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Abstract

Unsupervised learning has been proposed as a tool for model agnostic anomaly
detection (AD) in collider physics. While the goal of these approaches is usually to
find events that are ‘rare’ under the Standard Model hypothesis, many approaches
are governed by heuristics to strive towards an implicit density estimator. We study
the simplest possible one-class classification method for unsupervised AD and
show that it has similar properties to other unsupervised methods. The method
is illustrated using a Gaussian dataset and a simulation of the events at the Large
Hadron Collider (LHC). The simplicity of the one-class classification may enable
a deeper understanding of unsupervised AD in the future.

1 Introduction

Given the lack of new particle discoveries at the Large Hadron Collider (LHC) and elsewhere, there
is a growing need to broaden our sensitivity to new physics through search strategies that are less
reliant on theoretical models. Machine learning (ML) based anomaly detection (AD) is a promising
direction for broadening our sensitivity to unforeseen scenarios (see e.g. Ref. [1] for a recent review)
and early results with collider data are now coming online [2—4].

A large number of ML-based AD proposals are based on unsupervised learning. Generically, the goal
of these approaches is to explicitly or implicitly estimate the density of the background-only data
pp(z) for some features € RY. Then, anomalies in the target dataset are selected as events that are
rare / low density'. A virtue and vice of these approaches is that their performance does not depend
on the amount of signal in the target dataset [7, 8]. This is a desirable feature when there is little
signal in the target dataset, but it also means that these models are only sensitive if the new physics
happens to be concentrated in specific areas or directions relative to background-only training data.

There are many strategies for constructing unsupervised ML-based AD methods. Normalizing
flows [9-12] can be used to explicitly learn the data probability density? while a number of implicit
methods like autoencoders are also well-studied in collider physics (see e.g. Ref. [17-19] and papers
that cite them). Approaches vary in their complexity and ease-of-use and since there is no universally
optimal method, it is important to consider a variety of techniques in order to achieve broad coverage.

'This approach is coordinate-dependent [5, 6].
2Normalizing flows have also been proposed for weakly supervised learning [13-16].
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For this reason, we explore possibly the simplest unsupervised deep-learning approach to AD that
we call a one-class dense network (OCDN). We train a neural network classifier using the standard
binary cross entropy loss function, but using only background (class 0) inputs. For a sufficiently
flexible neural network architecture and a long enough training schedule, the classifier should be able
to return a score of zero for all inputs. However, for a finite number of training epochs, the network
will have a non-trivial functional form and the resultant scores can be used for AD. The simplicity
of the OCDN may provide a platform for diving deeper into understanding unsupervised AD in the
future. In this paper, we explore the OCDN on Gaussian and particle physics datasets.

2 One-class Methods

The ‘new’ method that we explore here is the one-class dense network (OCDN). The quotes around
new in the previous sentence are because the OCDN is such a simple construction that surely it has
been explored before®. However, its simplicity may have kept it hidden from further study. Using any
relevant neural network architecture, the OCDN is trained using the usual binary cross entropy (BCE)
loss function for classification. The difference with respect to normal classification is that only one
class is provided during training. The function that minimizes this loss is the constant function 0 (for
the input class labeled 0). For any finite epoch during training, the function will approach zero, but
its deviation from a constant allows it to have some AD performance.

To see how the OCDN might be useful, consider the simplest neural network: f(z) = 1/(1 +
e_(“”’+b)), i.e. logistic regression. Optimizing this neural network for the BCE loss L is a two-
dimensional problem so one can even visualize the trajectory through function space. The partial
derivatives are g—i = E[X f(X)] and %—% = E[f(X)]. Since f(x) > 0, %—i — 0 requires that
f(z) — 0 across the support of X. This means that f(z) > 0 away from where the training data have
support and therefore may be able to detect out of distribution anomalies (at least in one direction).

We compare the OCDN to a variety of other, similar one-class methods. The first model we test is a
one-class support vector machine (OC-SVM) [21]. This method finds a hyperplane that best separates
data from the origin in a given feature space. Symbolically:
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where ¢y is a kernel function that transforms the data into a new feature space. In our experiments
we use the radial basis function (RBF) kernel. w is the hyperplane and £ is a slack variable.
The v variable is a hyperparameter in the range (0, 1] that correlates with the fraction of dat-
apoints that are permitted to lie outside of the hyperplane. We consider two choices of v: v
close to zero (Outside Anomaly Detector, OAD) and v close to unity (Inside Anomaly Detector, IAD).

The second model we tested was Deep Support Vector Data Description (Deep SVDD) [22]. SVDD
works by finding a minimum volume hypersphere that encloses all or most data points [23]. At test
time, points that fall on the outside of the hypersphere would be classified as anomalies. In Deep
SVDD, a neural network is employed to transform the data into a new feature space in which to
apply SVDD; The parameters of the network and the hypersphere are jointly learned to minimize the
volume of the SVDD hypersphere.

We directly apply the Deep SVDD models, with minimal modifications, from Ref. [22] which defines
two model objectives. The first is a Soft-Boundary Deep SVDD objective and the second is a simpler
One-Class Deep SVDD objective. Symbolically:
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*It is also a special case of other proposals, like Energy-based Out of Distribution Detection with A = 0 [20].



The third model we tested was a bottleneck autoencoder, which consists of a deep neural network
encoder and decoder that are simultaneously trained to reconstruct the data with a mean squared error
(MSE) loss. Events are declared anomalous if their MSE (also called reconstruction error) is large.

3 Numerical Results

Training details can be found in Appendix 5.

3.1 Gaussian Example

To begin, we consider a simple Gaussian example in one dimension where the training data
(background-only) is normally distributed with mean -2 and unit variance while the anomalous
events have mean O (or -4) and also unit variance. We start with the logistic regression example
discussed in the previous section. The results of this case are presented in Fig. 3.1. As training
proceeds, the sigmoid morphs to the right in order to make the average score closer to zero for the
background-only data. This results in an effective classifier when the signal happens to be to the
right of the background and results in anti-tagging the signal when the signal happens to be on the
other side of the background. In both cases, we observe universal behavior, where the performance is
nearly constant over the training. Additionally, a similar but reflected behavior holds if either the
model or data is reflected across the origin. The results of Fig. 3.1 are qualitatively similar to what
we find with a multi-layer logistic regression model.
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Figure 1: Left: histograms of the background and signal superimposed with the neural network
score. The vertical axis corresponds to the network score; there is an arbitrary scaling applied to the
histograms so that they fit on the same plot. Right: Receiver Operating Characterstic (ROC) curves.
(Note: the ROC curves are completely identical for the different number of epochs, so that is why
it appears only the 50 Epoch curve is shown.) Top: the anomaly is on the left of the background.
Bottom: the anomaly is on the right of the background.



3.2 Particle Physics Example

For an example from collider physics, we use the LHC 2020 Olympics R&D dataset [24, 25] which
includes 10° background (Standard Model) events and 10° signal events. Our setup closely follows
previous resonant anomaly detection studies that use the LHC Olympics dataset [13—15, 26-29].
These events naturally live in a high-dimensional space (each containing hundreds of particles with a
momentum), but we consider the same five-dimensional compressed version studied in Ref. [13-15,
28, 29], consisting of masses and angular moments of hadronic jets in the events.

We quantify the performance of various one-class methods in Fig. 3.2. Supervised classifiers are able
to achieve a maximum Significance Improvement Characteristic (SIC) of about 17 and state-of-the-art
weakly supervised methods are able to reach a maximum SIC of about 13 (see e.g. Ref. [14]). In
contrast, we see a range of maximum SIC values between 1 and 2. This may be expected, since
unsupervised methods are unaware of the signal properties unlike the weakly supervised approaches.
Of the unsupervised methods, the IAD SVM and autoencoder have the best average performance
on this benchmark signal model. OCDN performs much worse than these two methods (although
it is not the worst). This is only one signal model and it is possible that there exist signal models
for which the OCDN would outperform the other methods; this is a challenge for benchmarking
unsupervised AD techniques.
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Figure 2: Left: ROC curves for various models. Right: Significance Improvement Characteristic
(SIC) curves for various models. The SIC is defined as the true positive rate divided by the square
root of the false positive rate. This metric indicates by how much the signal-to-noise (also called
significance) increases with a given threshold cut specified by the horizontal axis value. Top: the

best over 10 random network initializations. Bottom: the average performance over the 10 random
network initializations.



4 Conclusions and Outlook

In this paper, we have explored a simple unsupervised method called the One-Class Dense Network.
This technique uses a supervised classification setup, but only provides one class during training time.
While the loss is minimized for the constant zero function, training for a finite number of epochs may
drive the function to zero faster over the support of the background-only data and therefore, the score
of the OCDN may be useful for AD. While our physics example does not show a large gain from
using the OCDN over other approaches, it provides a complementary tool that may help broaden the
sensitivity to new physics using unsupervised methods. Furthermore, the simplicity of this setup may
provide a useful platform for analytic studies of AD performance in the future.
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S Potential Broader Impacts

Anomaly detection is used throughout science and industry and so the OCDN may be a useful setup
well beyond collider physics.
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Appendix
Training

The OCDN and bottleneck autoencoder models were both built in TensorFlow [30] and optimized
with Adam [31]. For OCD, our model feeds the data through 3 linear layers each with 128 ReLU
activation neurons followed by a singular sigmoid activation output neuron. The autoencoder encodes
our data into 2-dimensional space through an encoding block composed of two hidden linear layers
of 512 ReLU activation neurons with a batch normalization layer in between. The decoder block
also consists of two hidden layers each with 512 ReLU activation neurons but does not contain a
batch normalization layer. For the OC-SVM models, we used the OneClassSVM class from Scikit-
Learn [32] and for Deep-SVDD, we used the PyTorch [33] framework to build out our model and
used optimization methods directly from Ref. [22]. The Deep-SVDD model we employed transforms
our data into, and fits the hypersphere, in a 128-dimensional feature space.

All results shown above utilized training data composed of 97,081 background only events and test
data composed of 24,270 background and 75,298 signal events. Every network except for the OC-
SVM’s were trained on an Nvidia Quadro RTX 6000 GPU. The OCDN model trained exceptionally
fast; on the order of milliseconds per epoch. The bottleneck autoencoder and Deep-SVDD networks
both took around 10-15 seconds per epoch. Lastly, the OC-SVM’s were run on cpu and took a few
minutes to fit.

Code and Data

The code used for this paper can be found at https://github.com/normankarr/
lhc-oc-classifiers and the physics data sets are hosted on Zenodo at [34].
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5. If you used crowdsourcing or conducted research with human subjects...
(a) Did you include the full text of instructions given to participants and screenshots, if
applicable? [N/A]
(b) Did you describe any potential participant risks, with links to Institutional Review
Board (IRB) approvals, if applicable? [N/A]

(c) Did you include the estimated hourly wage paid to participants and the total amount
spent on participant compensation? [N/A |
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