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The different modifications of quark- and gluon-initiated jets in the quark-gluon plasma (QGP)
produced in heavy-ion collisions is a long-standing question that has not yet received a definitive
answer from experiments. In particular, the relative sizes of the modification of quark and gluon
jets differ between theoretical models. Therefore, a fully data-driven technique is crucial for an
unbiased extraction of the quark and gluon jet spectra and substructure. We perform a proof-of-
concept study based on proton-proton and heavy-ion collision events from the Pyquen generator
with statistics accessible in Run 4 of the Large Hadron Collider. We use a statistical technique called
topic modeling to separate quark and gluon contributions to jet observables. We demonstrate that
jet substructure observables, such as the jet shape and jet fragmentation function, can be extracted
using this data-driven method. These values can then be used to obtain the modification of quark
and gluon jet substructures in the QGP. We also perform the topic separation on smeared input
data to demonstrate that the approach is robust to fluctuations arising from a QGP background.
These results suggest the potential for an experimental determination of quark and gluon jet spectra
and their substructure.

During the first millionth of a second after the Big Bang,
the universe comprised hot and dense primordial mat-
ter of deconfined quarks and gluons before cooling down
and forming ordinary matter. This deconfined phase of
matter, the quark-gluon plasma (QGP), only exists at
extremely high temperatures and pressures and is recre-
ated on earth in high-energy heavy-ion collisions (see [1]
for a review).

High-energy collisions between protons or nuclei oc-
casionally produce very high-energy quarks or gluons
that successively fragment and hadronize into collimated
sprays of particles called jets. Jets are a ubiquitous
tool for studying Quantum Chromodynamics (QCD) and
have been widely used in the studies of both proton-
proton [2] and heavy-ion collisions [3–6] at the Large
Hadron Collider (LHC), the Relativistic Heavy Ion Col-
lider (RHIC), and recently in electron-positron annihila-
tion [7] with archived ALEPH data at the Large Electron-
Position Collider [8].

The hot quark-gluon plasma produced in heavy-ion
collisions modifies the properties of jets. High-energy
partons propagating through the QGP lose energy due
to multiple elastic scatterings and medium-induced gluon
radiation [9–22], often referred to as jet quenching [23–
25]. The resulting suppression of the yield of jets in
heavy-ion collisions compared to an equivalent number of
proton-proton collisions has been observed [26–32]. The
structure of jets is also modified [33–39] in heavy-ion colli-
sions and is an important tool for studying the properties
of the quark-gluon plasma.

Quarks and gluons interact with the QCD medium
proportional to their color charge, meaning that glu-
ons interact more with the medium than quarks by a
factor CA/CF = 9/4. However, a jet initiated by a
quark or gluon quickly fragments into both quarks and
gluons. Understanding the modification of quark- and
gluon-initiated jets in the quark-gluon plasma may shed

light on how the quark-gluon plasma resolves color struc-
ture within a jet (see e.g. [40–43]).

Experimentally, distinguishing quark and gluon jets is
challenging since jet measurements are a combination of
jets initiated by both. There has been extensive work
on data-driven techniques for distinguishing quark and
gluon jets in proton-proton [44–54] and heavy-ion col-
lisions [40, 55, 56]. Especially in heavy-ion collisions
with substantial theoretical uncertainties in Monte Carlo
event generators, it is highly advantageous to distinguish
quark and gluon jets in a way that does not rely on Monte
Carlo labeling. In this case, we wish to identify two
physics-motivated categories (quark- and gluon-initiated
jets) underlying unlabeled jet measurements. Prior work
has demonstrated success in using a statistical technique
called topic modeling to distinguish quark- and gluon-
initiated jets in both proton-proton [44, 45] and heavy-
ion [55] collisions, using two measurable jet samples that
differ in their quark- and gluon-initiated jet fractions.

In this work, we apply topic modeling to dijet and
photon-jet (γ+jet) samples from Pyquen [57], which is
a Monte Carlo event generator that simulates medium-
induced energy loss of partons in heavy-ion collisions. In
Section I we discuss the topic modeling approach, which
relies on the assumption that dijet and γ+jet samples
are mixtures of the same underlying quark- and gluon-
initiated jet distributions, except with different quark
and gluon fractions. In Section II we discuss the sam-
ples we use, and in Section III we use jet constituent
multiplicity distributions to extract the quark and gluon
fractions in these jet samples, separately in simulations
of proton-proton and heavy-ion collisions. In Section IV
we use these fractions to extract quark and gluon jet
substructure observables in proton-proton and heavy-ion
collisions. The quark and gluon jet substructure accessed
using this data-driven method agree qualitatively with
the substructure of quark- and gluon-initiated jets as de-
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fined from Monte Carlo-level information. This suggests
the potential for an entirely data-driven procedure to ex-
perimentally extract quark and gluon jet substructure
and their modification. In Section V we show that these
results are robust to Gaussian smearing of the multiplic-
ity distribution, suggesting the possibility of using this
technique in the large background present in heavy-ion
collisions.

I. TOPIC MODELING

To distinguish quark- and gluon-initiated jets experi-
mentally, jet samples collected from events at RHIC or
the LHC can be thought of as unlabeled mixtures of
quark and gluon jets. Distinguishing quark and gluon
jets from these unlabelled mixtures falls in the broad cat-
egory of unsupervised learning, where the goal is to infer
some structure or pattern in a set of unlabeled data. Fol-
lowing previous work [44, 55], we apply the “topic mod-
eling” technique to solve this problem. Topic modeling
is traditionally used to discover abstract “topics” that
occur in a collection of text documents. In the context
of jet topics, the two categories (“topics”) underlying jet
measurements are quark- and gluon-like jets [44].

To illustrate the concept of topic modeling, we present
an example which we will refer to throughout the sec-
tion. Suppose we have two input distributions, input A
(pp γ+jet sample), and input B (pp dijet sample), as
shown below in Fig. 1. In the case of quark/gluon topic
modeling, we assume that these two input distributions
are both a combination of the same two unknown base
distributions, or “topics” (one quark-like and one gluon-
like). Heuristically, this assumption is based on the in-
tuition that jets can be classified as being initiated by
a quark or gluon. These contributions to the example
input distributions are shown as dashed curves in Fig. 1.
Each input sample has a different fraction of each topic.
The goal of the algorithm is to derive these underlying
distributions from measurements.

(a) Input A (γ+jet sample) (b) Input B (dijet sample)

FIG. 1: Example of two input distributions that might
be used for topic modeling, demonstrating that each
input is a superposition of the same underlying base

distribution shapes

Jet samples collected from colliders are assumed to be
mixtures of these jet topics, so that each jet observable

histogram is a mixture of the two underlying quark/gluon
base distributions. Mathematically, we can then repre-
sent the input histograms as

p(s)(x) = f (s)b1(x) + (1− f (s))b2(x) (1)

where p(s)(x) is the probability density of some observ-
able x in sample s, bi(x) are the base distributions (top-
ics), and f (s) and 1−f (s) are the fractions of topic 1 and
2 in sample s, respectively. However, Eq. 1 is ambiguous
because there are infinitely many ways to define b1 and
b2 and modify f (s) accordingly such that the equation re-
mains true. In order to resolve this, we follow [44] and use
the DEMIX algorithm [58], which breaks this ambiguity by
choosing unique base distributions b1 and b2 that satisfy
an additional requirement called mutual irreducibility.
DEMIX results in the mutually irreducible [59] underly-

ing distributions, b1 and b2, that satisfy the requirement
that neither contains any contribution from the other. In
other words, we cannot write b1(x) = cb2(x)+(1−c)F , or
vice versa, for any probability distribution F and 0 < c ≤
1. This also implies that limx→xmax b1(x)/b2(x) = 0 and
limx→xmin

b2(x)/b1(x) = 0, where the probability distri-
butions b1, b2 are defined on x ∈ (xmin, xmax) 1.

It is worth noting that DEMIX requires the input distri-
butions to have different purities of the same underlying
base distributions and guarantees that the two result-
ing base distributions are mutually irreducible. Since the
Monte Carlo definition of quark and gluon jets is not well-
defined, Ref. [45] defines the operational definition quark
and gluon categories as the mutually irreducible under-
lying distributions in a jet substructure feature space,
given two mixed QCD jet samples at a fixed pT . For this
work, we choose to use constituent multiplicity (number
of constituent hadrons in a given jet) as the jet observ-
able because the multiplicities of quark and gluon jets
are mutually irreducible in the high-energy limit [52] and
it exhibits good performance in proton–proton [44] and
heavy-ion [55] studies.

Extracting the base distributions requires finding the
reducibility factor κ, which is the largest amount one
distribution that can be subtracted from the other such
that all bins remain non-negative,

κij = inf
x

p(i)(x)

p(j)(x)
, (2)

where i, j index the samples.
It is worth noting that the mutual irreducibility of the

base distributions is the assumption that κqg and κgq
are zero. The extracted κqg and κgq are shown in Fig. 2,
along with the ratio of each bin in the MC-level quark and
gluon jet distributions of our example. The proximity to

1 Depending on how we define b1(x) and b2(x), the limits may be
reversed. That is, we may find limx→xmin b1(x)/b2(x) = 0 and
limx→xmax b2(x)/b1(x) = 0
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(a) Quark / Gluon (pp) (b) Gluon / Quark (pp)

FIG. 2: The ratio of the quark and gluon truth
histograms in our example. The extracted κqg and κgq

are marked along the tail of the plot, which
demonstrates that these base distributions are

approximately mutually irreducible.

zero demonstrates the mutual irreducibility of the quark
and gluon distributions as defined by the Monte Carlo.

With the mixture distributions pA and pB and the re-
ducibility factors, the base distributions are given by

b1(x) =
pA(x)− κABpB(x)

1− κAB
,

b2(x) =
pB(x)− κBApA(x)

1− κBA

(3)

Following Ref. [55], we extract κ by fitting the sampled
histograms pA and pB to a sum of skew-normal distribu-
tions, expressed as

fN (x;αi, θ) =

N∑
k=1

αi,kSN(x;µk, σk, sk) (4)

where SN(x;µk, σk, sk) represents a skew-normal distri-
bution with parameters µk, σk, and sk. While the mix-
ture fractions αi are unique to the input histograms,
µk, σk, sk are shared between the two. We use N = 4,
such that we have 18 fit parameters2, represented by αA,
αB , and θ [55].

Assuming that the counts in the histograms follow a
Poisson distribution, the best-fit parameters and the cor-
responding uncertainties can thus be captured by the
Poisson-likelihood chi-square function [55, 60, 61]. In
order to extract the parameter values and uncertain-
ties from the likelihood function, we use Markov chain
Monte Carlo (MCMC) [62]. We obtain initial estimates
of the parameter values by running a simultaneous least-
squares fit. For the results shown in this paper, we use
100 MCMC walkers, initialized using the least-squares

2 The 18 fit parameters are composed of 3 parameters in αA, 3 in
αB , and 12 in θ. The fractions represented by αA and αB , each
contain 3 parameters since the last fraction can be calculated:
1 − (α1 + α2 + α3). Each skew normal distribution is defined
by parameters µk, σk, sk, which gives 12 parameters in θ when
N = 4.

parameters, and run for 35,000 samples using a burn-in
of 30,000 samples.

Once we have the MCMC fits for the input distribu-
tions, the reducibility factors in Eq. 2 can be extracted
from the ratios of these fits. Fig. 3 displays the ratios of
our input distributions, along with the results from the
MCMC. Each fit is an element of the posterior distribu-
tion of the parameters that is sampled by the MCMC,
each with a different minimum, or κ value. In order to
extract the topics and calculate the corresponding un-
certainty using Eq. 3, we sample κAB and κBA from the
fits and calculate the mean and standard deviation of
the distribution. Here, the reducibility factor for input
A/input B, κAB , is extracted from the right tail of Fig.
3a, and similarly, κBA is extracted from the left tail of
Fig. 3b, as that is where the minimum of the curve is
located. The sampled reducibility factors are shown in
Fig. 3.

(a) γ+jet / Dijet (pp) (b) Dijet / γ+jet (pp)

FIG. 3: The ratio of input A and input B histograms,
shown along with the MCMC fit and correspondingly

sampled κAB and κBA values along the tails.

II. SIMULATED COLLISION EVENTS

This proof-of-concept study is based on proton-proton
and heavy-ion collision events from the Pyquen gener-
ator [57] with statistics accessible in Run 4 of the Large
Hadron Collider. The Pyquen event generator simu-
lates radiative and collisional energy loss of partons in the
QGP in heavy-ion collisions [57]. The input distributions
are photon-jet (γ+jet) and dijet samples. We choose
these because at Large Hadron Collider energies, γ+jet
and dijets have different quark and gluon jet fractions. In
Section IV, we consider modified jets in Pyquen that are
not embedded in thermal background. We will explore
the consequences of thermal smearing in Section V.

We generate proton-proton (pp) and heavy-ion (PbPb)
events at

√
s = 5.02 TeV using p̂T > 80 GeV, where

p̂T is the hard scattering scale. The impact parameter
range for PbPb events corresponds to 0-10% centrality.
We use FastJet 3.3.0 [63, 64] to reconstruct anti-kt jets
with radius R = 0.4 [65]. In the γ+jet samples, we se-
lect the leading jet in the opposite direction to the high-
momentum photon (|∆φ| > π/2), and in the dijet sam-



4

ples, we select the two jets in the event with the largest
transverse momenta.

We only include jets with 80 < pT < 100 GeV and
we impose cuts of |ηjet| < 1 and |ηγ | < 1.442. We addi-
tionally remove any jets for which a photon carries more
than 80% of the jet pT . This removes a low multiplicity
peak in the γ+jet sample that is due to the clustering
algorithm incorrectly recognizing a photon with high en-
ergy as the leading jet in the opposite azimuthal direction
(compared to the high-momentum photon) 3.

Throughout this work, we will assess the performance
of the topic modeling algorithm by presenting compar-
isons to distributions of quark- and gluon-initiated jets
as defined at the Monte Carlo (MC) level. These labels
are only defined at leading order and are therefore not
strictly well-defined, but are nonetheless a useful proxy.
To determine such labels, we compare the angular dis-
tance between the selected jet and the two outgoing ma-
trix elements in the simulation. For γ+jet, we simply
label the jet by the outgoing matrix element that is not
the photon. For dijets, we match the jet to the outgo-
ing matrix element with the smallest angular distance
∆R =

√
(∆η)2 + (∆φ)2 from the jet. In all MC labels,

we only include jets for which ∆R < 0.4 between the
matrix element and the jet axis. In pp, 97% of the jets
in the γ+jet sample and 92% of those in the dijet sam-
ple satisfy the criterion to be given a quark/gluon truth
label. In the PbPb sample, we utilize 95% and 89% for
γ+jet and dijet quark/gluon truth labels, respectively.
Ultimately, the MC labeling in any of the results should
not be taken as the absolute truth, but rather as an ap-
proximation. Unless otherwise stated, we use the γ+jet
sample for MC quark and gluon labels.

III. TOPIC MODELING RESULTS

In this section, we show the results of the topic mod-
eling algorithm on the Pyquen data. Since previous
work [44] has demonstrated that constituent multiplicity
approximately satisfies quark-gluon mutual irreducibil-
ity, we use this observable as input to the topic model-
ing. The input distributions and the resulting topics for
both the proton-proton and heavy-ion data are shown
in Fig. 4. We also show the MC truth-labeled quark
and gluon distributions from γ+jet and dijet samples.
The topic analysis is performed separately for simulated
proton-proton and heavy-ion jets, meaning that the top-
ics extracted from the two systems are fully independent.

In general, the extracted topics correspond fairly well
to the multiplicity distributions for quark- and gluon-
initiated jets as defined from the MC level, with top-
ics 1 and 2 corresponding to quark-like and gluon-like

3 This can be interpreted as a back-to-back photon event, where a
photon (plus noise) is incorrectly deemed a jet.

(a) pp input distributions (b) pp topic results

(c) PbPb input distributions (d) PbPb topic results

FIG. 4: Pyquen-generated proton-proton and
heavy-ion normalized constituent multiplicity input
distributions for γ+jet and dijets, along with topic
extraction results, displaying the resulting topics in

comparison to the gluon and quark MC truth labels.

jets, respectively. The agreement between topics and the
MC definition is slightly better for proton-proton than
for heavy-ion events. The quark-like topics tend to be
narrower in both proton-proton and heavy-ion samples,
though the effect is exacerbated in heavy-ions. A similar
discrepancy was also found in Ref. [55], based on results
from a different Monte Carlo generator, Jewel. We note
that the MC-level quark distribution is quite sensitive
to the definition of “quark-initiated” jets, which is fun-
damentally ambiguous. A similar discrepancy was also
found in Ref. [55] and was discussed in some detail in an
Appendix therein. We additionally find a small discrep-
ancy between the MC-level gluon distributions depend-
ing on whether they are estimated from the γ+jet or dijet
sample, which could indicate mild sample-dependence of
quark and gluon jets or biases due to the MC-level defini-
tion of the initiating parton. We note that more jets fail
the criterion for MC quark and gluon labeling in heavy-
ion compared to proton-proton samples, so the MC-level
labeling is more uncertain in this case. On the other
hand, the topics are defined on jet samples that include
all jets, not just those that are close to one of the leading-
order hard matrix elements.

Fig. 5 shows the quark and gluon fractions of each
sample, extracted from the topic modeling algorithm.
The results are compared to the corresponding quark and
gluon fractions derived from the MC labels. While the
topic and MC fractions are within uncertainties for the
proton-proton sample, there are substantial differences
in the heavy-ion sample, consistent with differences in
the extracted topics. Moreover, the topic modeling al-
gorithm more accurately reproduces the MC-level quark
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and gluon fractions for dijets than for γ+jets in both pp
and PbPb collisions; this is because the quark-like topic
deviates from the MC quark distribution and γ+jet has
a higher quark fraction. These fractions are consistent
with those found in Jewel in [55].

Compared to [55] we also note that the constituent
multiplicity distributions themselves are substantially
different (primarily due to decays of π0 which are al-
lowed in this work). Though this impacts the extracted
quark and gluon jet multiplicities, it does not impact
the topic modeling algorithm itself as long as those dis-
tributions are (approximately) mutually irreducible and
the features of quark and gluon jets do not depend on
whether they are produced in γ+jet or dijet events. Ex-
cellent agreement between topic modeling results and the
MC definition in proton-proton collisions suggests that
quark and gluon multiplicities are approximately mutu-
ally irreducible and that γ+jet and dijet samples provide
independent fractions of the same underlying quark and
gluon jet distributions. Beyond additional ambiguities in
the MC labeling, the worse performance of topic mod-
eling in heavy-ion collisions could indicate either lower
mutual irreducibility of quark and gluon constituent mul-
tiplicity or sample dependence, both of which could po-
tentially arise from interactions with the medium. It is
therefore non-trivial that we have found consistent re-
sults in Pyquen to those in Jewel, which have com-
pletely different descriptions of the medium interaction.
This provides hope that topic modeling performance may
be comparable in measurements to that seen in these two
independent models.

(a) pp fractions (b) PbPb fractions

FIG. 5: Quark and gluon fractions in each sample
extracted via topic modeling, compared to MC truth

quark and gluon fractions.

IV. JET SUBSTRUCTURE EXTRACTION

While the data-driven determination of quark- and
gluon-like jet fractions in a sample is significant, applying
these results to extract quark and gluon jet substructure
allows for deeper insight into the modification of quark
and gluon jets in the quark-gluon plasma. In this sec-
tion, we will use the quark and gluon topic fractions ex-
tracted from constituent multiplicity distributions in the
previous section to extract the quark- and gluon-like dis-

tributions for other jet observables. We will consider the
jet shape, jet fragmentation, jet mass, and jet splitting
fraction and compare the results to MC-labeled quark
and gluon jet distributions. We also utilize these results
to determine the modification of quark and gluon jet ob-
servables by taking the ratio of the jet observable between
heavy-ion and the proton-proton samples, separately for
quark- and gluon-like jets. While the MC-level definition
of quark- and gluon-initiated jets is convenient as a qual-
itative benchmark for the success of this approach, we
emphasize that it is both ill-defined and not measurable.
The topic modeling procedure, therefore, provides novel
access to the separate modification of quark and gluon
jet substructure in heavy-ion collisions.

A. Jet Shape

Jet shape describes the jet transverse momentum dis-
tribution as a function of radial distance from the jet
axis, and can be described by the following equation

ρ(r) =
1

rb − ra
1

Njet

∑
jets

∑
tracks∈[ra,rb)

ptrackT

pjetT
. (5)

Here, r is the radial distance from the jet axis, and ra,
and rb are the inner and outer radii of the given annu-
lus [66]. Each annulus corresponds to a bin in the jet
shape plot, where ra is the left edge of the bin and rb is
the right edge of the bin.

In order to obtain the jet shape using our topic model-
ing results, we can simply perform a linear combination
using the extracted κ values for each bin in the jet shape:

ρ1(r) =
ργ+jet(r)− κABρdijets(r)

1− κAB
,

ρ2(r) =
ρdijets(r)− κBAργ+jet(r)

1− κBA
.

(6)

Here, ργ+jet(r) and ρdijets(r) are the jet shapes for the
γ + jet and dijets, respectively.

In Fig. 6 we show the jet shapes extracted from the
topic modeling procedure compared to the MC-level dis-
tributions of the shape of quark- and gluon-initiated
jets. In both proton-proton and heavy-ion collisions,
the quark-like topic has a much narrower shape than the
gluon-like one, consistent with the MC-level expectation.
In proton-proton collisions, the topics are in excellent
agreement with the MC definition of quark- and gluon-
initiated jets. In heavy-ion collisions, the agreement is
qualitative, with the topics being slightly narrower than
the MC definition, consistent with the slightly lower mul-
tiplicity of topics compared to MC in Fig. 4d. The ratio
between proton-proton and heavy-ion quark and gluon
jet shapes are shown in Fig. 6c. The qualitative trend
of the topic modification and the MC-level modification
are the same, with quark jets having a larger deviation
from one at small r, presumably due to their steeper jet
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(a) Proton-proton jet shape

(b) Heavy-ion jet shape

(c) Jet shape modification ratio

FIG. 6: Proton-proton (a) and heavy-ion (b) jet shape
extraction using topic modeling results from Fig. 4.
The jet shape results for the two topics are shown in
comparison to the jet shapes constructed from the

quark and gluon MC truth labels. The modification of
jet shape in the quark-gluon plasma, according to the

extracted topics as well as the MC truth labels, is
shown as the ratio between heavy-ion and

proton-proton jet shape (c).

shape in pp. This feature is enhanced in the topic ratio
for quark-like jets since the topic modeling result for the
quark-like jet shape is steeper than the MC definition.

B. Jet Fragmentation Function

The topic modeling results from Section III can also
be used to extract the quark and gluon jet fragmentation
function. The jet fragmentation function gives the lon-
gitudinal momentum distribution of the tracks inside a
jet,

D(ξ) =
1

Njet

dNtrack

dξ
. (7)

Here, Njet is the total number of jets, and Ntrack is the
number of tracks in a jet. ξ = ln (1/z), where z is the
longitudinal momentum fraction, is defined as

z =
pT cos ∆R

pjetT
=

pT

pjetT
cos

√
(∆η)2 + (∆φ)2 . (8)

Here, pjetT is the transverse momentum of the jet relative
to the beam direction, pT is the transverse momentum of
a charged particle in the jet, and ∆η and ∆φ are measures
of distance between the particle and E-scheme jet axis in
pseudorapidity and azimuth [67].

In the jet fragmentation function, we can also compute
each bin of the topics using a linear combination as shown
below.

D1(ξ) =
Dγ+jet(ξ)− κABDdijets(ξ)

1− κAB
,

D2(ξ) =
Ddijets(ξ)− κBADγ+jet(ξ)

1− κBA

(9)

While the jet shape is self-normalized, the jet fragmenta-
tion function is normalized by the total number of jets,
such that the integral of the histogram over ξ represents
the average number of charged particles per jet. There-
fore, rather than normalize to get a probability density,
we take the direct combination of the per-jet quantities
in each bin because we want the output to be a per-jet
quantity. By definition,

Ddijets(ξ) = fdD1(ξ) + (1− fd)D2(ξ)

Dγ+jet(ξ) = fγD1(ξ) + (1− fγ)D2(ξ)
(10)

After we integrate, we arrive at the following set of equa-
tions:

N
(dijets)
tracks = fdN

(topic 1)
tracks + (1− fd)N (topic 2)

tracks

N
(γ+jet)
tracks = fγN

(topic 1)
tracks + (1− fγ)N

(topic 2)
tracks

(11)

which shows that the average number of tracks in dijets
(or γ+jets) is equal to the weighted average of the average
number of tracks of each topic. Therefore, rather than
include any normalization, we directly apply κ to the
dijet and γ+jet jet fragmentation values in order to solve
for the jet fragmentation of the topics.

Fig. 7 shows the extracted jet fragmentation func-
tion using topic modeling compared to the fragmentation
of MC-defined quark- and gluon-initiated jets. Overall
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(a) Proton-proton

(b) Heavy-ion

(c) Jet fragmentation modification ratio

FIG. 7: Extracting jet fragmentation for proton-proton
(a) and heavy-ion (b) collision using topic modeling

results from Fig. 4. The jet fragmentation modification,
represented by the ratio between PbPb and pp jet

fragmentation, is also shown (c) for the topics, as well
as quark and gluon.

there is a qualitative agreement between the topics and
the MC definition over the full range of ξ. Fig. 7c shows
the ratio between proton-proton and heavy-ion fragmen-
tation functions for quark and gluon topics compared
to MC results, which are in qualitative agreement. The
quantitative agreement between quark (gluon) ratios at
high (low) ξ is apparently accidental since there are dif-
ferences in the fragmentation in both numerator and de-
nominator.

C. Jet Mass

In addition to the jet shape and jet fragmentation,
which measure the distribution of energy in specified ar-
eas of the jet cone, we also demonstrate topic modeling
as applied to two additional per-jet substructure observ-
ables: jet mass and jet splitting fraction zg.

The jet mass is calculated from the total four-
momentum of all the constituents in the jet and is ex-
pressed asm =

√
E2 − |~p|2, where E is the jet energy and

~p is the momentum of the jet. To extract the jet mass
histograms using our topic modeling results, we take a
linear combination of the normalized jet mass input his-
tograms, Hγ+jet(m) and Hdijets(m), using the extracted
κ values:

H1(m) =
Hγ+jet(m)− κABHdijets(m)

1− κAB
,

H2(m) =
Hdijets(m)− κBAHγ+jet(m)

1− κBA

(12)

The resulting jet mass histograms for quark and gluon
topics in pp and PbPb are shown in Fig. 8, along with
those for the MC-labelled quark and gluon samples. The
ratio between the PbPb and pp jet mass histogram bins
is shown in Fig. 8c. As before, we find qualitative agree-
ment between the topics and MC-level quark- and gluon-
initiated jet distributions, with the quark topic having a
slightly lower mass consistent with the lower multiplicity
of the quark topic in Fig. 4d. Larger deviations from the
MC definition in the mass modification ratio at low and
high masses are due to the slightly larger deviation of the
quark topic in heavy-ions than in proton-proton.

D. Jet Splitting Fraction

The jet momentum splitting fraction zg describes the
momentum sharing of the first hard splitting inside a
jet and is related to the underlying QCD splitting func-
tions. Technically, zg is the momentum ratio of the lead-
ing and subleading subjets for the first splitting in a jet
that passes the soft drop condition [68].

In order to find the leading and subleading subjets,
we use SoftDrop [69] / mMDT [70] to decluster the jet’s
branching history, until the transverse momenta of the
subjets fulfill the SoftDrop condition:

min (pT,i, pT,j)

pT,i + pT,j
> zcutθ

β (13)

where θ represents the relative distance in the jet reso-
lution parameter between the two subjets. The settings
of SoftDrop used for this analysis were zcut = 0.1 and
β = 0 [68, 71, 72].

The procedure for extracting the topics is the same as
for jet mass. The quark and gluon splitting functions ex-
tracted from topics and from the MC definition are shown
in Fig. 9 for both proton-proton and heavy-ion samples.
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(a) Proton-proton jet mass

(b) Heavy-ion jet mass

(c) Jet mass modification ratio

FIG. 8: Topic modeling results for proton-proton (a)
and heavy-ion (b) jet mass, compared to MC truth.

Modification of the jet mass in the QGP, as defined by
the ratio of the heavy-ion and proton-proton jet mass

spectra is shown as well (c).

In this case, the topics agree semi-quantitatively with the
MC definition in both proton-proton and heavy-ion sam-
ples, and in their ratio Fig. 9c. The better agreement
between the topics and MC definition in this observable
compared to others shown in this Section may be due
to the comparatively weak dependence on the quark and
gluon fractions.

(a) Proton-proton jet splitting fraction

(b) Heavy-ion jet splitting fraction

(c) Jet splitting fraction modification ratio

FIG. 9: Topic modeling results for proton-proton (a)
and heavy-ion (b) jet mass, compared to MC truth.

Modification of the jet mass in the QGP, as defined by
the ratio of the heavy-ion and proton-proton jet mass

spectra is shown as well (c).

V. SIMULATING THERMAL BACKGROUND

In heavy-ion collisions, particles from the jets are ac-
companied by a large background of particles from the
quark-gluon plasma that adds additional particles in the
jet radius. Even with effective background subtraction,
this still contributes to non-negligible smearing of the
properties of jets in experimental data. These effects
contribute in addition to the Pyquen-generated PbPb
distributions shown in this paper, which only include
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the jets themselves without effects from the background.
Since the topic separation ultimately depends on multi-
plicity distributions which may be especially sensitive to
these effects, in this section we estimate the effectiveness
of the topic modeling in the presence of such smearing.

We consider smearing both the proton-proton and
heavy-ion multiplicity distributions with this background
and performing the topic separation on those smeared
distributions. In proton-proton collisions, the smear-
ing would be done for example through embedding in
minimum-bias heavy-ion events. We use dN/dη dφ ∼
1600/(2π) [73] to estimate that the number of parti-
cles from the background inside of a cone of R = 0.4
is ∼ dN/dη dφ(πR2) ∼ 112. Assuming that background
subtraction can eliminate the average, we estimate the
expected fluctuations of particles within the jet cone as
a Gaussian distribution N (0, 11). The resulting smeared
histograms and smeared MC-labeled quark and gluon dis-
tributions are shown in Fig. 10. To extract reducibility
factors we fit these distributions with 2 skew-normal and
2 normal underlying distributions, rather than with 4
skew-normal distributions as in the original method.

(a) Proton-proton smeared
constituent multiplicity

(b) Topic modeling results
(pp)

(c) Heavy-ion smeared
constituent multiplicity

(d) Topic modeling results
(PbPb)

FIG. 10: Smeared constituent multiplicity inputs (left)
with corresponding topic separation results (right)

With smearing, the input multiplicity distributions for
γ+jets and dijets are less distinguishable. However, the
topic separation is still capable of performing well, which
demonstrates the robustness of the algorithm to changes
in the input distributions.

The quark-like fractions for γ+jets and dijets in each
sample are shown in Fig. 11. The smeared quark and
gluon fraction values are similar to those of the un-
smeared dataset in Fig. 5. The uncertainty is much
larger when background fluctuations are included be-
cause the absolute tails of the distributions (where the

(a) Jet fractions in pp
sample

(b) Jet fractions in PbPb
sample

FIG. 11: Topic separation jet fractions displayed
against MC truth quark and gluon truth values

topics should be extracted) are at the tail of both the
“true” multiplicity distributions and the Gaussian smear-
ing distribution. Nonetheless, the consistency of the re-
sults indicates that the topic separation is resistant to
constituent multiplicity fluctuations in the jet cone due
to large backgrounds.

The resulting quark/gluon substructure extraction us-
ing the smeared pp and heavy-ion datasets are in Ap-
pendix A. As in the main text, we find qualitative agree-
ment between the extracted jet substructure and MC-
level quark- and gluon-initiated jet distributions. The
uncertainty on the pp results is significantly larger, while
the increase in uncertainty in PbPb is not as drastic. De-
spite the precision of the topic separation deteriorating,
the accuracy of calculated substructure values remains
similar to the unsmeared dataset. This is also reflected in
the modification plots comparing the ratio of the smeared
heavy-ion substructure values to the unsmeared proton-
proton substructure values.

VI. DISCUSSION AND CONCLUSION

In summary, our results from Pyquen-generated
Monte Carlo samples corroborate previous proof-of-
concept studies performed using Jewel, and demon-
strate that a fully data-driven technique can potentially
be used to extract separate quark and gluon jet distri-
butions from experimental samples, without additional
knowledge or templates. We extend the previous study
by demonstrating that the resulting fractions can be used
to extract jet substructure observables for quark- and
gluon-like jets from γ+jet and dijet substructure mea-
surements. As a proof-of-principle, we showed results
for the jet shape, fragmentation function, jet mass, and
splitting function separately for quark- and gluon-like jet
topics. We additionally found that these results are ro-
bust to smearing the multiplicity distributions used to
extract the topics by a large background as in heavy-ion
collisions. These results suggest potential for an experi-
mental determination of quark and gluon jet spectra and
their substructure using this technique.

The resulting topics and their modification are in good
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qualitative agreement with the MC-level definition for
quark- and gluon-initiated jets. There are quantitative
discrepancies, which could result from ambiguities in the
MC-level definition of quark and gluon jets. We define
the MC labels to only include jets that have a quark
or gluon outgoing matrix element within the jet radius,
which does not include all jets in the sample. This im-
plies that the input γ+jet and dijet samples, from which
we extract topics, are not pure mixtures of Monte Carlo-
labelled quark and gluon jets. Discrepancies could also
arise from minor violations of the assumptions of the
topic modeling algorithm. For example, if constituent
multiplicities of quark and gluon jets are not fully mutu-
ally irreducible in heavy-ion collisions, different observ-
ables (for example, derived from machine learning) may
be required to yield better results [45] and could be an
interesting avenue for future work.

We have found that the substructure observables ob-
tained from the topics provide a robust estimate of the
quark and gluon jet substructure modification in the
quark-gluon plasma. This provides a powerful technique
to study quark and gluon jet modification in the quark-
gluon plasma. If measured, quark and gluon jet substruc-
ture would provide strong additional constraints on the
theory and modeling of jet interactions with the quark-
gluon plasma.

CODE AVAILABILITY

The code for the topic modeling algorithm and the sub-
sequent substructure observable extraction can be found
at https://github.com/kying18/jet-topics.
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Appendix A: Smeared Substructures and
Modification Plots

The quark and gluon jet substructures extracted from
the smeared constituent multiplicity are shown in Fig.
12 (pp) and Fig. 13 (PbPb). While the extracted sub-
structures are quite similar between the smeared data
and unsmeared data, the uncertainty is notably larger.
In addition, the topic 2 jet mass calculation falls slightly
negative in both the pp and PbPb samples, which is not
physically attainable. This is due to high κ values on the
left tail of the extraction.

We also display the modifications in the QGP in Fig.
14, which are determined using the ratio between the
smeared heavy-ion jet substructure and the unsmeared
proton-proton jet substructure.
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