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Constraining the resolution length of quark-gluon plasma with new jet
substructure measurements

2,34.F LE

Arjun Srinivasan Kudinoor®,"” Daniel Pablos®, and Krishna Rajagopal
'Center for Theoretical Physics—a Leinweber Institute, Massachusetts Institute of Technology,
Cambridge, Massachusetts 02139, USA
’IGFAE, Universidade de Santiago de Compostela, E-15782 Galicia-Spain
3Deparmmento de Fisica, Universidad de Oviedo, Avenida Federico Garcia Lorca 18,
33007 Oviedo, Spain
*Instituto Universitario de Ciencias y Tecnologias Espaciales de Asturias (ICTEA),
Calle de la Independencia 13, 33004 Oviedo, Spain

® (Received 3 March 2026; accepted 3 September 2026; published 30 October 2026)

We show that recent measurements of substructure-dependent jet suppression constrain the value of
the resolution length of the droplets of quark-gluon plasma (QGP) formed in heavy ion collisions.
This resolution length, L., is defined such that the medium can only resolve partons within a jet shower that
are separated by more than L ;. We first use calculations done in the hybrid strong/weak coupling model for
jetquenching (Hybrid Model) to reproduce ALICE measurements of the scaled soft-drop angle 6, for anti-,
R = 0.2 jets reconstructed from charged-particle tracks. We find that the narrowing of the 6,-distribution in
PbPb collisions compared to pp collisions that is seen in the ALICE data rules out a picture of fully coherent
energy loss (L., = o0) where each entire parton shower loses energy to the plasma as if it were a single
unresolved colored object. We then use Hybrid Model calculations to reproduce ATLAS measurements of
dR,, the soft-drop angle obtained by applying the Soft Drop grooming procedure to all charged-particle
tracks in R = 1 jets reconstructed from R = 0.2 skinny subjets. Our analysis demonstrates that the ATLAS
measurements of Ry, for such R =1 jets as a function of dR;, are inconsistent with a picture of fully
incoherent energy loss (L s = 0) in which every splitting in a parton shower is immediately resolved by the
plasma. We find that our Hybrid Model calculations agree best with the ATLAS measurements if QGP has a
finite, nonzero, resolution length L., ~ (1-2)/(zT). For the first time, jet substructure measurements are

constraining the resolution length of QGP from below, as well as from above.

DOI: 10.1103/yjg3-83¢g1

I. INTRODUCTION

Relativistic heavy ion collisions at the Relativistic Heavy
Ion Collider (RHIC) and the Large Hadron Collider (LHC)
have revealed that the high-temperature phase of QCD,
called quark-gluon plasma (QGP), behaves as a nearly
perfect, strongly coupled liquid [1-5]. A particularly
compelling way to probe the microscopic structure and
dynamics of this hot-QCD phase of matter is to analyze
heavy-ion collision events in which high-energy jets are
produced. In particular, investigating how the substructure
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of a jet is modified due to its passage through a droplet of
QGP can teach us about the properties and microscopic
structure of QGP.

In this article, we focus on studying how substructure-
dependent suppression of jets in PbPb collisions can teach
us about the resolution length L, of QGP. L, is the length
scale defined such that if two partons in a jet are separated
by a distance less than L, they behave as if they were a
single colored object transferring energy and momentum to
the QGP coherently; if and only if they are separated by a
distance greater than L. will they interact independently
with the plasma.

In either a strongly or weakly coupled gauge theory
plasma, the resolution length L. can be understood as
arising from the physics of color screening, making it
reasonable to expect that it is comparable in magnitude to
Ap, the Debye screening length between static color
charges. In a weakly coupled plasma with N. = Ny =3,
At = (3/2)g?T? to lowest order in the gauge coupling g,
meaning Ap ~ 1.25/(zT) for a; = 1/3. In the strongly
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coupled plasma of N =4 supersymmetric Yang—Mills
(SYM) theory, 1p = 0.294/(xT) [6], making it reasonable
to expect Ap ~ 1/(zT) in the strongly coupled plasma of
QCD [7,8]. In a weakly coupled approach, the resolution
L., may also be understood in perturbative QCD in the
regime of multiple soft scatterings [9—15] or in the regime
where a single scattering with momentum transfer ~Ap!
dominates [16,17] in terms of a critical coherence angle, @,.,
defined such that at angular separations above 6., two
charges of a color dipole act as independent sources of
medium-induced gluon radiation.

Regardless of any prior expectation, constraining the
value of L, using experimental data is of central impor-
tance as it is a characteristic, dynamical, property of QGP.
In addition, if L., turns out to be much larger than
expected, the QGP droplet would see each jet as if it were
a single object. In that case, the study of how passage
through QGP changes jet substructure would be much less
interesting because only rare large-angle scattering of jet
constituents would be sensitive to the microscopic structure
of QGP. If L, ~ (1-2)/(=T) as expected, and even more
so if it is smaller, jets with the same total p; but different
substructure will lose energy to the QGP differently, with
L. dictating how the space-time evolution of a QCD
parton shower changes when it develops inside a droplet of
QGP rather than in vacuum. There have been a number of
previous investigations of the consequences for jet shape
and substructure observables of varying values of L,
[7,8,18,19] or the related @, [18,20-25]. In this article, we
employ calculations using the hybrid strong/weak coupling
model for jet quenching (or simply the Hybrid Model)
[7,8,26-30] to show how jet substructure observables
recently measured by the ALICE Collaboration [31] and
the ATLAS Collaboration [32,33] can be used to constrain
the value of L., In many model treatments of the
interaction between a parton shower and a droplet of
QGP, including in the Hybrid Model before the work of
Ref. [7], L, = 0 has been assumed. This means that, for
simplicity, each parton in the shower was taken to interact
with the QGP independently. This makes finding empirical
evidence that L is nonzero important, so as to quantify
the consequences of making the simplifying (but certainly
incorrect) assumption that it vanishes.

In the following section, we briefly introduce the
hybrid model and the implementation of a QGP resolu-
tion length within the model. We then compare Hybrid
Model calculations with ALICE and ATLAS measurements
of jet suppression for different jet samples and as a
function of multiple angular observables defined using
the Soft Drop grooming procedure [34], what we call
the Hard Group grooming procedure [19,32], and a
combination of these two grooming techniques [33]. We
demonstrate that Hybrid Model calculations are consistent
with all experimental results included in this article only if
quark-gluon plasma has a finite and nonzero resolution
length.

II. THE HYBRID MODEL

The hybrid strong/weak coupling model, or simply the
Hybrid Model, is a theoretical framework for jet quenching
in heavy ion collisions. It is designed to describe the multi-
scale processes of jet production and evolution through a
strongly coupled plasma, like that which is produced in a
heavy ion collision. The Hybrid Model treats the weakly
coupled physics of jet production and hard jet evolution
perturbatively. Parton splittings that result in a jet shower
are determined by the high-Q?, perturbative, Dokshitzer—
Gribov-Lipatov—Altarelli—Parisi ~ evolution  equations,
implemented using PYTHIA 8 [35,36]. The soft momentum
exchanges between partons in a jet shower and the droplet
of QGP through which they propagate dictate that these
partons lose energy to the strongly coupled plasma. In the
Hybrid Model, each parton in a jet shower loses energy to
the plasma as determined by an energy loss formula,
calculated holographically in Refs. [37,38] and imple-
mented as described in Refs. [7,8,19,26-30,39]. The
energy loss formula includes one dimensionless parameter,
denoted k., that governs the strength of the interaction
between the jet parton and the QGP. [For example, in a
strongly coupled plasma with temperature 7 a parton with
initial energy E;, would lose all of its energy and thermalize
over a distance X, = E /(2 T*?) if it does not split
first.] k. can be calculated in the strongly coupled plasma
of =4 SYM theory with large 't Hooft coupling
A = ¢’N,, where it is given by 1.05A'/¢ [37,38]. It is
expected to be smaller by a factor ~(3-4) in QCD, making
the stopping distance longer. In the Hybrid Model, we treat
K¢ as a parameter to be obtained by fitting to data. With
L., = 0 we take k. = 0.404 from the fit to measurements
of the suppression of jets and high-p; hadrons in Ref. [29].
When we employ the Hybrid Model with a nonzero L,
we choose the value of k. so that the suppression of jets
with 100-200 GeV matches that obtained in the model with
L., =0. Since inclusive jet suppression is primarily
sensitive to the overall amount of energy lost by recon-
structed jets, it does not by itself uniquely constrain both «,
and L. In the present study, we therefore use inclusive jet
suppression to calibrate x,. for each choice of L., and then
use substructure observables such as dR;, to test the
validity of each choice of L. itself. A simultaneous
extraction of k. and L., from many observables will
require a future global Bayesian analysis.

Since energy and momentum must be conserved, the
momentum and energy lost by a parton is deposited into the
plasma, exciting a hydrodynamic wake in the expanding,
flowing, and cooling droplet of liquid QGP. In the Hybrid
Model, jet-induced wakes are implemented by generating
soft hadrons according to a spectrum determined by
employing the Cooper-Frye prescription to the jet-induced
perturbation of the stress-energy tensor of the strongly
coupled liquid QGP. This spectrum is calculated assuming
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that the background fluid is longitudinally boost invariant,
the jet-induced perturbation to the fluid is small and stays
close in rapidity to the rapidity of the jet, and that the jet-
induced perturbation to the Cooper-Frye spectrum is small
at all momenta [28]. These assumptions, and the shape of
the wake spectrum, are discussed in Refs. [19,28,39,40].

A nonzero QGP resolution length L ., was introduced in
the Hybrid Model in Ref. [7] and is detailed there and in
Ref. [19]. Two partons within the same jet shower lose
energy independently as a result of their passage through
the medium, and deposit energy independently into the
medium, if and only if they are separated by a distance
larger than L. After a parent parton splits in two, as long
as they are separated by a length less than L, they lose
energy, and deposit energy into the medium, as if they were
still the single parent parton. In this article, we shall
compare experimental data to Hybrid Model calculations
with four values of L ,—namely 0, 1/(zT), 2/(xT), and
00. L., = 0 corresponds to fully incoherent energy loss,
with every parton in the shower resolved, while L, = o
corresponds to fully coherent energy loss, with the entire
shower losing energy as if it were a single color-charged
parton. For the intermediate choices of L., whether two
partons are resolved by the medium is determined locally,
based on their instantaneous spatial separation as they
propagate through the plasma.

III. CONSTRAINING L,.;, WITH SOFT DROP

Experimentalists cannot measure the separation between
partons in a parton shower as the parton shower develops
directly. Rather, they measure the momenta and angle (in
azimuth and rapidity) of the hadrons in the final state. It is
reasonable to expect that effects of L., may be discerned
by comparing the suppression of jets in which the first (or
an early) splitting in the parton shower produces daughter
partons at larger vs smaller angles. If L, is very large, this
splitting angle will not matter as regardless of their
separation in angle the daughter partons will not be
resolved before they exit the droplet of QGP. For a smaller
value of L., daughter partons with a smaller (larger)
splitting angle will propagate farther (less far) through the
QGP before separating from each other by more than L
and beginning to lose energy independently. Consequently,
the corresponding jet will lose less (more) energy.

The Soft Drop grooming algorithm [34] is ideally suited
for comparing the energy loss of jets in which an early
splitting occurred at larger vs smaller angles. It isolates the
first hard branching within a jet by first reconstructing a jet
with the anti-k, algorithm with radius parameter R [41] and
then reclustering its constituents with the Cambridge-
Aachen algorithm [42,43], whose ordering follows the
angular structure of a parton shower. Stepping through
this reclustering history, the algorithm selects the first
splitting that fulfills the condition

> Zcut(RIZ/R>ﬂ’ <1)

where f and z.,, are tunable parameters, z is the fraction of
transverse momentum carried by the subleading prong in
the splitting, and R, is the angle between the leading and
subleading prong. The first hard splitting that satisfies
Eq. (1) defines the groomed momentum fraction z, =z
(discussed in Appendix A) and the soft-drop angle
R, = Ry, (discussed here). We follow Ref. [31] and define
the scaled soft-drop angle 6, = R,/R. We expect that for
smaller values of L, jets with larger R, and hence larger
6, should lose more energy than jets with smaller 6,,.

Figure 1 shows the ratio of the normalized differential
cross section

I do 1 dN
Ojets dey B Njets deg '

(2)

of jets in PbPb collisions to jets in pp collisions, as a
function of 6, for anti-k, R = 0.2 charged jets with 60 <
pr < 80 GeV and |57| < 0.7, groomed with z.,, = 0.2 and
f =0.In Eq. (2), N is the number of jets that pass the Soft
Drop condition, Njy is the number of jets that pass the
kinematic cuts, and ¢ and ;e are the corresponding cross
sections.

In Fig. 1, we show the results of Hybrid Model
calculations of the PbPb/pp ratio of this differential cross
section upon assuming different values for the QGP

2
= =5.02 TeV, 0-10%
18 Antl k; R = 0.2 ch-jets, 60 < p° ' < 80, ™ < 0.7
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FIG. 1. Ratio of the differential cross sections in Eq. (2) of jets

in PbPb collisions to jets in pp collisions, as a function of 6, for
anti-k, R = 0.2 charged-particle jets with 60 < p$"™ < 80 GeV
and |7t < 0.7, reconstructed using the Soft Drop grooming
procedure with parameters z.,; = 0.2 and f = 0. The colored
bands show the results of Hybrid Model calculations with
L =0 (red), 1/(xT) (purple), 2/(zT) (blue) and oo (green).
ALICE experimental measurements from Ref. [31] are depicted
using point markers, upon which the vertical bars indicate
statistical uncertainties and the shaded boxes indicate systematic
uncertainties extracted from Ref. [31].
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resolution length L. We compare our results to ALICE
data from Ref. [31]; our jet reconstruction and selection
criteria match theirs. In all our Hybrid Model calculations,
the reconstructed jets include soft hadrons originating from
jet wakes. We have checked that eliminating these particles
changes the plotted 6, distributions by less than the
statistical error bands in Fig. 1, confirming that the Soft
Drop algorithm grooms away soft hadrons including those
originating from jet wakes.

Figure 1 shows that the differential cross section in
Eq. (2) as a function of 6, is modified as jets propagate
through QGP. Let us begin by considering the Hybrid
Model calculation with L, = oo, since in that case two jets
with the same p; that have different 6, lose the same
energy since (by definition) no substructure of jets is
resolved. This means that the (modest) suppression in
the PbPb/pp ratio seen at large 6, in the green Hybrid
Model calculation must mean that jets reconstructed with a
given py in PbPb collisions have, on average, smaller 6,
than jets with the same reconstructed py in pp collisions.
This can arise for two reasons. First, gluon-initiated jets
lose more energy than quark-initiated jets even if (as with
L., = o0) QGP cannot resolve the differences in how they
shower. This means that a sample of jets with a given py
after quenching will have a smaller fraction of gluon
initiated jets than in vacuum, meaning a smaller 6, on
average. The second reason is a consequence of two effects,
acting in concert: (i) the jets in PbPb collisions have lost
energy, on average, which means that imposing the same
reconstructed-jet py selection in PbPb and in pp events
preferentially selects higher pift jet-progenitor partons in
the heavy-ion dataset; and (ii) in the collinear approxima-
tion used in the Soft Drop algorithm [34], the angle of a
one-to-two splitting is Ry, = ky/zpiMt (where k; is the
relative transverse momentum scale of the splitting and z
and pM have already been defined) which means that at
fixed (kg, z), higher-p; progenitors of jets result in split-
tings with smaller R|,. This, together with fact (i) that jets
with a given measured p; began with a higher pirit in PbPb
collisions than in pp collisions, explains the “tilt” in the
L,.s = oo Hybrid Model 6, distribution in PbPb collisions
relative to pp collisions in Fig. 1.

The “additional tilt” in the three Hybrid Model curves
with finite L, with the PbPb/pp suppression at large 6,
increasing with decreasing L. in Fig. 1, arises because (in
the Hybrid Model) jets containing multiple resolved
sources of energy loss lose more energy than an unresolved
jet with the same initial p; and can be understood in two
steps. First, for any finite L, the larger the value of 6, the
sooner that the two subjets from the first hard branching
will be resolved. And, the smaller the value of L., the
sooner that subjets separated by an angle R, = R0, will be
resolved. So, at any finite value of L., jets lose more
energy if their 6, is larger, and jets with a given 6, lose

more energy if L ., is smaller. We also note that although by
its definition 6, involves only two subjets, jets with larger
0, on average have a larger number of subjets (as
demonstrated, for example, in Ref. [8]) because when
the first hard splitting in a jet occurs at a large 0, there
is more phase space for subsequent splittings. This too
means that jets lose more energy if their 6, is larger, as long
as L is finite. Second, since the production cross-section
for jets is a steeply falling function of pifi, there is a
“survivor bias” in PbPb collisions: the jets found in any
reconstructed-pr bin will preferentially be those that lost
less energy. This means that jets with larger (smaller) 6,
will constitute a smaller (larger) fraction of the jets in any
pr bin in PbPb collisions than in pp collisions.
Consequently, for any finite L the survivor bias reduces
the fraction of jets with larger values of 6, in PbPb
collisions, and this “tilt” becomes stronger for smaller
values of L. These effects have also been seen in CMS
measurements (and Hybrid Model calculations) of the
PbPb/pp ratio for the 6, distribution of jets produced in
association with a high-p; photon [44], where it is possible
to reduce (or enhance) the survivor bias by lowering (or
raising) pJ;ft / P} in the jet selection.

From Fig. 1, we see that the narrowing of the 6, distribution
in PbPb collisions relative to that in pp collisions seen in the
ALICE data is inconsistent with our Hybrid Model calcu-
lations with L., = o0, in which no substructures within a jet
are resolved. The comparison between the ALICE data and
our calculations thus indicates that QGP does resolve jet
substructure. With the present uncertainties in the measure-
ments, however, these data do not discriminate among the
three finite values of L, that we have investigated.

IV. CONSTRAINING L,., WITH HARD GROUP

We note that 6, ~ 1 for an R = 0.2 jet corresponds to an
angular separation R, = R0, ~ 0.2 between the two prongs
selected by the Soft Drop algorithm. From the Hybrid
Model results shown in Fig. 1, it appears that the sensitivity
to L is increasing as one looks at jets with more separated
prongs, so it is natural to ask whether we can find methods
for studying jets with prongs that are separated by much
larger angles. In Refs. [32,33], the ATLAS Collaboration
pioneered observables which serve this purpose. In par-
ticular, they proposed a method to identify and analyze the
substructure of large-radius jets reconstructed from skinny
subjets.

In Ref. [32], they first reconstructed anti-k, R = 0.2 jets
with |#| < 3.0 and p; > 35 GeV in inclusive jet events.
They thenuse these R = 0.2 jets, which we refer to as “skinny
subjets,” as the constituents for reconstructing anti-k;
R = 1.0 jets with |y| < 2.0 and p; > 158 GeV. Finally,
the R = 1.0 jets were reclustered using the k,-recombination
algorithm [45,46] to obtain the observable
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AR, = /A2, + A, (3)

defined as the angular separation between the two skinny-
subjet-constituents involved in the final reclustering step of
the R = 1.0 jet. Since the k, algorithm tends to combine the
hardest constituents of a jet last, AR, corresponds to the
angular scale of the hardest splitting within a large-radius jet
R = 1.0 jet. In contrast with the Soft Drop procedure, which
moves through the history of a jet’s reclustering and drops
soft prongs at each step of the history, ATLAS’s
observable [32] groups hard prongs into large-radius jets,
which are then reclustered in order to identify the angle of the
hardest splitting between skinny-subjet prongs of the large-
radius jet. Hence, we call this procedure the Hard Group
algorithm. Note also that in the Soft Drop procedure, R, is the
angle between the leading and subleading prongs within the
anti-k, radius of the jet, R = 0.2 in the ALICE analysis in
Fig. 1. Contrastingly, in the Hard Group procedure in which a
large-radius R = 1.0 jet is composed from R = 0.2 skinny
subjets, AR, has to be greater than 0.2. And indeed, in their
Hard Group analysis [32], ATLAS plots results for
0.2 < AR}, < 1.0.

In Ref. [19], we used the Hybrid Model to study the
suppression of R = 1.0 jets constructed using the Hard
Group algorithm as a function of AR, for L, =0,
2/(=T), and co. Comparison with ATLAS data ruled out
a picture of fully coherent energy loss (L., = o), in which
an entire parton shower loses energy to the medium as a
single object. This is consistent with what we saw above, in
our comparison to ALICE measurements of 6,. We also
found that both L, = 0 and 2/(zT) describe the ATLAS
Hard Group measurements over 0.2 < ARy, < 1.0, sug-
gesting that sensitivity to L., is maximized around
AR, ~ 0.2, which is larger than what is accessible in
the ALICE measurements of Fig. 1 and smaller than what is
accessible in the ATLAS measurements of Ref. [32].

V. CONSTRAINING L,.; WITH SOFT DROP
AND HARD GROUP

The Soft Drop procedure used by ALICE on charged-
particle tracks achieved a high degree of granularity for the
angular separation of a hard splitting within a jet, but this
separation was limited by the size of the (narrow) jet cone.
The Hard Group procedure to construct ARy, used by
ATLAS on calorimetric jets probed large angle splittings
within large-radius jets, but was limited in granularity by
the radius of the skinny subjets from which the large-radius
jets were composed. In Ref. [33], ATLAS has designed a
clever observable dR;,, which looks like the Soft Drop R,
when dR, is small and like the Hard Group AR, when
dR;, is large. dR;, is constructed via an algorithm that
incorporates both the Hard Group and Soft Drop proce-
dures, as follows.

Large-radius anti-k, R = 1.0 jets with |y| < 1.3 and
pr > 158 GeV are reconstructed from anti-k, skinny
R =0.2 subjets with |§| <3.0 and p; > 35 GeV via
the Hard Group procedure. Instead of reclustering only
the skinny subjet components of the large-radius jets, in the
algorithm that ATLAS introduced in Ref. [33] the next step
is to recluster all charged-particle tracks associated with the
large-radius jet, identified via a ghost association procedure
described in Appendix B. In brief, we take all the charged-
particle tracks with py >4 GeV in an R = 1.0 jet con-
taining skinny subjets identified via the Hard Group
procedure (not only those tracks within subjets) and apply
the Soft Drop procedure to all these charged particles with
Zew = 0.15 and p = 0. Following ATLAS, we denote the
soft-drop angle of the tracks in an R = 1.0 jet determined
via this procedure by dR,.

Figure 2 shows ATLAS measurements [33] of Ry5 as a
function of dR;,, namely the reduction in the number of
jets in a given bin of dR;, in PbPb collisions relative to that
in the corresponding number of pp collisions, for large-
radius R = 1.0 jets with 200 < py < 251 GeV, recon-
structed using the combined Hard Group — Soft Drop
procedure described above, compared to Hybrid Model
calculations with different values of L. Note that the
analysis extends out to values of dRj, ~ 1.0, as in the
straightforward Hard Group analysis of Ref. [32], but with
this procedure that synthesizes Hard Group and Soft Drop
there is now no obstacle to extending the analysis down to
very small values of dR|,. In Appendix C, we demonstrate
that the dependence of R,, on dR;, that ATLAS has
measured cannot be explained as resulting solely from
changes in the fractions of quark- and gluon-initiated jets in
PbPb collisions relative to pp collisions.

In Fig. 2, our Hybrid Model calculations are compared
with ATLAS data extracted from Ref. [33]. As expected
and as we concluded [19] from the Hard Group measure-
ments in Ref. [32], the ATLAS data at large values of dR;,
rule out L = oo0. As in Ref. [19], we can understand the
gradual decrease in Ry, at large dR;, as arising from the
fact that some of these R = 1.0 jets may contain subjets that
originate from different initial high-energy partons (e.g.,
from initial state radiation) and which therefore lose energy
to the plasma independently.

Strikingly, the ATLAS data also rule out L., = 0—a
picture of fully incoherent energy loss in which every splitting
in a parton shower is immediately resolved by the medium—
since with this hypothesis R 44 drops much more rapidly with
increasing dR |, around 0.1 than is seen in the ATLAS data.
Thus, the experimental data favor a QGP resolution
length that is both nonzero and finite! A resolution length
of L., = 2/(#T) seems to fit the data somewhat better than a
resolution length of L., = 1/(#T), but we leave a full-fledged
Bayesian extraction of empirical constraints on both L., and
K¢ With quantified uncertainties from the measurements of
dR |, and many other data sets in concert to future work.
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FIG. 2. Ry, as a function of dR,, for large-radius R = 1.0 jets with 200 < p; < 251 GeV and || < 1.3 constructed from skinny
subjets using the Hard Group procedure, whose associated charged-particle tracks were then reclustered using the k, algorithm and the
Soft Drop grooming procedure with parameters z ., = 0.15 and = 0. The colored bands show the results of Hybrid Model calculations
with L, = 0 (red), 1/(zT) (purple), 2/(zT) (blue) and oo (green). ATLAS experimental measurements from Ref. [33] are depicted
using point markers, upon which the vertical bars indicate statistical uncertainties and the shaded boxes indicate systematic uncertainties

extracted from Ref. [33].

VI. CONCLUSION AND OUTLOOK

In this article, we have demonstrated, for the first time,
that a consistent description of substructure-dependent jet
suppression across the Soft Drop, Hard Group, and
combined dR;, observables measured by ALICE and
ATLAS favor a nonzero and finite quark-gluon plasma
resolution length. Consistent with previous work, an
extreme scenario in which an entire shower loses energy
coherently as a single object (L., = o) is decisively ruled
out. Previous Hybrid Model studies [7,29] demonstrated
that a range of heavy-ion observables could be described
successfully with either L,.; = O or L., = 2/zT. New here,
a picture in which every parton in a shower is resolved
independently (L., = 0) is disfavored by the ATLAS
measurements of the dR;, dependence of R,, around
dR, ~ (0.1-0.2). A more complete and precise determi-
nation of L, and k will require a future global analysis
incorporating dR;, together with a broad set of jet and
hadron observables.

Establishing for the first time that extant experimental
measurements disfavor L., = 0, meaning that they indicate
that the QGP resolution length, a fundamental character-
istic of the nature of QGP, is both nonzero and finite and
meaning that jets interact with the QGP in a way that is
neither fully coherent nor fully incoherent, opens the door
to many further investigations. In heavy ion phenomenol-
ogy, this discovery has broad implications for parton-level
energy loss kernels in any model. It also motivates
investigating how the value of L, influences the pattern
of medium response. The observables that we have
employed in the present study are, by design, insensitive
to the soft hadrons originating from jet wakes so as to allow
us to focus attention on the effects of L., but it would be
interesting to investigate how changing the value of L

changes other observables that are sensitive to the shapes of
jet wakes in various ways [19,28,47-49]. Our results also
motivate future first-principles calculations of the resolu-
tion length, both via pQCD upon assuming weak coupling
and via holography upon assuming strong coupling as well
as investigations of its evolution in an expanding, nonuni-
form, plasma.

ATLAS’s measurement of large-radius jet suppression as
a function of dR;, is the first experimental measurement
which favors a nonzero L. It is, however, too soon to
say that L., =0 is definitively ruled out. In fact, the
comparisons between Hybrid Model calculations with
varying L., and a recent CMS measurement of Lund
plane observables [50] in PbPb collisions appears to favor
L., = 0, although we note that none of the Hybrid Model
predictions for that measurement match the flatness (lack of
dependence on the Lund plane angular observable) of the
CMS data points. We also stress that we expect these Lund
plane observables to be sensitive to elastic scattering
between jet partons and medium partons, an effect that
has been investigated in Ref. [51] but that has to date not
been incorporated in the Hybrid Model with nonzero L .
This makes doing so a priority for future investigation. We
have checked that our Hybrid Model calculations of R, as
a function of dR |, with L, = 0 miss the data in the region
dR |, ~0.05-0.2 if we include elastic scatterings, just as
they do in Fig. 2. That said, our work adds further
motivation for incorporating elastic scatterings into the
model with nonzero L. It will also be important to exploit
photon-jet and Z-jet collisions, as the statistics available
increase in the high-luminosity LHC era, to measure the
Soft Drop, Hard Group, and combined Hard Group — Soft
Drop observables that we have investigated here as well as
Lund plane observables in such systems, where selecting
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events based upon the photon/Z momentum can reduce
selection biases that partially mask coherence and reso-
Iution effects. This is only one example of how future high
statistics measurements will enable a more precise exper-
imental determination of L., As we noted above, a
Bayesian extraction of empirical constraints on both L
and k. with quantified uncertainties from the measure-
ments of dR;, and many other observables including the
Lund plane observables measured in Ref. [50], ultimately in
photon-jet and Z-jet events, is called for. It will in addition
be very interesting to see SPHENIX measurements of dR,
and other jet substructure observables that are sensitive
to L., at RHIC. Since the temperature of the droplets of
QGP formed at RHIC is not as high as at the LHC,
adding sSPHENIX measurements to a Bayesian extraction of
empirical constraints would enable testing the temperature-
dependence of L.

In summary, the indication from experimental data that
QGP behaves as a colored medium with a resolution length
that is nonzero and finite marks a significant advance in our
understanding of jet quenching and of QGP. This motivates
future studies to transform this qualitative insight into a
fully quantitative characterization of the nature of decon-
fined QCD matter.
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APPENDIX A: MEDIUM-INDUCED
MODIFICATIONS TO THE GROOMED
MOMENTUM FRACTION OF JETS

In our article, we describe how the groomed soft-drop
angle R, of anti-k, R =0.2 charged-particle jets, as
measured by ALICE, is modified as they propagate through
the droplet of QGP formed in PbPb collisions. In this
appendix, we also describe how the groomed momentum
fraction z,, of these jets is (not) modified by their passage
through the QGP droplet. Figure 3 shows the ratio of the
normalized differential cross section

1 do
O'jets ng

1
= d_N7 (Al)
Njets ng

of jets in PbPb collisions to jets in pp collisions, as a
function of z, for anti-k, R = 0.2 charged-particle jets
with 60 < pr <80 GeV and || < 0.7, groomed with
Zew = 0.2 and f = 0. In Eq. (A1), N is the number of jets
which pass the Soft Drop condition, N is the number of
jets which pass the kinematic cuts, and ¢ and oy are the
corresponding cross sections.

In Fig. 3, we show the results of Hybrid Model
calculations of the PbPb/pp ratio of this differential cross
section upon assuming different values for the QGP
resolution length L,.,. We compare our results to ALICE
data from Ref. [31]; our jet reconstruction and selection
criteria match theirs. In all our Hybrid Model calculations,
the reconstructed jets include soft hadrons originating from

1.5
E VS = 5.02 TeV, 0-10%
14E Anti-k; R = 0.2 ch-j ot it
E -k, R=0. -Jets,60<pT <80, "™ <0.7
1.3 peeck > 0.15 GeV, ™ < 0.9
1.2 = SoftDropz  =0.2,=0
a E
o 1.1E
~ -
Ko} 1B
N E
T 09F
0.8 F [ L =0, ks = 0.404
U E [ Lwes = 1/(nT), x = 0.434
0.7 F B Les = 2/(nT), x_ = 0.447
06 E [ Les ==, = 0475
OF e ALICE Data 0-10% [PRL 128, 102001 (2022)]
0.5-....I....I....I....I....I....
0.2 0.25 0.3 0.35 0.4 0.45 0.5
Zq
FIG. 3. Ratio of the differential cross sections in Eq. (A1) of jets

in PbPb collisions to jets in pp collisions, as a function of z, for
anti-k, R = 0.2 charged-particle jets with 60 < pS'™ < 80 GeV
and |7t < 0.7, reconstructed using the Soft Drop grooming
procedure with parameters z.,; = 0.2 and f = 0. The colored
bands show the results of Hybrid Model calculations with
L =0 (red), 1/(xT) (purple), 2/(zT) (blue) and oo (green).
ALICE experimental measurements from Ref. [31] are depicted
using point markers, upon which the vertical bars indicate
statistical uncertainties and the shaded boxes indicate systematic
uncertainties extracted from Ref. [31].
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jet wakes. The Hybrid Model curves and the ALICE data in
Fig. 3 each show that the PbPb/pp ratio is close to unity, for
all z;,€(0.2,0.5). This suggests that the momentum frac-
tion shared between the two prongs involved in the first
hard splitting of a jet is not significantly modified as jets in
a heavy ion collision lose energy while propagating
through QGP.

APPENDIX B: GHOST TRACK
ASSOCIATION PROCEDURE

It is infeasible to experimentally distinguish between
final-state particles that result from hard parton shower and
final-state particles that result from the freeze-out of the
uncorrelated background QGP. As a result, observables
which are calculated from charged-particle tracks in heavy
ion collisions often suffer from the confounding presence
of charged-particles tracks originating from the back-
ground. ATLAS minimizes these confounding effects when
calculating the observable dR, in their Hard Group — Soft
Drop analysis with a ghost track association procedure,
which goes as follows.

After identifying an event containing large-radius R =
1.0 jets reclustered from R = 0.2 skinny subjets via the
Hard Group procedure, select all charged-particle tracks
with py > 4 GeV and |n| < 2.5 in that event and artificially
set their transverse momenta to pr = 1 eV. Add these
charged-particle ghost tracks with this artificially low py to
a list of inputs, together with the skinny R = 0.2 subjets
that were previously identified via the Hard Group pro-
cedure. Then, construct an anti-k, R = 1.0 jet from this
(unusual) list of inputs. Note that this R = 1.0 jet will
include: (i) the skinny subjets as objects; (ii) tracks that are
in fact components of the skinny subjets; and (iii) tracks
around the skinny subjets that are part of the R = 1.0 jet but
that are not in a skinny subjet. Next, discard the skinny
subjet objects, and restore the original py to each ghost
track constituent of the large-radius jet. The final ghost
track constituents, with their original kinematics restored,
are now the charged-particle tracks associated with an
R =1.0 jet. Finally, the charged particle tracks with
pr > 4 GeV associated with each large-radius jet are then
reclustered using the k, algorithm with R = 2.5 and the
Soft Drop grooming condition is applied with z., = 0.15
and f = 0. The soft-drop angle obtained after this pro-
cedure is the observable dR;, in the article.

Intuitively, the ghost track association procedure takes all
the charged-particle tracks with p; > 4 GeVinan R = 1.0
jet—mnot just the tracks in the R = 0.2 skinny subjets—and
applies the Soft Drop grooming procedure to these charged-
particle tracks. The requirement that these charged-particle
tracks have py >4 GeV minimizes the confounding
effects from the background, which is predominantly
composed of soft particles. This ghost track association
procedure is important for the ATLAS measurement of
dR,, in experimental data; we have employed the same

procedure in our analysis of Hybrid Model events in order
to be sure that when we compare Hybrid Model calcu-
lations of dR;, to ATLAS data from Ref. [33] we are
comparing apples to apples. However, in our Hybrid Model
study the sophistication of this method is not actually
necessary, because Hybrid Model events model jets in
heavy ion collisions after background subtraction. In the
Hybrid Model, we can directly identify all the charged-
particle tracks with p7T > 4 GeV in an R = 1.0 jet (some-
thing that would be essentially impossible to do in
experimental data without the ghost track association
procedure) and apply the Soft Drop grooming procedure
to these tracks. We have checked that doing this in the
Hybrid Model yields results that are indistinguishable from
the results that we obtained following the ghost track
association procedure.

APPENDIX C: QUARK- AND GLUON-FRACTION
MODIFICATIONS ALONE CANNOT DESCRIBE
ATLAS dR,, MEASUREMENTS

Some authors have speculated that the dependence of
Ry, on variables that quantify the angular separation
between jet substructures may be understood as resulting
solely from changes in the fractions of quark- and gluon-
initiated jets in PbPb conditions relative to pp collisions
[52-54]. In this appendix, we demonstrate via Fig. 4 that
such an argument cannot explain the dependence of R4, on
dR |, that ATLAS has measured.

The yield of jets within a given range of transverse
momentum p; and a given range of dR, in pp collisions is
proportional to the quantity

dN jets _ dN, quark—initiated jets
dprd(dRi) PP dprd(dR,)

PP

dN gluon—initiated jets
dprd(dRy,)

. (C1)
PP

where the label “quark-initiated” (“gluon-initiated”)
refers to the yield of jet showers that were initiated by
the production of a high energy quark (gluon) in a
hard scattering process that subsequently fragmented, for
example as described by PYTHIA 8. In the Hybrid Model,
we record the information about the kinematics and
flavors of the two partons involved in each initial
hard scattering from which jets are produced. For a given
R =1 jet, we determine which one of the two initial
scatterers the jet is closer to in the (y, ¢) plane, using the

distance measure Ar = \/Ay? + Ag?. If the closer initial
scatterer to the jet is a quark (gluon), then the jet is tagged
as a quark-initiated (gluon-initiated) jet. Similar to
Eq. (C1), the jet yield in PbPb collisions is proportional
to the quantity
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1.2

VS =5.02 TeV
Reclustered R = 1.0 jets

200 < p, < 251 GeV, Il < 1.3

1

0.8

[ Quark/Inclusive pp
[ Gluon/Inclusive pp
[ 0.91 Quark/Inclusive + 0.29 Gluon/Inclusive
® ATLAS Data 0-10% [arXiv:2504.04805]

g06
m. ]
0.4
0.2
0_...|....|....|....|....|....|....|....|....|....
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dR,,

FIG. 4. Point markers: ATLAS experimental measurements [33], of Ry as a function of dR;, for large-radius R = 1.0 jets with
200 < py < 251 GeV and |5| < 1.3 identified via the Hard Group procedure, whose associated charged-particle tracks were then
reclustered using the k, algorithm and the Soft Drop grooming procedure with parameters z.,, = 0.15 and f = 0. The vertical bars
indicate statistical uncertainties and the shaded boxes indicate systematic uncertainties extracted from Ref. [33]. Colored bands:
Calculations showing the ratios of the yields of quark-initiated jets (red) and gluon-initiated jets (blue) to inclusive jets in vacuum
collisions. The pink band shows the ratio of the jet yield of a sample of jets in vacuum where 91% of quark-initiated jets and 29% of
gluon-initiated jets are unaltered while the remaining jets are fully quenched and removed from the sample, to an unmodified sample of
inclusive jets in vacuum collisions. Note that the calculations shown here are not calculations of R ,,; they are constructed entirely from
calculations of either quark-initiated or gluon-initiated jets in vacuum.

dN. jets _ dN, quark—initiated jets
dprd(dR2)|pypy dprd(dR;,)

PbPb

dN gluon—initiated jets
dprd(dR;,)

(C2)

PbPb

The ratio of the yield of jets in PbPb collisions to the yield
of jets in pp collisions defines the nuclear modification
factor, Rp4. Since gluon-initiated jets are more quenched
than quark-initiated jets due to the presence of the strongly
coupled QGP medium, the fraction of gluon-initiated jets
and the fraction of quark-initiated jets which are selected
within a given jet py bin are modified in heavy ion
collisions where a QGP medium is formed. Thus, Rap
is sensitive to the medium-modification of the fractions of
quark- and gluon-initiated jets.

One may then ask whether experimental measurements
of jet suppression, via Ry, can be explained solely by the
differing suppression of quark- vs gluon-initiated jets. As
was shown in Ref. [31], the ALICE measurement of R, 5 as
a function of the Soft Drop angle 6, (that we have discussed
above in Sec. IIl) can be explained by a model [54] in
which the only medium effect was the modification of the
quark vs gluon fraction of jet initiators. ATLAS has also
compared calculations done with this model to their
measurements of the R, dependence of R,, [55], and
ALICE has compared such calculations to their measure-
ments of the angle between two measures of the direction of
a jet [56]. However, in Fig. 4 we show that the ATLAS
measurements of Ry, as a function of dR,, across the
much wider range of angular scales that this new observ-
able can access cannot be explained solely by the differing

suppression of quark- and gluon-initiated jets. Let us
unpack this figure and message.

If the only consequence of the propagation of jets
through a medium is a change in the fraction of quark-
and gluon-initiated jets which are selected, then the PbPb
jetyield in Eq. (C2) is related to the pp jet yield in Eq. (C1)
by the expressions

dN, uark—initiated dN, uark—initiated
S = f(pr)— R L (C3)
dprd(dRi2) |pppy dprd(dRy) PP

dN luon—initiated dN luon—initiated
SR = fy(pr) S (C4)
dprd(dR12) |pppy dprd(dR;;) PP

where f,(pr) and f,(pr) are the fractions of quark-
initiated and gluon-initiated jets which survive the jet pr
selection after being quenched by the presence of the QGP
medium. Figure 4 shows Ry, for reclustered R = 1.0 jets
with 200 < py < 251 GeV, as a function of dR;, for
(fq-fg) = (1, 0) (red), (0, 1) (blue), and (0.91, 0.29)
(pink). (f4. f4) = (1,0) corresponds to the case where all
quark jets survive quenching completely unscathed, but no
gluon jets survive at all; (f,, f,) = (0, 1) corresponds to
the case where all gluon jets survive quenching completely
unscathed, but no quark jets do at all; (f oS ) =
(0.91,0.29) corresponds to the case where most quark jets
survive quenching completely unscathed while some are
eliminated, and most gluon jets are eliminated while some
survive quenching completely unscathed. The values
fq=091 and f,=0.29 were obtained from Fig. 4
of Ref. [53]. In particular, we extracted the fraction of
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quark-initiated (gluon-initiated) jets with pr =~ 200 GeV in
pp collisions from that figure, finding 0.45 (0.55). We also
extracted the number of quark-initiated (gluon-initiated)
jets with pp = 200 GeV in PbPb collisions divided by the
total number of jets with the same transverse momentum
in pp collisions, finding 0.41 (0.16). Dividing the appro-
priate quantities yields f,(200 GeV) = 0.41/0.45 ~ 0.91
and f,(200 GeV) = 0.16/0.55 = 0.29.

It is evident from Fig. 4 that none of these curves can
explain the ATLAS experimental data, even qualitatively. It
is possible to choose a (large) gluon fraction and a (small)

quark fraction along the lines of the pink curve in Fig. 4 so as
to describe the data at small dR, reasonably well. Or, it is
possible to choose a (quite small) gluon fraction and a (quite
large) quark fraction so as to describe the data at large dR,.
However, no choice of gluon and quark fractions describes
the shape of the data across the whole range of dR,
over which ATLAS has measured R,,. Therefore, only
accounting for possible changes in the fraction of quark- and
gluon-initiated jets selected in PbPb collisions when com-
pared to pp collisions is insufficient to explain the ATLAS
measurements of the dR;, dependence of R,,.
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