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incoming beam particle

intermediate particle 
(quark or gluon)

final particle (hadron)

Event evolution spans up to 7 
orders of magnitude in space-
time. 

Different parts of a jet are 
causally disconnected by the time 
hadronisation takes place. 

A challenge for interpretations 
involving final-state collective 
effects.

http://panscales.org/videos.html 

http://panscales.org/videos.html
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Focus is on analysis in CMS PAS HIN-24-024

 enhancement at high 
multiplicities 

Evidence of flow or 
something else that 

we’re missing? 

Flow arguably difficult to 
justify in space-time 

picture of jets (cf. 
Dokshitzer-Webber 

2505.00652) 

We have a mystery 
Something is going on! 
How do we get more 

clues?

v2

3

http://arxiv.org/abs/2505.00652
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our basic philosophy is to identify what “intrinsic” 
sources of v2 exist, and whether that understanding 

points to potential further measurements 

minimising “intrinsic” v2 may also help maximise 
relative size of flow-like signals

http://arxiv.org/abs/2505.00652


an example:  
jet frame coordinates
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Step 1: transforming a jet (jet frame)

5
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Figure 1: Schematic representation of jets in the “jet frame,” a coordinate system where the
z-axis is aligned with the jet momentum direction. Left: illustration of a jet exhibiting two
sub-jets with unequal momentum magnitudes. Right: illustration of a jet with two sub-jets of
approximately equal momentum magnitudes, also referred to as a two-prong jet.

ticles in an event, combining information provided by the all-silicon inner tracker and by the
crystal electromagnetic and brass-scintillator hadron calorimeters, operating inside a 3.8 T su-
perconducting 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 more com-
plex objects such as jets [50–53].

The
p

s = 13 TeV pp collisions used in this analysis were delivered from 2016–2018 and corre-
spond to an integrated luminosity of 138 fb�1. The data were collected using an online trigger
searching for events containing anti-kT jets [54, 55] with distance parameter R = 0.8 having a
transverse momentum (p

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

p
jet
T > 550 GeV and pseudorapidity |hjet| < 1.6 in the laboratory reference frame.

This analysis focuses in particular on charged particles of jets. These charged particles are re-
quired to have |h| < 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 (s) [48]. The PUPPI algo-
rithm [56, 57] 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.

Jet energy corrections are obtained from Monte Carlo (MC) simulations to ensure that the av-
erage measured energy matches the generator-level value. Additional selection criteria are ap-
plied to exclude jets that may be dominated by instrumental effects or reconstruction failures.
The jet energy resolution is typically 10% at 100 GeV and 5% at 1 TeV [51].

3 Method of analysis
3.1 Coordinate transformations to the single-jet frame

The jet frame was introduced in Refs. [39, 40] as a coordinate system aligned with the jet’s
momentum, providing a natural framework for studying jet dynamics. In this frame, the z-

axis is defined along the jet’s momentum, and all particles within the jet cone are re-expressed
relative to this new coordinate system. The transformed momentum of a particle in the jet
frame is given by ~p⇤ = (jT, h⇤, f⇤), where jT represents the transverse momentum relative to

Jet frame: rotate the jet so 
that its axis aligns with the  axisz forward jets are narrower
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Step 1: transforming a jet (jet frame)
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Jet frame: rotate the jet so 
that its axis aligns with the  axisz forward jets also have a squeezed shape 

(with potential intrinsic )v2
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approximately equal momentum magnitudes, also referred to as a two-prong jet.
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jet
T ) above 500 GeV. In the offline analysis, jets were required to have

p
jet
T > 550 GeV and pseudorapidity |hjet| < 1.6 in the laboratory reference frame.

This analysis focuses in particular on charged particles of jets. These charged particles are re-
quired to have |h| < 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 (s) [48]. The PUPPI algo-
rithm [56, 57] 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.

Jet energy corrections are obtained from Monte Carlo (MC) simulations to ensure that the av-
erage measured energy matches the generator-level value. Additional selection criteria are ap-
plied to exclude jets that may be dominated by instrumental effects or reconstruction failures.
The jet energy resolution is typically 10% at 100 GeV and 5% at 1 TeV [51].

3 Method of analysis
3.1 Coordinate transformations to the single-jet frame

The jet frame was introduced in Refs. [39, 40] as a coordinate system aligned with the jet’s
momentum, providing a natural framework for studying jet dynamics. In this frame, the z-

axis is defined along the jet’s momentum, and all particles within the jet cone are re-expressed
relative to this new coordinate system. The transformed momentum of a particle in the jet
frame is given by ~p⇤ = (jT, h⇤, f⇤), where jT represents the transverse momentum relative to
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Step 1 alternative: transformation based on longitudinally invariant coordinates

7

long. inv. constituents:  
use  and  of particles wrt  

jet axis 
Δy Δϕ

Figure 1: Jet boundary in the px, py coordinates, for three di!erent jets at the each of the

rapidities yjet shown in the figure and ω = 0. Left: the jet-frame coordinates, as used in

Refs. [2, 3]. Right: the longitudinally invariant coordinates, Eq. [???] . The central cross

indicates the location of the jet axis after the transformation.

it is straightforward to see that a given ”yij between two particles i and j will map to smaller εij
as yi + yj is increased. This is illustrated in Fig. 1 (left), which shows the R = 0.8 jet boundary
in the jet-frame for jets with di!erent original rapidities. One clearly sees that for larger rapidities
the jet boundary in the jet frame gets smaller. What’s more, it develops a substantial asymmetry:
for large jet rapidities a particle rapidity y has a lab frame angle ε given by ε = 2e→y. Specifically,
for particles at yi = yjet ±R we have

εi,jet = 2e→yjet |e±R → 1|, yjet ↑ 1 (2.2)

• We instead would advocate the use of ”yi,jet (or ”ϑi,jet) and ”ωi,jet with respect to the jet
axis. Defining

ε2i ↓ ”y2i,jet +”ω2
i,jet, ϑ↑i = → log tan

εi
2
, ω↑

i = tan→1 ”yi,jet
”ωi,jet

, p↑ti = ptiεi (2.3)

gives a set of coordinates that does not undergo distortions under shifts in the original rapidity
of the jet.

2.2 What the jets looks like

3 Why the WTA axis is a more sensible choice
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[1] Y. L. Dokshitzer and B. R. Webber, Hadron multiplicity fluctuations in perturbative QCD,
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Anisotropies Inside High-Multiplicity Jets in pp Collisions at s=13 TeV, Phys. Rev. Lett. 133
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forward and central jets both circular 
(no intrinsic )v2

jti = ptiθi
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jet-frame (“JFC”) v. long-inv (“LIC”): v2 vs. nch 
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Little impact in full-jet 
sample (i.e. no soft-
drop cut) 

Some reduction of  
for jets that pass the 
SD cut (≡ less 
background for 
“signals”) 

Question: does the  
effect persist with LIC 
rather than JFC?

v2

v2
0.3 < jt < 3 GeV

{2
,Δ

η*
>

2}
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Δφ distribution for different rapidities and jet-frame choices

9

“SD cut” means 
zgθg > 0.250.3 < jt < 3 GeV
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transverse jet profile
all plots done with longitudinally invariant coordinates

10
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A first key question: why is there any v2 at all, even at low multiplicity?

➤ Take a jet in a given  bin & that 
passes the  cut 

➤ Rotate each jet azimuthally around its 
axis so that the soft-drop declustering 
line is horizontal 

➤ Plot all charged constituents  

➤ repeat for many jets, to build up a 
coherent picture 

Particles distributed according to a dipole-
radiation pattern; that is the source of 

nch
zgθg > 0.25

11

70≤nch≤79, pass zgθg>0.25 cut
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A first key question: why is there any v2 at all, even at low multiplicity?
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70≤nch≤79, pass zgθg>0.25 cut
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Δη* > 2 cut and antenna effect

13

70≤nch≤79, pass zgθg>0.25 cut

0.7<η*<1.3
η*>3.0
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highlighting η* ~ 1.0 correlation ring Antenna pattern for soft radiation  from 
a hard dipole of particles  and : 

k
a b

pa . pb

(pa . k)(k . pb)

a b  cut means correlation stretches 
between large angles and small angles.
Δη* > 2
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Δη* > 2 cut and antenna effect
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If  and  at angles , distribution of 
radiation at distance  from jet 
center is

a b ±R/2
r ≪ R

∝ 1 + 8
r2

R2
cos 2ϕ*

Vanishes as , contained in Pythiae−2Δη*

 cut means correlation stretches 
between large angles and small angles.
Δη* > 2
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Δη* > 2 cut and antenna effect
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Δη* > 2 cut and antenna effect
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Spin correlations

At next perturbative order, gluon 
polarisation in  gives correlation 
that persists for . 

 
 
Could it be especially relevant at high 
multiplicity (involves multiple gluons)?

g → gg
r/R → 0

14

70≤nch≤79, pass zgθg>0.25 cut
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η*>3.0

-1

-0.5

0

0.5

1

-1 -0.5 0 0.5 1

y

x

highlighting η* ~ 1.0 correlation ring

∝ 1 +
A
9

cos 2ϕ*, A ≤ 1
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Studying higher-order effects, in e+e– analogue

15

We tried a simpler 
setup in PanScales 

 with spin 
correlations on/off 

and impact was 
small and not 

enhanced at high 
multiplicity  

 
[all curves include 

3-jet matrix 
element 

corrections]

e+e−

{2
,Δ

η*
>

2}

0.3 < jt < 3 GeV
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Meaning of jt cut: 0.3 < jt < 3 GeV

 

In the outer ring, the  cut selects 
genuinely soft particles, since . A 
large fraction of the particles pass the  
cut. 

In the inner disc (high ), selected 
particles are not soft:  implies 

. Few of the particles pass the 
cut.

jti ∼ θi,jet pti

jt
θi,jet ∼ 0.5

jt

η*
θi,jet ≪ 1

pti ≫ 1 GeV

16
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Meaning of jt cut: 0.3 < jt < 3 GeV
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Meaning of jt cut: 0.3 < jt < 3 GeV

 

In the outer ring, the  cut selects 
genuinely soft particles, since . A 
large fraction of the particles pass the  
cut. 

In the inner disc (high ), selected 
particles are not soft:  implies 

. Few of the particles pass the 
cut.
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What further investigations?

The soft-drop splitting provides an 
effective plane  

That means one can take rings in , and 
calculate the single-particle  with respect 

to the plane 

Is the 2-particle  compatible with the 
convolution of the single-particle ’s in 

distinct rings? 

Can the the rise in  at high  be 
attributed to a specific  region? 

η*
v2

v2
v2

v2 nch
η*

17
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What further investigations?

The soft-drop splitting provides an 
effective plane  

That means one can take rings in , and 
calculate the single-particle  with respect 

to the plane 

Is the 2-particle  compatible with the 
convolution of the single-particle ’s in 

distinct rings? 

Can the the rise in  at high  be 
attributed to a specific  region? 
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normal (E-scheme)  
jet axis

Winner Takes All  
(WTA) jet axis

➤ for a 2-pronged jet, normal jet axis is 
mostly empty 

➤ WTA instead sets axis along harder branch 
at each stage of the clustering 

➤ Only with WTA does: 

➤ small  mean a particle is soft 

➤ large  mean a particle is close in angle 
to its parent

jt
η*
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v2 with WTA versus normal (E-scheme) jet axis

➤ WTA has much smaller 
baseline  

➤ Presumably because large 
 region is genuinely 

collinear to the hard 
parton, azimuth mostly 
uncorrelated with 
direction of hard SD prong

v2

η*
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WTA

normal jet axis
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Conclusions
There are arguments that “collective” effects don’t make sense in the final state: by the 
time hadronisation takes place the jet is sparse and many parts are causally disconnected 

Can we get extra clues to the origin of the observed  effect? 

➤ longitudinally-invariant v. jet-frame coordinates: the former would reduce non-
trivial kinematic correlation with the beam direction 

➤ single-particle , in  slices: this is possible given the soft-drop splitting defines a 
“jet plane”, and might tell us if  enhancement is coming from the outer or inner 
parts of the jet 

➤ WTA limits intrinsic  from dipole antenna structure of jets that pass the SD 
condition. More similar to initial-state flow observables. Does high-multiplicity  
enhancement persist?

v2

v2 η*
v2

v2
v2
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