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Anomaly detection @ LHC

o what! > A type of model-independent search
o whﬁ - Explore phase-space missed by direct searches

e How! - Usethe large dataset (+ some* assumption about signal)
to find rare events = great task for Machine Learning

Weakly-supervised Unsupervised
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- Mo 'exact' labels
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Current methods using jets
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Anomaly detection methods - weak supervision

Several proposals for weak/un supervised ML @ LHC!
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Anomaly detection methods - weak supervision

Several proposals for weak/un supervised ML @ LHC!

) . .
> Tag N Traln . - Weakly Train New Improved
S Initial Classifier o . .
Classified Events Classifier Classifier
\ /
z \ Sig Like
E
\ Events ; Ml
\ \\ 01 Classifier
\ \\
\\\ Bkg Like New 02
N Events Classifier

Sig Like Sig Rich New O1
Events Classifier

02 Classifier

Bkg Like
Events
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Anomaly detection methods - weak supervision

Several proposals for weak/un supervised ML @ LHC!

» Tag N’ Train
» Classification Without Labels

S. Paredes Saenz
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Several proposals for weak/un supervised ML @ LHC!

» Tag N’ Train

» Classification Without Labels

Train
Classikier
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Anomaly detection methods - weak supervision

Several proposals for weak/un supervised ML @ LHC!

» JTag N’ Train

»» CWol.a

Train
Classikier

S. Paredes Saenz 29
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Anomaly detection methods - weak supervision

Several proposals for weak/un supervised ML @ LHC!

» JTag N’ Train
» CWol.a

Train
Classikier
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Anomaly detection methods - Autoencoders

Learn what background jets look like
»» Tell us if something is not that!
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Anomaly detection methods - Autoencoders

Learn what background jets look like
»» Tell us if something is not that!

°feneA]

%
A §
<

S. Paredes Saenz

38



Anomaly detection methods - Autoencoders

Autoencoders for LHC data analysis:

»» Quasi Anomalous Knowledge (QuAK)

» Variational Recurrent Neural Network (VRNN)

2-Prong: Leading Jet Mass 2-Prong: Leading Jet Mass, Anomaly Score > 0.65
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Ongoing efforts and recent result




Experimental results

e CMS - working on an analysis combining
several of these methods

= No public results yet
e ATLAS~Two jet-based anomaly

detection publications

= Dijet search with weak supervision [HDBS-2018-59]
s Y>XH-qqbb [ATLAS-CONF-2022-045]

S. Paredes Saenz
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ATLAS anomaly detection in Y—=XH—qqbb

e Search for new resonance

Y decaying to XH X
e Main feature: W\(ff
» Usea Variational Y <
Recurrent Neural }} S5, \
Network (VRNN) to )

detect anomalous jets

S. Paredes Saenz

S
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ATLAS anomaly detection in Y—=XH—qqbb

e Select events with two
large jets
e Use H-bb jet to
define background
estimation regions
»+ Use the otherone
for anommaly
detection

S. Paredes Saenz

X/H Candidate Large-R Jet Selection

min(Dy, (J;,J,))

max(Dy, (J1,J,))

X-Tagging H-Tagging & Background Estimation
/
----------- . DH,,,, 4 Higgs mass window
: Anomaly I=si= =l >
Y o
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I 1
Two-prong (merged) 1= === = = = = = >
" prong (merg 3: 60%WP
""""" (=2.44)
----------- LSBO CRO HSBO
I \
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1
‘ ----------- _2 -
~ 50 75 145 200
my [GeV]
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ATLAS anomaly detection in Y—=XH—qqbb

e Three separate signal
regions using VRNN
» Anomaly
= Two-prong merged
» T'wo-prong resolved
e Bump-hunt in all SRs
»  Signal+Background
fit in two-prong
regions only

S. Paredes Saenz

X/H Candidate Large-R Jet Selection

min(Dy, (J},J,))

max(Dy, (J1,J,))

X-Tagging H-Tagging & Background Estimation
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----------- . DH,,,, 4 Higgs mass window
1 Anomaly I=si= =l >
q
LsSB1 SR HSB1
-----------
I 1
Two-prong (merged) 1= === = = = = = >
5 prong (merg 3: 60%WP
""""" (=2.44)
ARy " LSBO CRO HSBO
1 Two-prong (resolved)s= = = = = = = = = >
1
‘ ----------- _2 -
50 75 145 200
my [GeV]
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ATLAS anomaly detection in Y—=XH—qqbb

VRNN inputs: P T
R ata ATLAS Prelimi

= Only jets from data 1O i, oo, 000 _ 15 Tev. 169 "
V 10 — Y—XH (m:=34OOGeV, mi=110GeV) ’

— Y->XH (mY = 5000 GeV, m, = 2500 GeV)

»+ «= 20 jet-constituents from each

Normalized to Unity

= Jet-substructure variables
-~ Energy correlator ---D,

- N-subjettines ------ T

| | | | il

RN (O (T TR 0 T S T O 00 O O |
[N k Splitting Scale —— e d d -1 -08-06-04-02 0 02 04 06 0.8 1
=t o 12l " J, Anomaly Score

» No labels
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https://arxiv.org/pdf/2105.09274.pdf
https://link.springer.com/article/10.1007/JHEP06(2013)108
https://link.springer.com/article/10.1007/JHEP03(2011)015
https://link.springer.com/book/10.1007/978-3-030-15709-8

ATLAS anomaly detection in Y—=XH—qqbb

VRNN inputs: & 10 e
. = o[ [Jpata ATLAS Preliminary
B+ Only Jets from data 3 1100 - (s=13TeV, 139 fo'
° . 8 _ A-BC—qqqaqq
» <= 20 jet-constituents from each T:U (oS Sy -t m oG
S q10's — (m, =3000 GeV, m_ =200 GeV, m_ =400 GeV) ;
: -
= Jet-substructure variables 2 oe f
1073
-~ Energycorrelator ---p, .
° ° _5
- N-subjettines ------ T, o
- 10
...... i | | i

P IR I ol b b Ty
< kt spllttmg scale —---du'd.zs -1 -08-06-04-02 0 02 04 06 08 1

J, Anomaly Score

» No labels
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https://arxiv.org/pdf/2105.09274.pdf
https://link.springer.com/article/10.1007/JHEP06(2013)108
https://link.springer.com/article/10.1007/JHEP03(2011)015
https://link.springer.com/book/10.1007/978-3-030-15709-8

ATLAS anomaly detection in Y—=XH—qqbb

%107II|IIII|IIII|IIII‘IIII|IIII| IIIIIIIIIII
L°>Ij ATLAS Preliminary —— Data
{s=13 TeV, 139 fb™ —— Background
. . o . 10° &= Fit Range: 1.3 - 4.9 TeV _
e No Slgn]_f]_cant excess in Anomaly SR —— BumpHunter interval
m, in (75.5, 95.5) GeV
. . * p-value = 9.10E-03
»  Anomaly signal region or 10°

» 1.47 0 global signigicance

» 'Two-prong signal region
e Limits set on Y->XH—-qqgbb using
two-prong results.

S
[, N

Significance _
o

|
(¢}
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http://cds.cern.ch/record/2816323/files/ATLAS-CONF-2022-045.pdf

ATLAS anomaly detection in Y—=XH—qqbb

= 6

e,
e No significant excess in £ 5
= Anomaly signal regionor

» 1.47 0 global signigicance ,

» Two-prong signal region ,

e Limits set on Y->XH—-qqgbb using 1

ATLAS Preliminary -]
Vs=13TeV, 139 fo'
Observed CLs .

two-prong results. ’
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v b e by by by by
500 1000 1500 2000 2500 3000

m, [GeV]

95% CL limit on o(pp—Y—->XH—qqbb) [pb]
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Summary




Summary

e Anomaly detection is an exciting area for
model-independent searches at the LHC

»+ Jets are a prime use case

e These state-of-the-art ML, methods are already
being implemented in real LHC data

e Alotof workbeing done at the LHC experiments
to implement these ideas

»  Staytuned for new results!
e Still early stages

» Both search and statistical analysis strategies
are rapidly evolving

S. Paredes Saenz
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Event Selection

Parameier Preselection requirements
myy [GCV] > 1300
pr(J1) [GeV] > 500
my [GeV] my, > 50| my, >50
Dbe > -2
Signal regions
Merged | Resolved | Anomaly
mp [GeV] (75, 145)
Du,, > 2.44
Dk <12 > 1.2 -
|ij1,j2| - €25 -
p?“l - <0.8 -
Anomaly Score - - » 0.5
Background estimation regions
CRO HSBO | HSB1 | LSBO LSBI1
mpg [GeV] (75, 145) (145, 200) (65,75)
Du,, <244 | <244 | >244 | <244 >2.44

S. Paredes Saenz
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Anomaly detection methods: weak supervision

Several proposals for weak/un supervised ML @ LHC!

» JTag N’ Train
» CWol.a
» CATHODE

a.u.4

SB | SR i SB m
Pdata(z|m € SB)

Pdata(z|m € SB)
= prg(z|m € SB)

pdata(x|m € SR) — Pbg($|m c SB)
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