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Introduction

”event built from jets” ⇒ ”jet built from constituents”

”cluster the event into jets”
→ ”cluster jet into subjets”

tagging

trimming

soft-drop
I + recursive
I + dynamical
I includes modified mass-drop

collinear-drop

. . .

”observables from jets”
→ ”observables from constituents”

jet mass

angularities

energy correlation functions

jet pull

. . .

* disclaimer: this is a non-exhaustive and
biased list of examples
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Angularities

study family of observables

λκα =
∑

i∈J

(
pT ,i
pT ,J

)κ(∆Ri

R

)α

here: calculations need IRC safety, so κ = 1
η(l)

ln k
(l)
t /Q

α = 1/2

α = 1

α = 2

soft

collinear parameter α⇒ probe
different kinematic regimes

studied in different frameworks
[Ellis, Vermilion, Walsh, Hornig, Lee ’10] [Hornig, Makris, Mehen ’16]

[Kang, Lee, Ringer ’18]

reuse energy-correlations @ NLL [Larkoski, Salam, Thaler ’13] [Larkoski, Neill, Thaler ’14] [Banfi, Salam, Zanderighi ’04]

context:
[Les Houches 15/17/19]

[Larkoski, Thaler, Waalewijn ’14]

quark-gluon tagging
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Marzani, DR, Schumann, Soyez, Theeuwes ’20]
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Interlude: Lund Plane [Andersson, Gustafson, Lönnblad, Petterson ’88]

[Dreyer, Salam, Soyez ’18] [Lifson, Salam, Soyez ’20]

(a) Lund-plane density ⇢(�, kt) (b) Perturbative uncertainty (c) Full uncertainty

Figure 10: Predictions for the primary Lund plane density for the high-p? setup (a)

and associated perturbative (b) and full (c) uncertainties. Full uncertainties sum the

perturbative and non-perturbative contributions in quadrature.

between the initial anti-kt clustering and the C/A re-clustering as already discussed in [33]

and related boundary logarithms discussed in section 3.3.2 and Appendix B.

The diagonal dashed line in Fig. 9 corresponds to kt = 1
2p?� for p? = 2 TeV. This

is the kinematic limit for the lowest-energy selected jets. The Lund plane density quickly

decreases above that line. The large fluctuations and uncertainties observed in Fig. 9

around the dotted line are a trace of the statistical fluctuations in our Monte Carlo samples.

6 Final predictions

Our final predictions include both the matched perturbative predictions, discussed in sec-

tion 4, multiplied by the non-perturbative corrections obtained in section 5.

We show in Fig. 10a the resulting two-dimensional average primary Lund-plane density

⇢(�, kt), and in Figs. 10b and 10c the associated relative uncertainty at perturbative level

and at the non-perturbative level respectively. Fig. 11 shows slices at fixed angle �,

which help to better visualise certain features. The density plot, Fig. 10a, shows all the

expected features: the gradual increase towards small kt due to the running of ↵s; the

extra enhancement due to soft-gluon emissions, both at large angles and at small kt/�

(or equivalently z); the reduction close to the kinematic limit associated with the “energy

loss” of the leading branch; and the increase at low kt and in the bottom-left corner of the

Lund plane due to non-perturbative e↵ects.

The uncertainties are dominated by the perturbative component for kt & 3�5 GeV,

except at large angles where non-perturbative e↵ects can have a sizeable impact up to

kt ⇠ 10�20 GeV. The total uncertainty is found to be about 20% at kt ⇠ 5 GeV (away

from the large-angle region), and decreases to 5�7% for kt in the 200�500 GeV range.

Relative to the LO+resum results, visible in Fig. 11, the inclusion of NLO corrections

reduces the uncertainties mainly at high kt. Even if the non-perturbative corrections have
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representation of single emission phase space

→ at LL uniform ⇒ predicted deviations

uses:

1. forward: resummed calculations / parton shower building
e.g. [Gustafson ’92] [Hamilton, Medves, Salam, Scyboz, Soyez ’20]

2. backwards: map cluster steps of final jets to Lund plane
⇒ physics insights to build optimal observables

Example: Higgs tagging [Khosa, Marzani ’21]
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FIG. 2. The first and second columns show primary Lund jet plane images (averaged over 50K events) for H ! bb̄ and
g ! bb̄ events, with jet pT > 250 GeV (upper panel) and pT > 550 GeV (lower panel). The image resolution is 25 ⇥
25 for these images. The third column shows the normalized jet color ring distributions for the H ! bb̄ and g ! bb̄
events with jet pT > 250 GeV and pT > 550 GeV. In all cases, only jets with invariant mass mJ 2 [110, 140] GeV are
considered.
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FIG. 3. ROC curves for CNN using the Lund jet plane images and for color ring for both the benchmarks of the H ! bb̄
analysis considering jets with invariant mass mJ 2 [110, 140] GeV.

di↵erences between the Higgs image and the back-
ground one is clearly visible for large � and high kt

(ln kt

GeV ⇡4.5). Jet color ring distributions are instead
shown in the third column of Fig. 2. Both signal and
background distributions are normalized to unity. We
note that signal events mainly populate the O < 1
region, while the background distribution is flatter, as
expected 4.

4 Up to small di↵erences in the simulation set-up, our color ring
distributions are in good agreement with the ones obtained

We use CNN for the Lund jet images data set to
perform the binary signal-background classification.
The optimized CNN architecture has 4 convolutional
layers, with filter size 3 and one flat layer with 800 neu-
rons. The number of filters used is 16, for the first two
convolutional layers, and 32 for the third and fourth
layer. We use a batch size of 1000 and 15 epochs,
i.e. the number of times the total data set is shown

in Ref. [50].

signal background
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Soft-Drop: Intro [Larkoski, Marzani, Soyez, Thaler ’14]

beware: O(zcut)
corrections

idea: remove soft
wide-angle
contamination

bl = 1

β = 0β = 2

soft-quark grooming (final state)

ln
(k

(l
)

t
/µ

Q
)

η(l)

method: decluster w/ C/A, remove softer branch if

min(pT ,i ,pT ,j )
pT ,i+pT ,j

< zcut

(
∆R
R

)β

analytical understanding: [Larkoski, Marzani, Thaler ’15]

pT fraction zg , separation θg = Rg/R of splitting
⇒ using concept of Sudakov safety

calculations available at NLL, NLL′ [Kang, Lee, Liu, Neill, Ringer ’19]
[Cal et. al., Jets @ LHC ’21]
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Figure 5. The soft drop groomed jet radius ✓g at NLL (dashed black, yellow band) in proton-

proton collisions at
p

s = 13 TeV. The jet kinematics are specified in the figure. We compare to

Pythia 8 simulations [82] (purple) at the parton level, without hadronization and the underlying

event contribution, for three di↵erent values of � = 0, 1, 2 (left to right).

P �
xy =

Z
d⌦j

4⇡
W �

xy(j) ⇡ ln

✓
4
sin2 ✓xy

2

�2

◆
+ O(�2) . (3.4)

Then

1. Calculate P �
D by summing over the P �

xy’s calculated from each dipole in D. Uniformly generate

a random number rnd 2 [0, 1], and then �t is determined by

�t = � ln(rnd)

CAP �
D

. (3.5)

Increase t by �t.

2. Choose the dipole {x, y} 2 D with probability P �
xy/P �

D.

3. Create an emission j with distribution W �
xy(j), such that the angles are ✓xj , ✓yj > �. This is

equivalent to uniformily randomly creating in the rest frame of x, y a direction j in rapidity

and azimuth, then boosting back to the lab frame and checking the angular constraint.

4. To split the dipoles again: delete {x, y} from D, add {x, j} and {j, y} to D, then repeat

splitting process according to phase space constraints.

4 Phenomenology

In this section we present numerical results for the soft drop groomed jet radius ✓g = Rg/R

at NLL accuracy. We start with proton-proton collisions at
p

s = 13 TeV collision and we

consider inclusive jets pp ! jet+X with transverse momentum pT > 600 GeV in the central

rapidity region of |⌘| < 1.5. Jets are reconstructed with the anti-kT algorithm and R = 0.8.

For all numerical results presented in this section we choose the soft threshold parameter

zcut = 0.1 and we present results for di↵erent values of the angular exponent �. We choose

the NLO CT14 PDF set of [83] as default for all our numerical calculations. Since we

consider the ✓g di↵erential cross section normalized to the inclusive jet production cross

section, the impact of the choice of the PDF set is small. In Fig. 5, we present the numerical

results (dashed black, yellow band) for the ✓g di↵erential distribution ✓g/�incl d�/d✓g which
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Soft-Drop: Application [CMS ’18] [ATLAS ’17]

procedure: example: jet mass after grooming
1. soft-drop groom jet constituents

2. calc standard observable
”after grooming”
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Figure 7: Normalized cross section for the ungroomed (top) and groomed (bottom) jets for
two pT bins. The predictions from PYTHIA8, HERWIG++, and POWHEG + PYTHIA are shown
with dashed black, dash-dot-dotted magenta, and dash-dotted green histograms, respectively,
with no uncertainties shown. The predictions from Ref. [17] (Frye et al.) are shown with blue
squares. The uncertainties include scale variations and an estimate of nonperturbative effects.
The predictions from Ref. [18] (Marzani et al.) are shown with red triangles. The uncertainties
include only effects from scale variations, since nonperturbative corrections have been consid-
ered directly in the calculation. Both predictions diverge from the data at high mass due to
fixed-order matching.
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Figure 3: The unfolded log10(⇢2) distribution for anti-kt R = 0.8 jets with plead
T > 600 GeV, after the soft drop

algorithm is applied for � 2 {0, 1, 2}, in data compared to P�����, S�����, and H�����++ particle-level (left),
and NLO+NLL(+NP) [15] and LO+NNLL [17, 18] theory predictions (right). The LO+NNLL calculation does
not have non-perturbative (NP) corrections; the region where these are expected to be large is shown in a open
marker (but no correction is applied), while regions where they are expected to be small are shown with a filled
marker. All uncertainties described in the text are shown on the data; the uncertainties from the calculations are
shown on each one. The distributions are normalized to the integrated cross section, �resum, measured in the
resummation region, �3.7 < log10(⇢2) < �1.7. The NLO+NLL+NP cross-section in this resummation regime
is 0.14, 0.19, and 0.21 nb for � = 0, 1, 2, respectively [15].
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Figure 3: The unfolded log10(⇢2) distribution for anti-kt R = 0.8 jets with plead
T > 600 GeV, after the soft drop

algorithm is applied for � 2 {0, 1, 2}, in data compared to P�����, S�����, and H�����++ particle-level (left),
and NLO+NLL(+NP) [15] and LO+NNLL [17, 18] theory predictions (right). The LO+NNLL calculation does
not have non-perturbative (NP) corrections; the region where these are expected to be large is shown in a open
marker (but no correction is applied), while regions where they are expected to be small are shown with a filled
marker. All uncertainties described in the text are shown on the data; the uncertainties from the calculations are
shown on each one. The distributions are normalized to the integrated cross section, �resum, measured in the
resummation region, �3.7 < log10(⇢2) < �1.7. The NLO+NLL+NP cross-section in this resummation regime
is 0.14, 0.19, and 0.21 nb for � = 0, 1, 2, respectively [15].
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side note: also applicable to global event shapes
[Baron, Marzani, Theeuwes ’18], [Marzani, DR, Schumann, Soyez, Theeuwes ’19],
even in pp [Baron, DR, Schumann, Schwanemann, Theeuwes ’20]
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Soft-Drop: Application [Caletti, Fedkevych, Marzani, DR, Schumann,

Soyez, Theeuwes ’20]

back to angularities λα

→ Z + jet at
√
s = 13 TeV

→ pT bins like [CMS ’21]

→ NLO + NLL′,
NP from Sherpa/Herwig/Pythia

→ Sherpa MEPS@NLO
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towards automation: CAESAR formalism

established implementation as Sherpa plugin

general implementation for soft-drop

here: ingredients for angularities (non-global logs/radius R)
[Dasgupta, Khelifa-Kerfa, Marzani, Spannowski ’12], [Dasgupta, Salam, ’01]

[Banfi, Salam, Zanderighi ’04]

[Gerwick, Höche,
Marzani, Schumann ’15]

[Baron, DR, Schumann,
Schwanemann, Theeuwes ’20 ]
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Summary

jet substructure as a rapidly growing field
with close interplay between

I experiment
I theory
I construction of methods
I Monte Carlo / parton shower development

examples:
I jet angularities w/ different parameters as playground
I soft-drop grooming to eliminate UE/NP corrections → increase resummation regime

Outlook:
I non-perturbative corrections?
I transition point effects?
I automation?
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