sample, i.e. to each jet. The regression target that is approximated
by the correction method is the jet p; at detector level, p?;fft. This is
defined as the reconstructed jet transverse momentum multiplied by the
jet momentum fraction that is carried by the jet constituents originating
from the PYTHIA simulated event,

PYTHIA
Z PT, const ,'/ Z pT, const i »
i i

is the reconstructed jet transverse momentum before any

target raw

Tjet — PT.jet AD

raw
T, jet
background correction. With this definition of the target jet pr, the

background is also defined implicitly; it consists of all the particles from
the thermal model. As an alternative definition, the target jet pr could
also be defined as the detector-level jet p described in Sec. 3. Since the
background influences the jet finding algorithm, these matched jets are
conceptually closer to the perfectly corrected jets but have other disad-
vantages, such as potential mismatches to jets present in the minimum
bias data sample, in particular at low transverse momentum. However,
models trained on the two target definitions were shown to have a sim-
ilar performance within the uncertainty of the measurement.

where p!

Appendix B. Supplementary figures

One source of fluctuations in the heavy-ion background is correlated
fluctuations due to flow-like effects. These flow-like effects generate a
momentum-space anisotropy of particles, which are oriented with re-
spect to the event plane. The magnitude of this correlated background
grows with the radius of the jet and depends on the angle between
the jet axis and the event plane, given by A¢ = ¢, — ywgp, Where ypp
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represents the event plane orientation. Jets are classified as in-plane
A¢ < 30°, mid-plane (60° > A¢ > 30°), or out-of-plane (A¢ > 60°). The
AB method does not correct explicitly for flow-like effects, which man-
ifests itself as a dependence of the §py distributions on A¢. This can be
seen in the dashed lines in Fig. B.1, where the mean of the §py distri-
butions is larger for the in-plane case. Such an observation is consistent
with not fully accounting for correlated fluctuations. The performance
of the ML-based method is shown as solid markers in Fig. B.1, where
the 6pr distribution exhibits minimal event plane dependence. This in-
dicates that the ML is able to properly correct for these effects despite
omitting the event plane from training.
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