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Classical approach to BSM searches
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BSM scenario event selection background estimation
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BSM scenario event selection background estimation

slide content borrowed from K. Sakurai

limited by our biases specific to BSM scenario simulation dependent
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Special resonant variable, e.g., mJJ 

Signal localised 

Background smooth 

Define: 

Signal region 

Two adjacent sideband regions 

Look for an excess in the SR 

Classically: Bump Hunting 

ML: weakly-supervised methods using 
auxiliary variables

Construct anomaly score A  

Background events have small A 

Signal events have large A 

Select a threshold: Athr 

Define the signal region as A> Athr
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ABCD matrix method
Established method for data-driven background estimation
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AB
D C

Nbkg
A = Nbkg

B

Nbkg
C

Nbkg
D

Both anomaly scores have to be independent! Relevant past works: 
-> Kasieczka, Nachman, Schwartz, Shih [2007.14400] 
-> Mikuni, Nachman, Shih [2111.06417]



Anomaly searches in HEP
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Special resonant variable, e.g., mJJ 

Signal localised 

Background smooth 

Define: 

Signal region 

Two adjacent sideband regions 

Look for an excess in the SR 

Classically: Bump Hunting 

ML: weakly-supervised methods using 
auxiliary variables

Construct anomaly score A  

Background events have small A 

Signal events have large A 

Select a threshold: Athr 

Define the signal region as A> Athr

How?
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Normalizing Flows allow to efficiently sample from complicated data 
distributions. 

We build a sequence of invertible parametrisable functions that transform 
a multivariate Gaussian distribution to data distribution.

Normalizing Flows



Rafał Masełek

Once we have trained the flow, we can reverse its direction to 
transform initial correlated variables into new approximately 
uncorrelated ones.

f −1
1 (z1) f −1

i (zi) f −1
i+1(zi+1)

Normalizing Flows



Overview of the method
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Książ Castle, Poland

BENCHMARK



λ′￼323 s/c

/ντ
b

Benchmark model

Rafał Masełek

signal — RPV SUSY background — ttbar

mg̃ = 1.8 TeV
mχ̃0

1
= 1.7 TeV

ℒ ∋
1
2

λijkLiLjēk + λ′￼ijkLiQjd̄k

λ122 ≃ λ323 ≠ 0
Rafał Masełek



Preselection & 16 original variables

Rafał Masełek

S = 432 S/B = 0.5%
S/√B = 1.5B = 80100L=3/ab



Lublin Castle, Poland

PRELIMINARY RESULTS 
(semi-supervised)



Decorrelation in practice

16 highly correlated variables
Uncorrelated

Fully correlated



Decorrelation in practice
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16 highly correlated variables 16 highly largely uncorrelated 
variables split into two subsets

decorrelation



Decorrelation in practice

Rafał Masełek

decorrelation

16 highly correlated variables 16 highly largely uncorrelated 
variables split into two subsets

A
B



Latent representation — semisupervised

Rafał Masełek

#� #
 � 
 �

	�#�

	�#


	�#�

	�#�

	�#


	�#	

��
!��

� 
���
��

!�
!�
�

��

�������"��
������
����	�

#� #
 � 
 � �

	�#�

	�#


	�#�

	�#�

	�#


	�#	

��
!��

� 
���
��

!�
!�
�

���
�������"��
������
����	�

#� #
 � 
 �

	�#�

	�#


	�#�

	�#�

	�#


	�#	

��
!��

� 
���
��

!�
!�
�

���
�������"��
������
����	�

#� #
 � 
 �

	�#�

	�#


	�#�

	�#�

	�#


	�#	

��
!��

� 
���
��

!�
!�
�

��

�������"��
������
����	�

#� #
 � 
 �

	�#�

	�#


	�#�

	�#�

	�#


	�#	

��
!��

� 
���
��

!�
!�
�

���
�������"��
������
����	�

#� #
 � 
 �

	�#�

	�#


	�#�

	�#�

	�#


	�#	

��
!��

� 
���
��

!�
!�
�

���
�������"��
������
����	�

#� #
 � 
 �

	�#�

	�#


	�#�

	�#�

	�#


	�#	

��
!��

� 
���
��

!�
!�
�

���
�������"��
������
����	�

#� #
 � 
 �

	�#�

	�#


	�#�

	�#�

	�#


	�#	

��
!��

� 
���
��

!�
!�
�

���
�������"��
������
����	�

#� #� #
 � 
 �

	�#�

	�#


	�#�

	�#�

	�#


	�#	

��
!��

� 
���
��

!�
!�
�

���
�������"��
������
����	�

#� #
 � 
 �

	�#�

	�#


	�#�

	�#�

	�#


	�#	

��
!��

� 
���
��

!�
!�
�

��
	
�������"��
������
����	�

#� #
 � 
 �

	�#�

	�#


	�#�

	�#�

	�#


	�#	

��
!��

� 
���
��

!�
!�
�

��


�������"��
������
����	�

#� #
 � 
 �

	�#�

	�#


	�#�

	�#�

	�#


	�#	

��
!��

� 
���
��

!�
!�
�

��
�
�������"��
������
����	�

#� #
 � 
 � �

	�#�

	�#


	�#�

	�#�

	�#


	�#	

��
!��

� 
���
��

!�
!�
�

��
�
�������"��
������
����	�

#� #
 � 
 �

	�#�

	�#


	�#�

	�#�

	�#


	�#	

��
!��

� 
���
��

!�
!�
�

��


�������"��
������
����	�

#� #
 � 
 � � �

	�#�

	�#


	�#�

	�#�

	�#


	�#	

��
!��

� 
���
��

!�
!�
�

��
�
�������"��
������
����	�

#� #� #
 � 
 � �

	�#�

	�#


	�#�

	�#�

	�#


	�#	
��

!��
� 

���
��

!�
!�
�

��
�
�������"��
������
����	�

��%� %�$"����$�� ���'$�������#!& ��(����&#��
�
���$%������

#� #
 � 
 �

	�#�

	�#


	�#�

	�#�

	�#


	�#	

��
!��

� 
���
��

!�
!�
�

��

�������"��
������
����	�

#� #
 � 
 � �

	�#�

	�#


	�#�

	�#�

	�#


	�#	

��
!��

� 
���
��

!�
!�
�

���
�������"��
������
����	�

#� #
 � 
 �

	�#�

	�#


	�#�

	�#�

	�#


	�#	

��
!��

� 
���
��

!�
!�
�

���
�������"��
������
����	�

#� #
 � 
 �

	�#�

	�#


	�#�

	�#�

	�#


	�#	

��
!��

� 
���
��

!�
!�
�

��

�������"��
������
����	�

#� #
 � 
 �

	�#�

	�#


	�#�

	�#�

	�#


	�#	

��
!��

� 
���
��

!�
!�
�

���
�������"��
������
����	�

#� #
 � 
 �

	�#�

	�#


	�#�

	�#�

	�#


	�#	

��
!��

� 
���
��

!�
!�
�

���
�������"��
������
����	�

#� #
 � 
 �

	�#�

	�#


	�#�

	�#�

	�#


	�#	

��
!��

� 
���
��

!�
!�
�

���
�������"��
������
����	�

#� #
 � 
 �

	�#�

	�#


	�#�

	�#�

	�#


	�#	

��
!��

� 
���
��

!�
!�
�

���
�������"��
������
����	�

#� #� #
 � 
 �

	�#�

	�#


	�#�

	�#�

	�#


	�#	

��
!��

� 
���
��

!�
!�
�

���
�������"��
������
����	�

#� #
 � 
 �

	�#�

	�#


	�#�

	�#�

	�#


	�#	

��
!��

� 
���
��

!�
!�
�

��
	
�������"��
������
����	�

#� #
 � 
 �

	�#�

	�#


	�#�

	�#�

	�#


	�#	

��
!��

� 
���
��

!�
!�
�

��


�������"��
������
����	�

#� #
 � 
 �

	�#�

	�#


	�#�

	�#�

	�#


	�#	

��
!��

� 
���
��

!�
!�
�

��
�
�������"��
������
����	�

#� #
 � 
 � �

	�#�

	�#


	�#�

	�#�

	�#


	�#	

��
!��

� 
���
��

!�
!�
�

��
�
�������"��
������
����	�

#� #
 � 
 �

	�#�

	�#


	�#�

	�#�

	�#


	�#	

��
!��

� 
���
��

!�
!�
�

��


�������"��
������
����	�

#� #
 � 
 � � �

	�#�

	�#


	�#�

	�#�

	�#


	�#	

��
!��

� 
���
��

!�
!�
�

��
�
�������"��
������
����	�

#� #� #
 � 
 � �

	�#�

	�#


	�#�

	�#�

	�#


	�#	

��
!��

� 
���
��

!�
!�
�

��
�
�������"��
������
����	�

��%� %�$"����$�� ���'$�������#!& ��(����&#��
�
���$%������



Anomaly score distribution

Rafał Masełek

SM background

BSM signal



S/√B closure

Rafał Masełek

PRELIMINARY



Marlbork Castle, Poland

TOWARDS UNSUPERVISED



Significance improvement for unsupervised training 

Rafał Masełek

PRELIMINARY
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Latent representation — unsupervised

Rafał Masełek
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Summary & Outlook
Out-of-distribution anomaly detection methods are challenging: 

How to construct a good anomaly score? 

How to estimate the background in the SR? 

We propose combining NFs with the ABCD matrix method: 

NF creates a new data representation with uncorrelated features 

Anomaly scores are approximately uncorrelated 

The method works for semi-supervised training (NF trained on background-only data) 

For fully unsupervised training, the sensitivity drops when signal increases -> opposite behaviour to weakly-
supervised methods 

Next steps include: 

Understanding the effect of signal leakage to CRs 

Validating method on other benchmarks 

Developing method for fully unsupervised training

Rafał Masełek
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Extended ABCD matrix method
Established method for data-driven background estimation

Rafał Masełek

AB’
D1 C’

Nbkg
A =

(Nbkg
B′￼

Nbkg
C′￼

Nbkg
D2

Nbkg
D3 )

2

Nbkg
B′￼′￼

Nbkg
C′￼′￼

Nbkg
D4 (Nbkg

D1 )
4

Both anomaly scores have to be independent!

B’’

C’’
D3

D4 D2



Training strategy

The dataset consists of ~3M events. 

We randomly split the data 50-25-25 (train-val-
test) 

We train a normalising flow on background-only 
data 

We randomly split the latent variables into two 
subsets and construct anomaly scores A and B 

We evaluate on background + BSM signal 

We repeat for 5x5 times

Rafał Masełek



Anomaly score

Rafał Masełek

𝒜A =
1

NA ∑
zi∈A

z2
i

𝒜B =
1

NB ∑
zi∈B

z2
i

∀i,j (zi ∼ N(0,1)) ∧ (zi ⊥⊥ zj) ⟹ 𝒜A/B ∼ χ2(NA/NB) ∧ (𝒜A ⊥⊥ 𝒜B)

𝒜 =
1
N

N

∑
i=1

z2
i = −

2
N

log N(0,I) − log(2π)

anomaly scores

latent variables



Background closure
ABCD-9, one sample, multiple definitions of control regions

Rafał Masełek

PRELIMINARYsmaller SRs

smaller CRs


