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Energy-energy correlators are constructed by averaging the number of charged particle pairs within jets, weighted
by the product of their transverse momenta, as a function of the angular separation of the particles within a pair.
They are sensitive to a multitude of perturbative and nonperturbative quantum chromodynamics phenomena in
high-energy particle collisions. Using lead-lead data recorded with the CMS detector, energy-energy correlators
inside high transverse momentum jets are measured in heavy ion collisions for the first time. The data are obtained
at a nucleon-nucleon center-of-mass energy of 5.02TeV and correspond to an integrated luminosity of 1.70nb™"'.
A similar analysis is done for proton-proton collisions at the same center-of-mass energy to establish a reference.

The ratio of lead-lead to proton-proton energy-energy correlators reveals significant jet substructure modifications
in the quark-gluon plasma. The results are compared to different models that incorporate either color coherence
or medium response effects, where the two effects predict similar substructure modifications.

1. Introduction

Energy-energy correlators are important observables for studying
quantum chromodynamics (QCD) [1,2]. They can be calculated with
great accuracy in asymptotically free perturbation theory and can be ex-
perimentally measured with excellent precision. The two-point energy
correlator is defined as a weighted distribution of angular separation of
all possible particle pairs within a jet cone, where the weights are the
product of the transverse momenta (py) of the two particles in a pair,
as illustrated in the upper panel of Fig. 1. Recent theoretical work has
explored energy-energy correlators at LHC energies [3-7], and theory
comparisons have been made to the CMS open data from 7 TeV proton-
proton (pp) collisions [8,9]. One of the most useful properties of the
energy-energy correlator in ete™ and pp collisions is that different time
scales in jet evolution are imprinted in different angular scales of the
correlator. It follows from QCD color coherence that daughter parton
emissions to angles larger than the opening angle of the parent partons
are strongly suppressed [10-13], which leads to angular ordering of par-
ton showers. In jet evolution, early times correspond to large angles,
while late times correspond to small angles. A schematic illustration of
how this translates to a structure of an energy-energy correlator distri-
bution in pp collisions is given in the lower panel of Fig. 1, following
the discussion in Ref. [8]. The energy-energy correlators at small angles
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are approximately proportional to the angle squared, which is expected
from the propagation of uniformly distributed noninteracting hadrons.
At large angles, the relevant dynamics to explain the scaling behavior
are the perturbative interactions of asymptotically free quarks and glu-
ons [14]. In between, there is a transition region that reflects the impact
of hadronization.

While previously studied in e*e™ collisions at LEP [15], many ex-
perimental collaborations are now undertaking measurements of these
correlators in hadron collisions. These measurements include correla-
tors within jets from pp collisions at 200 GeV by the STAR Collabora-
tion [16], at 5.02 TeV by the ALICE Collaboration [17], and at 13 TeV by
the CMS Collaboration [18]. The transition region between the pertur-
bative and nonperturbative QCD regimes is found to scale inversely with
the mean jet energy [17]. The scaling factor is proportional to Agcp, the
fundamental energy scale of QCD below which nonperturbative effects
become dominant. With increasing jet momenta, the transition region
moves to smaller angles. At larger angular distances, where perturbative
QCD is probed, the correlators are sensitive to the strong coupling con-
stant ag and to the various color factors associated with parton-initiated
showers [18].

In heavy ion collisions, the interaction of scattered hard partons with
quark-gluon plasma leads to jet quenching [19-22]. This phenomenon
has been studied for nearly two decades through measurements ranging
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Fig. 1. Upper: Illustration on how energy-energy correlators are constructed.
The green dashed arrow represents the jet axis and the solid arrows represent
charged particles. Lower: Schematic structure of an energy-energy correlator
distribution in pp collisions.

from the suppression of high-pr hadrons [23-25] and jets [26,27] to
more differential observables, such as jet shapes [28-30] and other sub-
structure observables [31-37]. The CMS heavy ion program is heavily
involved in these studies, with a summary description of previous results
presented in Ref. [38]. Recent theoretical papers propose energy-energy
correlators as complementary observables that may further enhance our
understanding of the quark-gluon plasma [39-45]. In particular, energy-
energy correlators in heavy ion collisions are predicted to be sensitive
to color coherence effects [40], where only the gluons emitted above
some critical angle can independently emit more gluons. They are also
predicted to be sensitive to the “jet wake” effect [45], where a high-pt
parton traversing the plasma drags medium particles with it. While the
relative contribution of these two mechanisms of energy loss in the
quark-gluon plasma has yet to be experimentally established, energy-
energy correlators promise to be important new observables for their
study [46].

In this Letter, two-point energy correlators within high-p; jets are
measured using charged particles in lead-lead (PbPb) collisions at a
nucleon-nucleon center-of-mass energy of m =5.02TeV, recorded in
2018 by the CMS experiment. This is the first time these correlators have
been measured in heavy ion collisions. The PbPb results are compared to
those from pp collisions recorded in 2017 at the same center-of-mass en-
ergy to uncover possible modifications in the correlator shapes resulting
from the presence of the quark-gluon plasma. The total integrated lumi-
nosities are 1.70nb™! [47] for the PbPb data set and 302 pb~! for the pp
data set [48]. The PbPb energy-energy correlators are extracted in four
ranges of nuclear overlap and jet py, two charged particle py thresh-
olds, and with two different choices of pr weights that offer different
sensitivities to hard- and soft-parton interactions. Tabulated results are
provided in the HEPData record for this analysis [49].
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2. The CMS experiment

The central feature of the CMS apparatus is a superconducting
solenoid of 6 m internal diameter, providing a magnetic field of 3.8 T.
Within the solenoid volume are a silicon pixel and strip tracker, a lead
tungstate crystal electromagnetic calorimeter, and a brass and scintil-
lator hadron calorimeter, each composed of a barrel and two endcap
sections. The silicon tracker measures charged particles within the pseu-
dorapidity range || < 3.0. During the LHC running period relevant
to this Letter, the silicon tracker consisted of 1856 silicon pixel and
15 148 silicon strip detector modules. Two hadron forward steel and
quartz-fiber calorimeters complement the barrel and endcap detectors,
extending the calorimeter from the range |#| < 3.0 provided by the
barrel and endcap out to |n| < 5.2. The hadron forward calorimeters
are azimuthally subdivided into 20° modular wedges and further seg-
mented to form 0.175 X 0.175 (An X Ag) towers. The distribution of the
sum of the transverse energies detected in the hadron forward detec-
tors (3.0 < |n]| <5.2) is used to define the event centrality [50] in term
of percentiles of the total distribution. Here, 0% centrality corresponds
to the largest overlap of the colliding nuclei. Muons are measured in
the range |#| < 2.4, with detection planes made using three technolo-
gies: drift tubes, cathode strip chambers, and resistive plate chambers.
A detailed description of the CMS detector, together with a definition
of the coordinate system used and the relevant kinematic variables, can
be found in Refs. [51,52].

Events of interest are selected using a two-tiered trigger system. The
first tier, composed of custom hardware processors, uses information
from the calorimeters and muon detectors to select events at a rate of
around 100 kHz [53]. The second tier, known as the high-level trigger,
consists of a farm of processors running a version of the full event re-
construction software optimized for fast processing. It reduces the event
rate to around 1 kHz before data storage [54].

3. Event selection and simulated event samples

Events are selected using high-level triggers that require at least
one calorimeter-based jet with high py. These jets are reconstructed us-
ing the anti-ky jet clustering algorithm with a distance parameter of
R =0.4 [55]. For PbPb collisions, we combine triggers with jet thresh-
olds pp > 60GeV, pp > 80GeV, and pr > 100GeV. This combination
achieves full trigger efficiency in the entire jet p; range covered in
this analysis, while minimizing the statistical uncertainty of the results.
Heavy ion collisions produce many soft particles in addition to those
resulting from the hard scattering processes associated with jets. This un-
derlying event contribution is subtracted from the jets using an iterative
method [56] before comparing the jet py to one of the threshold values.
For pp collisions, a combination of triggers with thresholds pr > 60 GeV
and pr > 80GeV is used. No underlying event subtraction is applied for
pp collisions.

For PbPD collisions, a minimum bias triggered sample is also used,
where the aim is to select any hadronic interactions. The minimum bias
trigger requires a signal on each side of the interaction point in the
hadron forward calorimeters above the readout threshold of a fixed
analog-to-digital converter count number that translates to 6-12GeV,
depending on the tower.

To reduce contamination from beam-gas collisions, vertex and noise
filters are applied to both the pp and PbPb data following the example of
previous analyses [57]. At least two hadron forward calorimeter towers
on each side of the detector are required to have an energy deposit of
at least 4 GeV per tower. The primary vertex is required to have at least
two tracks. In addition, it needs to be reconstructed within 15cm of
the nominal interaction point in the beam direction (z) and within 2 cm
in the transverse direction. Additionally, in PbPb collisions the shapes
of the clusters in the pixel detector are required to be compatible with
those expected at the measured vertex location.
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The average number of collisions per beam bunch crossing (pileup)
is about 2 in pp and smaller than 0.01 in PbPb collisions, respectively.
As the pileup is low in both of the data samples, no pileup corrections
are necessary.

Simulated event samples are used in the analysis to unfold the mea-
surements to particle level, thus accounting for detector resolution ef-
fects. The hard jet events are generated with the PYTHIA 8.230 event
generator [58] with tune CP5 [59] and parton distribution function set
NNPDF3.1 at next-to-next-to-leading order [60]. As an alternative event
generator for systematic uncertainty studies, the HERWIG 7.2.2 genera-
tor [61,62] with tune CH3 [63] and NNPDF3.1 is also used. The CMS
detector response is simulated using the GEANT4 toolkit [64]. The soft
underlying event for the PbPb collisions is simulated with the HYDJET
1.9 event generator [65], which is tuned to reproduce global event prop-
erties, such as the charged-hadron py spectrum. The energy density in
the HYDJET simulation is tuned to match the data by shifting the central-
ity binning in the standard HYDJET simulation by 4 percentage points
upwards. This tuning is based on a random-cone study, where cones
with a radius of 0.4 are placed in random directions in events, and the
energy densities in the cones are determined by summing the particle
transverse momenta within the cone. The above tuning provides the best
agreement in random-cone energy density distribution shapes between
data and HYDJET. To simulate jet events in PbPb collisions, PYTHIA gen-
erated hard events are embedded into HYDJET events. This sample is
denoted as PYTHIA+HYDJET.

In PbPb collisions, jets are produced more frequently in central
events than in noncentral events because of a larger number of binary
nucleon-nucleon collisions. A centrality-based weighting is applied to
the PYTHIA+HYDJET sample to match the centrality distribution of the
jet-triggered PbPb data after event selection. An additional weighting
procedure is performed to match the simulated vertex distributions with
data for both the pp and PbPb samples.

4. Jet and track reconstruction

The track reconstruction used for pp and PbPb collisions is described
in Ref. [66]. The charged particle tracks in PbPb collisions are required
to have at least eleven hits in the tracker layers and satisfy a stringent
fit quality requirement y2/dof /Niayers < 0.18, where the 2 and the
number of degrees of freedom are related to the fit, and N,y is the
number of tracker layers hit. To reduce the likelihood of counting non-
prompt charged particles originating from secondary decay products in
both pp and PbPb collisions, it is required that the distance of closest ap-
proach of a charged particle track to the primary vertex, divided by its
uncertainty, is less than three. Furthermore, the relative pr uncertainty
6pt/ pr for the tracks must be less than 10%. Finally, for PbPb collisions,
in order to reduce the contribution of misreconstructed tracks with very
high pr values, it is required that tracks with py > 20GeV have an as-
sociated energy deposit in the calorimeters corresponding to at least
half of the track momentum. Corrections for tracking efficiency, detec-
tor acceptance, and misreconstructed tracks are obtained and applied
following the procedures discussed in Ref. [57].

A particle-flow algorithm using an optimized combination of infor-
mation from various elements of the CMS detector is used to reconstruct
leptons, photons, and charged and neutral hadrons [67]. Jets in both
pp and PbPb collisions are reconstructed using the anti-ky algorithm
with a distance parameter R = 0.4, as implemented in the FASTJET
framework [68], with particle-flow candidates as an input. The jets are
first clustered using E-scheme clustering [68] and then, using the same
constituents, the jet axis is recalculated using the winner-take-all algo-
rithm [69,70]. In the E-scheme clustering, particle pairs are iteratively
combined to form pseudo-jets (an object that is a combination of parti-
cles or other pseudo-jets), with the direction of the new pseudo-jet given
by the sum of the four-momenta of the particles. In the winner-take-all
scheme, the direction of the new pseudo-jet in each iteration is aligned
with the direction of the particle or pseudo-jet with the highest p value.
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It follows that the E-scheme axis for the final jet is given by the sum of
pseudo-jet four-momenta, while the winner-take-all axis is determined
by the direction of the hardest pseudo-jet. The axis recalculation is done
to avoid an artificial dip in the particle density distributions close to the
jet radius, which is a feature for an E-scheme jet axis.

In order to subtract the soft underlying event contribution from the
jet energy in PbPb collisions, a constituent subtraction method [71] is
employed. This involves a particle-by-particle approach that corrects the
jet constituents based on the local average underlying event density.
The energy density is estimated using an event-by-event, iterative algo-
rithm [56] that finds the mean value and dispersion of the energies from
the particle-flow candidates in #-strips [19,50]. To take into account
the global hydrodynamic flow [72], the azimuthal angle (¢) distribu-
tion of the particle-flow candidates is fitted with second- and third-order
Fourier components on an event-by-event basis. The background energy
density is modulated by the results of this fit. In pp collisions, where the
underlying event level is negligible, jets are reconstructed without any
underlying event subtraction.

5. Energy-energy correlators

Energy-energy correlators are constructed for charged particles in
the vicinity of high-pr jets. The analysis is done for jet pr (pr je¢) ranges
120 < prjer < 140GeV, 140 < prjee < 160GeV, 160 < prjec < 180GeV,
and 180 < Prjer < 200GeV. Two different charged particle pr (p%h)
thresholds are used, with p%h > 1GeV and p%h > 2GeV, respectively.
While limiting the selection to higher-py particles reduces background,
this also reduces part of the expected signal related to medium-induced
radiation and soft-particle emissions within the jet. In PbPb collisions,
the measurement is done in four centrality ranges of 0-10%, 10-30%,
30-50%, and 50-90%. The jets are selected with |5| < 1.6 to ensure sta-
ble detector performance within the jet cone. During the PbPb run, there
was a region in the tracker with a low track reconstruction efficiency.
Since the analysis is not statistics limited, jets with —0.1 < ¢ < 1.2 in
PbPb collisions are not included in the analysis to avoid potential bias
from the poor detector performance.

The energy-energy correlators are defined as

1 1

EEC(A) = -— = > > (prirn,)" [€))
pairs " jetselpr,pro] pairselAr,,Ar]

where  (i,j) refer to paired particles, Ar = Ar; =

\/(11,- —nj)2+((p,- —(pj)z, Ar, and Ar, are Ar bin boundaries, 6r =
Ar, — Ar, is the bin width, and py; and pr, are prje bin borders.
The particle pairs are constructed using all possible pairs of charged
particles corresponding to the selected p%h threshold that are within

Ar’;t = 0.4 from a selected jet axis. One-dimensional histograms of
EEC(Ar) are produced by weighting each entry with the product of the
particle transverse momenta (pr;pr, j)", with either n =1 or 2. Similar
to higher charged particle p; thresholds, employing higher powers for
the momentum weight exponent helps to reduce the underlying event
background in heavy ion collisions. We note that in this analysis the
(pr,pr,;)" weight for the particle pairs does not include the normal-
ization factor 1/ p%je[ that is present in many theoretical publications
because the singlejparticle pr resolution is much better than that of
Pt jer- Instead, the hard scale enters in Eq. (1) through the choice of nar-
TOW prje Tanges. We have checked in simulation that the resolution
effects for the weights are negligible if the prje, term is not included.
Finally, the distribution is normalized by the weighted number of pairs
Woairs Such that the integral of the distribution in the analysis region is
unity.

There are two kinds of particles within the jet cone. The fragmen-
tation products of the hard-scattered parton, together with particles
related to jet-medium interactions, are considered signal particles. All
other particles, which mainly come from the underlying event and are
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not correlated with the signal particles, are considered background par-
ticles. When constructing the energy-energy correlators, we pair all se-
lected charged particles with all other charged particles, resulting in
three different types of pairings in our signal event:

« Signal+Signal (S + S);
» Signal+Background (S + B); and
+ Background+Background (B + B).

In pp collisions, the p%h thresholds are sufficiently high to keep back-
ground components at negligible levels. For PbPb collisions, we estimate
the background distribution using the mixed cone method. For each sig-
nal event, we find two minimum bias events with similar underlying
event distributions as the signal event. This is achieved by requiring
that the primary vertex z position is within 0.5cm and the centrality
within the same 0.5% wide bin in the minimum bias events compared
to those in the signal event. We then place a jet cone at the same (7, @)
position as in the signal event to ensure the same detector performance.
We call this cone in the minimum bias event a mixed cone. After this,
three different pairings are constructed:

+ Signal Event + Minimum Bias Event 1 (SE + M1);
« Minimum Bias Event 1 + Minimum Bias Event 1 (M1 + M1); and
* Minimum Bias Event 1 + Minimum Bias Event 2 (M1 + M2).

For each of these pairings, each particle within the jet cone in the first
event is paired with each particle within the jet cone in the second event.
From these components, the background estimation is constructed as
follows. The SE + M1 pairing provides a good description of the S + B
component, since the underlying event is uncorrelated from the signal.
However, it does not describe the B+ B component properly. This occurs
for two reasons. First, correlations in the underlying event are lost when
pairing underlying event particles between two cones. Second, the B+B
component is overestimated when pairing all underlying event particles
from the signal cone with those from the mixed cone. This overestima-
tion is illustrated in a simple example. Assume you have ten underlying
event particles in the signal cone. The number of unique particle pairs
in the true B + B background is (120) = 45. However, if also the mixed
cone has ten underlying event particles, pairing all underlying event
particles from the signal cone with all underlying event particles in the
mixed cone gives 10 X 10 = 100 unique pairings. Thus, we need to sub-
tract this mismodeled B + B component from the background estimator,
and add a properly modeled B + B component into it. This is done by
using pairings from only minimum bias events. The probability that a
random cone in a minimum bias event contains jet signal is negligible;
hence, M1 + M1 pairings provide an accurate description of the B + B
component as they retain correlations within the underlying event and
avoid overcounting pairs. Conversely, M1 + M2 pairings give the B+ B
component that suffers from issues of losing correlations in the underly-
ing events and overestimating background pairs. Using these pairings,
we can construct the mixed cone background estimation with:

BGixed = (SE +M1) + (M1 + M1) — (M1 + M2). 2)

This method accurately reproduces the generator-level background in
the PYTHIA+HYDJET simulation for the entire kinematic region used in
the analysis.

To correct for detector and background fluctuation effects that can
affect the py range to which a given jet is associated, we apply an iter-
ative D’Agostini unfolding method [73] with early stopping, as imple-
mented in the ROOUNFOLD software package [74]. The response matri-
ces are constructed using PYTHIA simulation for pp and PYTHIA+HYDJET
simulation for PbPb collisions. To take into account possible bin-by-bin
statistical correlations in Ar, a covariance matrix determined from data
is provided to the unfolding procedure to properly treat the statistical
uncertainties. The number of iterations is chosen by calculating the y?2
value between consecutive unfolded distributions and determining the
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iteration number where the corresponding p-value [75] describing if the
two distributions match becomes larger than 0.05. This method gives
four as the best number of iterations for this analysis.

In addition to single-track efficiency corrections mentioned in Sec-
tion 4, track pair efficiency corrections were derived from PYTHIA simu-
lation for pp and PYTHIA+HYDJET simulation for PbPb collisions. These
corrections account for remaining reconstruction effects for charged par-
ticles. The efficiency to reconstruct a pair of tracks drops sharply for
opening angles Ar < 0.015. After applying the pair efficiency correc-
tion, the simulation shows good closure. Bin-to-bin resolution effects in
Ar are not significant above Ar > 0.008, negating the need to unfold Ar
when restricting the analysis to this region. This choice does not impact
the results, as the substructure modifications are expected to manifest
themselves for Ar > 0.08.

The analysis flow is as follows: first, construct the energy-energy cor-
relators with tracking efficiency corrections; next, unfold the detector
and background fluctuation effects that can lead to the migration of
a prje; value across a range boundary; and finally, subtract the back-
ground from the unfolded distribution. The unfolding is done before
background subtraction to correct for the higher average underlying
event level within a jet cone compared to a random cone. In the back-
ground subtraction step, an additional scaling factor for BGyjeq is
needed. Because of detector resolution effects, a true p ¢ value is likely
to be slightly smaller than the corresponding reconstructed pr e, value.
Thus, the unfolding procedure applies a slight upward shift to the ranges
of reconstructed prj.; values considered, such that the defined prje
range boundaries correspond to true pr . values after unfolding. Having
higher mean pr ¢, corresponds to having either more signal particles or
signal particles having a higher mean pt. Because the underlying event
level does not strongly depend on prje, this leads to a better signal-
to-background ratio for energy-energy correlators within higher py jets.
Thus, we scale the BG;,.q distribution using a data-driven method to
avoid over subtracting the unfolded distributions. This is done by not-
ing that the peak position in the energy-energy correlator distribution
depends on PTjer> aS previously measured in pp collisions [17,18]. Be-
fore unfolding, the mean prj value in each prj. range is determined
from the measured prj, distributions, and the (S + B)/B ratio is esti-
mated taking the ratio of integrals of the unsubtracted energy-energy
correlator distribution and BG;,.q- We then relate the Ar positions
of the energy-energy correlator peaks to the mean pr ., values. Locat-
ing the peak positions after unfolding gives us the mean prj., values
of the unfolded distributions. By interpolating between the (S + B)/B
and mean prj., values determined from the data before unfolding, the
expected (S + B)/B ratio at the unfolded mean prj, is found. Unfold-
ing improves the (S + B)/B ratio by 2-8%, depending on the kinematic
selection. We then scale the BG4 such that this ratio is met. Denot-
ing the scaled background as BGiﬁfiZd, the unfolded and fully corrected
signal is extracted as
EECsignal = EECunfolded - BGfsia,i:g- 3)
We have verified that the final closure of this method in PYTHIA+HYDJET
simulation is consistent with unity within statistical uncertainties.

6. Systematic uncertainties

The systematic uncertainties of the energy-energy correlator distri-
butions are categorized into two types: point-by-point uncertainties and
shape uncertainties. To illustrate the sizes of uncertainties, we provide
representative relative uncertainty values for low, intermediate, and
high Ar ranges from the 0-10% central energy-energy correlator dis-
tributions with » = 1 and p%h > 1GeV selection. The quoted relative
uncertainty ranges reflect the span for different selections of pr .. The
point-by-point uncertainty sources are:

* Tracking efficiency. Following the method in Ref. [57], it is estimated
that tracking efficiency differences between data and simulation
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Fig. 2. Centrality and pr . dependent energy-energy correlators for p%h > 1 GeV. The red squares show the n = 1 and the blue circles the n =2 distributions for PbPb
collisions. The pp results for different centralities are identical, with orange crosses showing the n =1 and cyan triangle crosses the n =2 distributions. The error
bars show statistical uncertainties, the point-by-point systematic uncertainties are shown in boxes, while the error bands show systematic uncertainties related to the
shape of the distribution. The two colors illustrate that the shape uncertainties tend to tilt the distribution one way or another. All correlators have been normalized
to unity in the plotted range.

are as much as 5% for PbPb collisions and 2.2% for pp collisions.
To estimate uncertainties arising from this, the tracking efficiency
corrections are varied by these amounts up and down. The resulting
differences to nominal values are found to be negligible, since they
do not induce a shape change and the distributions are normalized
to unity in the analysis region.

Track selection. For this uncertainty, we vary the track selections to
be looser or tighter than the nominal ones. The looser selections are
6pr/pr < 0.15 for PbPb only, and the distance of closest approach
to a vertex divided by its uncertainty smaller than five for both
pp and PbPb. The tighter selections are y2/dof/ Niayers < 0.15 for
PbPb only, 6pr/pr < 0.05, and the distance of closest approach to
a vertex divided by its uncertainty smaller than two for both pp
and PbPb. The bigger difference to the nominal result is taken as
a systematic uncertainty. Representative relative uncertainties are
<5% in the low Ar region, <1% in the intermediate Ar region, and
<3% in the high Ar region.

Track pair efficiency. For the track pair efficiency, we vary the pair
efficiency corrections to twice the amount of the single-track correc-
tions. This is because the Ar dependent efficiency might be different
between data and simulation compared to the general tracking ef-
ficiency. Doubling the variation covers possible extra differences.
The track pair correction is thus varied up and down by 10% for
PbPD collisions and 4.4% for pp collisions. The larger variation in
the resulting distributions with respect to the nominal one is taken
to be the systematic uncertainty. Representative relative uncertain-
ties are <1% in the low and intermediate Ar regions, and 1-8% in
the high Ar region.

* Response matrix statistics. To estimate the uncertainty coming from

limited statistics in the simulations used to construct the unfolding
response, we create 50 randomized response matrices. Each point in
the original response matrix is randomized with a Gaussian distri-
bution where the mean is the original value and o is the uncertainty
of this value. We then calculate the standard deviation of the un-
folded results for each Ar value and assign this as the systematic
uncertainty. Representative relative uncertainties are 1-2% in the
low Ar region, and <1% in the intermediate and high Ar regions.

The shape uncertainty sources are:

* Background subtraction. The background subtraction uncertainty has

two components.

First, there is an uncertainty for the background scaling factor that
we use to obtain agreement with the expected signal-to-background
ratio after unfolding. The nominal value is determined using an
average of the scaling factors for the different jet p ranges, with the
uncertainty taken as the largest difference of the individual values
from the average. Representative relative uncertainties are <1% in
the low and intermediate Ar regions, and 15-21% in the high Ar
region.

Second, to estimate the uncertainty of the mixed cone background
subtraction, we compare the results from this method to those from
a reflected-cone method. In the reflected-cone method, we place a
new jet cone in the same signal event, but reflect the n value of
the jet axis (or shift it by 2R = 0.8 if we are close to midrapidity to
avoid the cones overlapping). We then pair each particle from the
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signal cone with each particle from the reflected cone to estimate
the background. To overcome the background pair overcounting
issues discussed earlier, we apply a scaling factor determined from
the ratio of generator-level background to the reflected-cone back-
ground in the Monte Carlo simulation. This gives a reliable back-
ground estimate in the region where the B + B component of the
background is small. For n =1 and p?rh > 1 GeV, where the B+ B
component is significant, we double the uncertainty found for the
n=1, p%h > 2GeV selection, as the reflected cone fails to provide
a reasonable background estimate in this lower-py threshold case.
Representative relative uncertainties are <1% in the low and inter-
mediate Ar regions, and 11-17% in the high Ar region.

For pp collisions, where no background subtraction is done for
the nominal results, we compare the nominal results to reflected-
cone subtracted results. Here the scaling factors for the reflected
cone are derived from the peripheral 85-95% centrality bin us-
ing the PYTHIA+HYDJET simulation, where differentiating signal
and background is easier compared to pure PYTHIA. The reflected-
cone background scaled using these factors is then subtracted from
the unfolded distribution, and these results are compared to the
nonsubtracted results to evaluate the uncertainty. Representative
relative uncertainties are <1% in the low and intermediate Ar re-
gions, and 1-2% in the high Ar region.

Jet energy resolution. The uncertainties in the jet energy resolution
are divided into centrality independent and centrality dependent
parts. The centrality-independent part is applied for both pp and
PbPb collisions. In the nominal result, the jet pr response matrices
for unfolding are constructed by increasing the jet pr resolution

by the estimated data-to-simulation difference. Different amounts
of broadening are applied to account for uncertainties in data-to-
simulation differences, and new response matrices are constructed
for the different resolution values. The difference to nominal is
taken as the uncertainty. Representative relative uncertainties are
1-3% in the low Ar region, <2% in the intermediate Ar region, and
4-7% in the high Ar region.

For the centrality-dependent uncertainty in PbPb collisions, we con-
struct response matrices using 2% and 6% centrality shifts and
compare the results to the nominal 4% shifted result. This degree
of shift covers the possible difference in background energy density
between data and simulation. Representative relative uncertainties
are 1-4% in the low Ar region, <3% in the intermediate Ar region,
and 6-10% in the high Ar region.

Jet energy scale. To evaluate the uncertainties from the jet energy
scale, we shift the jet pr in the PYTHIA or PYTHIA+HYDJET simula-
tions up and down by the uncertainty of the jet energy corrections.
The procedure to estimate the uncertainty of the corrections is ex-
plained in detail in Ref. [76]. The jet energy correction uncertainties
vary between 3-7% of the jet py, and are 3.6% on average. After
shifting the jet pr, we construct new response matrices using the
shifted py values, and compare the final unfolded results to the
nominal ones. Representative relative uncertainties are 6-10% in
the low Ar region, 3-5% in the intermediate Ar region, and 30-45%
in the high Ar region.

Unfolding prior. The nominal response matrices for the analysis are
constructed using the nominal PYTHIA and PYTHIA+HYDJET simula-
tions. To estimate the uncertainty related to the shape of the prior,
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we find a function that scales the reconstructed jet pr spectrum
in PYTHIA to match the one in pp data. Then both generator- and
reconstructed-level jet p; spectra in PYTHIA and PYTHIA+HYDJET
simulations are weighted with this function. The difference be-
tween the data unfolded with the nominal response matrices to
the data unfolded with the weighted response matrices is taken as
the systematic uncertainty of the prior distribution. Representative
relative uncertainties are <4% in the low Ar region, <2% in the
intermediate Ar region, and 3-6% in the high Ar region.

Monte Carlo model. To evaluate the dependence of the unfolding
performance on the used Monte Carlo model, the full analysis proce-
dure with corrections and unfolding matrices derived from PYTHIA
simulation was performed for HERWIG simulation and a second, sta-
tistically independent PYTHIA simulation. Both cases close within
the relevant systematics and are compatible with each other, so no
additional uncertainty from the Monte Carlo model is needed.
Unfolding iterations. The optimal number of iterations for the
D’Agostini method is found to be four, as explained in Section 5.
As an uncertainty for this number, we use three or five iterations
and compare the resulting distributions to those unfolded with the
nominal number of iterations. Representative relative uncertainties
are <2% in the low and intermediate Ar regions, and 3-8% in the
high Ar region.

To obtain the total point-by-point and shape systematic uncertain-
ties, the uncertainties within each of these categories are added together
in quadrature. These are then reported as two distinct sources of uncer-
tainty. For PbPb to pp ratio plots, both categories of uncertainties are
propagated as uncorrelated. Since the data-taking periods occurred in
different years, uncertainties in the ratios do not cancel out. For dou-
ble ratios of the PbPb to pp ratios with different p%h thresholds, the

jet related uncertainties fully cancel, and the track related uncertain-
ties cancel for the overlapping part. The uncertainties are the highest
in central collisions for low-p jets. They strongly depend on Ar, with
the largest relative uncertainties occurring at high Ar, with somewhat
smaller uncertainties at low Ar, and significantly smaller uncertainties
at intermediate Ar. This happens as multiple sources of uncertainty “tilt”
the distribution around a fixed central point, leading to an increase on
one side and a decrease on the other. The relative uncertainties at high
Ar are much higher because the energy-energy correlator distributions
are steeply falling towards larger Ar values. The dominant source of sys-
tematic uncertainty is the jet energy scale, which is much larger than
any other source. This results from the relatively narrow jet p; ranges
that are used in this analysis and from the dependence of the energy-
energy correlator distribution shape on jet pr.

7. Results

The energy-energy correlators for p%h > 1GeV are presented in Fig. 2
and for p%h > 2GeV in Fig. 3. First, comparing the shapes of the distri-
butions in PbPb collisions to those from pp collisions, we observe the
same general structure. An ascending slope marking the free-hadron re-
gion at small Ar, a peak related to a transition region at moderate Ar,
and a descending slope interpreted as a free quark/gluon region at large
Ar, as illustrated in Ref. [8] for pp collisions, are all also clearly visi-
ble in the PbPb data. Medium-induced emissions can break the angular
ordering of emissions in vacuum QCD parton showers [77]. However,
the similarity in the energy-energy correlator shapes between the col-
lision systems suggests that at small Ar, the shower in PbPb collisions
effectively follows angular ordering. The peak in the transition region
consistently appears at lower Ar values in PbPb than in pp data, with
a larger difference in more central collisions. This experimental result
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could be explained by virtuality evolution [78]. If the jets in PbPb
collisions start with higher virtuality, they will have a longer shower du-
ration to reach the scale of Agcp and begin the hadronization process.
Higher initial virtuality corresponds to higher initial jet pr. Because jets
in heavy ion collisions have, on average, experienced some amount of
energy loss [27], the measured final-state jet pr corresponds to higher
initial jet py in PbPDb collisions compared to pp collisions. Thus, the shift
of the peak can be interpreted as an independent sign of jet quenching in
PbPb collisions. It also provides an additional handle of the initial virtu-
ality of the jet without requiring a photon or a Z boson tag. The shifting
of the peak position towards lower Ar is also observed as a function
of jet py. This follows naturally from the fact that higher py jets have
higher initial virtuality.

To investigate predicted modifications to the jet substructure from
interactions with quark-gluon plasma, we examine the ratios of the PbPb
distributions to pp distributions from Figs. 2 and 3 in Figs. 4 and 5, re-
spectively. The shift in the peak position observed in the distributions
appears as an enhancement in the ratios at small Ar. The effects of se-
lecting different initial populations of jets between collision systems
have been previously observed as inclusive jet substructure distribu-
tions getting narrower by ALICE [36,79] and ATLAS [37]. A recent
CMS y-jet measurement shows that this narrowing occurs when select-
ing jets with minimal energy loss and vanishes when more quenched
jets are included [80]. All of these results highlight the importance of
understanding the biases in jet selection when comparing jets between
different systems.

A key observation from the ratios is the enhancement of the PbPb
to pp ratio for central collisions at large Ar with n =1 and pﬁ.h > 1GeV.
This is the kinematic region of the highest sensitivity to medium mod-
ifications. Interestingly, if either the charged particle pr threshold is
increased to p%h > 2 GeV or the momentum weight is increased to n = 2,

this enhancement largely disappears. Both of these selections reduce the
sensitivity to medium modifications by reducing the impact of soft parti-
cles at the periphery of the jet cone [29,30]. For n = 1 with p%h > 1GeV,
where the enhancement is visible, the change of shape from descend-
ing slope at low Ar to ascending slope at large Ar happens around
Ar = 0.07-0.09. Similar values have been recently suggested to be the
relevant angular scales for the coherence length [81]. The size of the en-
hancement at large Ar gradually decreases when going from central to
more peripheral collisions, and is no longer visible in the 50-90% cen-
trality class. The enhancement is also stronger for lower jet py values
compared to higher jet py selections.

We also focus on the low-Ar region in the ratios. In particular, in
the lower jet pr ranges, the first few Ar bins in the ratios correspond
to the free-hadron regime. It can be observed that regardless of the p%h
threshold or the value of the momentum weight n, the results are similar.
Additionally, the PbPb to pp ratio in the low-Ar region is relatively flat,
before transitioning to a descending slope around the transition and free
quark/gluon regimes. The flat ratio suggests a universal scaling behavior
for free hadrons, even for jets that have propagated through quark-gluon
plasma.

Predictions from PYTHIA8 [58] tune CP5 [59], HERWIG7 [61,62]
tune CH3 [63], and a hybrid strong/weak coupling model [82-84]
are compared to the pp results in Fig. 6. The vacuum in the hybrid
strong/weak coupling model is described by a specific tune of PYTHIAS.
The comparison is shown for p%h > 1GeV, 120 < prje; < 140GeV, and
for both momentum weights n = 1 and n = 2. Concentrating first on the
comparison with n = 1, all models are found within 5-10% of the mea-
surement, with HERWIG and the hybrid model slightly outperforming
PYTHIA. Interestingly, the agreement with data gets worse for all of the
models when the momentum weight is increased with n = 2. In this case,
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the models predict an energy-energy correlator distribution that is too
narrow.

To better understand the observed medium modifications to energy-
energy correlators, we compare the results to different model predic-
tions, focusing on the high-Ar region. First, specifically to study the jet
wake effects, we compare the PbPb to pp ratios with the hybrid model
predictions in Fig. 7. The hybrid model predictions are shown with three
different wake settings: no wake, only positive wake, and full wake. The
“only positive” configuration disregards the contribution from energy-
momentum depletion the wake leaves to the quark-gluon plasma, while
this is included in the “full wake” contribution. It can be seen that in
both of the shown pr . selections, the change of slope from descending
to ascending in the ratio only happens if the wake contributions are in-
cluded. However, the location of the turning point and the magnitude of
enhancement are different in the hybrid model prediction compared to
data. While the wake likely influences the modifications at large angles,
it cannot fully explain the observed effects.

We isolate the effects of the jet wake by taking a double ratio of PbPb
to pp ratios between p%h >2GeV and p%h > 1 GeV thresholds, as shown
in Fig. 8. The jet wake is created by jet particles, which generally have
high-pr values, interacting with mostly low-pt underlying event parti-

cles. Contributions from these low-high pr pairs are highlighted in the
double ratio. By isolating the wake behavior, the hybrid model predic-
tions that include a wake show significantly better agreement with the
experimental results.

The measured PbPb to pp ratios are compared with a perturba-
tive calculation by Holguin and collaborators [85] and with the JEWEL
2.4.0 simulation [86,87] in Fig. 9. The perturbative calculation includes
physics from color coherence effects. It has two free parameters that
have been fitted to the measured data. First, there is an overall normal-
ization that is determined by matching the integral to the data in the
region 0.042 < Ar < 0.126. The second parameter is k, the constant of
proportionality between the linear density of the medium and the tem-
perature. In practice, k controls the amount of enhancement seen at
large Ar. The small-Ar region is described by a simple nonperturbative
model, so the predicted values below Ar < 0.042 are not expected to
be reliable. The most robust prediction of this calculation is the turn-on
angle, when the descending slope in the ratio turns into an ascending
one, since neither of the free parameters affects this value. It can be seen
that this calculation predicts the turn-on angle well for both pr ., ranges
shown in Fig. 9. This is a strong hint that this turn-on angle is indeed
related to color coherence effects.
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around unity.

The medium response in JEWEL is implemented by thermal partons
that undergo an elastic scattering with the jet parton. The thermal par-
ton will receive a four-momentum kick from the jet parton, which makes
it recoil from its original trajectory. After this recoil, these partons do not
further interact before hadronization. Comparison with data is shown
with and without these recoils. It can be seen that the JEWEL simulation
with recoils and the associated thermal background subtraction has a
descending slope with Ar, turning into an ascending slope around the
same turn-on angle as in the data, although with poor agreement with
the magnitude of the ratio. Without recoils, we see a falling trend in the
ratio without a turn-on angle.

The PbPb to pp ratio is compared to CoLBT model [88-90] predic-
tions in Fig. 10 for two different ¢ values. The g parameter in the CoLBT
model describes the minimum virtuality scale for the vacuum splittings,
with ¢ = 0.5 in the case of the pp reference data. The CoLBT model does
not describe the data qualitatively when ¢ is set to 0.5 for PbPb colli-
sions. In data, we see a clear shift in initial virtuality for PbPb collisions
compared to pp collisions. This shift in virtuality in the CoLBT model is
reproduced by increasing the value of the g parameter, and we do indeed
see much better qualitative agreement with ¢ = 1. However, the turn-on

10

angle is smaller than what is seen in the data, and not enough enhance-
ment is predicted at large angles. The enhancement at large angles in
the CoLBT model is coming from the medium response and medium-
induced gluon radiation contributions, with the medium response being
more important. This response includes recoil partons from interactions
with the jet and the underlying event. The energy-momentum depletion
in the quark-gluon plasma due to recoils is modeled as negative back
reaction partons.

Model comparisons for more kinematic selections are available in
the supplemental material, model comparisons [91].

8. Summary

For the first time, energy-energy correlators inside high transverse
momentum (py) jets are measured in heavy ion collisions. The corre-
lators from lead-lead (PbPb) data are compared to those from proton-
proton (pp) collisions at the same nucleon-nucleon center-of-mass en-
ergy of 5.02TeV obtained using the CMS detector. A highly differen-
tial measurement of the two-point energy correlators is presented as a
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function of separation in azimuth and pseudorapidity of two charged
particles within a jet cone, Ar.

The time evolution of the jet fragmentation is imprinted in the shapes
of the energy-energy correlator distributions. For both PbPb and pp col-
lisions, we see similar large scale trends. There is a negative slope at
large Ar in the data, which is interpreted to correspond to the dynamics
of the parton shower phase. The positive slope at low Ar is expected to
reflect the propagation of noninteracting hadrons. The transition region
between these two limits is conjectured to be sensitive to information
regarding the hadronization process. Within the same kinematic selec-
tions, the transition region in PbPb collisions is shifted to lower Ar
values compared to pp collisions, consistent with parton energy loss.
A pronounced enhancement at large Ar is observed in the ratio of the
PbPb to pp distributions when using a low charged particle p threshold
of pﬁ.h > 1GeV and taking the product of the p%h of the two particles as
the momentum weight. This enhancement disappears if the sensitivity
to low-pr particles is decreased by increasing the p%h threshold to 2 GeV
or by taking the square of the product as the momentum weight. A com-
parison of our data to several models suggests that medium response is
partially accountable for the observed enhancement for large Ar values.

11

A perturbative calculation with color coherence effects also appears to
favor enhancement in this ratio at large Ar values. This measurement
establishes a powerful new tool for studying the influence of medium
response and color coherence on jet substructure and helps to elucidate
how jets are affected by interactions with the quark-gluon plasma.
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