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Abstract

A search for QCD collective effects is performed with the CMS experiment via cor-
relation measurements of charged constituents inside jets produced in proton-proton
collisions at the LHC. The analysis uses data collected at a center-of-mass energy of√

s = 13 TeV, corresponding to an integrated luminosity of 138 fb−1. For charged
constituents within a reconstructed jet of cone radius 0.8, two-particle correlations as
functions of relative azimuthal angle (∆φ∗) and pseudorapidity (∆η∗) are performed
in a novel “jet frame,” where constituent η, φ variables are redefined relative to the
direction of the jet. The correlation functions are studied in classes of in-jet charged-
particle multiplicity up to nearly 100. Anisotropy Fourier harmonics are extracted
from long-range azimuthal correlation functions for |∆η∗| > 2. For low-multiplicity
jets, the long-range elliptic anisotropy harmonic, vj

2, is observed to decrease with mul-
tiplicity. This trend is well described by Monte Carlo (MC) event generators. How-
ever, a rising trend of vj

2 emerges at an in-jet charged-particle multiplicity above≈ 80.
This trend is not reproduced by MC models. This observation yields new insights into
the dynamics of parton fragmentation processes in the vacuum.

This document has been revised with respect to the version dated June 21, 2023.

c© 2023 CERN for the benefit of the CMS Collaboration. CC-BY-4.0 license

http://cdsweb.cern.ch/collection/CMS%20PHYSICS%20ANALYSIS%20SUMMARIES
mailto:cms-pag-conveners-heavyions@cern.ch?subject=HIN-21-013
http://creativecommons.org/licenses/by/4.0




1

Quantum chromodynamics (QCD) describes the behavior and properties of particles that cou-
ple to the strong force. The nonperturbative nature of QCD at low energies leads to the phe-
nomenon of color confinement, where quarks and gluons, collectively known as partons, are
sequestered inside of hadrons. A consequence of color confinement is that no color-charged
partons exist in isolation, and only color-neutral particles can be found in nature. ‘Hard scat-
tering’ events between color-neutral particles such as protons can result in collimated sprays of
hadrons originating from the fragmentation and hadronization of an energetic parton. This col-
limated spray is called a “jet.” The dynamics of parton fragmentation that lead to jet structures
are not yet fully understood from first principles of QCD because they involve nonperturba-
tive, many-body processes. Experimentally accessible jets are typically highly energetic and
can occasionally generate large final-state hadron multiplicities (e.g., more than 100 charged
particles) resulting from an initial parton.

Final states containing thousands of hadrons are routinely produced in high-energy nuclear
collisions, where a hot, dense medium of nearly free partons known as a quark-gluon plasma
(QGP) is formed. The extreme parton densities realized in these collisions result in strong
partonic rescatterings, which quickly drive the system evolution toward the nearly ideal hy-
drodynamic limit. As a result, striking long-range collective flow effects have been observed
and extensively studied using the azimuthal correlations of particles emitted over a wide pseu-
dorapidity (η) range (also known as the “ridge”) at the Relativistic Heavy Ion Collider [1–4]
and the CERN LHC [5–9].

It was thought that small collision systems such as electron-positron (e+e−), electron-proton
(ep), and proton-proton (pp) collisions were too small and dilute for there to be a sufficient
number of secondary partonic rescatterings to drive the system toward thermal equilibrium.
For this reason, collective hydrodynamic behavior was not expected in these systems. Surpris-
ingly, similar long-range collective azimuthal correlations have been discovered in pp collisions
with large final-state particle multiplicity [10–13], which raised the question of whether a tiny
QGP droplet is created [14]. Subsequently, such collective phenomena have been observed in
additional small systems, such as proton-nucleus (pA) collisions [15–24], and lighter nucleus-
nucleus (AA) systems [24–27]. Searches for QCD collective effects were also recently extended
to e+e− [28, 29], ep [30, 31], photon-proton (γp) [32] and photonuclear (γA) [33] systems but
limited to relatively low-multiplicity events (less than 30-40 charged particles).

The natural compelling question to address is: from how small of a partonic system – and un-
der what conditions – can collectivity emerge? In Ref. [34], it is postulated that QCD collective
effects can be initiated by systems as small as a scattered parton as it traverses through the vac-
uum and hadronizes into a high-multiplicity final state. This is illustrated in Fig. 1. Motivated
by that idea, this note presents a search for such collective effects inside of individual jets (as
opposed to full events) produced in pp collisions at

√
s = 13 TeV using the CMS experiment at

the LHC. This search examines the possibility that a sufficiently large number of rescatterings
among partonic “showers,” during the fragmentation of a very high multiplicity jet, could lead
to the flow-like behavior seen in QGP. Using a coordinate system defined with respect to the jet
axis, which is a proxy for the direction of the parton initiating the jet, the two-particle correla-
tion function of charged constituents of a jet is measured as a function of the charged-particle
multiplicity, Nj

ch, inside the jet. The anisotropy Fourier coefficients (V j
n∆) of long-range (i.e.,

large η separation) azimuthal correlations are then extracted and compared to Monte Carlo
(MC) event generators modeling the parton fragmentation process.

The CMS apparatus [35] is a multipurpose, nearly hermetic detector, designed to trigger on [36,
37] and identify electrons, muons, photons, and (charged and neutral) hadrons [38–40]. A
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global “particle-flow” (PF) algorithm [41] aims to reconstruct all individual particles in an
event, combining information provided by the all-silicon inner tracker and by the crystal elec-
tromagnetic and brass-scintillator hadron calorimeters, operating inside a 3.8 T superconduct-
ing solenoid, with data from the gas-ionization muon detectors embedded in the flux-return
yoke outside the solenoid. The reconstructed particles are used to build τ leptons, jets, and
missing transverse momentum [42–44].

The
√

s = 13 TeV pp collisions used in this analysis were collected from 2016 to 2018 and
correspond to an integrated luminosity of 138 fb−1. The data were collected using an online
trigger searching for events containing anti-kT jets [45, 46] with radius parameter R = 0.8 having
a transverse momentum (pT) above 500 GeV. In the offline analysis, jets were required to have
a pT > 550 GeV to maintain a trigger efficiency above 50%. To correct for the remaining trigger
inefficiency, each jet receives a weight corresponding to the inverse of the trigger efficiency at
that jet’s pT. To ensure the jet constituents fall within the acceptance of the CMS tracker (i.e.,
|η| < 2.4), jets are also required to have |η| < 1.6 in the laboratory reference frame.

The two primary MC generators used in this analysis are PYTHIA8 [47] with the CP5 tune [48]
and SHERPA [49] . The leading order PYTHIA8 uses the Lund String fragmentation model which
is based on long range nonperturbative QCD from lattice computations and treats color fields
as QCD flux tubes, the breaking of which leads to new qq pairs. SHERPA uses a cluster model
which is based on next-to-leading order pQCD calculations and groups quarks and gluons into
color neutral clusters from which hadronization occurs. These MC generators also differ in
their parton shower models and therefore provide materially different baseline comparisons to
data. The PYTHIA8 events are input into Geant4 to emulate the response of the CMS detector
for the purposes of calculating correction factors.

Jet momentum is determined as the vectorial sum of all particle momenta in the jet and is
found from MC simulation to be, on average, within 5 to 10% of the true momentum over
the whole pT spectrum and detector acceptance. Additional pp interactions within the same
or nearby bunch crossings (“pileup”) can contribute additional tracks and calorimetric energy
depositions, increasing the apparent jet momentum. The pileup per particle identification algo-
rithm (PUPPI) [50, 51] is used to mitigate the effect of pileup at the reconstructed particle level,
making use of local shape information, event pileup properties, and tracking information.

This analysis is particularly interested in the charged particle constituents of jets. These charged
particles are explicitly required to have |η| < 2.4 and pT > 0.3 GeV in the laboratory reference
frame. Additional selections requiring a relative pT uncertainty of less than 10%, and a distance
of closest approach significance with respect to the primary vertex of at least three standard
deviations (σ), are applied to ensure high-quality tracks are used. Jets are then classified into
different classes based on the number of charged particles passing these selections (Nj

ch).

Jet energy corrections are derived from MC simulation studies so that the average measured
energy of jets becomes identical to that of particle-level jets. In situ measurements of the mo-
mentum balance in dijet, γ + jet, Z + jet, and QCD multijet events are used to determine any
residual differences between the jet energy scale in data and in MC simulation, and appropriate
corrections are made [43]. Additional selection criteria are applied to each jet to remove jets po-
tentially dominated by instrumental effects or reconstruction failures. The jet energy resolution
is typically 10% at 100 GeV, and 5% at 1 TeV [43].

The two-particle correlation analysis is similar to that employed in Ref. [15], except that the
momentum vectors of all charged-particle constituents of a jet are defined in the “jet frame”.
Figure 1 illustrates this new coordinate system, along with the idea that a fragmenting parton
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Figure 1: A schematic illustration of a jet and its constituents in a pp collision, showing the
idea of an initial scattered parton eventually exhibiting potential collective expansion in the
direction transverse to the jet axis. A jet cone and emerging final state particles are drawn in
a coordinate system, denoted the “jet frame”, where the z axis coincides with the jet direction.
Cone size is not to scale.

could exhibit collectivity, as discussed in [34]. A unique jet reference frame is defined for every
jet such that the z-axis is aligned with the direction of jet momentum. Momentum vectors of
charged particle constituents are redefined in this new frame, are redefined in this new frame,
~p∗ = (jT, η∗, φ∗). Here, jT is the particle transverse momentum with respect to the jet axis.
The symbols η∗ and φ∗ are the pseudorapidity and azimuthal angle coordinates with respect to
the jet axis, respectively. Therefore, η∗= 0 and ∞ correspond to vectors that are perpendicular
and parallel to the jet axis, as illustrated in Fig. 1. In this system, η∗= 0.86 is the approximate
boundary of an anti-kT jet with a cone size 0.8. The azimuthal coordinate of tracks approxi-
mately parallel to the direction of the jet axis (η∗ > 5) is sensitive to small changes in the jet
axis direction caused by resolution effects. Thus, these tracks are excluded in the subsequent
analysis procedure. Reconstructed particles in the event that are not clustered into the jet of in-
terest are not considered in the analysis. For each jet with pT > 550 GeV, the two-dimensional
(2D) angular correlation function is calculated using jet’s charged-particle constituents as fol-
lows:

1

Ntrg
ch

d2Npair

d∆η∗d∆φ∗
= B(0, 0)

S(∆η∗, ∆φ∗)

B(∆η∗, ∆φ∗)
, (1)

where ∆η∗ and ∆φ∗ are the relative pseudorapidity and azimuthal angle in the jet frame for a
pair of trigger and associate particles in a given jT range. If more than one jet is found in an
event, they are treated independently. The measurement is performed as a function of Nj

ch and
repeated for three different jT ranges. The functions S(∆η∗, ∆φ∗) and B(∆η∗, ∆φ∗) represent the
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signal and background distributions, respectively:

S(∆η∗, ∆φ∗) =
1

Ntrg
ch

d2Nsig

d∆η∗d∆φ∗
, (2)

and

B(∆η∗, ∆φ∗) =
1

Ntrg
ch

d2Nbkg

d∆η∗d∆φ∗
. (3)

The S(∆η∗, ∆φ∗) distribution is calculated with pairs taken from charged-particle constituents
of each jet and then averaged over all jets, weighted by the jet Nj

ch. The background distri-
bution serves as both a reference and a correction to the pair acceptance due to the limited η∗

range. To construct the B(∆η∗, ∆φ∗) distribution, a 2D single-particle η∗–φ∗ distribution for
charged-particle constituents of all jets is first derived. Pairs of points from this distribution
are then randomly selected to construct B(∆η∗, ∆φ∗). In this way, correlations in the back-
ground distribution are related to single-particle distributions and/or detector effects, and the
B(0, 0)/B(∆η∗, ∆φ∗) term in Eq. 1 is the appropriate pair acceptance correction to the signal
distribution. During this procedure a correction for tracking inefficiency is applied by weight-
ing each charged particle constituent by the inverse of the track reconstruction efficiency, which
is calculated using samples of simulated events.

The resulting 2D distribution can be further studied by decomposition into a one-dimensional
(1D) Fourier series:

1

Ntrg
ch

dNpair

d∆φ∗
∝ 1 + 2

∞

∑
n=1

Vn∆ cos(n∆φ∗), (4)

By taking 1D ∆φ∗ projections over |∆η∗| > 2, short-range correlations are excluded, highlight-
ing the azimuthal correlation structures for large-η∗ separations. The strength of the Fourier
components in this decomposition could give indications of the existence of collective effects
and their relative significance in various systems. Of particular interest is the second Fourier
component, which is typically associated with the strength of elliptic anisotropies. The single-
particle elliptic anisotropy Fourier coefficient, vj

2, is the main observation of interest and is

related to the two-particle Fourier coefficient as vj
2 =

√
V j

2∆. Results are presented as a function

of the average Nj
ch inside a jet after correcting for detector effects,

〈
Nj

ch

〉
.

The primary sources of systematic uncertainty come from the jet axis pointing resolution, the
jet pT resolution, residual pileup effects (after applying the PUPPI algorithm), and the tracking
efficiency. These four sources are added together in quadrature to calculate the total system-
atic uncertainty. To reduces the effects of statistical fluctuations, the four highest multiplicity
classes examined in this analysis are treated together when evaluating the magnitudes of sys-
tematic effects. The effect of the jet pointing resolution is examined by smearing each jet axis
in the 2D η − φ plane according to the resolution calculated in simulated MC samples. The
coordinate transformation of constituents’ momenta, η∗, and φ∗ into the jet reference frame is
recalculated with the new smeared jet axis, and the analysis procedure is repeated. The differ-
ence of V j

n∆ values before and after this smearing process is taken as the systematic uncertainty
resulting from the jet pointing resolution. The impact of this effect on V j

n∆ is between 0.01 and
0.04 (depending on the jT range examined) at lower charged particle multiplicities, where jet
constituents tend to have a narrower angular distribution and therefore larger changes to their
jet frame kinematic values for a given jet axis variation. On the other hand, this uncertainty is
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<0.001 at higher charged particle multiplicities because these jets tend to have a wider angular
separation from the jet axis on average. The effects of the uncertainty in the overall scale of the
jet pT correction are negligible for this analysis. However, a similar smearing procedure found
the uncertainty in V j

n∆ coming from the jet pT resolution to range from 0 to 0.002. The systematic
uncertainty coming from residual pileup effects is estimated by splitting the data set into two
roughly equal subsets. The root mean square of the deviations of each of these two subsets
from the nominal result is taken as the uncertainty in V j

n∆ from this source. For V j
2∆, this uncer-

tainty ranges from 0.001 to 0.003. Additional cross checks using smaller data subsets containing
even higher and lower pileup values, as well as subsets separated by data collection year, were
found to give consistent results. An additional study was performed to evaluate the sensitivity
of this analysis to pileup using the particle weights provided by the PUPPI algorithm, which
can be interpreted as a probability that the particle originates from a signal vertex as opposed
to a pileup vertex [51]. The nominal result includes all charged particles having nonzero PUPPI
weight. A more stringent selection requiring a PUPPI weight above 0.85 was found to have no
substantial impact on the final results. The systematic uncertainty resulting from the tracking
efficiency correction is evaluated by applying more and less stringent track selections, repeat-
ing the analysis procedure, and calculating the root means square of the deviations of these
variations from the nominal case. The uncertainty in V j

2∆ from this source reaches a maximum
value of 0.003.

Figure 2 shows an example of 2D two-particle angular correlation functions in the jet frame for
inclusive and high-Nj

ch jets for charged particles in the range 0.3 < jT < 3 GeV. The
〈

Nj
ch

〉
is 26

and 101 for the two classes of jets shown. The high-Nj
ch jet class corresponds to a fraction of only

2× 10−5 of all jets with pT > 550 GeV. The central peak at (∆η∗, ∆φ∗) = (0, 0), truncated for
better visualization, is the result of short-range correlations from the parton shower and had-
ronization. The far-side ridge at ∆η∗ ≈ π is mostly related to back-to-back particle production
and conservation of momentum. These prominent features have also been found in lab-frame
analyses of pp collisions [10], where they can also be reproduced using MC simulations. This
indicates that the dynamics of bulk hadron production in the parton fragmentation process
may share similarities to those of a hadron-hadron collision process. Moreover, a feature com-
monly 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 Nj

ch reached in the single jet system of
this work is comparable to the event multiplicity of pp collisions where a near-side ridge was
first observed using a laboratory frame analysis [10]. There appears to be some indication of a
near-side ridge in the high-Nj

ch plot in Fig 2 out to ∆η∗ = 3, however this feature is less promi-
nent than the ridges observed in pp and pA collisions. There is no corresponding near-side
enhancement observed in the 2D distributions in either PYTHIA8 or SHERPA .

To examine features of the long-range azimuthal correlations in detail, 1D ∆φ∗ correlation func-
tions averaged over |∆η∗| > 2 are displayed in Fig. 3, for particles with 0.3 < jT < 3 GeV in
two Nj

ch classes. Results from PYTHIA8 and SHERPA simulations over the corresponding Nj
ch

ranges are also shown for comparison. For high- and inclusive Nj
ch classes in data, PYTHIA8

and SHERPA, we find strong away-side correlations consistent with dominant contributions of
back-to-back momentum conservation effects. For inclusive Nj

ch jets in the data (top left), the
near-side at ∆φ∗ ∼ 0 clearly shows a minimum. However, for highest-Nj

ch jets studied in data,

with
〈

Nj
ch

〉
=101, (bottom left) an indication of a near-side enhancement is seen, which is not

present in PYTHIA8 or SHERPA events having comparable Nj
ch (bottom right). The Fourier fits



6

Figure 2: Examples of 2D two-particle angular correlation functions for particle 0.3 < jT <

3 GeV from all jet multiplicities (left) and the highest (right) in-jet Nj
ch, for anti-kT R = 0.8 jets

with jet pT > 550 GeV and |η| < 1.6.

of the correlation functions used to extract V j
n∆ are also shown and are dominated by a negative

V1∆ component. The addition of more Fourier terms has little impact on the first three Fourier
coefficients.
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Figure 3: Examples of 1D two-particle angular correlation functions projected on ∆φ∗ for par-
ticles in the range 0.3 < jT < 3 GeV and |∆η∗| > 2, for two in-jet Nj

ch classes in data (left) ,
PYTHIA8 (middle), and SHERPA (right). The solid black line shows the fitted Fourier function
and the colored dashed lines show the individual Fourier components. Vertical bars on data
points indicate statistical uncertainty

The extracted two-particle Fourier coefficients for the first three harmonics V j
n∆, as a function

of the in-jet (Nj
ch), are shown in Figure 4 (left). Over the full Nj

ch range, the odd-order harmon-
ics, V j

1∆ and V j
3∆, are negative, while V j

2∆ is positive. The magnitudes of all harmonics tend
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Figure 4: The extracted two-particle Fourier coefficients V j
n∆ (left) and single-particle elliptic

anisotropies vj
2{2} (right), as a function of Nj

ch, for anti-kT R=0.8 jets with jet pT > 550 GeV and
|η| < 1.6 jets in pp collisions at 13 TeV from data, PYTHIA8, and SHERPA . Vertical bars on data
points indicate statistical uncertainty in the extracted Fourier component. Vertical grey bands
indicate the total systematic uncertainty.

to decrease as Nj
ch increases. All these features are consistent with expectation of short-range

back-to-back correlations, as observed in lab-frame analyses, that are not related to collective ef-
fects. This is because the contribution of short-range few-body correlations to the two-particle
Fourier coefficient is expected to diminish at a rate proportional to ≈ 1/N j

ch. The PYTHIA8
generator is generally successful in describing the experimental data for all three Fourier har-
monics over a wide Nj

ch range. There appears to be a slight deviation in V j
2∆ between data and

simulation, as well as a V j
3∆ which turns positive in data at the highest Nj

ch.

Figure 4 (right) shows the single-particle elliptic anisotropies vj
2{2}, in the jet frame, as a func-

tion of Nj
ch inside the jet (Nj

ch). Here, results for three different jT ranges are shown for data,
PYTHIA8 and SHERPA events. Again, the MC simulation is generally successful at describ-
ing the data over a wide Nj

ch range in all three jT ranges. For jets at Nj
ch > 80, however, the

value vj
2{2} no longer diminishes as 1/Nj

ch, as would be expected if only short-range few-body
correlation are present. Instead, the data start to show a steady increases with Nj

ch. Such an
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increase of vj
2{2} for very high-Nj

ch jets is not observed in either PYTHIA8 or SHERPA and may
be an indication of the onset of new QCD effects, e.g., collectivity, in the parton fragmentation
processes.

The increasing trend of vj
2{2} with Nj

ch in the data is observed for all three jT ranges investi-
gated. To quantify this rise, a linear fit to the three highest multiplicity bins was performed
using both data and simulated samples. For the jT ranges of 0.3− 3.0 GeV and 0.5− 3.0 GeV,
the difference of the slopes extracted from data and both PYTHIA8 and SHERPA has a signifi-
cance greater than 5σ. The non-monotonic dependence of vj

2{2} versus Nj
ch is not expected if

few-body processes are the dominant sources of the observed correlations, and may indicate
novel QCD phenomena related to nonperturbative dynamics of a parton fragmenting in the
vacuum. These phenomena could include the emergence of collective effects driven by sec-
ondary partonic rescatterings, as suggested in Ref. [34]. Further experimental and theoretical
inputs are still needed to investigate the physical origin of the observed enhancement.

In summary, the first search for long-range near-side correlations and QCD collective effects in
jets produced in 13 TeV pp collisions is presented. The measurement is performed using a jet’s
charged particle constituents, after their kinematic variables have been calculated in a reference
frame where the z-axis is defined as the jet direction. Two-particle correlations are studied as a
function of the number of charged particle constituents in the jet, Nj

ch, which extends to values
of over 100, and the transverse momentum with respect to the jet direction.

The first three Fourier harmonics of long-range azimuthal correlations are extracted and com-
pared with those of the PYTHIA8 and SHERPA Monte Carlo (MC) event generators. While data
and the MC samples are in good agreement for particle correlations inside low- and mid-Nj

ch

jets, the extracted long-range elliptic azimuthal anisotropy vj
2{2} shows a distinct increase in

data for Nj
ch > 80. Such a feature is not observed in any of MC event generators that model

the parton fragmentation process. Therefore, results presented in this note may pave a new
direction in uncovering novel effects related to nonperturbative QCD dynamics of parton frag-
mentation in the vacuum.
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