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OUTLINE

• Anomaly detection as a tool for discovery: the case of semivisible hadronic jets

• Strengths and shortcomings of autoencoders (in short)

• How to normalize an autoencoder

• Beyond normalized autoencoders

• Focus more on techniques than results given the occasion
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NEW PHYSICS AS AN 
ANOMALY

It’s a unique time in HEP

Stunning agreement of measurements with the Standard Model (SM)

We know that there is more to this story
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NEW PHYSICS AS AN 
ANOMALY

We know that there is more to this story

Picking one example: dark matter

• We know:
• It’s there (astrophysics/cosmology)
• It’s not in the SM

• We don’t know:
• Basically, anything else

What if new physics was there all along, 
only in an unexpected form?
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NEW PHYSICS AS AN 
ANOMALY

It’s a unique time in HEP

Stunning agreement of measurements with the Standard Model (SM)

We know that there is more to this story

We should make sure to look everywhere new physics may be hiding

Signature-based searches

Quite general: hidden sector with at least one confining interaction

One of these is what we call a semivisible jet

Would lead to experimental signatures unexplored as of recently
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High-energy colored particles 
(quarks or gluons) are produced 
in a proton-proton collision
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WHAT EVEN IS A JET?

pp

q

q

High-energy colored particles 
(quarks or gluons) are produced 
in a proton-proton collision

q

Low-energy QCD kicks in: the 
initial energy of the quark is split 
between colorless states (parton 
shower + hadronization)

In the detector: collimated spray 
of hadrons, leptons, and hadrons
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WHAT EVEN IS A 
SEMIVISIBLE  JET??

pp

𝜒

"𝜒

Dark quarks are produced by 
a proton-proton collision

𝜒

dark

q

q

Stable dark hadrons are invisible
Unstable ones decay back to 
quarks and hadronized again

We have produced a 
semivisible jet (SVJ)
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WHY GO UNSUPERVISED

𝜒

dark
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like
• We need to tell these jets apart from “normal” jets

• Supervised approach needs truth label: simulate 
both (SM and SVJ) and train on that
• Simulating QCD well is hard
• Each simulation of SVJs assumes a given dark 

sector interaction (𝑁!"#$%#&' , 𝑁()"%#&' , 𝑚*
+ , Λ,-+%#&')

• Unsupervised approach: train on SM jets from data 
and tag anything anomalous

• Solves both issues – at the price of performance
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A BIT OF HISTORY

First ever search for SVJs published by CMS (10.1007/JHEP06(2022)156)

Supervised approach: BDT to tag SVJs Model-agnostic approach: no jet tagging

Something in between?

http://dx.doi.org/10.1007/JHEP06(2022)156


06.03.24 Anomaly detection to search for semivisible jets 8

A BIT OF HISTORY

First ever search for SVJs published by CMS (JHEP06(2022)156)

First attempt to use autoencoders (AE) to tag SVJs as anomalous jets (JHEP02(2022)074)

Even a simple AE can outperform a BDT 
trained on the “wrong” signal hypothesis

Trained on QCD

http://dx.doi.org/10.1007/JHEP06(2022)156
https://link.springer.com/article/10.1007/JHEP02(2022)074
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NEW TOOLS, NEW 
PROBLEMS

Training to have minimum reconstruction error on the background does not always work

(Top quark jets) (SVJs)

Basica
lly 

no 
discr

imina
tion

 pow
er • The AE trained on top quark 

jets generalizes too well to 
SVJs, yielding no discrimination

• NB: still performing well 
against QCD jets
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WHY DOES THIS HAPPEN?

q/g

QCD jet

t

bW

q
Top quark jet

𝜒

h.
SVJ

Top jets are a superset of QCD jets

The AE learns to interpolate → 
reconstructs SVJs as well as top jets
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OUTLIER 
RECONSTRUCTION

Training data (background)

Input space

Anomalies (signal)

What the AE learned to reconstruct

If this happens, it’s game over

• We need a way to enforce 
that the AE only learns the 
background

• In other words: cyan should 
match red
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OUTLIER 
RECONSTRUCTION

Training data (background)

Input space

Anomalies (signal)

What the AE learned to reconstruct

If this happens, it’s game over

• We need a way to enforce 
that the AE only learns the 
background

• In other words: cyan should 
match red

How do we achieve this?
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THE NORMALIZED 
AUTOENCODER PARADIGM

• We need a way to explore the space of examples that the AE is 
able to reconstruct well

• Note that this is purely a feature of the AE
• No need to specify a family of anomalies

• Solved by Yoon et al. in this paper

𝑝/ =
1
Ω/

exp − ⁄𝐸/ 𝑥 𝑇
𝜃: weights of the AE

𝑥: point in input space

𝐸: reconstruction error

We can sample this distribution via Monte 
Carlo and enforce 𝒑𝜽 = 𝒑𝒅𝒂𝒕𝒂

https://arxiv.org/abs/2105.05735
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HOW IT WORKS

𝐸4 = 𝔼5~7!"#" 𝐸/ 𝑥

Define the positive (negative) energy as the average reconstruction error on examples drawn from 𝑝%#8# (𝑝/)

𝐸9 = 𝔼5$~7% 𝐸/ 𝑥:

Train on minimizing the difference of the energies

ℒ = 𝐸4 − 𝐸9 Equivalent to minimizing the likelihood of the training data (details in backup)

Profound paradigm shift: the normalized autoencoder (NAE) 
is a fully-fledged statistical model of the training data

The actual AE can be kept 
very simple: (10 10 6 10 10) 
fully connected in this example
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TWO IMPORTANT CAVEATS

Defining the loss as 𝐸4 − 𝐸9 can lead to a 
runaway effect when 𝐸9 > 𝐸4

There is a mode collapse in the training
• Discrimination performance increases up to a certain point
• Sharp drop afterwards
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A BETTER METRIC

This drop is invisible in the energy difference Need a more robust way to measure the distance between 𝑝%#8# 
and 𝑝/ → the Earth Mover’s (or Wasserstein 1) distance (EMD)

𝐸𝑀𝐷 𝑝%#8# , 𝑝/ = inf
;∈∏ 7!"#",7%

𝔼 5,5$ ∼; 𝑥 − 𝑥:

Mode collapse is clear in EMD
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APPLYING TO SVJS

Applied to the SVJ case, strong improvement in discrimination power against top quark jets [CMS-DP-2023-071]

AE NAE

• Using the EMD to avoid mode 
collapse gives reliable results

• Huge gain in performance

https://cds.cern.ch/record/2871591?ln=en


Can we do better?

06.03.24 Anomaly detection to search for semivisible jets
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A MORE NATURAL 
REPRESENTATION

Sample 𝑥′ ∼ 𝑝/

𝐸4

𝐸9
ℒ = 𝐸4 − 𝐸9

Can we do better then engineered features?

𝑚@+
𝑝A
𝑝A+
𝐸𝐹𝑃B
.
.
.

𝑚@+
𝑝A
𝑝A+
𝐸𝐹𝑃B
.
.
.
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A MORE NATURAL 
REPRESENTATION

{𝑝A , 𝜂, 𝜙,𝑚,… }

This «Lund graph» encodes the 
complete information of the jet

Key problem: 𝑝/ is now a distribution over graph space Need a way to sample over graphs
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NORMALIZED GRAPH AE

𝑥!

𝑥"

𝑥#

𝑥$

𝑥%

𝑎 !
,"

𝑎",$

𝑎
",#

𝑎#,%

𝑋 = 𝑥C, … , 𝑥D

𝐴 =
1 ⋯ 𝑎C,D
⋮ ⋱ ⋮

𝑎D,C ⋯ 1

Node feature matrix

Edge matrix

Sample 𝑝/ via MCMC:

𝑥E4B = 𝑥E + 𝜆∇ log 𝑝/ + 𝜀𝜎5 = 𝑥E −
𝜆
𝑇 ∇𝐸/ 𝑥E + 𝜀𝜎5

𝑋E = 𝑋E9B −
𝛼
𝑇 𝐸/ 𝑋E9B, 𝐴E9B + 𝛽𝜎F

𝐴E = 𝐴E9B −
𝛾
𝑇 𝐸/ 𝑋E9B, 𝐴E9B + 𝛿𝜎G
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NORMALIZED GRAPH AE

𝑋E = 𝑋E9B −
𝛼
𝑇 𝐸/ 𝑋E9B, 𝐴E9B + 𝛽𝜎F 𝐴E = 𝐴E9B −

𝛾
𝑇 𝐸/ 𝑋E9B, 𝐴E9B + 𝛿𝜎G

• The sampling of 𝑝/ can 
be extended to graphs

• The rest of the NAE 
pipeline remains 
unchanged

• Enables the extension of 
NAEs to graph networks



SUMMARY 
• Semivisible jets provide a unique 

playground for unsupervised 
machine learning models

• Outlier reconstruction gave us a 
headache for a bit,  but

• Leveraged normalized autoencoder 
architecture to cure the issue

• Pushed architecture forward by 
introducing the Wasserstein distance 
as a metric, extension to graphs
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THANK YOU

« C e  q u i  e s t  a d m i r a b l e ,  c e  n ’ e s t  p a s  q u e  
l e  c h a m p  d e s  é t o i l e s  s o i t  s i  v a s t e ,
c ’ e s t  q u e  l ’ h o m m e  l ’ a i t  m e s u r é . »

J a c q u e s  A n a t o l e  F r a n ç o i s  T h i b a u l t



BACKUP
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NAE DERIVATION

𝔼5∼7!"#" − log 𝑝/ 𝑥 = ⁄𝔼5∼7!"#" 𝐸/ 𝑥 𝑇 + logΩ/

𝑝/ =
1
Ω/

exp − ⁄𝐸/ 𝑥 𝑇

The painful part

Ω/ = \
ℬ
𝑑𝑥 exp − ⁄𝐸/ 𝑥 𝑇


