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Novel observables for exploring QCD collective evolution
and quantum entanglement within individual jets
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We postulate that nonperturbative quantum chromodynamics (QCD) effects occurring during parton frag-
mentation can result in collective effects of a multiparton system, reminiscent of those observed in high-energy
hadronic or nuclear interactions with large final-state particle multiplicity. Proton-proton collisions at the CERN
Large Hadron Collider showed surprising signatures of a strongly interacting, thermalized quark-gluon plasma,
which was thought only to form in collisions of large nuclear systems. Another puzzle observed earlier in e+e−

collisions is that production yields of various hadron species appear to follow a thermal-like distribution with a
common temperature. We propose searches for thermal and collective properties resulting from parton fragmen-
tation processes using high multiplicity jets in high-energy elementary collisions. Several novel observables are
studied using the PYTHIA 8 Monte Carlo event generator. Experimental observation of such collectivity will offer
a new view of nonperturbative QCD dynamics of multiparton systems at the smallest scales. Absence of any
collective effects may offer new insights into the role of quantum entanglement in the observed thermal behavior
of particle production in high energy collisions.
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I. INTRODUCTION

Quantum chromodynamics (QCD) is the fundamental the-
ory that describes properties of quarks and gluons (known as
partons) and the interactions among them. Being an SU (3)
non-Abelian gauge theory, QCD has the peculiar feature that
partons interact strongly at long distances, but become almost
free when close to each other (“asymptotic freedom”) [1–3].
As a consequence, no free partons are ever found in the
vacuum. Instead, partons are always confined inside hadrons.
Attempts to knock a parton out of a hadron and into the
vacuum (e.g., via a hard scattering in high-energy proton col-
lisions) lead to the emission of collimated sprays of hadrons
(or “jets”) that result from fragmentation and hadronization
of the scattered parton. Detailed dynamics of the parton
fragmentation and hadronization process are not yet fully un-
derstood and cannot be evaluated from first-principles because
of QCD’s nonperturbative nature. Phenomenological models
such as the Lund string [4] and cluster models [5] have been
implemented to facilitate the interpretation of experimental
data. In recent years, there has been tremendous interest and
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progress in the study of jet substructures [6]. In these studies,
perturbative QCD (pQCD) approaches have been successfully
applied by largely avoiding or trimming away nonperturbative
components (i.e., soft particles) of the jet [6]. Fundamental
understandings of color confinement and the dynamics of
hadronization are two key outstanding issues in QCD and
strong interactions.

Experiments studying high-energy heavy nucleus colli-
sions have been carried out to overcome the QCD confinement
and create (possibly thermalized) matter with quark-gluon
degrees of freedom over an extended space-time dimension.
Lattice QCD theory predicts that a crossover transition to
a new phase of partonic matter, known as the quark-gluon
plasma (QGP), occurs at a temperature of about 157 MeV
near zero baryon chemical potential [7–9]. In a high-energy
nucleus-nucleus (AA) collision (e.g., Au or Pb ion), the large
volume and density of initial partons can lead to many
rescatterings, which may rapidly drive the system toward a
thermalized QGP state. Over the past decades, experiments at
the CERN Super Proton Synchrotron (SPS) [10], BNL Rela-
tivistic Heavy Ion Collider (RHIC) [11–14], and CERN Large
Hadron Collider (LHC) [15] have provided compelling evi-
dence for the formation of hot and dense QGP matter. Striking
long-range collective phenomena have been observed and ex-
tensively studied using the azimuthal correlations of particles
emitted over a wide pseudorapidity range (also known as
the “Ridge”) at RHIC [16–19] and the LHC [20–24]. These
observations indicate that QGP matter is strongly coupled
and exhibits the hydrodynamic behavior of a nearly perfect
liquid [25–29].

It was thought that elementary collision systems such as
e+e−, proton-proton, etc., were too small and dilute for any
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secondary partonic rescattering to occur and drive the system
toward equilibrium. For this reason, collective flow behavior
from a QGP medium was not expected in these systems.
Surprisingly, since the start of the LHC, similar long-range
collective azimuthal correlations have been discovered in
proton-proton (pp) collisions with large final-state particle
multiplicity [30–34], which raised the question of whether
a tiny QGP droplet with a significantly smaller size is cre-
ated [35]. Subsequently, such collective phenomena have been
observed in additional small systems, such as proton-nucleus
(pA) [36–45] and lighter nucleus-nucleus systems [45–48] at
RHIC and the LHC. While it is widely accepted that strong
final-state partonic rescatterings do play a prominent role in
the observed collectivity of small, high-multiplicity systems,
questions remain whether the rescatterings are strong enough
to drive the system close to equilibrium or a domain where hy-
drodynamics is applicable. Meanwhile, alternative scenarios
based on gluon saturation in the initial state may also con-
tribute, especially at lower particle multiplicities (see reviews
and latest developments in Refs. [49–51]).

It is evident that collective effects of strongly correlated
partonic systems are not only limited to those created in large
AA collisions. Therefore, a series of compelling questions
arise: From how small of a system can partonic collectivity
emerge and under what conditions? Is partonic collectivity
at such small scales unexpected or a natural consequence of
QCD in its nonperturbative regime? Can hydrodynamics be
an effective tool in describing nonperturbative QCD dynamics
of many-body partonic systems (e.g., fragmentation in the
vacuum)?

In fact, it has been pointed out long ago that total pro-
duction yields of various hadron species in elementary e+e−
collisions can be well described by a thermal statistical
model [52–54], similar to that in large AA collisions from
a nearly thermalized QGP medium [55]. The origin of this
thermal-like phenomenon in e+e− has not been understood,
as it was inconceivable that strong final-state partonic rescat-
terings occur there. There are conjectures that thermal-like
hadron production is the QCD counterpart of Hawking-Unruh
radiation [54,56,57]. In recent years, quantum entanglement
effects were also proposed to give an intriguing alternative
perspective of multiparticle production in high-energy col-
lisions [58–62]. The apparent thermalization of final-state
hadrons in e+e− may be related to dynamics of an expanding
quantum string stretched between the quark-antiquark pair
and its subsequent quenching [59]. No secondary partonic
scatterings are involved in this explanation. In these models
entanglement entropy is calculated with an effective thermal
temperature and can be related to the temperature extracted
by fitting identified hadron multiplicities to thermal statistical
models.

Recent experimental searches for long-range ridge cor-
relations in e+e− [63] or e− p collisions [64] have yielded
null results so far, seeming to support the absence of strong
final-state rescatterings. However, in these studies the event
multiplicity reach is rather limited (up to ≈30 tracks in
each event), so the presence of rescatterings in small sys-
tems achieving higher final-state particle densities can not be
ruled out by these data. As will be discussed further, a single

high-multiplicity jet is an example of a small system which
may be able to extend the search for final-state rescattering
effects to much higher values of local particle density.

Motivated by earlier experimental and theoretical work,
our purpose in this paper is to discuss the possibility of un-
derstanding the fundamental questions and puzzles outlined
above from a different view. In particular, we postulate that
a strongly interacting, QGP-like state1 can indeed originate
from a fragmenting quark or gluon as it propagates through
the QCD vacuum. As a natural consequence of the intrinsic
strong QCD coupling strength, the strong color fields of the
primordial parton in the vacuum can give rise to a large num-
ber of secondary partons. These partons subsequently interact
and develop collective expansion which is transverse to the
original parton’s direction of motion and extends over a finite
space-time volume. We lay out a proposal to examine a series
of key signatures (e.g., long-range azimuthal correlations) of
such potential QGP-like states using energetic jets copiously
produced in pp collisions at the present CERN LHC, and also
at potential future pp, e− p, and e+e− colliders. Similar studies
are also applicable in nuclear collisions to explore the “expan-
sion” of a parton in a colored medium, instead of the vacuum.
Observation of QGP-like signatures for a fragmenting parton
will provide new insights to the “thermal” behavior seen from
e+e− to AA collisions, and potentially allow a unified view of
non-perturbative many-body QCD processes (e.g., hydrody-
namics models). Conversely, the absence of those collective
signatures may highlight the role of quantum entanglement
effects in parton fragmentation and hadronization. The direc-
tion of research explored by this study shares strong synergy
with both the jet substructure and relativistic heavy ion com-
munities.

The paper is organized in the following way. Section II out-
lines the underlying idea of the possible formation of “QGP”
from a parton propagating in the vacuum. Section III discusses
specific key signatures and how to search for them experimen-
tally using Monte Carlo (MC) generators for demonstration.
Section IV is devoted to more physics discussions and exten-
sion of proposed studies to other future directions. The paper
ends with a summary in Sec. V.

II. SINGLE-PARTON “QGP” IN THE VACUUM

In the QCD vacuum state, the chiral symmetry is spon-
taneously broken because of the strong coupling nature at
low energies. The QCD vacuum is not empty but filled with
nonvanishing condensates of quark-antiquark pairs (〈q̄LqR〉 +
〈q̄RqL〉) and gluons (〈GμνGμν〉), or chiral condensates. As a
thought experiment, consider an extreme (although unrealis-
tic) situation, where a single parton is placed at rest in the
vacuum, as illustrated in Fig. 1 (top). The potential energy of
associated color fields is infinite. Consequently, more quark-
antiquark pairs and gluons will be immediately excited out of
the surrounding condensate sea. Thus, in the vicinity of the

1“QGP-like” refers to the state where qualitative signatures of
partonic collectivity are present but the system does not necessarily
reach the hydrodynamic limit.
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FIG. 1. Cartoons of a single parton evolving at rest in the vacuum
(top) and fast-moving through the vacuum (bottom).

original isolated parton, a local, dense partonic system will be
formed. Indeed, it may be possible that so many partons will
be excited from the vacuum that many of them will have a
significant overlap with each other in space and time, which
may allow for strong rescatterings between partons. If such
rescatterings occur, this may lead to a collective expansion
of the partons in the system as they ‘explode’ away from the
initial source of high energy densities. Obviously, the kind of
initial conditions depicted in Fig. 1 (top) are not possible to
set up experimentally, and a robust theoretical treatment of
such a system is hindered by the initial assumption resulting
in infinite potential energy in the color fields. Despite this, we
remark that the qualitative behavior conjectured here would
be strongly reminiscent of some current models of collective
the evolution of a QGP liquid created in a nuclear collision.

Now let us consider more realistic scenarios, where a par-
ton (or partons) is knocked out of a proton into the vacuum in
hard scattering processes of pp collisions. In the conventional
understanding of such a process, the struck parton is highly
virtual and can be treated as an essentially free parton be-
cause of QCD factorization. However, it immediately begins
to shed this virtuality via fragmentation into additional par-
tons in processes that can be calculated by perturbative QCD
(pQCD). For example, it is shown by Mueller in Ref. [65] that
pQCD calculations can describe energy dependence of hadron
multiplicity in e+e− collisions producing jets (although it can-
not calculate the absolute scale of hadron multiplicity, which
is nonperturbative). Once the virtuality scale approaches
≈1 GeV, nonperturbative effects become dominant and the
system eventually hadronizes into a shower of final-state par-

ticles via inherently nonperturbative processes. Phenomeno-
logical models of hadronization, such as the Lund string
model [4], are often employed to describe the remaining
details of nonperturbative dynamics. There, excited QCD
string systems will create qq̄ from the strong field through
Schwinger mechanism and form hadrons in the final state [4].
While the string picture is successful in characterizing many
aspects of the parton fragmentation and hadronization pro-
cess, it still has limitations such as its dependence on many
tuning parameters, and its inability to describe the “thermal
behavior” observed in e+e− collisions.

We can construct a thought experiment similar the one
previously described for an isolated parton, but let the parton
be Lorentz-boosted to a fast-moving frame, as illustrated in
Fig. 1 (bottom). The scenario is evocative of a similar situation
as the beginning stages of a jet’s evolution. In this alternative
picture, as the initial parton propagates through the vacuum,
its strong color fields will similarly excite (anti)partons along
its path. These excitations develop at the cost of the original
parton’s energy. In the case of very high-multiplicity final
states, it is plausible to imagine that the created parton (or
string) densities are strong enough to result in overlaps and
rescattering effects, which could manifest themselves as a
collective expansion. In this scenario, the expansion would
be most pronounced in the direction transverse to the initial
direction of the propagating parton, creating a pattern of par-
tons which is evocative of a “jet”. We should stress that a key
motivation for proposing this alternative picture of a parton
fragmenting is to try to capture features of non-perturbative
processes which are not described by the conventional picture
(unless rescattering effects are implemented). These processes
may have connection to the apparent thermal behavior of
hadrons in e+e− collisions.

In the conventional picture, the initiating parton starts with
a large virtuality which monotonically decreases. However, an
isolated parton propagating would start in an on-shell state and
gain virtuality through the excitation of additional partons.
Nonetheless, as a conventional parton shower evolves towards
a collection of low-virtuality partons around the nonperturba-
tive scale, we postulate that certain aspects of systems having
many rescatterings and/or collective expansion may also be
present in the nonperturbative dynamics of the jet’s evolution,
similar to the thought experiment previously described. If this
is the case, we believe high-multiplicity jets, corresponding
to a large number of produced partons—and presumably a
higher probability of strong rescatterings in this nonpertur-
bative picture—would be the best opportunity to study such
behavior. Likewise, for a more dilute system of partons such
as a low-multiplicity jet, we expect any rescattering effects to
be small enough that existing pQCD and phenomenological
models will be sufficient to describe the dynamics of the
system.

Experimentally, the process of parton fragmentation into
hadrons has been studied extensively at colliders. Recent stud-
ies of jet substructure [6], have offered new insights into our
understanding of the parton fragmentation process, but many
of the techniques developed there are based on the pQCD
and tend to trim away soft-radiated particles where intriguing
nonperturbative QCD phenomena may occur. Thus, our goal
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in this paper is to focus on studying soft particle production
with respect to the jet axis, with particular emphasis on search-
ing for signatures of thermalization and collective expansion
effects (such as radial and elliptic flow as will be discussed
in detail later). We postulate that these effects are particularly
likely to develop in high-multiplicity jets, where there may be
the possibility of creating a system that is characterized by
many rescatterings.

III. SEARCH FOR “QGP-LIKE” SIGNATURES
WITHIN INDIVIDUAL JETS

The analysis strategy discussed in this paper is universally
applicable to any high-energy collision system including pp,
e+e−, and e− p, where energetic jets (often dijets) are copi-
ously produced. High transverse momentum (relative to the
beam axis) jets are first reconstructed in an event using a
particular algorithm (e.g., anti-kt [66]) with a choice of jet
cone size. For an individual jet we define a new coordinate
frame such that the z axis is aligned with the direction of
jet momentum, named the jet frame, as illustrated in Fig. 1.
Momentum vectors of all particles found within the jet cone
are then redefined in this new frame, �p∗ = ( jT , η∗, φ∗). Here,
jT is the particle transverse momentum with respect to the
jet axis. By selecting very high pT jets, effects of particles
from the underlying event that coincidentally fall inside the
jet cone can be significantly suppressed. We then propose to
study a wide range of key QGP signatures, observed in AA
collisions, for particles produced inside high-pT jets under
this new frame as a function of charged multiplicity inside
the jet cone, denoted as N j

ch. We use the PYTHIA 8 Monte
Carlo (MC) event generator [67] to demonstrate the proposed
analysis strategy.

We first investigate some basic properties of particles pro-
duced within a jet in the new frame. As an illustration of
the type of events that are being selected in this analysis, a
sample PYTHIA 8 dijet event of pp collisions at

√
s = 13 TeV

is shown in Fig. 2, in the transverse plane of the laboratory
frame. The display perspective is along a weak axial magnetic
field, which causes the charged particles to bend in arcs. The
two jets are produced and reconstructed with the anti-kt [66]
algorithm of cone size R = 0.8, each having pT of roughly
900 GeV. The first jet has a fairly average multiplicity of
27, while the second jet has over 4 times as many charged
particles, and would be classified as ‘high multiplicity’. Dif-
ferent colors of particle trajectories indicate different particle
species, such as pions, kaons and protons. Jets reconstructed
with smaller cone sizes (e.g., R = 0.4) are also investigated
and show qualitatively similar properties of observables stud-
ied in this paper so we focus on presenting results only for jet
cone size of 0.8. The PYTHIA sample used in this study corre-
sponds to an integrated luminosity of approximately 50 fb−1

and is filtered to select events having a minimum invariant
transverse momentum ( p̂T ) of 470 GeV.

Figure 3 shows multiplicity distributions of charged parti-
cles within an AK8 (anti-kt reconstruction of cone size R =
0.8) jet of pT > 500 GeV and pT > 800 GeV in PYTHIA 8.
The most likely values of charged particle multiplicity are
around 25 for both jet pT selections, but the distribution for

FIG. 2. A simulated event display for a PYTHIA 8 dijet event in
the transverse plane with a weak axial magnetic field. One of the
two jets has a high multiplicity of charged particles (N j

ch), found by
the anti-kt algorithm with a cone size of R = 0.8. Other particles not
assigned to the two main jets by the jet finding algorithm (e.g., from
the underlying event) are not shown.

higher-pT jets has a slightly longer tail at higher multiplicities,
reaching up to 140 charged particles. This can be understood
as the higher jet momentum causes more produced particles to
fall within the jet cone because of the larger Lorentz boost as-
sociated with the increased parton momentum. However, the
difference between the two selections for a given multiplicity
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FIG. 3. Charged multiplicity distributions of jets with pT > 500
GeV and 800 GeV, respectively. Jets are found by the anti-kt algo-
rithm with a cone size of R = 0.8.
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ch < 35)- and high(N j
ch >

100)-multiplicity jets with pT > 500 GeV and 800 GeV, respectively.
Jets are found by the anti-kt algorithm with a cone size of R = 0.8.

probability is only around 10 charged particles at high mul-
tiplicities, indicating only a loose correlation between jet pT

and multiplicity, which is also observed in experimental data
at sufficiently high jet pT [68]. Given that high-multiplicity
jets are rarely produced and that they are only loosely cor-
related with jet pT , suggested by Fig. 3, standard pT -based
experimental online triggers are not optimal for studying these
systems, and a dedicated trigger filtering on high multiplicities
from a single jet will significantly enhance the potential of
searching for new phenomena.

Distributions of charged particle densities in pseudorapid-
ity of the jet frame, dNch/dη∗, within an AK8 jet are shown
in Fig. 4. In the jet coordinate system, low η∗ corresponds to
particles that are separated from the main jet axis by a large
angle, while high η∗ corresponds to particles more collimated
with the jet direction. The closed points show distributions
for jet pT > 500 GeV, while open points correspond to pT >

800 GeV. An inclusive multiplicity selection is shown in
black, while low (N j

ch < 35) and high (N j
ch > 100) multiplicity

selections are shown in red and blue, respectively.
The distribution tends to shift towards lower values of η∗,

i.e., large emission angles for the high multiplicity selection,
as compared to the inclusive and low multiplicity selections.
A similar shift was observed when comparing gluon-initiated
jets to quark-initiated jets at the same jet pT . Thus, a poten-
tial explanation for this effect is a correlation between the
multiplicity of a jet and the flavor of its initiating parton.
All three selections have a very sharp rising trend around
η∗ = 0.86 which is related to the angle the particle makes
with respect to the jet axis being near the chosen cone size of
0.8. For the high multiplicity selection, the dNch/dη∗ reaches
values of nearly 70, which is comparable to the multiplicity
regime where collective effects have been observed in high-
multiplicity pp collisions [30–33]. Therefore, it is feasible to
expect that similar multiparton dynamics may be developed
inside a jet of sufficiently high multiplicity. Unlike in pp and
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FIG. 5. The jT distributions of charged particles in the single jet
frame for low (N j

ch < 35)- and high(N j
ch > 100)-multiplicity jets with

pT > 500 GeV and 800 GeV, respectively. Jets are found by the anti-
kt algorithm with a cone size of R = 0.8.

AA collisions where there is a wide plateau region in dNch/dη

over a few units, the η∗ distribution of a single jet is much
narrower, especially at large multiplicities. Figure 5 shows jT
distributions of charged particle yields for two different jet pT

selections and multiplicity selections. All selections exhibit a
sharp peak at low jT values, but the tail of the low-multiplicity
selection falls off slightly faster than the inclusive selection.
This is consistent with particles in these jets being emitted as
narrower angles relative to the jet axis on average, as was al-
ready observed in the dNch/dη∗ distribution. The distributions
for the high-multiplicity selection are remarkably similar for
both jet pT choices.

In the following subsections, we employ the PYTHIA 8
generator as a baseline to investigate a series of observables
relevant to signatures of a QGP and explore potential discov-
eries in future experiments. No effects of rescatterings among
produced parton showers or strings are expected for the parton
fragmentation process in PYTHIA 8 (or any other MC event
generator presently on the market). The list of observables is
not exhaustive but rather representative of key signatures:

(i) Particle multiplicity and strangeness enhancement in
a dense, thermal partonic medium;

(ii) Long-range correlations and anisotropy flow;
(iii) Radial flow boost to identified particle jT spectra;
(iv) Quantum Interference of identical particles.

We shall emphasize that while the ultimate goal is to im-
plement rescattering (or “QGP”) effects to the modeling of
the parton fragmentation process to make quantitative predic-
tions of data, we intend to leave that for future work where
dedicated phenomenological efforts and likely some guidance
from experimental data are needed.

A. Particle multiplicity and strangeness enhancement

We propose to study the total multiplicity of each particle
species and their relative ratios for particles produced from

064908-5



AUSTIN BATY, PARKER GARDNER, AND WEI LI PHYSICAL REVIEW C 107, 064908 (2023)

0 20 40 60 80 100 120 140
ch
j

N

5−10

4−10

3−10

2−10

1−10

1

10

210

<
C

ha
rg

ed
 H

ad
ro

n 
Y

ie
ld

>
<

P
ar

tic
le

 o
f I

nt
er

es
t Y

ie
ld

>

PYTHIA 8 pp 13 TeV
 R=0.8tAnti-k

 > 500 GeV
T

jet p

±π
p

±K
S
0K

Λ + Λ
-Ξ + -Ξ
-Ω + -Ω

FIG. 6. Ratios of total yields of various hadrons to inclusive
charged hadrons from AK8 jets for jet pT > 500 GeV, as a func-
tion of charged multiplicity in jet (N j

ch), in PYTHIA 8 pp events at√
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a single jet in a similar fashion to those in other collision
systems. Statistical models can also be used to describe the
particle multiplicity data in jets to search for evidence of ther-
mal production from a fragmenting parton that may be related
to the quantum entanglement effect or a strongly interacting
medium. In the analysis presented here, we specifically focus
on the aspect of strange hadron multiplicities and explore
possible strangeness enhancement phenomena as a function
of the charged multiplicity in jets, using the PYTHIA 8 model.

The enhancement of strange hadron production (relative
to nonstrange hadrons) in AA collisions has been considered
as strong evidence for the existence of a high-gluon density
QGP medium, where the gluon splitting channel dominates
the strangeness production [69]. In recent years, it has also
been observed that in small pp and pA systems, strange
hadron yields relative to pions smoothly increase as higher
multiplicity events are selected [70] toward multiplicity values
in AA collisions. The PYTHIA 8 model is unable to reproduce
the observed strangeness enhancement in pp collisions.

We propose to explore similar strangeness enhancement
phenomena in high pT jets, as a function of jet multiplicity.
Using PYTHIA 8 as a reference, the markers in Fig. 6 show
the ratio of various light and strange hadron yields in a high-
pT (>500 GeV) AK8 jet to those of charged hadrons, as a
function of the charged multiplicity of a jet (N j

ch). As expected,
no strangeness enhancement is observed in PYTHIA 8. The
ratios of protons to pions is nearly constant as a function of
N j

ch. For strange hadrons such as kaons, �, �−, and �−, a
slight downward trend is observed for N j

ch values less than 20,
but the ratio is nearly independent of multiplicity above this
threshold. Observation of an increasing strange particle-to-
pion yield ratio experimentally in high-multiplicity jets would
be a compelling indication of additional physics not captured
by the canonical fragmentation and/or hadronization model
via string breaking, but possibly involving dynamics of dense

gluon interactions such as those in high-multiplicity pp, pA,
and AA collisions.

B. Long-range correlations and anisotropic flow

Long-range collective phenomena over a wide pseudora-
pidity range have been observed in azimuthal correlations of
particles from a variety of collision systems and experiments.
In particular, the persistence of these collective phenomena in
increasingly small systems has lead to debates about the origin
of such behavior and the development of new experiments to
push the limits of hydrodynamic validity and explore possi-
ble effects of quantum entanglement. We briefly describe the
analytical steps of two-particle angular correlation analyses
in the jet frame and discuss key features of the result. The
procedure is similar to that employed in Ref. [36], except that
the momentum vector of all particles are redefined in the jet
frame. The two-dimensional (2D) angular correlation function
is calculated as follows:

1

N trg
ch

d2Npair

d�η∗d�φ∗ = B(0, 0)
S(�η∗,�φ∗)

B(�η∗,�φ∗)
, (1)

where �η∗ and �φ∗ are relative pseudorapidity and azimuthal
angle in the jet frame, for a pair of trigger and associate parti-
cles. The trigger and associate particles can be selected from
the same or different jT ranges. For analyses presented below,
trigger and associate particles are chosen from the same jT
range for simplicity. The correlation functions are typically
measured in different jT and multiplicity ranges.

The S(�η∗,�φ∗) and B(�η∗,�φ∗) represent the signal
and background distributions, respectively,

S(�η∗,�φ∗) = 1

N trg
ch

d2N sig

d�η∗d�φ∗ (2)

and

B(�η∗,�φ∗) = 1

N trg
ch

d2Nbkg

d�η∗d�φ∗ . (3)

The signal distribution is calculated with pairs taken from
each jet (N sig) and then averaged over all jets, weighted by
the jet multiplicity. The background distribution serves as
a reference and a correction to the pair acceptance due to
limited η∗ range. To construct the background distribution,
we first derive the 2D single-particle η∗-φ∗ distribution for
daughters of all jets. Pseudoparticles are then randomly drawn
from the η∗-φ∗ distribution. These pseudoparticles are built
from values accumulated over multiple distinct jets in multiple
distinct events. In this way, no correlations should exist in the
background distribution and all features are detector related.
A large number of pseudoparticles npseudo are created such that
Nbkg = npseudo(npseudo − 1)/2 ≈ 10 × Nsig, where Nsig is the
total number of entries in the complete signal distribution for
the class. The B(0, 0)/B(�η∗,�φ∗) term is the appropriate
bin-by-bin correction to the signal distribution.

Figure 7 shows the 2D two-particle angular correlation
function for low- and high-multiplicity jets and particles
with 0.3 < jT < 3 GeV in PYTHIA 8 pp collisions at
13 TeV. The central peak at (�η∗,�φ∗) = (0, 0) is the re-
sult of short-range correlations from local parton shower
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right) in-jet charged multiplicity classes, for AK8 jets with jet pT > 500 GeV in PYTHIA 8 pp events at

√
s = 13 TeV.

and hadronization. The far-side ridge at �η∗ ≈ π is mostly
related back-to-back particle production by conservation of
momentum. These prominent features have been found in
laboratory-frame analyses for both experimental data and MC
simulations. Moreover, another feature commonly observed in
AA collisions is the near-side enhancement at �φ∗ ≈ 0 over
long-range in �η∗, commonly known as the near-side “ridge”.
The persistence of this ridge to very small systems, such as pp
and pA collisions, naturally motivates a proposal to continue
searching for these effects in even smaller systems, like a
single jet. As expected, there is no indication of a near-side
ridge for both low- and high-multiplicity jets in PYTHIA 8.
This is also consistent with e+e− [63] and e− p collisions [64]
at relatively low final-state multiplicity.

The resulting 2D distribution can be further understood by
decomposition into a one-dimensional (1D) Fourier series of
projections along the �φ∗ axis:

1

N j
ch

dNpair

d�φ∗ ∝ 1 + 2
∞∑

n=1

Vn�

(
jAT , jBT

)
cos(n�φ∗), (4)

where jA
T and jB

T represent the jT of trigger and associate par-
ticles, respectively. By taking 1D �φ* projections over �η* >

2, we exclude the short-range correlations and focus on under-
standing structure with large pseudorapidity separations. The
strength of the Fourier components in such decomposition can
give indications of the type of flow and its relative significance
in various systems. The second Fourier component is typically
associated with the strength of elliptical flow while the third
is associated with the triangular flow.

In Fig. 8, 1D �φ* correlation functions for |�η*| > 2
are shown for 20 � N j

ch � 30 and N j
ch � 70, respectively, for

particles with 0.3 < jT < 3 GeV from AK8 jets in PYTHIA 8
pp collisions at 13 TeV. For both multiplicity classes, strong
away-side correlations are observed, consistent with dominant
contributions of momentum conservation. The near-side at
�φ* ≈ 0 shows a minimum, although there seems to be an
indication of a slight enhancement for N j

ch � 70. That en-
hancement is not significant and may also be related to the
tail of short-range correlations at very large �η∗.

The markers and solid lines in Fig. 9 show the extracted
two-particle Fourier coefficients, Vn�, as a function of the
charged multiplicity in jet (N j

ch), for the first three harmonic
components, from AK8 jets in PYTHIA 8 pp collisions at
13 TeV. Over the full N j

ch range, the odd-order harmonics,
V1� and V3�, are negative, while the even-odd harmonics,
V2� are positive. Magnitudes of all harmonics decrease as N j

ch
increases. All these features are consistent with expectation
of short-range back-to-back correlations that are not related to
collective effects. The contribution of short-range few-body
correlation to the global azimuthal anisotropy of the event
generally diminishes as 1/N j

ch in the two-particle Fourier co-
efficients. An increase of V2� or a significant positive V3�

signal at very high multiplicity could be an indication of
the onset of collective flow effects in the expansion of the
parton jet. Note that the single-particle azimuthal anisotropy
Fourier coefficient, vn, is related to the two-particle Fourier
coefficient as Vn�( jA

T , jB
T ) = vn( jA

T )vn( jB
T ). Pink dashed lines

in Fig. 9 indicate values of V2� equivalent to 5%, 10%, and
15% in single particle v2. Therefore, if PYTHIA 8 properly
models short-range correlations in the parton fragmentation
process, an additional 15% v2 enhancement should be clearly
identifiable with jets of N j

ch > 70, while a much smaller v2

enhancement of 5% would require pushing to much higher
multiplicity jets, such as N j

ch > 90–100.

C. Identified particle jT spectra and radial flow

The hydrodynamic expansion of the QGP will generate
a common velocity field that collectively boosts all pro-
duced particles along the radial expansion direction. This
phenomenon is known as the “radial flow” (see a review in
Ref. [28]). As a consequence, final-state particles receive a
push to higher average transverse momentum with heavier
particles gaining more momentum, proportional to the mass.
This effect can be observed and quantified by measuring
the average pT of various particle species in a collision.
Besides the average pT , the average transverse kinetic energy,
KET ≡ mT − m =

√
p2

T + m2 − m, is also often used and has
the advantage of unifying particle species of different masses
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(known as the “mT scaling” [71]) in absence of the radial flow.
The mT scaling of hadron production in high-energy collisions
was proposed as early as 1965 by Hagedorn based on a statis-
tical thermodynamic approach [72]. It has been observed in
minimum bias pp collisions, indicating negligible radial flow
effects. In high energy AA and also high-multiplicity small
systems, significant breaking of mT scaling is observed as the
multiplicity or system size increases [12,14,73–75].
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FIG. 9. The extracted two-particle Fourier coefficients, Vn�, as a
function of the charged multiplicity in jet (N j

ch), for the first three
harmonic components, from AK8 jets in PYTHIA 8 pp collisions at
13 TeV. The dashed lines indicate values of V2� equivalent to 5%,
10%, and 15% in single particle v2.

We present the average kinetic energy, 〈m∗
T 〉 − m, calcu-

lated in the jet frame in Fig. 10, for inclusive charged hadrons,
charged pions, charged kaons, protons, K0

s , �, �−, and �−
produced within AK8 jets, for jet pT > 500 GeV as a function
of charged multiplicity in jet (N j

ch) in PYTHIA 8 pp events
at

√
s = 13 TeV. The mT scaling is indeed present for low-

multiplicity jets (N j
ch < 10) in PYTHIA 8. As N j

ch increases,
an increasing trend of 〈m∗

T 〉 − m is observed for all particle
species but they do not appear to fall on a common trend. In-
stead, heavier particles appear to have greater average kinetic
energy values, and by extension, greater average jT values
as well. This trend is qualitatively similar to that observed
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in high-multiplicity pp, pA, and AA collisions. The rate of
increase of mT with multiplicity seems greatest in the range of
N j

ch ≈ 20–30, with a flattening trend at higher multiplicities.
The breakdown of mT scaling as a function of multiplicity in
PYTHIA 8 is possibly related to the color reconnection effect,
which effectively generates a boost to final-state particles.
Therefore, this observable alone should not be taken as a
unique signature of the QGP-like state formation. Quantitative
comparison with theoretical calculations, as well as support-
ing evidence from other observables, would be necessary to
draw a conclusion.

D. Quantum interference of identical particles

The Bose-Einstein correlations (BEC), or interferometry
exploits quantum interference effects of identical particles
produced with overlapping wave functions in phase space.
By studying momentum correlations of two identical bosons
(fermions), an enhancement (depletion) will be observed at
small momentum difference between two particles. The size
of the source of particle emission at “freeze-out” (when parti-
cles cease to interact) in spacial coordinate space can then be
inferred from the correlation range in the momentum space.
The two-particle intensity interferometry method was first
invented by Hanbury Brown and Twiss (HBT) to measure the
size of astronomical objects [76]. It has since been extensively
applied to extract the space-time structure of QGP in AA
collisions [77–79].

In this study, the two-particle BEC correlation function is
defined as the ratio

C2(�q∗) ≡ S(�q∗)

B(�q∗)
, (5)

where �q∗ = �p∗
1 − �p∗

2 is the momentum difference between the
two particles in the jet frame. Similar to two-particle angular
correlations, the S(�q∗) is the measured particle pair distribu-
tion from the same jet containing potential BEC signals, while
the B(�q∗) is formed with pairs of random pseudoparticles as
a reference, as well as for correction of detector effects. The
BEC studies can be performed in one, two or three dimensions
of �q∗. For simplicity, we present a 1D analysis in q∗

inv = |�q∗|
using charged pions from jets in PYTHIA 8 as a function of the
charged multiplicity in jet (N j

ch) and pair transverse momen-
tum, k∗

T = 1
2 | �jT,1 + �jT,2|, to demonstrate the idea. No BEC

signals are implemented in the PYTHIA 8 MC generator.
Figure 11 presents 1D BEC correlation functions for pairs

of same-sign charged pions in q∗
inv in different N j

ch ranges of
AK8 jets in PYTHIA 8 pp events at

√
s = 13 TeV. Each panel

of Fig. 11 shows results for each k∗
T range.

All C2(�q∗) distributions show a general trend of enhanced
correlations toward q∗

inv ≈ 0. This feature is qualitatively sim-
ilar to those observed in AA collisions [79], where quantum
interference effects are believed to play the dominant role.
The width of C2(�q∗) is inversely proportional to the size of
the particle-emitting source. As mentioned earlier, there are
no BEC correlations expected in PYTHIA 8. Therefore, these
results reflect the background contributions from the fragmen-
tation. To distinguish the background contribution from true
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FIG. 11. The 1D BEC correlation functions for pairs of same-
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√
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momentum k∗
T , defined in the single jet frame.

BEC signals, it is necessary to investigate the detailed N j
ch and

k∗
T dependence.

The 1D BEC correlation function is fitted by an exponen-
tial function

C
(
1 + λe−R∗

invq∗
inv

)
, (6)

where the parameter, R∗
inv, characterizes the size of the co-

herent source (in unit of fm). The extracted values of R∗
inv

are shown in Fig. 12, as a function of k∗
T , for several N j

ch
ranges of AK8 jets pT > 500 GeV in PYTHIA 8 pp events at√

s = 13 TeV.
In pp, pA, and AA collisions, the BEC radii parameter is

observed to monotonically increase as the pair momentum
decreases. This can be understood by the uncertainty principle
that larger sources tend to coherently emit particles at lower
momenta. The BEC radii are also found to increase with
event multiplicity approximately to the power of 1/3, which is
again consistent with the formation of a medium that expands
collectively. In the BEC analysis of particles in the jet frame
using PYTHIA, shown in Fig. 12, similar features of extracted
radii in AA collisions are not observed. As seen in Fig. 12, the
radii parameter in the jet frame, R∗

inv, shows a nonmonotonic
behavior as a function of k∗

T , which first increases but then
decreases toward low k∗

T . While the R∗
inv does increase with

N j
ch for k∗

T < 0.3 GeV, this trends becomes opposite at higher
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k∗
T . Therefore, a systematic study of BECs for particles in

high-pT jets as a function of multiplicity and pair transverse
momentum in the jet frame has the potential to provide key
evidence for the formation of a system with extended space-
time structures.

IV. DISCUSSIONS

In this paper, we have been focusing on studies of particles
produced in inclusive single jets with high multiplicity in pp
collisions at LHC energies. There are many possible exten-
sions of proposed analyses in other directions to explore new
phenomena in high density QCD physics experimentally. We
discuss a few examples below.

Thermal photon emission: In AA collisions, the observa-
tion of a large excess of soft photons at low pT (<1 GeV)
over the primordial hard photon production in perturbative
QCD processes [80–82] is considered as direct evidence for
the formation of a thermalized QGP medium. The slope of
excess photon pT spectra provides direct information of the
QGP’s temperature. If such a medium was produced in a
high-multiplicity jet system, a similar enhancement of pho-
tons at small jT inside the jet cone would also be expected.
Those photons are typically identified as fragmentation pho-
tons, emitted from parton showers. Even if emitted with
small jT , these photons could still have a relatively large
pT in the laboratory reference frame, and therefore be mea-
sured by experiments like CMS and ATLAS, which have
calorimeters optimized for the high-pT photon regime. How-
ever, this type of measurement will have to deal with huge
backgrounds originating from hadron (e.g., π0) decays, as
well as underlying event contributions and will be undoubt-
edly extremely challenging. At high energy lepton-lepton and
lepton-hadron collisions, the the underlying event background
is much cleaner. Therefore, future high-energy e+e− colliders
and the electron-ion collider planned in the USA may provide

an ideal environment to search for thermal photon production
from a single parton.

Dijets and vector boson-jet systems: Vector boson-jet
events, such as Z/γ jets, in pp collisions are ideal tools to
study quark propagation in the vacuum and possible collec-
tive effects developed around the quark direction of motion.
All analyses performed with inclusive jets can be done with
Z/γ jets in the same way. A back-to-back dijet system in pp
collisions is reminiscent of the final state of e+e− collisions,
where a color string may be stretched between the two fast-
moving partons and develop interesting dynamics. Correlating
particles from two different jets also helps extend the rapidity
gap of two particles and benefit the search for long-range
correlations. There are some complications to analyses in the
dijet system though. As the two jets are never exactly back
to back, choosing a common z axis for the new frame (e.g.,
the thrust axis) may lead to some smearing if the proposed
collective effects are strongest with respect to each individual
jet direction. This is particularly an issue, when a hard third
jet is present. More careful studies would be needed.

Winner-take-all jet recombination: As the first step of all
proposed analyses is to rotate the laboratory frame to a new
frame where the jet direction represents the beam axis, the
choice of the jet axis (which is not unique) plays a crucial
role. Besides the standard “E-scheme” recombination [66] of
jet reconstruction, where the jet axis and the jet momentum
are aligned at each stage of the recursion, the “winner-take-
all” scheme [83,84] chooses the jet axis to be align with the
harder particle in a pair-wise recombination. The motivation
of the winner-take-all scheme is to minimize the impact of
soft radiation recoils to the initial parton direction. It would
be interesting to investigate how all observables would depend
on different choices of jet axis.

Lepton-lepton or lepton-proton/ion collisions: As all pro-
posed studies take place within a single jet, they are in
principle independent of the initial colliding beam species,
which can be protons, leptons or ions. Therefore, these studies
are highly relevant not only to the LHC but also all future
high-energy colliders. In fact, e+e− or e− p colliders may even
provide a cleaner environment for studying high-multiplicity
jets, as the underlying event contribution is much smaller.

Jets in heavy ion collisions: Finally, the study of parton en-
ergy loss in a QGP medium has been a main theme of research
in AA collisions. In our thought experiment, a parton propagat-
ing in the vacuum or the QGP has no fundamental difference.
In both cases, the parton loses its energy by interacting with
other partons along its passage. The only difference is that in
the QGP medium, surrounding partons are excited and thus
have stronger color fields, which lead to larger energy loss
than interactions with vacuum chiral condensates. Doing the
same analyses for jets in heavy ion collisions may provide
insights to develop a unified approach to describing parton
energy loss in confined and deconfined environments.

V. SUMMARY

Motivated by early surprises of thermal and collective
phenomena in small system collisions, we postulate that non-
perturbative QCD evolution of a fragmenting parton in the

064908-10



NOVEL OBSERVABLES FOR EXPLORING QCD … PHYSICAL REVIEW C 107, 064908 (2023)

vacuum will develop similar long-range collective effects to
those of a multiparton system, reminiscent of what is ob-
served in high-energy hadronic or nuclear interactions with
high-multiplicity final-state particles. We propose searches
for these properties of a parton propagating in the vacuum
using high-pT jets produced with large multiplicities in high-
energy elementary collisions, e.g., at the LHC. A set of key
observables are studied in detail using the PYTHIA 8 Monte
Carlo event generator, where no collective or QGP effects
are expected inside the jet. Experimental observation of the
proposed effects (e.g., long-range collectivity or strangeness
enhancement) in a single jet will offer a new view of non-

perturbative QCD dynamics of multiparton systems at the
smallest scales. On the other hand, absence of these effects
may offer new insights in to the role of quantum entanglement
in the observed thermal behavior of particle production in high
energy collisions.
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