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Signhal might still be present in our data, but might look different
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Anomaly detection for New Physics searches
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Anomaly detection in analysis
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5 ways of identifying anomalous dijet events
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5 ways of identifying anomalous dijet events
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5 ways of identifying anomalous dijet events

nxm
Variational autoencoder CWolLa, TnT and CATHODE QUAK
(Likelihood-ratio based) (Log-likelihood based)
Unsupervised Weakly supervised Hybrid

Signal-hypothesis dependence



Why so many methods?
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Identify single anomalous jet Identify anomalous dijet system
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Why so many methods?

W' — Bt — qqq qqq X—YY —qqqq QCD background

CMS Simulation Preliminary (13 TeV) CMS Simulation Preliminary (13 TeV) CMS Simulation Preliminary (13 TeV)

0.33 0.24 0.11 0.22 0.15 0.17 : 0.44 0.28 0.08 : 0.05

CWola Hunting : : . : CWolLa Hunting . : . ] CWola Hunting

CATHODE : : . . CATHODE . : : ! CATHODE

QUAK : : : . QUAK




Getting a VAE for AD to work in practise

E; Px, Py, Pz , El Px, Py, Pz A
E; px, ‘ EI px,
E, Px, P El Px, Py
E; px; pYi p.Z E; pX; pYJ pz

nXxm nXxm




Getting a VAE for AD to work in practise

E; Px, Py, Pz : : El Px, Py, Pz
| |
2 _. - - . : :
’ pxl' u ] n n u - ’ pXr‘
: n m m n n
[ | ] u [ [ |
E,pPx, P - [ n - n u : E, Px, Py
| - - [ | - - -
| [ |
- n | ] n |
E, Px, Py, Pz - u | | u [ ] El Px, Py, Pz
| [
u n . . n :
: n n .
nXxm . . nXxXm

QCD

Anomaly score | b

E, Px, Py, Pz E, Px, Py, Pz
E; Px, | E, Px.8 ‘
E, Px, P EI Px, Py
E, Px, Py, Pz E; Px, Py, Pz
nxXm nxm ' 1076 1075

Reconstruction Error




Where do you train?

SIGNAL SIDEBAND
REGION REGION 1 b’

APPLY TO TRAIN
DATA SIGNAL ANOMALY
REGION DETECTION
ALGORITHM

Anjj between jets

(Signal s-channel,
QCD ~t-channel)



Invariant mass sculpting

SIGNAL SIDEBAND
REGION REGION 1 b’

APPLY TO TRAIN
DATA SIGNAL ANOMALY
REGION DETECTION
ALGORITHM

Anjj between jets

(Signal s-channel,
QCD ~t-channel)



Quantile regression
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cut Q10.0
cut Q30.0
cut Q50.0
cut Q70.0
cut Q90.0
cut Q99.0
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fixed X% mistag rate!

SIGNAL
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Train
quantile
regression!

Train
quantile
regression!
Train

quantile
regression!

SIDEBAND
REGION

Train
autoencoder




uantile regression

cut Q10.0
cut Q30.0

cut Q50.0
cut Q70.0

cut Q90.0
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VAE + Quantile regression

CMS Preliminary 138 fb~1 (13 TeV)
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— Bkaqg. fit
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Getting weak supervision to work in practise

CWolLa, TnT and CATHODE



Getting weak supervision to work in practise

Mixed sample definition:

CWola: From M;

Tag N Train:
Autoencoder to further
Increase purity

CATHODE: Learn
density from SB,
interpolate into SR and
sample

Dijet invariant mass

CWolLa, TnT and CATHODE




Getting weak supervision to work in practise

i
: not fine

< -
\ (
'd
.
L
r
\
(
4

12 windows with different trainings and selection. Hardest
part is to decorellate features from m;;!



Weak supervision: CWolLa, TnT, CATHODE

CMS Preliminary 138 fb~' (13 TeV)
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CMS simulation Preliminary (13 TeV)

<]

CMS Simulation Preliminary

Inclusive: X —» YY, 6=24 b

—4— Simulated Pseudodata
= Signal + Background Fit
—— Signal

Background

—_

() o
[+2}

i,

Events / 100 GeV
b

x2ndf = 27.11/31 = 0.87
Prob = 0.667

VAE-QR

CWolLa Hunting

TNT ™ Diet invariant mass (Gev)
CATHODE

CATHODE-b

QUAK

" CMS Ssimulation Preliminary

TNT: X - YY, 6=24 fb

——$— Simulated Pseudodata
—— Signal + Background Fit
—— Signal

Background

x2/ndf = 16.36/24 = 0.68
Prob = 0.875

QUAK: Model Specific
2-prong (T21, Msp)

3-prong (Tsz, Mgp)
Inclusive

Events / 100 GeV

nl

3000 4000 5000
Dijet invariant mass (GeV)

20 25
Cross Section (fb)




Weak supervision limit-setting

Nio(0) =0 X ZX AXe€



Weak supervision limit-setting

(0) =0 XL XAXe

\ 4
Nig(0) = 6 X L X A Xe(o)

M2
tag
~\

s1g

M2

at ta

Q




Weak supervision limit-setting

Nio(0) =0 X Z X A Xe

\ 4
tag
~\

M2

at ta




CMS Preliminar 138fb~1 (13 TeV)
X 30l CATHODE, X(3000)Y(170)Y'(170)

—e— Acceptance x Efficiency
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—— Selected Signal Events Ng;4(0)

— Observed Limit
Expected Limit
68% Expected

o

| fficiency
S

—_i
o

W
o
o

1. Inject signal, measure €(o)

2. Gives number of selected signal events

N
o
o

2
C
)
>
LLI
"52
o
&
S
Z

3. Find intersection with obs/exp limit
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And how about look-elsewhere effect?

...&L

Dijet invariant mass

Each signal region fully independent search (trial factor = 12)

Toys to compute effective trial factor based on mass points (usual way)

p-value,, , = p-value,, ., X Trial Factorgg X 12



CMS Preliminary 138fb=1 (13 TeV)
Limits on A -BC, m(A) =3 TeV

—k
o
(0))

Expected +10 VAE-QR
Observed CWolLa Hunting
Inclusive TNT

2-prong (T21, Mgp) CATHODE
3-prong (Tt32, Mgp) CATHODE-b

Dedicated Wk search, QUAK - General
PRD 106 (2022)
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Signal Model

Improvement wrt Inclusive
N

Setting limits on ~50 New Physics hypothesis in one go, many which have never been
searched for!



CMS Prellmlnary LHCP 2020 95% CL exclusions

N
—— Observed

Expected

I,/ M, <~5%

tt resonance, [arXiv:1810.05905]
35.9fb7, 13 TeV

I,/ M, <~10%

Boosted Dijet+y [arXiv:1905.1033
35.9 b, 13 TeV

Boosted Dijet [arXiv:1909.04114]
77.0b", 13 TeV

Dijet+ISR jet [arXiv:1911.03761]
18.3 b, 13 TeV

Dijet b-tagged [arXiv:1802.06149]
19.7 fo”, 8 TeV

Dijet scouting [arXiv:1604.08907]
19.7 fo”, 8 TeV

Dijet scouting [arXiv:1806.00843]
35.9 b, 13 TeV

Dijet [arXiv:1911.03947]

137 b, 13 TeV

I,/ M, <~30%

Broad Dijet [arXiv:1806.00843]
35.9fb" 13 TeV

710 2030 100 200 1000 2000 I,/ M, <~100%
MZ' [GeV] Dijet  [arXiv:1803.08030]

35.9fb" 13 TeV
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Anomaly Detection triggers

Level-1 rejects >99% of events!
|s there a smarter way to select?

Energy (GeV)



Anomaly Detection triggers

Everything here Everything here
is normal is abnormal
_ >

Reconstruction error




AXOLTTL

Anomaly Detection in the CMS Level 1 pGT taking 300 events/second now!
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https://indico.nikhef.nl/event/4875/contributions/20303/attachments/8213/11697/eucaifcon_axol1tl_slides.pdf
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PT

MET

4ely

4p

10 jets

loss

¥XAXO 'TL

Regularize latent space
to avoid overfitting

|- %|]2 + KL

Sampled latent representation

4

, N(O, 1) ]
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10 jets




¥XAXO 'TL

PT

MET

4ely

4p

10 jets

125 ns != 50 ns

PT

MET
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10 jets
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10 jets

¥XAXO 'TL

loss =
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¥XAXO 'TL

KL[ , N(O, 1) ]

CMS Preliminary 2023 (13.6 TeV)
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¥XAXO 'TL
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E.g Higgs — A(15 GeV) A(15 GeV) — 4b

Signal Efficiency Gain 46%




ignal Efficiency Gain 46°
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CMS Experiment at the LHC, CERN
Data recorded: 2018-Sep-06 05:06:55.343296 GMT
Run / Event / LS: 322332 / 851591650 / 487

VAE says:

two anomalous
jets

CMS Experiment at the LHC, CERN
Data recorded: 2023-May-24 01:42:17.826112 GMT
Run / Event / LS: 367883 / 374187302 / 159




CMS Preliminary 138fb~! (13 TeV)

A~ 6
o 10 Limits on A »BC, m(A) = 3 TeV

Expected +10 VAE-QR
Observed CWolLa Hunting
Inclusive TNT

2-prong (To1, Mgp) CATHODE
3-prong (T32, Mgp) CATHODE-b

Dedicated Wk search, QUAK - General
PRD 106 (2022)

95% CL Upper Limit on o (f
5 3 3 3
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X-YY —4q W -sBt-bZt W,k->WR-3W Y-sHH-4t
(2+2) (3+3) (2+4) (6+6)

Signal Model

Improvement wrt Inclusive
N







Input features (from B. Maier)

VAE TNT CATHODE

1

Constituents SD same as CWolLa

Py Py, P, "

32
43

const

leptonic
energy
fraction

sub-jets B CATHODE-b

tag score

B tag scores of |1, |2




