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Abstract. Recent CMS data have revealed long-range correlations at high
charged-particle multiplicity (N j

ch) within jets produced in proton-proton (pp)
collisions, suggesting collective behavior in systems much smaller than those
typical of heavy ion collisions. In the polar coordinate system about the recon-
structed jet axis, two-particle azimuthal correlations show an unexpected rise in
elliptic anisotropy (v∗2) at large pseudorapidity separations (∆η∗ > 2) as a func-
tion of N j

ch, a trend not reproduced by event generators like pythia or sherpa. In
this paper, we present detailed measurements of long-range correlations using
LHC Run 2 data for pp collisions at

√
s = 13 TeV and compare the results

with model predictions. The transverse momentum and ∆η∗ dependence of v∗2
is shown across a wide range in N j

ch. Furthermore, the role of jet substructure,
particularly in jets exhibiting two-prong features, is examined to unveil a poten-
tial connection between the v∗2 enhancement and the initial-state jet geometry.
A surprising increase in v∗2 emerges exclusively in these two-prong jets at high
N j

ch.

1 Introduction

Collective behavior, long established in heavy-ion collisions, has also been observed in
smaller systems such as proton-proton (pp), proton-nucleus (pA), and lighter AA systems,
where large final-state multiplicities indicate high initial parton densities, raising the possi-
bility of forming tiny QGP droplets [1]. More recently, it has been suggested that collectivity
could even emerge from the fragmentation and hadronization of a single energetic parton
in the QCD vacuum [2]. To test this, high-multiplicity jets in pp collisions were proposed
as a laboratory, defining particle kinematics relative to the jet axis (“jet frame”). The CMS
collaboration [3] has reported the first evidence of long-range azimuthal anisotropy inside
such jets at

√
s = 13 TeV. This enhancement is absent in conventional fragmentation models

like Pythia8 and sherpa, but can be reproduced by including parton shower rescattering [4],
reminiscent of hadronic collision dynamics confined within the jet frame. In this work, we
extend the CMS study with new differential measurements. A key novelty is the selection
of jets with pronounced two-prong substructure to examine their role in generating collec-
tivity. These results provide new insights into the interplay between the jet substructure and
final-state interactions.
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2 Experimental setup

The
√

s = 13 TeV pp collisions used in this analysis were delivered from 2016–2018 and
correspond to an integrated luminosity of 138 fb−1. The data were collected using an online
trigger searching for events containing anti-jets [5] with distance parameter R = 0.8 having
a transverse momentum (pjet

T ) above 500 GeV. In the offline analysis, jets were required to
have pjet

T > 550 GeV and pseudorapidity
∣∣∣ηjet
∣∣∣ < 1.6 in the laboratory reference frame.

This analysis is particularly interested in the charged particles of jets. These charged
particles are required to have |η| < 2.4 and pT > 0.3 GeV in the laboratory reference frame.
Additionally, they must have a pT uncertainty of < 10%, and a distance of closest approach
significance with respect to the primary vertex of at most three standard deviations (σ) [6].
The PUPPI algorithm [7, 8] is used to mitigate the effect of pileup at the reconstructed particle
level, using local shape information, event pileup properties, and tracking information. Jets
are classified into different classes based on the number of charged particles of the jet passing
these selections and PUPPI subtraction before correcting for detector effects.

3 Results

3.1 The ∆η∗ and jT dependence of two-particle correlations

The focus of this analysis is to further explore the dependence of the extracted long-range
azimuthal anisotropies on the minimum pseudorapidity separation (∆η∗min). The prominence
of long-range correlations is enhanced by increasing ∆η∗min, as this suppresses short-range
correlations. Figure 1 presents v∗2 as a function of ∆η∗min for 0.3 < jT < 3 GeV ( jT being pT in
the jet frame), across eight N j

chintervals. This behavior aligns with the predictions of a model
incorporating final-state partonic rescattering in the parton shower [4], further supporting the
possibility of emergent collective behavior in high-multiplicity jets.

0 1 2 3
0

0.1

0.2

0.3

0.4
 

=64〉
j
ch

N〈
 0 1 2 3

0

0.1

0.2

0.3

0.4

 

=16〉
j
ch

N〈

 

0 1 2 3
0

0.1

0.2

0.3

0.4
 

=74〉
j
ch

N〈
 0 1 2 3

0

0.1

0.2

0.3

0.4

 

=30〉
j
ch

N〈

 

0 1 2 3
0

0.1

0.2

0.3

0.4
 

=83〉
j
ch

N〈
 0 1 2 3

0

0.1

0.2

0.3

0.4

 

=41〉
j
ch

N〈

 

0 1 2 3
0

0.1

0.2

0.3

0.4
 

=98〉
j
ch

N〈
 0 1 2 3

0

0.1

0.2

0.3

0.4

 

=53〉
j
ch

N〈

 

Δη!"#∗

v %∗

0.3 < jT < 3.0 GeV/c
● Data
- - PYTHIA8

CMS Preliminary 138 fb-1 (pp 13 TeV)

Figure 1. The elliptic anisotropy coefficient v∗2, obtained from two-particle correlations, as a function
of the minimum ∆η∗ limit for eight N j

chintervals. Results correspond to anti- R = 0.8 jets with pjet
T >

550 GeV and
∣∣∣ηjet
∣∣∣ < 1.6 in collisions at 13 TeV. Data points include statistical uncertainties (vertical

bars), while systematic uncertainties are represented by shaded boxes. The shaded envelope around the
Pythia8 model curves indicates statistical uncertainty.
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Figure 2. The second-order two-particle Fourier coefficient, V∗2∆, as a function of jtrg
T for different N j

ch
ranges, with associated particles in the range 0.3 < jass

T < 3 GeV. Results are shown for anti- R = 0.8
jets with pjet

T > 550 GeV and
∣∣∣ηjet
∣∣∣ < 1.6 in collisions at

√
s = 13 TeV, comparing data with Pythia8

predictions.

Building on previous two-particle correlation studies, where the trigger and associated
particles were selected from the same jT range, this analysis investigates cases with differ-
ing jtrgT and jass

T . This extension provides deeper insights into the origins of two-particle
correlations across different momentum scales. The second-order Fourier coefficient of the
two-particle correlation function is presented in Figs. 2, as a function of jtrgT for various N j

ch
bins, with associated particles in the range 0.3 < jass

T < 3 GeV. The Pythia8 predictions
generally agree with the data for most N j

ch intervals. However, for the highest N j
ch bin, an en-

hancement of V∗2∆ relative to MC predictions is seen for 0.5 < jtrgT < 1 GeV. This observation
is qualitatively consistent with correlations where jtrgT and jass

T lie in the same range.

3.2 Jet substructure engineering

To probe the connection between long-range anisotropy and initial-state geometry, jets are
classified by substructure using the zgθg observable. Large values of zgθg select jets with
a clear two-prong topology, characterized by both a more balanced pT sharing and a wider
angular separation between sub-jets, features that may correspond to a larger initial-state ec-
centricity during the early stage of parton shower. Figure 3 shows v∗2 versus N j

ch for jets
separated into zgθg < 0.25 and zgθg > 0.25, compared to Pythia8. larger values of zgθg
generally exhibit a higher v∗2, likely due to the azimuthal back-to-back configuration of their
sub-jets. This is consistent with dijet fragmentation but could also reflect sensitivity to col-
lective flow. For large zgθg, v∗2 increases with N j

chfor N j
ch > 80, while for smaller zgθg, it tends

to decrease at high N j
ch, suggesting a link between jet shape and long-range correlations. No-

tably, Pythia8 predicts a decreasing v∗2 with N j
chfor both small and large zgθg, contrasting the

data. The observed structure-dependent enhancement of v∗2 implies a possible influence of
intrinsic partonic interactions and associated dynamics.
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Figure 3. The elliptic anisotropy v∗2, obtained from two-particle correlations, as a function of N j
ch for

two jet substructure classes, zgθg < 0.25 (red) and zgθg > 0.25 (blue). Results are presented for two
transverse momentum ranges, 0.3 < jT < 3 GeV (left) and 0.5 < jT < 3 GeV (right), using anti- jets
with R = 0.8, pjet

T > 550 GeV, and
∣∣∣ηjet
∣∣∣ < 1.6 in collisions at

√
s = 13 TeV. The data points include

statistical uncertainties (vertical bars), while systematic uncertainties are indicated by shaded boxes.
The shaded envelopes around the Pythia8 curves represent statistical uncertainties.

4 Summary

The phenomenon of long-range azimuthal anisotropy in high-multiplicity jets is systemati-
cally investigated, and the origin of long-range correlations is explored by jet substructure
engineering. An enhancement of v∗2 at high N j

ch is observed only in two-prong jets, indicat-
ing a possible connection to the initial jet geometry. Further model studies are required to
establish the underlying dynamics.
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