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The context of this talk: LHC physics (colour-coded by directly-probed energy scales)
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Key high-energy physics goals (my view) 
1. Establish the structure of the Higgs sector of the SM 
2. Search for signs of physics beyond the SM, direct (incl. dark 

matter candidates, SUSY, etc.) and indirect 
3. Measure SM parameters, proton structure (PDFs), establish 

theory-data comparison methods, etc.
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The Lagrangian and Higgs interactions: two out of three qualitatively new!
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ℒSM = ⋯ + |Dμϕ |2 + ψi yij ψj ϕ − V(ϕ)

Gauge interactions, structurally 
like those in QED, QCD, EW, 

studied for many decades  
(but now with a scalar)

Yukawa interactions.  
Responsible for fermion 

masses, and induces “fifth 
force” between fermions. 

Direct study started only 
in 2018!

Higgs potential → 
self-interaction 
(“sixth?” force 
between scalars). 

Holds the SM 
together.  

Unobserved
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Broadband searches (here an example with 704 event classes, >36000 bins)
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13 TeV, 3.2 fb-1 

General search

Just one illustration 
out of many searches 

at the LHC  
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LHC luminosity v. time

6

Run 3 Run 4

YEAR

year lumi (fb–1)

2020 140

2025 450 (⨉ 3)

2030 1200 (⨉ 8)

2037 3000 (⨉ 20)
integrated luminosity  
(~ total number of  
pp collisions)

today: 140 fb-1

95% of collisions  
still to be delivered 
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UNDERLYING 
THEORY

EXPERIMENTAL 
DATA

through a chain 
 of experimental 

and theoretical links 
[in particular Quantum Chromodynamics (QCD)]

how do you make 
quantitative 
connection?
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incoming beam particle

intermediate particle 
(quark or gluon)

final particle (hadron)

Event evolution spans 7 orders of 
magnitude in space-time

http://panscales.org/videos.html 

http://panscales.org/videos.html
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Jet finding projects high-dim info to low number of dimensions in a robust, reproducible way

10

Jets as projections[Introduction]

[Background knowledge]

jet 1 jet 2

LO partons

Jet Def n

jet 1 jet 2

Jet Def n

NLO partons

jet 1 jet 2

Jet Def n

parton shower

jet 1 jet 2

Jet Def n

hadron level

π π

K
p φ

Projection to jets should be resilient to QCD effects

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 8 / 35

Projection to jets should be resilient to QCD effects



step back ~15 years
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pre-LHC hadron-collider jet algorithms (cone algorithms) were infrared unsafe

12
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Figure 1: Configuration illustrating one of the IR unsafety problems of the midpoint jet
algorithm (R = 1); (a) the stable cones (ellipses) found in the midpoint algorithm; (b)
with the addition of an arbitrarily soft seed particle (red wavy line) an extra stable cone
is found.

these two stable cones, at y ! 1.247R, one iterates back to the stable cone at y ! 0.194R,
therefore the stable cone at y = 1.53R is never found. The result is that particles 1 and 2
are in one jet, and particle 3 in another, fig.1a.

If additionally a soft particle (4) is present to act as a seed near y = 1.53R, fig.1b, then
the stable cone there is found from the iterative procedure. In this case we have three
overlapping stable cones, with hard-particle content 1 + 2, 2 + 3 and 3. What happens
next depends on the precise splitting and merging procedure that is adopted. Using that
of [6] then for f < 0.55 the jets are merged into a single large jet 1 + 2+ 3, otherwise they
are split into 1 and 2 + 3. Either way the jets are different from those obtained without
the extra soft seed particle, meaning that the procedure is infrared unsafe. In contrast, a
seedless approach would have found the three stable cones independently of the presence
of the soft particle and so would have given identical sets of jets.

The infrared divergence arises for configurations with 3 hard particles in a common
neighbourhood plus one soft one (and a further hard electroweak boson or QCD parton
to balance momentum). Quantities where it will be seen include the NLO contribution
to the heavy-jet mass in W/Z+2-jet (or 3-jet) events, the NNLO contribution to the
W/Z+2-jet cross section or the 3-jet cross section, or alternatively at NNNLO in the
inclusive jet cross section. The problem might therefore initially seem remote, since the
theoretical state of the art is far from calculations of any of these quantities. However
one should recall that infrared safety at all orders is a prerequisite if the perturbation
series is to make sense at all. If one takes the specific example of the Z+2-jet cross
section (measured in [10]) then the NNLO divergent piece would be regulated physically
by confinement at the non-perturbative scale ΛQCD, and would give a contribution of order
αEWα4

s ln pt/ΛQCD. Since αs(pt) ln pt/ΛQCD ∼ 1, this divergent NNLO contribution will be
of the same order as the NLO piece αEWα3

s. Therefore the NLO calculation has little formal
meaning for the midpoint algorithm, since contributions involving yet higher powers of αs

7

Observable 1st miss cones at Last meaningful order
Inclusive jet cross section NNLO NLO
W/Z/H + 1 jet cross section NNLO NLO
3 jet cross section NLO LO
W/Z/H + 2 jet cross section NLO LO
jet masses in 3 jets, W/Z/H + 2 jets LO none

Table 2: Summary of the order (α4
s or α

3
sαEW ) at which stable cones are missed in various

processes with a midpoint algorithm, and the corresponding last order that can be mean-
ingfully calculated. Infrared unsafety first becomes visible one order beyond that at which
one misses stable cones.

will be parametrically as large as the NLO term.4 The situation for a range of processes is
summarised in table 2.

4 An exact seedless cone jet definition

One way in which one could imagine trying to ‘patch’ the seed-based iterative cone jet-
algorithm to address the above problem would be to use midpoints between all pairs of
particles as seeds, as well as midpoints between the initial set of stable cones.5 However
it seems unlikely that this would resolve the fundamental problem of being sure that one
will systematically find all solutions of eq. (1) for any ensemble of particles.

Instead it is more appropriate to examine exhaustive, non-iterative approaches to the
problem, i.e. an exact seedless cone jet algorithm, one that provably finds all stable cones,
as advocated already some time ago in [16].

For very low multiplicities N , one approach is that suggested in section 3.3.3 of [6] and
used in the MCFM [18] and NLOJet [19] next-to-leading order codes. One first identifies
all possible subsets of the N particles in the event. For each subset S, one then determines
the rapidity (yS) and azimuth (φS) of the total momentum of the subset, pS =

∑

i∈S pi
and then checks whether a cone centred on yS , φS contains all particles in S but no other
particles. If this is the case then S corresponds to a stable cone. This procedure guarantees
that all solutions to eq. (1) will be found.

In the above procedure there are ∼ 2N distinct subsets of particles and establishing
whether a given subset corresponds to a stable cone takes time O (N). Therefore the
time to identify all stable cones is O

(

N2N
)

. For the values of N (≤ 4) relevant in fixed-
order calculations, N2N time is manageable, however as soon as one wishes to consider

4As concerns the measurement [10], the discussion is complicated by the confusion surrounding the
nomenclature of the seedless and midpoint algorithms — while it seems that the measurement was carried
out with a true midpoint algorithm, the calculation probably used the ‘midpoint’ as defined in section
3.4.2 of [6] (cf. footnote 2), which is actually the seedless algorithm, i.e. the measurements and theoretical
predictions are based on different algorithms.

5This option was actually mentioned in [6] but rejected at the time as impractical.

8

GPS & Soyez 
arXiv:0704.0292

infrared unsafety =  
strong sensitivity to low-

momentum perturbations of 
event structure  

→ uncancelled  in 
perturbative QCD calculations

∞

https://arxiv.org/abs/0704.0292
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yet we were on the cusp of a revolution in precision QCD (NNLO) calculations

13

2002 2004 2006 2008 2010 2012 2014 2016 2018 2020

W/Z total, H total, Harlander, Kilgore

H total, Anastasiou, Melnikov

H total, Ravindran, Smith, van Neerven

WH total, Brein, Djouadi, Harlander

H diff., Anastasiou, Melnikov, Petriello

H diff., Anastasiou, Melnikov, Petriello

W diff., Melnikov, Petriello

W/Z diff., Melnikov, Petriello

H diff., Catani, Grazzini

W/Z diff., Catani et al.

VBF total, Bolzoni, Maltoni, Moch, Zaro
WH diff., Ferrera, Grazzini, Tramontano

�-�, Catani et al.
Hj (partial), Boughezal et al.
ttbar total, Czakon, Fiedler, Mitov

Z-�, Grazzini, Kallweit, Rathlev, Torre
jj (partial), Currie, Gehrmann-De Ridder, Glover, Pires

ZZ, Cascioli it et al.
ZH diff., Ferrera, Grazzini, Tramontano
WW , Gehrmann et al.
ttbar diff., Czakon, Fiedler, Mitov

Z-�, W-�, Grazzini, Kallweit, Rathlev
Hj, Boughezal et al.
Wj, Boughezal, Focke, Liu, Petriello
Hj, Boughezal et al.
VBF diff., Cacciari et al.
Zj, Gehrmann-De Ridder et al.
ZZ, Grazzini, Kallweit, Rathlev
Hj, Caola, Melnikov, Schulze

Zj, Boughezal et al.
WH diff., ZH diff., Campbell, Ellis, Williams
�-�, Campbell, Ellis, Li, Williams
WZ, Grazzini, Kallweit, Rathlev, Wiesemann
ptZ, Gehrmann-De Ridder et al.
WW , Grazzini et al.
MCFM at NNLO, Boughezal et al.
single top, Berger, Gao, C.-Yuan, Zhu
HH, de Florian et al.
ptH, Chen et al.
ptZ, Gehrmann-De Ridder et al.
jj, Currie, Glover, Pires
�X, Campbell, Ellis, Williams
�j, Campbell, Ellis, Williams
VH, H->bb, Ferrera, Somogyi, Tramontano
single top, Berger, Gao, Zhu
HHZ, Li, Li, Wang
DIS jj, Žleb�ík et al.
VH, H->bb, Caola, Luisoni, Melnikov, Roentsch
ptW, Gehrmann-De Ridder et al.
VBF diff., Cruz-Martinez, Gehrmann, Glover, Huss

Wj, Zj, Gehrmann-De Ridder et al.
ttbar total, Catani et al.
�j, Chen et al.

H->bbj, Mondini, Williams
ttbar diff., Catani et al.

many of these calculations  
would have been meaningless if 
LHC had used IR unsafe jet algorithms
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possible solution  
“sequential recombination” kt algorithm

14

1. for all particle pairs, , find smallest of  

 

2. if  recombine particles into one 

3. if  declare  to be a jet 

Accept all jets above some some threshold 
transverse momentum

i, j

dij = min(p2
ti, p2

tj)
ΔR2

ij

R2
, diB = p2

ti

dij

diB i

Marunouchi, Tokyo (c. 2009)

Catani, Dokshitzer, Seymour & Webber ’93 
Ellis & Soper ‘93
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14

pt/GeV

60

50

40

20

0
0 1 2 3 4 y

30

10

dmin is dij = 20.1583

1. for all particle pairs, , find smallest of  

 

2. if  recombine particles into one 

3. if  declare  to be a jet 

Accept all jets above some some threshold 
transverse momentum

i, j

dij = min(p2
ti, p2

tj)
ΔR2

ij

R2
, diB = p2

ti

dij

diB i

Marunouchi, Tokyo (c. 2009)

Catani, Dokshitzer, Seymour & Webber ’93 
Ellis & Soper ‘93



5th KEK-PH on Jet Physics, November 2021Gavin Salam

possible solution  
“sequential recombination” kt algorithm

14

pt/GeV

60

50

40

20

0
0 1 2 3 4 y

30

10

1. for all particle pairs, , find smallest of  

 

2. if  recombine particles into one 

3. if  declare  to be a jet 

Accept all jets above some some threshold 
transverse momentum

i, j

dij = min(p2
ti, p2

tj)
ΔR2

ij

R2
, diB = p2

ti

dij

diB i

Marunouchi, Tokyo (c. 2009)

Catani, Dokshitzer, Seymour & Webber ’93 
Ellis & Soper ‘93



5th KEK-PH on Jet Physics, November 2021Gavin Salam

possible solution  
“sequential recombination” kt algorithm

14

pt/GeV

60

50

40

20

0
0 1 2 3 4 y

30

10

dmin is dij = 24.4196

1. for all particle pairs, , find smallest of  

 

2. if  recombine particles into one 

3. if  declare  to be a jet 

Accept all jets above some some threshold 
transverse momentum

i, j

dij = min(p2
ti, p2

tj)
ΔR2

ij

R2
, diB = p2

ti

dij

diB i

Marunouchi, Tokyo (c. 2009)

Catani, Dokshitzer, Seymour & Webber ’93 
Ellis & Soper ‘93



5th KEK-PH on Jet Physics, November 2021Gavin Salam

possible solution  
“sequential recombination” kt algorithm

14

pt/GeV

60

50

40

20

0
0 1 2 3 4 y

30

10

1. for all particle pairs, , find smallest of  

 

2. if  recombine particles into one 

3. if  declare  to be a jet 

Accept all jets above some some threshold 
transverse momentum

i, j

dij = min(p2
ti, p2

tj)
ΔR2

ij

R2
, diB = p2

ti

dij

diB i

Marunouchi, Tokyo (c. 2009)

Catani, Dokshitzer, Seymour & Webber ’93 
Ellis & Soper ‘93



5th KEK-PH on Jet Physics, November 2021Gavin Salam

possible solution  
“sequential recombination” kt algorithm

14

pt/GeV

60

50

40

20

0
0 1 2 3 4 y

30

10

dmin is dij = 27.7275

1. for all particle pairs, , find smallest of  

 

2. if  recombine particles into one 

3. if  declare  to be a jet 

Accept all jets above some some threshold 
transverse momentum

i, j

dij = min(p2
ti, p2

tj)
ΔR2

ij

R2
, diB = p2

ti

dij

diB i

Marunouchi, Tokyo (c. 2009)

Catani, Dokshitzer, Seymour & Webber ’93 
Ellis & Soper ‘93



5th KEK-PH on Jet Physics, November 2021Gavin Salam

possible solution  
“sequential recombination” kt algorithm

14

pt/GeV

60

50

40

20

0
0 1 2 3 4 y

30

10

1. for all particle pairs, , find smallest of  

 

2. if  recombine particles into one 

3. if  declare  to be a jet 

Accept all jets above some some threshold 
transverse momentum

i, j

dij = min(p2
ti, p2

tj)
ΔR2

ij

R2
, diB = p2

ti

dij

diB i

Marunouchi, Tokyo (c. 2009)

Catani, Dokshitzer, Seymour & Webber ’93 
Ellis & Soper ‘93



5th KEK-PH on Jet Physics, November 2021Gavin Salam

possible solution  
“sequential recombination” kt algorithm

14

pt/GeV

60

50

40

20

0
0 1 2 3 4 y

30

10

dmin is dij = 35.6336

1. for all particle pairs, , find smallest of  

 

2. if  recombine particles into one 

3. if  declare  to be a jet 

Accept all jets above some some threshold 
transverse momentum

i, j

dij = min(p2
ti, p2

tj)
ΔR2

ij

R2
, diB = p2

ti

dij

diB i

Marunouchi, Tokyo (c. 2009)

Catani, Dokshitzer, Seymour & Webber ’93 
Ellis & Soper ‘93



5th KEK-PH on Jet Physics, November 2021Gavin Salam

possible solution  
“sequential recombination” kt algorithm

14

pt/GeV

60

50

40

20

0
0 1 2 3 4 y

30

10

1. for all particle pairs, , find smallest of  

 

2. if  recombine particles into one 

3. if  declare  to be a jet 

Accept all jets above some some threshold 
transverse momentum

i, j

dij = min(p2
ti, p2

tj)
ΔR2

ij

R2
, diB = p2

ti

dij

diB i

Marunouchi, Tokyo (c. 2009)

Catani, Dokshitzer, Seymour & Webber ’93 
Ellis & Soper ‘93



5th KEK-PH on Jet Physics, November 2021Gavin Salam

possible solution  
“sequential recombination” kt algorithm

14

pt/GeV

60

50

40

20

0
0 1 2 3 4 y

30

10

dmin is dij = 47.6043

1. for all particle pairs, , find smallest of  

 

2. if  recombine particles into one 

3. if  declare  to be a jet 

Accept all jets above some some threshold 
transverse momentum

i, j

dij = min(p2
ti, p2

tj)
ΔR2

ij

R2
, diB = p2

ti

dij

diB i

Marunouchi, Tokyo (c. 2009)

Catani, Dokshitzer, Seymour & Webber ’93 
Ellis & Soper ‘93



5th KEK-PH on Jet Physics, November 2021Gavin Salam

possible solution  
“sequential recombination” kt algorithm

14

pt/GeV

60

50

40

20

0
0 1 2 3 4 y

30

10

1. for all particle pairs, , find smallest of  

 

2. if  recombine particles into one 

3. if  declare  to be a jet 

Accept all jets above some some threshold 
transverse momentum

i, j

dij = min(p2
ti, p2

tj)
ΔR2

ij

R2
, diB = p2

ti

dij

diB i

Marunouchi, Tokyo (c. 2009)

Catani, Dokshitzer, Seymour & Webber ’93 
Ellis & Soper ‘93



5th KEK-PH on Jet Physics, November 2021Gavin Salam

possible solution  
“sequential recombination” kt algorithm

14

pt/GeV

60

50

40

20

0
0 1 2 3 4 y

30

10

dmin is dij = 400.407

1. for all particle pairs, , find smallest of  

 

2. if  recombine particles into one 

3. if  declare  to be a jet 

Accept all jets above some some threshold 
transverse momentum

i, j

dij = min(p2
ti, p2

tj)
ΔR2

ij

R2
, diB = p2

ti

dij

diB i

Marunouchi, Tokyo (c. 2009)

Catani, Dokshitzer, Seymour & Webber ’93 
Ellis & Soper ‘93



5th KEK-PH on Jet Physics, November 2021Gavin Salam

possible solution  
“sequential recombination” kt algorithm

14

pt/GeV

60

50

40

20

0
0 1 2 3 4 y

30

10

1. for all particle pairs, , find smallest of  

 

2. if  recombine particles into one 

3. if  declare  to be a jet 

Accept all jets above some some threshold 
transverse momentum

i, j

dij = min(p2
ti, p2

tj)
ΔR2

ij

R2
, diB = p2

ti

dij

diB i

Marunouchi, Tokyo (c. 2009)

Catani, Dokshitzer, Seymour & Webber ’93 
Ellis & Soper ‘93



5th KEK-PH on Jet Physics, November 2021Gavin Salam

possible solution  
“sequential recombination” kt algorithm

14

pt/GeV

60

50

40

20

0
0 1 2 3 4 y

30

10

dmin is diB = 816.327

1. for all particle pairs, , find smallest of  

 

2. if  recombine particles into one 

3. if  declare  to be a jet 

Accept all jets above some some threshold 
transverse momentum

i, j

dij = min(p2
ti, p2

tj)
ΔR2

ij

R2
, diB = p2

ti

dij

diB i

Marunouchi, Tokyo (c. 2009)

Catani, Dokshitzer, Seymour & Webber ’93 
Ellis & Soper ‘93



5th KEK-PH on Jet Physics, November 2021Gavin Salam

possible solution  
“sequential recombination” kt algorithm

14

pt/GeV

60

50

40

20

0
0 1 2 3 4 y

30

10

1. for all particle pairs, , find smallest of  

 

2. if  recombine particles into one 

3. if  declare  to be a jet 

Accept all jets above some some threshold 
transverse momentum

i, j

dij = min(p2
ti, p2

tj)
ΔR2

ij

R2
, diB = p2

ti

dij

diB i

Marunouchi, Tokyo (c. 2009)

Catani, Dokshitzer, Seymour & Webber ’93 
Ellis & Soper ‘93



5th KEK-PH on Jet Physics, November 2021Gavin Salam

possible solution  
“sequential recombination” kt algorithm

14

pt/GeV

60

50

40

20

0
0 1 2 3 4 y

30

10

dmin is diB = 2500

1. for all particle pairs, , find smallest of  

 

2. if  recombine particles into one 

3. if  declare  to be a jet 

Accept all jets above some some threshold 
transverse momentum

i, j

dij = min(p2
ti, p2

tj)
ΔR2

ij

R2
, diB = p2

ti

dij

diB i

Marunouchi, Tokyo (c. 2009)

Catani, Dokshitzer, Seymour & Webber ’93 
Ellis & Soper ‘93



5th KEK-PH on Jet Physics, November 2021Gavin Salam

possible solution  
“sequential recombination” kt algorithm

14

pt/GeV

60

50

40

20

0
0 1 2 3 4 y

30

10

1. for all particle pairs, , find smallest of  

 

2. if  recombine particles into one 

3. if  declare  to be a jet 

Accept all jets above some some threshold 
transverse momentum

i, j

dij = min(p2
ti, p2

tj)
ΔR2

ij

R2
, diB = p2

ti

dij

diB i

Marunouchi, Tokyo (c. 2009)

Catani, Dokshitzer, Seymour & Webber ’93 
Ellis & Soper ‘93



5th KEK-PH on Jet Physics, November 2021Gavin Salam

possible solution  
“sequential recombination” kt algorithm

14

pt/GeV

60

50

40

20

0
0 1 2 3 4 y

30

10

dmin is diB = 3951.02

1. for all particle pairs, , find smallest of  

 

2. if  recombine particles into one 

3. if  declare  to be a jet 

Accept all jets above some some threshold 
transverse momentum

i, j

dij = min(p2
ti, p2

tj)
ΔR2

ij

R2
, diB = p2

ti

dij

diB i

Marunouchi, Tokyo (c. 2009)

Catani, Dokshitzer, Seymour & Webber ’93 
Ellis & Soper ‘93



5th KEK-PH on Jet Physics, November 2021Gavin Salam

possible solution  
“sequential recombination” kt algorithm

14

pt/GeV

60

50

40

20

0
0 1 2 3 4 y

30

10

1. for all particle pairs, , find smallest of  

 

2. if  recombine particles into one 

3. if  declare  to be a jet 

Accept all jets above some some threshold 
transverse momentum

i, j

dij = min(p2
ti, p2

tj)
ΔR2

ij

R2
, diB = p2

ti

dij

diB i

Marunouchi, Tokyo (c. 2009)

Catani, Dokshitzer, Seymour & Webber ’93 
Ellis & Soper ‘93



15

kt's a vacuum
cleaner

the cone gives
nice conical jets

kt adapts to the
jet structure

the cone is too
rigid

kt's too irregular
I can't correct

for pileup

cone has big
hadronisation

corrections

cone is 
infrared
unsafe

kt's too slow

c. 2005

many theorists
many 

experimenters



5th KEK-PH on Jet Physics, November 2021Gavin Salam
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Figure 3: The running times of various jet-finders versus the number of initial particles. JetClu
is a widely-used cone-type jet-finder, however it is ‘almost infrared unsafe’, i.e. perturbative
predictions have large logarithmic dependence on small parameters (e.g. seed threshold) [29,30].
MidPoint [29] is an infrared safe cone-type jet finder. For both we use code and parameters from
CDF [31]. The Optimal Jet Finder [9] (OJF) has been run with Ωcut = 0.15 and a maximum of
8 jets, so as to produce a final state similar to that returned by the kt and cone jet-finders and
to limit its run time.

with the required large number of ghost particles without a fast code.

Preliminary studies have shown that with simple assumptions about the uniformity of
the underlying event and pileup, one can readily determine its size and subtract it from the
hard jets, leading to good determinations of kinematical quantities (e.g. invariant masses)
in high-luminosity pp collisions, or of single inclusive jet distributions in Pb-Pb collisions
at the LHC. Full results will be shown in [32].

Two more observations are worth making before closing this section. They will both
be discussed in more detail in [32].

The first is that it can also be interesting to examine alternative definitions of jet
areas. One option is to make use of the areas of the Voronoi cells of all the real particles
belonging to a given jet. This definition avoids the need to cluster thousands of ghost
particles together with the real ones. It instead rests on the geometrical properties of the
event, and on the computational geometry component of the FastJet implementation.

The second observation is that there exist clustering-type jet-finders other than the kt

jet-finder that share a large fraction of its features (including, of course, infrared safety),
and the possibility of a fast implementation. One such example is the “Cambridge” jet-

8

factor of ~1000 speedup, 
using the “FastJet lemma” 
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geometric information to 
speed clustering from  
up to to 

N3

N ln N
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advance #3: removal of pileup (many simultaneous pp collisions)

19

https://cds.cern.ch/record/2231915/files/highpileup1_4.png?

Nowadays many 
methods used 
(area-subtraction, 
particle/unified 
flow objects, 
PUPPI, soft-killer, 
…) and machine-
learning likely to 
play increasing 
role 

Beyond scope of 
today’s talk
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those 3 advances are central to LHC 
physics today (e.g. anti-kt used in >70% 

of ATLAS & CMS publications) 
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looking inside jets — basics
most jet finding based on correspondence 

1 jet = 1 hard QCD parton (quark or gluon) 
LHC forces us to go beyond that regime

21
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high pT Higgs & [SD] jet mass
We wouldn’t trust electromagnetism if 
we’d only tested it at one length/
momentum scale. 

New Higgs interactions need testing at 
both low and (here) high momenta.

22

high-pT  
Z → bb

high-pT  
H → bb  
(2.5 σ)?

p p

H

arXiv:2006.13251 

http://arxiv.org/abs/2006.13251
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Jet substructure for boosted hadronc W/Z/H/t etc. decays

23

Boosted objects at the LHC

I At LHC energies, EW-scale particles (W/Z/t. . . ) are often produced
with pt � m, leading to collimated decays.

I Hadronic decay products are thus often reconstructed into single jets.

[Figure by G. Soyez]

Frédéric Dreyer 5/42
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ce

pure QCD event event with Higgs & Z boson decays
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Fig. 2. A hadronic W decay, as seen at calorimeter level, a without, 
and b with, particles from the underlying event. Box sizes are 
logarithmic in the cell energy, lines show the borders of the sub-jets 
for infinitely soft emission according to the cluster (solid) and cone 
(dashed) algorithms 

cluster algorithm should improve the collection of the jet 
energy into sub-jets, while the smaller radius should re- 
duce the amount of uncorrelated energy from the underly- 
ing event that we include. A natural way to continue the 
event shape approach is to make the radius R propor- 
tional to the separation of the two sub-jets. This is also 
a natural way to analyse sub-jets in the angular-ordered 
parton cascade picture, since emission at angles larger 
than their opening angle corresponds to coherent emis- 
sion by the pair, while emission at angles smaller than it 

corresponds to emission by a sub-jet. Thus only the latter 
is attributed to the sub-jet structure of the jet. For  the 
decay of a colourless particle, which we are interested in, 
this has even more advantages since the total colour 
charge of the jet is zero. Thus emission at angles larger 
than the sub-jet opening angle is strongly suppressed, so 
predominantly comes from the underlying event, as seen 
in the event of Fig. 2. 

To implement this idea, we first reconstruct events 
using the standard cluster algorithm with R =  1, and 
measure the interjet separation, Rjj. Then we recluster 
only those particles that ended up in the hardest jet, using 
a radius R=aRjj, and the inclusive reconstruction 
method. We assume that the hardest two inclusive jets 
correspond to the sub-jets measured in the first stage, but 
there are non-leading regions of phase-space where this is 
not the case (ie. emission that is neither soft nor collinear). 
A more complete analysis would check whether the two 
definitions roughly agree about the sub-jet momenta and 
reject events in which they do not, since any determination 
of the W momentum is unlikely to be accurate in those 
events. However, the fraction of events in which this is 
the case is sufficiently small that we do not consider 
it essential. Finally, we apply the W mass constraint 
and reconstruct the Higgs mass just as in the standard 
algorithm. 

We have optimized the a value with respect to the 
width of the reconstructed Higgs mass distribution. The 
width has a broad minimum at c~=0.6, and this is the 
value we adopt. We find that the tail of badly mis- 
measured events is slightly larger than in the standard 
algorithm because of the non-soft non-collinear config- 
urations, but that the central peak is much better re- 
constructed. The W and Higgs mass distributions have 
central values and widths of 79.3 _+ 3.6 GeV and 
600.7 _+ 2.3 GeV respectively. 

We have also tried using a fixed R parameter and find 
that it is optimized for R = 0.4. It is interesting to note that 
according to the correspondence between the algorithms 
given in [8], R . . . .  ~0.7Rc]us, this corresponds to a radius 
in the cone algorithm of R = 0.28, in agreement with the 
value of 0.25 optimized in our earlier studies [9, 13]. It is 
slightly worse than the event shape version for the 
W mass, and slightly better for the Higgs mass, giving 
78.7 _+ 3.8 GeV and 600.4 +_ 2.3 GeV respectively. 

The need for radius parameters of less than the natural 
scale for jet physics can be traced to the non-invariance of 
the algorithms under transverse Lorentz boosts. The natu- 
ral radius with which to reconstruct the hadronic W decay 
in its own rest-frame should be around the same as for jet 
physics, Rclus~ 1, but when the system is boosted to the 
laboratory frame, this radius shrinks by a factor ~pJmw, 
which on average is n/8 mH/mw"~ 3. This corresponds to 
a fixed radius R~lus~0.35, in rough agreement with the 
optimized value. This suggests an alternative event shape 
approach, where the radius is given by R=flmw/P,w. 
Averaging over relative orientations of the Higgs and 
W decays, this is the same as the first event shape ap- 
proach, but it is possible that the fluctuations around the 
average are smaller. We have optimized fl, and find 
fl = 1.4, giving 79.2 _+ 3.9 GeV and 600.6 _ 2.4 GeV respec- 
tively, in agreement with the other two methods. 

“Then we recluster only those particles that ended up in the hardest jet, using a radius 
R=αRjj,”

“As a simple example (in fact the only way in 
which we use sub-jets in this paper), one could 
cluster the event until there is exactly one jet 
remaining-this is then the hardest  jet. Then one 
could recluster only those particles that ended 
up in the hardest jet until there are exactly two 
jets-these are then the sub-jets corresponding to 
the hardest emission within the hardest jet.”

1993
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change in the sequence of clustering (combining smaller-angle pairs first), together with
the ‘freezing’ of soft resolved jets, has beneficial effects.
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Cambridge/Aachen algorithm
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the Cambridge / Aachen (C/A) jet algorithm
1. Identify pair of particles, i & j, with smallest ΔRij 

2. If ΔRij < R (jet radius parameter) 

A. recombine i & j into a single particle 

B. loop back to step 1 

3. Otherwise, stop the clustering

29
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Dokshitzer, Leder, Moretti & Webber ’97 
Wobisch & Wengler ‘98
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A sequence of jet substructure tools taggers
➤ 2008: Mass-Drop Tagger (C/A declustering with a kt/m cut)  

[Butterworth, Davison, Rubin, GPS, arXiv:0802.2470] 
➤ 2013: Soft Drop, β=0, aka modified mass-drop tagger (mMDT) 

[Dasgupta, Fregoso, Marzani, GPS, arXiv:1307.0007] 

➤ 2014: Soft Drop, β≠0  
[Larkoski, Marzani, Soyez, Thaler, arXiv:1402.2657] 

30

1. Undo last clustering of C/A jet into subjets 1, 2 

2. Stop if    

3. Else discard softer branch, repeat step 1 with harder branch

z =
min(pt1, pt2)

pt1 + pt2 ( ΔR12

R )
β

> zcut

https://arxiv.org/abs/0802.2470
https://arxiv.org/abs/1307.0007
https://arxiv.org/abs/1402.2657
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SoftDrop: action on signal (e.g. W/H/Z)

31
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Figure 11: Performance of soft drop as a boosted W tagger. Top left: signal e�ciency

versus background mistag for jets with pT > 500 GeV. Each curve is obtained by fixing the

value of �, sweeping the value of zcut, and counting jets with groomed mass in the range

[70 GeV, 90 GeV]. Top right: Values of zcut for as a function of the e�ciency, for given �.

Bottom: mass distribution of signal (left) and background (right) jets before and after soft

drop. For each curve, the value of � is shown in the legend, while the value of zcut is the one

that gives a 35% signal e�ciency.
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NB: zcut chosen to keep signal efficiency fixed at 35% for all β

Plots from Larkoski, Marzani, Soyez & Thaler arXiv:1402.2657

raw signal (plain jet mass)

Soft Drop signal jet mass

http://arxiv.org/abs/arXiv:1402.2657
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SoftDrop: action on background (quark/gluon-induced jets)
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Figure 11: Performance of soft drop as a boosted W tagger. Top left: signal e�ciency

versus background mistag for jets with pT > 500 GeV. Each curve is obtained by fixing the

value of �, sweeping the value of zcut, and counting jets with groomed mass in the range

[70 GeV, 90 GeV]. Top right: Values of zcut for as a function of the e�ciency, for given �.

Bottom: mass distribution of signal (left) and background (right) jets before and after soft

drop. For each curve, the value of � is shown in the legend, while the value of zcut is the one

that gives a 35% signal e�ciency.
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NB: zcut chosen to keep signal efficiency fixed at 35% for all β

Plots from Larkoski, Marzani, Soyez & Thaler arXiv:1402.2657

raw background (plain jet mass)
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Soft Drop background jet mass
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For comparison: trimming sculpts 
background much more
➤ Trimming has three structures, 

induced by 

➤  

➤  

➤ Sudakov peak 

➤ In comparison: just one structure 
in mMDT/SoftDrop ( )

zcut

Rsub

zcut
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Figure 4. Comparison of Monte Carlo (left panels) and analytic results (right panels) for trimming.
The upper panels are for quark jets, the lower panels for gluon jets. Two sets of trimming parameters
are illustrated. In the upper left panel, arrows indicate the expected transition points, at ρ = r2zcut
(in black) and ρ = zcut (in grey), where r = Rsub/R. The details of the MC event generation are
as for Fig. 1.

Insofar as zcut and Rsub are not too small, the peak position is essentially given by the

peak position for the mass of a jet of size Rsub rather than R,

Ltrim
peak =

1√
ᾱs

− 2 ln r +O (1) . (4.10)

i.e. at a ρ value that is a factor r2 smaller than for the plain jet mass. This is consistent

with what is observed comparing the Monte Carlo results for the plain and trimmed jet

masses. A final comment is that while the peak position is independent of zcut, its height

– 12 –
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Figure 11. Comparison of Monte Carlo (left panels) and analytic results (right panels) for the
modified mass-drop tagger (mMDT). The upper panels are for quark jets, the lower panels for gluon
jets. Three values of ycut are illustrated, while µ is always taken to be 0.67 (its precise value has no
impact on the results, as long as it is not substantially smaller than this). The details of the MC
event generation are as for Fig. 1.

tagger deserves further investigation in view of possibly becoming the main recommended

variant of mMDT.13

7.5 Interplay with filtering

The mass-drop tagger is often used together with a filtering procedure, which reduces

sensitivity to underlying event and pileup. In its original incarnation a filtering radius Rfilt

13This would of course leave “modified Mass Drop Tagger” as a somewhat inappropriate name!
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(SoftDrop β=0)
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SoftDrop β=0 (≡mMDT) has particularly simple QCD structure
➤ most jet mass definitions involve 

double-logarithmic terms 

 

➤ mMDT/SoftDrop( ) has only 
single logarithms 

 

➤ simplicity → most accurately calculated 
single-jet substructure observable

(αs ln2 pt /m)n

β = 0

(αs ln pt /m)n
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FIG. 2. Predictions for the groomed heavy jet mass in perturbation theory. Top: Comparison of

the O(↵3
s ) coe�cients at full fixed order and at leading power in ⇢. Bottom: Predictions at matched

NLO+N2LL and N2LO+N3LL accuracy with zcut = 0.1. The bands represent the uncertainties

due to the variation of the renormalization and collinear-soft scales in the range [1/2,2] times their

respective default scales.

prediction in perturbation theory with highest available accuracy:
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9

Kardos, Larkoski, Trocsanyi, arXiv:2002.00942  (small ) 
other calc. approaches, see: Anderle et al, arXiv:2007.10355 

zcut

https://arxiv.org/abs/2002.00942
https://arxiv.org/abs/2007.10355
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how much more info is there  
inside jets?

so far we examined use of hard 2-prong structure

35



pp jet substructure field is full of activity

36

Jet Declustering

Jet Shapes

Matrix−Element

Seymour93

YSplitter

Mass−Drop+Filter

JHTopTagger TW

CMSTopTagger

N−subjettiness (TvT)

CoM N−subjettiness (Kim)

N−jettiness

HEPTopTagger

(+ dipolarity)

Trimming

Pruning

Planar Flow

Twist

ATLASTopTagger

Templates

Shower Deconstruction

Qjets

EEC

Multi−variate tagger

c. 2018

machine learning  
DNN, CNN,  

RNN, LSTM, etc 

Cn, Dn, ven(β), Mn, Nn, 
Un,  EFPs

Degree Connected Multigraphs

d = 0

d = 1

d = 2

d = 3

d = 4

d = 5

Table 3: All non-isomorphic, loopless, connected multigraphs organized by the total number

of edges d, up to d = 5, sorted by their number of vertices N . Note that for a fixed number of

edges d, the total number of multigraphs (connected or not) is finite. These graphs correspond

to the d  5 prime EFPs counted in Table 2a. Image files for all of the prime EFP multigraphs

up to d = 7 are available here.

– 8 –

modified mass drop 
soft drop 

iterated soft drop 
recursive soft drop

classification without labels 
weak supervision

etc.

Quark gluon jet substructure

Image recognition using convolutional neural network

I A convolutional neural
network is trained on GPU
using quark and gluon jet
images

I New jet features are learned
with significantly improved
tagging performance

I In this work we use grey
scale jet images encoding
jet energy distribution

Schwartz et al, Deep learning in color, JHEP01(2017)110

Y.-T. Chien (MIT) Quark and gluon jet substructure 9 / 21
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signal vs. background radiation patterns (first practical exploitation, Thaler & van Tilburg, N-subjettiness, 1011.2268)

37

signal (H/W/Z → )qq̄

a

b

c
k

k

a

b

c
k

background (q → qg)

H/W/Z

https://arxiv.org/abs/1011.2268
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Machine learning and jet/event structure 

38

Convolutational Neural Networks and Jet Images

I Project a jet onto a fixed n ⇥ n pixel image in rapidity-azimuth, where
each pixel intensity corresponds to the momentum of particles in that
cell.

I Can be used as input for classification methods used in computer
vision, such as deep convolutional neural networks.

[Cogan, Kagan, Strauss, Schwartzman JHEP 1502 (2015) 118]
[de Oliveira, Kagan, Mackey, Nachman, Schwartzman JHEP 1607 (2016) 069]

Frédéric Dreyer 11/42

4
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Linear

BatchNorm
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coordinates features

k-NN

k-NN indices

ReLU

edge features

Linear

BatchNorm

ReLU

Aggregation

FIG. 1: The structure of the EdgeConv block.

ber of channels C = (C1, C2, C3), corresponding to the
number of units in each linear transformation layer.

The ParticleNet architecture used in this paper is
shown in Fig. 2a. It consists of three EdgeConv blocks.
The first EdgeConv block uses the spatial coordinates
of the particles in the pseudorapidity-azimuth space to
compute the distances, while the subsequent blocks use
the learned feature vectors as coordinates. The number
of nearest neighbors k is 16 for all three blocks, and the
number of channels C for each EdgeConv block is (64, 64,
64), (128, 128, 128), and (256, 256, 256), respectively. Af-
ter the EdgeConv blocks, a channel-wise global average
pooling operation is applied to aggregate the learned fea-
tures over all particles in the cloud. This is followed by
a fully connected layer with 256 units and the ReLU ac-
tivation. A dropout layer [68] with a drop probability of
0.1 is included to prevent overfitting. A fully connected
layer with two units, followed by a softmax function, is
used to generate the output for the binary classification
task.

A similar network with reduced complexity is also in-
vestigated. Compared to the baseline ParticleNet archi-
tecture, only two EdgeConv blocks are used, with the
number of nearest neighbors k reduced to 7 and the
number of channels C reduced to (32, 32, 32) and (64,
64, 64) for the two blocks, respectively. The number of
units in the fully connected layer after pooling is also
lowered to 128. This simplified architecture is denoted
as “ParticleNet-Lite” and is illustrated in Fig. 2b. The
number of arithmetic operations is reduced by almost an
order of magnitude in ParticleNet-Lite, making it more
suitable when computational resources are limited.

The networks are implemented with Apache MXNet
[69], and the training is performed on a single Nvidia
GTX 1080 Ti graphics card (GPU). A batch size of 384
(1024) is used for the ParticleNet (ParticleNet-Lite) ar-
chitecture due to GPU memory constraint. TheAdamW

coordinates features

EdgeConv Block
k = 16, C = (64, 64, 64)

EdgeConv Block
k = 16, C = (128, 128, 128)

EdgeConv Block
k = 16, C = (256, 256, 256)

Global Average Pooling

Fully Connected
256, ReLU, Dropout = 0.1

Fully Connected
2

Softmax

(a) ParticleNet

coordinates features

EdgeConv Block
k = 7, C = (32, 32, 32)

EdgeConv Block
k = 7, C = (64, 64, 64)

Global Average Pooling

Fully Connected
128, ReLU, Dropout = 0.1

Fully Connected
2

Softmax

(b) ParticleNet-Lite

FIG. 2: The architectures of the ParticleNet and the
ParticleNet-Lite networks.

optimizer [70], with a weight decay of 0.0001, is used to
minimize the cross entropy loss. The one-cycle learning
rate (LR) schedule [71] is adopted in the training, with
the LR selected following the LR range test described in
Ref. [71], and slightly tuned afterward with a few trial
trainings. The training of ParticleNet (ParticleNet-Lite)
network uses an initial LR of 3⇥ 10�4 (5⇥ 10�4), rising
to the peak LR of 3 ⇥ 10�3 (5 ⇥ 10�3) linearly in eight
epochs and then decreasing to the initial LR linearly in
another eight epochs. This is followed by a cooldown
phase of four epochs which gradually reduces the LR to
5 ⇥ 10�7 (1 ⇥ 10�6) for better convergence. A snapshot
of the model is saved at the end of each epoch, and the
model snapshot showing the best accuracy on the valida-
tion dataset is selected for the final evaluation.

IV. RESULTS

The performance of the ParticleNet architecture is
evaluated on two representative jet tagging tasks: top
tagging and quark-gluon tagging. In this section, we
show the benchmark results.

A. Top tagging

Top tagging, i.e., identifying jets originating from
hadronically decaying top quarks, is commonly used in
searches for new physics at the LHC. We evaluate the
performance of the ParticleNet architecture on this task
using the top tagging dataset [72], which is an exten-
sion of the dataset used in Ref. [46] with some modifica-
tions. Jets in this dataset are generated with Pythia8
[73] and passed through Delphes [74] for fast detector

Qu & Guskos, 
arXiv:1902.08570

2021 Young Experimental Physicist Prize EPS HEPP prize

https://arxiv.org/abs/1902.08570
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using full jet/event information for H/W/Z-boson tagging

39
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Dreyer & Qu 
2012.08526 

p p

H/W/Z

QCD rejection with 
just jet mass 

(SD/mMDT) 
i.e. 2008 tools & 

their 2013/14 
descendants 

https://arxiv.org/abs/2012.08526
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using full jet/event information for H/W/Z-boson tagging
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signal efficiency

adapted from 
Dreyer & Qu 
2012.08526 

p p

H/W/Z

QCD rejection  
with use of full jet  

substructure 
(2021 tools) 

100x better

First started to be exploited 
by Thaler & Van Tilburg with  
“N-subjettiness”  (2010/11)

x100

QCD rejection with 
just jet mass 

(SD/mMDT) 
i.e. 2008 tools & 

their 2013/14 
descendants 

https://arxiv.org/abs/2012.08526
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Unless you are highly confident in the 
information you have about the markets, you 
may be better off ignoring it altogether

- Harry Markowitz (1990 Nobel Prize in Economics) 
[via S Gukov]

40

can we trust machine learning? A question of confidence in the training…
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can we organise phase space to work for tagging and validation?

41

B. Andersson, G. Gustafson, 
 L. Lonnblad and Pettersson 1989 

Dreyer, GPS & Soyez, 1807.04758 
& 5th heavy-ion workshop @ CERN, 1808.03689
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Figure 6. Background rejection 1/✏QCD versus signal e�ciency ✏Top for top jet tagging with
transverse momentum pt > 500 GeV.

expected, as it was designed for one or two-pronged jet identification and uses only infor-

mation from the primary Lund declustering sequence. It therefore contains information

about the structure of only one of the initial decay products of the original top quark,

limiting the performance that can be achieved without input from secondary planes. It is

however interesting to see that in this process with more complex topology, the LundNet-5

model provides a substantial performance gain over existing state-of-the-art methods such

as ParticleNet. This is due to the nature of its input, which contains already high-level

kinematic information about the radiation patterns of the jet, making it much simpler for

the neural network to learn how to distinguish signals with more involved signatures. Thus

the LundNet-3 model achieves almost the same signal purity as the ParticleNet algorithm,

despite having as input only a reduced 3-tuple of kinematic variables per node and taking

about an order of magnitude less time to train. Interestingly, the performance gap between

the two LundNet taggers is entirely due to the addition of the subjet mass and azimuthal

angle  to the input features of each declustering for the LundNet-5 model.

– 10 –

Use as input to machine-learning

42

BE
TT
ER

Dreyer & Qu, arXiv:2012.08526 

➤ ML with Lund inputs gives signal/
background separation as good as, or 
better than other methods 

➤ faster to train and to use 

➤ these advantages probably come because 
the Lund diagram frames the physically 
relevant info in a way that makes it 
easier for machines to “learn” 

Lund + ML

Complexity of models

I Direct use of the Lund tree as the graph structure removes the need for
a costly nearest-neighbour search.

I LundNet reduces training and inference time by order of magnitude
compared to previous graph methods.

I Due to their higher-level kinematic inputs, LundNet takes significantly
less epochs to converge to a good solution.

I Training and inference time of the model are reduced as transverse
momentum cut is increased and more nodes are removed from input.

Number of Training time Inference time
parameters [ms/sample/epoch] [ms/sample]

LundNet 395k 0.472 0.117

ParticleNet 369k 3.488 1.036

Lund+LSTM 67k 0.424 0.131

Frédéric Dreyer 8/13

https://arxiv.org/abs/2012.08526
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Same input used for ML can also be measured directly (validate / study QCD radn pattern)
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average over many jets: 
Lund plane density

⟨                        ⟩



Figure 13: Same as Fig. 12 this time for slices at constant ln(1/z).

agreement is facilitated by the non-perturbative blow-up of the uncertainties at low kt and

our predictions’ central values are systematically above the data points. Recall, however,

that our estimates of non-perturbative corrections rely on the assumption that the parton-

level event-generator results are structurally similar to a full perturbative calculation. This

assumption is questionable at low kt: for example, a parton shower may contain a low-kt
cut, with the phase-space below that kt value being filled up by hadronisation (there is a

hint of this occurring in Appendix D, Fig. 16); in contrast our perturbative calculation has

no such cut, and so the hadronisation contribution to that region, supplemented with our

perturbative contribution, could e↵ectively lead to double counting and so an overestimate

relative to the data. In this respect it might be interesting to develop a more analytic

understanding of expected hadronisation e↵ects on the Lund plane density.

One region where there is clear disagreement between our predictions and the data

is in the (red-shaded) largest angle bin 0.287 < � < 0.400. This disagreement is only

mildly alleviated by our estimate of the potential size of boundary logarithms, cf. Fig. 14

in Appendix B. Several avenues could be of interest for further exploring this region, for

example a full resummation of the boundary logarithms, or a measurement with jets whose

original clustering was with the C/A algorithm (rather than anti-kt), so as to remove
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Lund plane: measured & calculated
➤ measurements by ATLAS & ALICE 

➤ Good agreement between ATLAS 
& Lifson, GPS & Soyez, 
arXiv:2007.06578 

➤ powerful tests also of Monte 
Carlos 
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The Lund plane in pp at
p

s = 13 TeV 7
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Fig. 3: Left: Ratio of the fully corrected primary Lund plane density to the uncorrected Lund plane density. Right:
Fully corrected primary Lund plane density.

Fig. 4 shows the projections of the Lund plane onto both the splitting angle and kT axes. The distributions
are compared to four different MC models: PYTHIA8 Monash [11], Sherpa 2.2.8 [15] with cluster-like
hadronization (AHADIC) and with string-like hadronisation (Lund), and Herwig 7 [16]. The ratio of the
unfolded distributions to the generators are shown in the bottom panel of each figure. For the angular
projections, the generators agree within 10% and the data is suppressed (indicating fewer splittings)
compared to Herwig and PYTHIA8. The Sherpa model with cluster-like hadronization best describes
the data.

For the kT projections, similar level of agreement is found, except at high values of kT where the data is
significantly enhanced compared to both Sherpa models (up to 40%).

ALI-PREL-479188 ALI-PREL-479212

Fig. 4: The projections of the primary Lund plane density onto the ln(R/DR) (left) and ln(kT) (right) axes, compared
to different MC generators. The ratios of the generators to the data are shown in the bottom panel.

Figure 5 shows the same projections but for different regions of the Lund plane: angular dependence
for both perturbative and non-perturbative splittings and kT dependence for both wide and narrow split-
tings. A hard cut on the the scale of the splittings kT > 1 GeV/c (kT >> LQCD) is chosen to separate
the mostly non-perturbative splittings from the mostly perturbative splittings in the Lund Plane. For the
non-perturbative splittings, the trend is similar to the inclusive case. For the perturbative splittings, the
agreement is within 20%. For the wider splittings, the trend is similar to the inclusive case. Finally, for
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(a) (b)

FIG. 1: Double slit experiments in position and spin space (a), and physical implementation of the spin space
double slit experiment using the squeezed limit, ✓S ⌧ ✓L, of the three-point correlator (b). Quantum interference

between gluon spin states, � = ±, leads to a cos(2�) pattern as the squeezed correlators are rotated.

applied in QCD, and provides powerful operator based
techniques for jet substructure. We show that the iter-
ated OPE of E(n̂) operators closes at leading twist onto

operators O[J]
i (n̂) with arbitrary collinear spin-J , but re-

stricted transverse spin-j = 0, 2, and we explicitly com-

pute the E(n̂1)E(n̂2) and O
[J]
i (n̂1)E(n̂2) OPEs. The all

orders structure of spin interference e↵ects in the three-
point correlator then arises naturally from the transverse
spin structure of the light-ray OPE.

Interference in the Squeezed Limit.—The physics of the
squeezed limit of the three-point correlator in a weakly
coupled gauge theory can be described as a double slit
experiment in spin space, see Fig. 1. The interference
pattern in the usual double slit experiment is due to the
interference in |AL(x) + AR(x)|2, where AL(R)(x) is the
amplitude for going through the left (right) slit from the
light source to position x on the detector. Similarly, in
the squeezed limit of the three-point correlator, the in-
terference terms in |A+(�) + A�(�)|2 are the source of
an interference pattern, where A+(�) is the splitting am-
plitude with a nearly on-shell virtual gluon with posi-
tive (negative) helicity. Therefore the slits in the stan-
dard double slit experiment are replaced by the inter-
mediate +/� helicity gluons, and varying the distance x
is replaced by varying the angle � of the squeezed en-
ergy correlators. We emphasize that while this e↵ect
arises from quantum interference, we have been unable to
prove a Bell-type inequality using only energy measure-
ments. It would be interesting to understand if Bell-type
inequalities can be proven in the collider context, even in
principle. Similar questions have also been considered in
the context of inflationary measurements [43].

We parametrize the squeezed limit symmetrically, us-
ing (✓S , ✓L, �) as shown in Fig. 1, to eliminate linear
power corrections in ✓S/✓L. The squeezed limit is charac-

terized by ✓S ⌧ ✓L, with � arbitrary, and the expansion
in this limit takes the form

d3⌃

d✓2Ld✓2Sd�
'

1

⇡

⇣↵s

4⇡

⌘2 Sq(0)
i (�)

✓2L✓2S
+ · · · , (2)

where the dots denote terms less singular in the squeezed
limit. Expanding the full result for the three-point cor-
relator in [21], we find for quark and gluon jets,

Sq(0)
q (�) = CFnfTF

✓
39 � 20 cos(2�)

225

◆
(3)

+ CFCA

✓
273 + 10 cos(2�)

225

◆
+ C2

F
16

5

= 10.54 + 0.1156nf + (0.1778 � 0.0593nf ) cos(2�),

Sq(0)
g (�) = CAnfTF

✓
126 � 20 cos(2�)

225

◆

+ C2
A

✓
882 + 10 cos(2�)

225

◆
+ CFnfTF

3

5

= (35.28 + 1.24nf ) + (0.4 � 0.133nf ) cos(2�) .

Here we see cos(2�) interference terms at leading twist,
which at this order are identical for quark and gluon jets,
since they arise only from an intermediate gluon, and
have opposite signs for g ! qq̄ (in blue) and g ! gg
(in red). Positivity of the cross section guarantees that
the cos(2�) terms are smaller than the constant terms,
analogous to the conformal collider bounds [9]. Due to
the singular structure of the squeezed limit, the all orders
resummation of these spin interference e↵ects is required
to describe the three-point correlator, as well as for limits
of higher-point correlators.

Despite their importance for observables relevant to jet
substructure, spin interference e↵ects are not included in
the standard parton shower simulations used to this point

~n1 ~n2

� 12

P1

P2

� 12

~p1

~p3

~p2

~p4

~p5

Figure 3: Azimuthal angles are defined between successive splitting planes for the 1 ! 23

splitting, P1 � {~p2, ~p3} and the 2 ! 45 splitting, P2 � {~p4, ~p5}. The figure also depicts

the vectors normal to the two planes, ~n1 and ~n2.

(which unlike 3 is a quark). Because of the interplay between the shower ordering variable

and emission kinematics, this occurs only for situations in which 9 is soft relative to particle

3, and also soft relative to any of the parents of 3. Inspecting Table 1, one sees that soft

gluon emission (the z ! 1 limit) leads to splitting amplitudes that are independent of the

flavour of the parent, a, and that are non-zero only for �a = �b, i.e. they are diagonal in

the spin space relating the parent and its harder o↵spring. This means that in the limit

where emission 9 could conceivably have been emitted from 2, it is immaterial whether

we actually view it as being emitted from 2 or instead organise the tree as if it had been

emitted by 3. The latter is considerably simpler and so it is the solution that we adopt.

3 Collinear spin correlations: expectations and measurement strategy

In this section, we start (section 3.1) by examining how the spin correlations translate into

azimuthal correlations between the planes of separate collinear branchings, both within a

single jet and across pairs of jets. We do so at fixed order, O
�
↵

2
s

�
, where it is trivial to

define the observables. We then propose (section 3.2) a set of observables that are suitable

for use at all orders. They exploit a Lund diagram [26] representation of individual jets [44].

Next (section 3.3), we recall the definition of the EEEC spin-sensitive observable, which

was proposed and resummed in Ref. [38]. Finally (section 3.4), we use these observables

to study the impact on the azimuthal correlations coming from the all-order resummation

of collinear spin-correlation e↵ects.

3.1 Azimuthal structure

Each collinear branching in an event can be associated with the plane that contains the

momenta of the two o↵spring partons. The simplest observable one may think of to study

spin correlations is the azimuthal di↵erence, � , between the planes defined by two distinct

branchings. Here we will consider two broad cases: intra-jet correlations, i.e. between the

planes of two branchings within a single jet, for example between the plane of the 1 ! 56
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Figure 17: All-order comparison of the toy shower and di↵erent PanScales showers, for

�
⇤

! qq̄ events. The two observables shown are the azimuthal angle, � 12, between a

primary and secondary splitting planes in Lund declustering, and the di↵erence in angle

� between the (ij)k and ij planes in the EEEC (Eq. (3.2)). The results are obtained in

the limit ↵s ! 0 for fixed � = ↵sL = �0.5. For the Lund declustering � 12 we consider

events with kt,2/Q > e
�|L| and for the EEEC � we consider events with ✓S > e

�|L|.

compared to the numerically resummed result obtained from the toy shower. In all cases,

we show the contributions stemming from the di↵erent channels to the full observable.

The relative deviation between the PanScales showers and the toy shower is shown on the

right, separately for each channel, and is compatible with zero with statistical uncertainties

below the 5 permille level.

4.3 Phenomenological remarks

We comment on three aspects here that are potentially relevant for phenomenological

applications.

Our first comment concerns the relative size of spin correlations in the EEEC and
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Figure 17: All-order comparison of the toy shower and di↵erent PanScales showers, for

�
⇤

! qq̄ events. The two observables shown are the azimuthal angle, � 12, between a

primary and secondary splitting planes in Lund declustering, and the di↵erence in angle

� between the (ij)k and ij planes in the EEEC (Eq. (3.2)). The results are obtained in

the limit ↵s ! 0 for fixed � = ↵sL = �0.5. For the Lund declustering � 12 we consider

events with kt,2/Q > e
�|L| and for the EEEC � we consider events with ✓S > e

�|L|.

compared to the numerically resummed result obtained from the toy shower. In all cases,

we show the contributions stemming from the di↵erent channels to the full observable.

The relative deviation between the PanScales showers and the toy shower is shown on the

right, separately for each channel, and is compatible with zero with statistical uncertainties

below the 5 permille level.

4.3 Phenomenological remarks

We comment on three aspects here that are potentially relevant for phenomenological

applications.

Our first comment concerns the relative size of spin correlations in the EEEC and
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Figure 17: All-order comparison of the toy shower and di↵erent PanScales showers, for

�
⇤

! qq̄ events. The two observables shown are the azimuthal angle, � 12, between a

primary and secondary splitting planes in Lund declustering, and the di↵erence in angle

� between the (ij)k and ij planes in the EEEC (Eq. (3.2)). The results are obtained in

the limit ↵s ! 0 for fixed � = ↵sL = �0.5. For the Lund declustering � 12 we consider

events with kt,2/Q > e
�|L| and for the EEEC � we consider events with ✓S > e

�|L|.

compared to the numerically resummed result obtained from the toy shower. In all cases,

we show the contributions stemming from the di↵erent channels to the full observable.

The relative deviation between the PanScales showers and the toy shower is shown on the

right, separately for each channel, and is compatible with zero with statistical uncertainties

below the 5 permille level.

4.3 Phenomenological remarks

We comment on three aspects here that are potentially relevant for phenomenological

applications.

Our first comment concerns the relative size of spin correlations in the EEEC and
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flavour channel for 2nd splitting g ! qq̄ g ! gg all

EEEC -0.36 0.026 -0.008

� 12, z1, z2 > 0.1 -0.61 0.050 -0.025

� 12, z1 > 0.1, z2 > 0.3 -0.81 0.086 -0.042

Table 3: The relative magnitude of the azimuthal modulation, a2/a0 (cf. Eq. (3.1)), for

the EEEC and Lund intra-jet � 12 observables, the latter for two sets of cuts on z1 and

z2. The results are shown for �⇤
! qq̄ events for nf = 5, separately for two specific flavour

channels, as well as the sum over all flavour channels (including the channel without spin

correlations, q ! qg). As in Fig. 17, the results are obtained in the limit ↵s ! 0 for fixed

� = ↵sL = �0.5 and for the Lund declustering � 12 we consider events with kt,2/Q > e
�|L|,

while for the EEEC � we consider events with ✓S > e
�|L|.

the � 12 Lund declustering observable. The EEEC has the advantage of not requiring

a zcut, reducing the number of parameters that need to be chosen for the observable.

However its weighting with the energies in Eq. (3.2) tends to favour configurations where

a q ! qg(g ! xy) splitting shares energy equally between the three final particles. In the

notation of Figs. 4 and 5, this corresponds to z1 ' 2/3 and z2 ' 1/2. While z2 ' 1/2 acts

to enhance the spin correlations, z1 ' 2/3 tends to reduce them. In contrast, with the

Lund declustering � 12 one can adjust the cuts on the z1 and z2 values so as to maximise

the azimuthal modulations.18 Table 3 summarises the degree of azimuthal modulation for

di↵erent observables in �
⇤

! qq̄ events. With our default (non-optimised) cuts of z1 and

z2 > 0.1, we see substantially larger azimuthal modulations than in the EEEC variables,

both in individual flavour channels and in their sum. The potential for further enhancement

of the modulations is made evident by the results obtained with the z2 > 0.3 requirement.

Our second comment concerns the sum over all flavour channels. The results shown

here have been obtained with nf = 5 light flavours. The final magnitude of the spin cor-

relations after the sum over flavour channels is quite sensitive to the cancellation between

g ! qq̄ and g ! gg splittings and the degree of cancellation is strongly influenced by the

value of nf . At the scales where one might aim to probe spin correlations, the c- and

especially b-quark masses are not entirely negligible. A full phenomenological study of the

flavour-summed structure of azimuthal correlations might, therefore, needs to take into ac-

count finite quark-mass e↵ects. Note that e↵ects related to kt values in the neighbourhood

of a heavy-quark threshold are formally suppressed by a logarithm. For a complete un-

derstanding of phenomenological expectations one would also want to examine the impact

of other subleading logarithmic e↵ects, as well as contributions suppressed by powers of

kt/Q, and possibly also non-perturbative corrections. It would clearly also be of interest to

find ways of carrying out measurements with flavour tagging, given the strong e↵ects to be

seen with g ! qq̄ splittings. While b and c flavour tagging are the most obviously robust

starting points in this respect, one may also wish to consider s tagging [61] and generic

18Too tight a cut on z1 and z2 would reduce the available statistics, so one might want to optimise the

cuts to maximise a combination of statistical accuracy and degree of modulation.
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di↵erent observables in �
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! qq̄ events. With our default (non-optimised) cuts of z1 and

z2 > 0.1, we see substantially larger azimuthal modulations than in the EEEC variables,

both in individual flavour channels and in their sum. The potential for further enhancement

of the modulations is made evident by the results obtained with the z2 > 0.3 requirement.

Our second comment concerns the sum over all flavour channels. The results shown

here have been obtained with nf = 5 light flavours. The final magnitude of the spin cor-

relations after the sum over flavour channels is quite sensitive to the cancellation between

g ! qq̄ and g ! gg splittings and the degree of cancellation is strongly influenced by the

value of nf . At the scales where one might aim to probe spin correlations, the c- and

especially b-quark masses are not entirely negligible. A full phenomenological study of the

flavour-summed structure of azimuthal correlations might, therefore, needs to take into ac-

count finite quark-mass e↵ects. Note that e↵ects related to kt values in the neighbourhood

of a heavy-quark threshold are formally suppressed by a logarithm. For a complete un-

derstanding of phenomenological expectations one would also want to examine the impact

of other subleading logarithmic e↵ects, as well as contributions suppressed by powers of

kt/Q, and possibly also non-perturbative corrections. It would clearly also be of interest to

find ways of carrying out measurements with flavour tagging, given the strong e↵ects to be

seen with g ! qq̄ splittings. While b and c flavour tagging are the most obviously robust

starting points in this respect, one may also wish to consider s tagging [61] and generic
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magnitude of spin correlation effects

(Chen, Moult & Zhu,2011.02492)

Lund declustering Δψ12
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where the azimuthal angle � in Eq. 2 is identified as
�S � �L, and the overall rotation of the jet can be in-
tegrated out since we consider unpolarized sources. The
dots denote higher twist and subleading logarithmic con-
tributions. Plugging in the explicit values for the anoma-
lous dimensions, Eq. 7, and expanding to leading order
in ↵s, we find that Eq. 11 exactly reproduces the fixed
order results in Eq. 3, providing a highly non-trivial test
of our OPE formulas.

We can also consider the squeezed limit of the three-
point correlator in N = 4 SYM [21]. Here, the evo-
lution matrix in Eq. 10, reduces to a scalar evolution
with a universal anomalous dimension [64], and �g̃g̃ = �gg
[9, 65], so Eq. 11 agrees with the prediction for the scal-
ing of the transverse spin-0 and spin-2 contributions from
[9]. However, we find that the leading twist spin corre-
lations vanish after summing over the multiplet, sinceP

[C�(3)]i,g̃ = 0, i = �, q, g. This agrees with the per-
turbative prediction of [21]. This is one manifestation of
the “classicality” of N = 4 SYM.

Numerical Results at the LHC.—Using Eq. 11, we
make numerical predictions for unpolarized quark and
gluon jets at the LHC. In Fig. 3 (a) and (b), we show the
squeezed limit of the three-point correlator, weighted by
✓2L✓2S , as a function of (�, ✓S) for fixed ✓L. Here we have
used Q = 1 TeV, ✓2L = 0.1 and ↵s(1TeV) = 0.087, as well
as the one-loop �-function. The ripples in the distribu-
tion are clearly visible, and illustrate the direct imprint
of quantum interference e↵ects in the detector. They are
modulated by the resummation in ✓S , which has a qual-
itatively di↵erent structure for quark and gluon jets, as
discussed in [19].

For the case of QCD with nf = 5 light flavors, the
interference e↵ects are at the few percent level due to
a cancellation of g ! qq̄ and g ! gg splittings. How-
ever, we believe that if measured using tracks, they are
on the boundary of what can be achieved (see e.g. [66]).
Furthermore, there are a number of ways to enhance the
interference signals, including using charge information
to identify the g ! qq splitting, or b-tagging to perform
the measurement. In Fig. 3 (c) and (d), we show predic-
tions using an idealized b-tagging on the squeezed pair,
which isolates the g ! bb contribution, and enhances the
modulation to an O(1) e↵ect. We leave a detailed phe-
nomenological study of the optimal strategy to future
work.

Conclusions.—In this Letter we have studied the three-
point energy correlator, hE(n̂1)E(n̂2)E(n̂3)i, at the LHC.

(a) (b)

(c) (d)

FIG. 3: The squeezed limit of the three-point cor-
relator for (a) quark and (b) gluon jets at the LHC.
Interference e↵ects are seen as the cos(2�) ripple mod-
ulated by resummation in ✓S . In (c), (d), we assume
an idealized b-tagger, as explained in the text, to en-

hance the e↵ect.

Our study is novel both phenomenologically, where we
have proposed to use squeezed limits of energy correlators
to probe quantum interference and transverse spin e↵ects
in jet substructure, as well as theoretically, where we have
developed the light-ray OPE in QCD, and showed that it
provides a transparent way of understanding the resum-
mation of spin interference e↵ects.

Our results for the E(n̂1)E(n̂2) and E(n̂1)O[J](n̂2)
OPEs in QCD allow the description of iterated squeezed
limits of n-point correlators and opens the door for these
observables to be used as precision probes of QCD at
the LHC. The measurement of these multi-point event
correlators in the deep non-perturbative regime is also
fascinating as they are sensitive to polarization e↵ects in
the non-perturbative fragmentation process.

There are numerous avenues for further theoretical de-
velopment of the light-ray OPE in QCD, including under-
standing the appearance of light-ray operators with non-
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where the azimuthal angle � in Eq. 2 is identified as
�S � �L, and the overall rotation of the jet can be in-
tegrated out since we consider unpolarized sources. The
dots denote higher twist and subleading logarithmic con-
tributions. Plugging in the explicit values for the anoma-
lous dimensions, Eq. 7, and expanding to leading order
in ↵s, we find that Eq. 11 exactly reproduces the fixed
order results in Eq. 3, providing a highly non-trivial test
of our OPE formulas.

We can also consider the squeezed limit of the three-
point correlator in N = 4 SYM [21]. Here, the evo-
lution matrix in Eq. 10, reduces to a scalar evolution
with a universal anomalous dimension [64], and �g̃g̃ = �gg
[9, 65], so Eq. 11 agrees with the prediction for the scal-
ing of the transverse spin-0 and spin-2 contributions from
[9]. However, we find that the leading twist spin corre-
lations vanish after summing over the multiplet, sinceP

[C�(3)]i,g̃ = 0, i = �, q, g. This agrees with the per-
turbative prediction of [21]. This is one manifestation of
the “classicality” of N = 4 SYM.

Numerical Results at the LHC.—Using Eq. 11, we
make numerical predictions for unpolarized quark and
gluon jets at the LHC. In Fig. 3 (a) and (b), we show the
squeezed limit of the three-point correlator, weighted by
✓2L✓2S , as a function of (�, ✓S) for fixed ✓L. Here we have
used Q = 1 TeV, ✓2L = 0.1 and ↵s(1TeV) = 0.087, as well
as the one-loop �-function. The ripples in the distribu-
tion are clearly visible, and illustrate the direct imprint
of quantum interference e↵ects in the detector. They are
modulated by the resummation in ✓S , which has a qual-
itatively di↵erent structure for quark and gluon jets, as
discussed in [19].

For the case of QCD with nf = 5 light flavors, the
interference e↵ects are at the few percent level due to
a cancellation of g ! qq̄ and g ! gg splittings. How-
ever, we believe that if measured using tracks, they are
on the boundary of what can be achieved (see e.g. [66]).
Furthermore, there are a number of ways to enhance the
interference signals, including using charge information
to identify the g ! qq splitting, or b-tagging to perform
the measurement. In Fig. 3 (c) and (d), we show predic-
tions using an idealized b-tagging on the squeezed pair,
which isolates the g ! bb contribution, and enhances the
modulation to an O(1) e↵ect. We leave a detailed phe-
nomenological study of the optimal strategy to future
work.

Conclusions.—In this Letter we have studied the three-
point energy correlator, hE(n̂1)E(n̂2)E(n̂3)i, at the LHC.
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FIG. 3: The squeezed limit of the three-point cor-
relator for (a) quark and (b) gluon jets at the LHC.
Interference e↵ects are seen as the cos(2�) ripple mod-
ulated by resummation in ✓S . In (c), (d), we assume
an idealized b-tagger, as explained in the text, to en-

hance the e↵ect.

Our study is novel both phenomenologically, where we
have proposed to use squeezed limits of energy correlators
to probe quantum interference and transverse spin e↵ects
in jet substructure, as well as theoretically, where we have
developed the light-ray OPE in QCD, and showed that it
provides a transparent way of understanding the resum-
mation of spin interference e↵ects.

Our results for the E(n̂1)E(n̂2) and E(n̂1)O[J](n̂2)
OPEs in QCD allow the description of iterated squeezed
limits of n-point correlators and opens the door for these
observables to be used as precision probes of QCD at
the LHC. The measurement of these multi-point event
correlators in the deep non-perturbative regime is also
fascinating as they are sensitive to polarization e↵ects in
the non-perturbative fragmentation process.

There are numerous avenues for further theoretical de-
velopment of the light-ray OPE in QCD, including under-
standing the appearance of light-ray operators with non-
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Conclusions
➤ Jets are a crucial part of collider physics 

Including broad programme to study new Higgs interactions and search for BSM physics 

➤ Basic jet finding (1 quark = 1 jet) has simple, fast tools (anti-kt, FastJet) that continue 
to work well 10-15 years since their inception 

➤ Incredible how much information is hiding in jet substructure — every couple of years, 
people find that there is yet more info to be extracted 

➤ Lund declustering is one physical, powerful way of doing that  
(another is energy-flow polynomials) 

➤ Will undoubtedly play major role in next 15 years of LHC, and at future e+e–/pp/μμ 
colliders 

➤ The challenge is also on to make sure we can reliably predict the internal structure of 
jets and so make confident use of the associated information
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