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Abstract

Anomaly detection methods used in a recent search for new phenomena by CMS at the CERN
LHC are presented. The methods use machine learning to detect anomalous jets produced in the
decay of new massive particles without depending on a specific theory model. The effectiveness of
these approaches in enhancing sensitivity to various simulated signal samples is studied and com-
pared using data collected in proton—proton collisions at a center-of-mass energy of 13 TeV. In

an example analysis, the capabilities of anomaly detection methods are further demonstrated by
identifying large-radius jets consistent with Lorentz-boosted hadronically decaying top quarks in a
model-agnostic framework.

1. Introduction

Modern physics is remarkably successful at describing the world around us, from the largest to the
smallest scales. Yet, our understanding of the Universe is known to be incomplete. Important questions
include, among others, the nature of dark matter and the origin of dark energy, as well as the imbal-
ance between matter and antimatter in the Universe. From a different perspective, general relativity, the
theory of the gravitational force, is incompatible with the description of electromagnetism and inter-
actions given by the standard model (SM) of particle physics. Many of the proposed solutions to these
problems involve the existence of new particles that could be produced at particle accelerators such as
the CERN LHC. However, searches conducted so far at the ATLAS [1] and CMS [2] experiments have
yielded negative results.

By far the most common events produced in collisions at the LHC originate in processes mediated
by the strong interaction. Together with other SM processes, they form an overwhelming background
from which the (typically few) signal events resulting from the production of new particles have to
be carefully separated. Machine learning (ML) is commonly employed for this task [3, 4], mainly in a
supervised approach: classifiers are trained to distinguish between examples of events predicted by the
SM and another set of events following a beyond-the-SM (BSM) theory [5], requiring an explicit formu-
lation for each alternative theory.

ML has also been proposed [6] as a tool to suppress the background in a largely model-agnostic
way—that is, without prior knowledge about the kind of signal events that may be present in the data
(anomaly detection [7]). This paper reports on the techniques used in a recent search for BSM parti-
cles [8].

The BSM particles (noted A) considered in this paper are not observed directly in the detectors.
Instead, they decay almost instantly into a pair of lighter (less massive) particles B and C, which in turn
decay into SM particles, as shown in figure 1. The end result, as measured by the detector, consists of
two collimated highly-energetic sprays of SM particles, called jets. The distribution of individual particles
within the jets, also called the jet ‘substructure, depends on the properties of the intermediate particles
B and C: each quark or gluon appearing in the decay chain of B and C typically leads to one ‘subjet’.
The substructure can be thus used to identify the particles initiating the jets. In addition to decaying to a
pair of jets with nontrivial substructure, we assume that particle A is heavy (2—6TeV ) and has a narrow
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Figure 1. Diagram of the A — BC — 2 jets signal topology targeted in this work. The particle A is produced in a collision
between two protons, with time flowing from left to right. Adapted from [8]. © the authors. Published by IOP Publishing Ltd.
CC BY 4.0.

intrinsic width compared to the detector resolution, allowing to construct signal-depleted and signal-
enriched regions.

The results in [8] are derived using a ‘bump hunt’ technique based on the invariant mass of the two
jets, mj; . In the SM, mj; is expected to follow a smoothly falling distribution, whereas the new particle
A would manifest itself as a sharp peak. However, the amount of signal may be too small to produce a
visible peak. In this paper, we consider five ML methods that use jet substructure to detect signal events
and separate them from the background.

The use of five very different methods raises the question of their relative and absolute performance,
as well as their complementarity in finding new particles. We perform a detailed comparison in this
paper, studying in particular the impact of the set of input features used by each method and the per-
formance when using a normalized feature set. We also assess the complementarity of the methods by
studying the correlations between the anomaly scores they assign to each event.

The usefulness of anomaly detection techniques is best demonstrated by using them to find known
particles in experimental data. In this paper, we showcase anomaly detection in a real-world scenario
where we enhance the signal produced by hadronically-decaying Lorentz-boosted top quarks in large-
radius jets and analyze the selected events to recover key properties of the top quark.

This paper is structured as follows. In section 2, we review related prior work on anomaly detection.
We introduce the datasets used in this study in section 3 and describe the five anomaly detection tech-
niques in section 4. In section 5, we investigate their properties and the correlation between their results.
The application to Lorentz-boosted top quarks is presented in section 6. Finally, a summary of the paper
can be found in section 7.

2. Related work

There is a long history of quasi-model-independent, or model-agnostic, searches for new particles at col-
liders [9-20]. Such searches have traditionally been performed at collider experiments by comparing dis-
tributions measured in data to predictions of the SM. Observing a significant difference in the number
of events or the shape of the distributions would be interpreted as a discovery. This approach is lim-
ited by the accuracy of the background predictions, to which large uncertainties are often assigned. In
addition, the number of bins grows exponentially with the dimensionality, limiting comparisons to a rel-
atively small number of observables. Fine categorization of the data further reduces the sensitivity.

The new class of model-agnostic searches explored in this paper uses machine learning to address
these issues. In contrast to traditional model-agnostic searches, these anomaly detection methods gener-
ally focus on a single final state (e.g., dijet events) and use estimates of the background based on control
samples in data. Many methods have been demonstrated using simulated events [6, 21-48], including by
CMS [49], but thus far there have been few applications to collider data.

Among the proposed techniques, autoencoders [50, 51] were deployed by ATLAS in three searches
for BSM physics [52-54]. The signature considered by the first search consisted of a resonance decay-
ing to a Higgs boson and an unspecified particle Y reconstructed as a large-radius jet. A recurrent neu-
ral network trained on SM backgrounds was used to select Y candidates. In the second search, ATLAS
looked for BSM particles decaying to jet+X, where X could be a jet, b-tagged jet, lepton, or photon.
Events were required to contain at least one lepton to satisfy trigger requirements. An autoencoder based
on event-level properties, such as object multiplicities and momenta, was trained on a fraction of the
data and subsequently used to select potentially anomalous events. Finally, in [54], a variational autoen-
coder (VAE) [55] is used to identify anomalous jets in a search for all-hadronic BSM signatures.
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In a slightly different context, autoencoders are used for data quality monitoring of the CMS electro-
magnetic calorimeters [56], as proposed in [57].

A second class of algorithms is based on weak supervision [24], a training mode that does not use
explicit examples of the targeted signal, while still producing classifiers capable of dramatically reducing
the SM background. Weak supervision was first applied to collider data in a measurement of the ttbb
cross section by the CMS experiment [58] to estimate the multijet background. The first search using
this technique was performed by the ATLAS experiment [19], seeking the same dijet signal topology as
we consider in this paper . However, as a first-of-its-kind search, it only used a two-dimensional (2D)
feature space for anomaly detection, consisting of the masses of the two jets. This limitation was lifted in
a recent iteration [20] of this search, in which the feature set was expanded to a total of six substructure
variables.

An extensive comparison of anomaly detection methods on simulated events was already performed
in [6]. In contrast to the simulations used in [6], in this work, all the methods have been used in a
search using collider data. We also compare, for the first time, methods developed after the publication
of [6].

An anomaly detection technique based on weak supervision was already used [59] to ‘search’ for a
known particle, namely the Y meson, based on CMS open data. This work focuses on a different SM
particle, the top quark, which most commonly gets produced in pairs. In addition, we consider the
hadronic decay of the top quark, whereas [59] focuses on a leptonic decay channel—two vastly differ-
ent experimental signatures.

3. Datasets

The analysis is performed using proton-proton collision data collected with the CMS detector at /s =
13TeV in the 2016-2018 data-taking period. The detector is a cylindrical apparatus built around the
interaction point of the LHC beams and designed to identify the particles produced in the collisions by
combining the signal they leave while crossing several specialized detector subsystems. The information
collected by all subsystems is merged and processed to reconstruct particle properties and cluster them
into jets. More detailed descriptions of CMS and the data processing used in this paper can be found in
[2, 60] and appendix A.

The collision data used in this paper correspond to an integrated luminosity of 138/b~! [61-63].
Events are selected using triggers based on the transverse momentum pr of the jets or the scalar sum
of their transverse momenta, Hr, with thresholds between 450 and 500 GeV for jet pr and between 800
and 1050 GeV for Hr, depending on the data-taking year. The events used in the analysis are required to
contain two jets with || < 2.5, pr > 300 GeV, and a pseudorapidity difference |Anj| < 1.3. Jet pairs with
|An;| > 1.3 are also used when defining various control regions. These two jets are referred to collec-
tively as the ‘dijet system’. The invariant mass m; of this system is required to be larger than 1455 GeV,
which guarantees a trigger efficiency above 99%. We refer to this set of requirements as the ‘baseline pre-
selection’

Since jets are composite objects containing many particles, it is natural to use the properties (pr,7, )
of their constituents as inputs for anomaly detection; this strategy is referred to as using ‘low-level
features’ In practice, it is often desirable to use a small set of ‘high-level” variables derived from the
constituents’ properties and known to contain physically relevant information. The following vari-
ables are used in this paper : the number of jet constituents npg ; the mass mgp of the jet calculated
using the soft-drop algorithm [64]; the N-subjettiness variables 7y and their ratios Tap = 7v/7m [65],
where N and M stand for the number of subjets the variables are sensitive to; DeepB, the maximum
DeepCSV [66] b tagging score of the two leading subjets of the large-radius jet selected using the soft-
drop algorithm; and the lepton subjet fraction LSF; [67], encoding how much of the jet pr is carried by
the jet’s leading lepton.

A second dataset is constructed by combining Monte Carlo samples for the main physics processes
contributing to the analysis phase space. The dominant background process is the production of multi-
ple jets through processes governed by quantum chromodynamics (QCD). QCD multijet events, as well
as hadronically decaying W and Z bosons, are simulated at leading order using MADGRAPH 5_aMC@NLO
version 2.6.5 [68] with the MLM merging scheme [69]. Processes involving top quarks are generated at
next-to-leading order using the POWHEG BOX v2.0 [70-72]: top quark pair production [73], single top
quark production in the t channel [74], and associated production of a top quark and W boson [75].
Parton shower and hadronization are simulated using pyTHIA 8.240 [76] with the CP5 tune [77]. Events
are sampled according to their respective cross sections and generator weights to obtain an unweighted
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Table 1. Signal processes considered in the
analysis, categorized according to the number of
partons produced in the decay of each jet. In
addition to the A — BC process of figure 1, the
decay products of particles B and C are indicated.
The notation follows [8].

Category Process

142 Q* = qW’ — 3q
242 X =YY —4q
2+4 Wkxk — RW — 3W
3+3 W’ — Bt — bZt
545 Z' = T'T -tz
6+6 Ggx — HH — 4t

sample and passed through a detailed GEaNT4 [78] simulation of the CMS detector before undergoing
the selection described above. The equivalent luminosity of this dataset is about 276!, limited by the
size of the QCD multijet datasets.

A selection of Monte Carlo samples describing representative BSM models is also used in the anal-
ysis. They all involve the production of a heavy resonance (masses of 2, 3, and 5TeV are considered)
decaying to two daughter particles each producing a large-radius jet. They are categorized according
to the number of partons produced in the decay of intermediate particles: for instance, the process
X — YY' — 4q is categorized as 2 + 2 because each jet contains two partons. The considered topologies
are listed in table 1. Where relevant, masses of 25, 80, 170, and 400 GeV are used for the intermediate
particles in the decay chains. The samples are generated at leading order using MADGRAPH and undergo
the same showering, hadronization, detector simulation, and selection process as the background samples
discussed earlier. A more complete description of the signal samples can be found in [8].

The simulated samples are made available on Zenodo [79] in the data format described in
appendix B.

4. Machine-learning based anomaly detection

This section describes the five machine-learning techniques used in the model-agnostic search, focus-
ing on their architecture, training procedure, and statistical validation. We sort them roughly by the
strength of the assumptions made about the signal. The method with the least assumptions, VAE-QR
(section 4.1), is based on a VAE followed by an additional quantile regression (QR) step. In section 4.2,
we then cover three methods, CWoLa Hunting, TNT, and CATHODE that use ‘weakly supervised’ classi-
fiers to deduce properties of the signal directly from data. The construction used to train the classifiers
assumes that the signal my; distribution has a sharp peak. Finally, section 4.3 covers a method, QUAK,
that incorporates information from simulated signal events to help focus on anomalies created by new
particles—as opposed to, for instance, defects in the detector.

The methods described in this section do not test directly for the existence of signal; a two-step pro-
cedure is followed instead. Each method is first used to select a set of events in which SM backgrounds
are suppressed compared to a putative unknown signal. The #1; distribution of this set of selected events
is then used, in a second step, to derive statistical statements about the presence or absence of a sig-
nal. Specifically, the distribution is fitted using the sum of two generic functional forms representing
the background and signal contributions (as discussed in [8] in more detail). For this to be possible,
the selection performed by the anomaly detection methods must not significantly alter the shape of the
my; spectrum, which we refer to as ‘sculpting’ the mass distribution. As detailed below, several methods
implement explicit countermeasures to combat sculpting.

A brief summary of the methods is shown in table 2. Before applying them to collision data, all
methods were validated in simulation and in a background-dominated control region. More details
about the validation strategy can be found in [8].

4.1. VAE

The first method explored in this search makes use of a VAE and QR, and we call it VAE-QR.
Autoencoders are a class of neural network architectures that utilize dimensionality reduction and are
commonly applied to low-level input data. An autoencoder model is composed of two parts, an encoder
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Table 2. Summary of the methods used in this paper . The type column distinguishes between unsupervised (Uns.), weakly supervised
(Weak.), and semi-supervised (Semi.) methods. Depending on the method, the ML models use single jets or complete dijet events as
inputs. We also list the input features and types of ML models used, with the following abbreviations: ‘AE’ for autoencoders, ‘VAE’ for
variational autoencoders, ‘DNN’ for fully connected deep neural networks, and ‘NF’ for normalizing flows. The two variants of
CATHODE are shown separately. Details are given in the text.

Method Type Input Features Model types
VAE-QR Uns. Jet Particle px, py, p. VAE, DNN
CWoLa Hunting Weak. Jet msp, T21, T32, T43, e, LSF3, DeepB DNN

TNT Weak. Jet msp, T21, T32, T43, e, LSF3, DeepB AE, DNN
CATHODE Weak. Event mj1, Amiz, Tar j1, Tal,j2 NE DNN
CATHODE-b Weak. Event mj1, Az, Ta i, T41,j2,Deeij] , Deeij2 NE DNN
QUAK Semi. Event Ts, Ta1, T32, T43, HpE, P, DeepB for both jets NF

and a decoder. The encoder takes the input data and compresses it into a lower-dimensional represen-
tation called the latent space. The decoder then attempts to decompress the latent representation to
recover the original data. The two components are trained simultaneously to minimize the difference
between the decoder output and the original data. The use of autoencoders to detect anomalous jets was
first proposed in [50, 51]. This approach relies on the observation that reconstruction quality is generally
poorer for events that were either not encountered during training, or seen in insufficient numbers.

VAEs extend the basic autoencoder concept to a probabilistic model, increasing the model expres-
sivity and adding generative capabilities. Compared to an autoencoder, a VAE differs by turning the
latent space into a probabilistic distribution, typically a multivariate Gaussian, whose mean yp and stan-
dard deviation o are controlled by the encoder. The decoder inputs are sampled from the latent-space
distribution.

In our application, the VAE is trained to encode and decode the momentum of the 100 highest-pr
constituents of individual jets, encoded in Cartesian coordinates as a zero-padded 100 x 3 matrix. The
network architecture is shown in figure 2. Processing starts by normalizing the inputs to a mean of zero
and a standard deviation of one, which is followed by a series of convolutional layers. The first convo-
lution, with 12 2D filters of size (1,3), generates an embedding for individual particles. Correlations
between particles are learned by two subsequent one-dimensional convolution layers acting on three
particles at a time, with 16 and 20 filters respectively. After these convolutions, the number of latent-
space dimensions is reduced to 12 by two fully connected layers. The decoder uses the same operations
in reverse order.

The VAE is trained using jets from a sideband region in A in which signal is expected to be sup-
pressed compared to the SM background. We select events by requiring 2 < |Anj;| < 2.5, a veto on addi-
tional jets with pr > 300 GeV, and pr imbalance between the two jets. The two highest-pr jets in each
event in this region are kept for training, leading to a set of 7.4 million jets. This collection is resam-
pled to correct the three-dimensional (pr,7,¢) distribution, which would otherwise differ significantly
from that in the search region, leading to a reduced set of 1.9 million jets. This ensures that the VAE
learns the distribution appropriate for jets in the signal region (SR; for instance, jets in the A7 side-
band region have, on average, a smaller pr ). The sampling uses simulated background events in the SR.
Each simulated jet is replaced by the closest jet from the sideband, selected using a k-dimensional tree
based on the jets’ pr, 1, and ¢. The resulting 7 and pr distributions are shown in figure 3.

Training is performed by minimizing a two-component loss function. The first term is the
permutation-invariant Chamfer distance [80] calculated between the input and the output jets, reward-
ing the network for correctly encoding and decoding its input. The latent-space distribution is enforced
by adding a weighted regularization term to the loss function, computed as the (closed-form) Kullback—
Leibler divergence [81] between the 1 and o vectors of the latent space and a unit Gaussian prior
(=0, 0 = 1). The latter term rewards if the Gaussians in the latent space (the bottleneck of the archi-
tecture) are not too disjoint and provide a good compromise between representing the different modes
found in the data and overlapping with one another. The weight of the regularization term [82] is set
to 0.5, which allows the VAE to focus more on the reconstruction quality while still enforcing a well-
behaved latent space.

The network is implemented using TENSORFLOW /KERaS 2.11.0 and trained on batches of 256 jets with
the Adam optimizer [83] and an initial learning rate of 107°. The learning rate is multiplied by 0.3 if
the improvement in the validation loss over 4 epochs is smaller than 0.03. Training is ended once this
threshold is not reached over 8 epochs, typically after 30 epochs.
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Figure 2. The VAE architecture used for jet anomaly detection. The output dimensions of layers are indicated with the € symbol.
For convolution layers, the numbers of filters fand kernel sizes s are written as f X s, with multidimensional s for 2D layers.
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Figure 3. Jet pr (upper) and 7 (right) distributions in data before and after resampling jets from the 2 < [An;| < 2.5 side-
band (green) to match the distribution in the signal region (blue). The distributions of resampled jets are shown in orange.
Histograms are normalized to unity. The details are given in the text.

In figure 4, we show the performance of the VAE in reconstructing the pr of particles inside the
leading jet from an SM background event, a W’ — B’t — bZt event, and an X — YY’ — 4q event. For
this figure, pr is calculated from the x and y components of the momentum vector, requiring the net-
work to learn two variables and their correlation. The quality of the reconstruction, as measured by the
Pearson correlation coefficient R between the input and output pr, is better for background jets than for
signal jets. To reduce sensitivity to outliers, the 2% lowest-pr and the 2% highest-pr jets are excluded
from the calculation of R. Focusing first on background jets, we observe that the network reconstructs
the leading particle well. The reconstructed pr still matches the original pr for the fourth particle, the
last one for which an exact representation would fit in the 12-dimensional latent space. For background
jets, the network is also capable of recovering the seventh particle, indicating that it successfully learned
correlations between its inputs. This knowledge is, however, only useful for background, and recon-
struction quality is visibly worse for signal jets. This property enables the use of the autoencoder as an
anomaly detector.
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Figure 4. Quality of jet constituent py reconstruction for simulated SM background jets (upper row), jets from a
W’ — B’t — bZt decay (middle row), and jets from an X — YY’ — 4q decay (lower row). The first (left column), fourth (mid-
dle column), and seventh (right column) constituents are shown. The Pearson correlation coefficient R between the input and
output is also shown.

Once trained, the VAE is used to compute the anomaly score of SR jets, for which we exploit both
reconstruction quality and latent-space information [40] by reusing the loss function described above.
The SR jets with a large loss are considered anomalous. The anomaly scores for each of the two jets of
every event are considered, and the smallest is taken. This is equivalent to considering that, for an event
to be anomalous, both jets have to pass the same anomaly threshold. Other choices, such as the maxi-
mum and the average were considered and shown not to perform as well in conjunction with the QR
described below.

The construction outlined in the previous paragraph leads to a strong correlation between the
anomaly score and m;; . This is not desired, as a selection based on the anomaly score then results in
an arbitrarily modified m; spectrum even in the absence of signal, hindering the statistical analysis. We
solve this problem using QR. That is, we construct the anomaly threshold s used in the event selection
to have dependence on m; such that we select a constant fraction g of all events regardless of m1; . This
is achieved by training a neural network to approximate the function s,(m;) having this property for val-
ues of g =10, 5, and 1%.

The QR models are fully connected networks with five hidden layers and 30 nodes per layer using
the exponential linear unit activation function, implemented in Keras . They have one output node per
value of g. Network weights are initialized following a uniform distribution with variance according to
[84]. The networks are trained using events from the SR. To avoid absorbing a signal into the regression,
the dataset is split in four subsets, each of which is used to train one model. When evaluating the selec-
tion for an event from a given subset, we use the average of the regressions derived in the three other
subsets, so that no event is used twice. To further reduce the risk of absorbing a signal, the average is
smoothed by fitting it with a third-order polynomial.
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Figure 5. Simulated dijet invariant mass spectrum after selecting events based on the score of the VAE-QR method. The distribu-
tions are shown in the upper panel for SM background (blue to green) and the X — YY’ — 4q signal model with mx = 3 TeV
and my = my, = 170 GeV (purple to pink). The inclusive selection is compared to the three quantile ranges used in the statis-
tical analysis. The signal-to-background ratio increases when applying a tighter selection. No significant difference is observed
between the shapes, showing that the quantile regression performs as expected. The lower panel shows the ratio of the quantile
ranges to the inclusive distribution for the SM background, scaled by the respective quantile probabilities. The error bars shown
for background represent the statistical uncertainty.

After the QR procedure, the my; distributions in each quantile are smooth and their shapes closely
follow the inclusive distribution. Figure 5 shows the m;; distributions obtained after the m;; -dependent
selection corresponding to each of the quantiles in simulated QCD multijet background and for an
X — YY’ — 4q benchmark model: one can observe a good agreement among these distributions within
statistical fluctuations, and in particular with the inclusive distribution.

The final results use events selected with g < 10%. For model-independent results such as p-
values [85], a single fit of the mj; distribution is performed for all events meeting this criterion. A differ-
ent approach is followed when the signal shape is known, such as when setting limits. In these cases, the
three orthogonal categories defined by g < 1%, 1 < q < 5%, and 5 < g < 10% are fitted simultaneously,
using the mj; shape and yield distribution among the categories for the considered signal. This more sen-
sitive method cannot be applied in a model-agnostic way because the shapes and yields were found to
differ between signals.

4.2. Weakly supervised methods

Three anomaly detection methods used in this paper (CWoLa Hunting, TNT, and CATHODE) use weakly
supervised learning [24]. The goal of all of these methods is to learn, directly from data, with no input
from simulations, an approximation to the likelihood ratio (LR) R(x) between the underlying probabil-
ity densities of background, pyg(x), and data (possibly including signal), pdata(x), as a function of some
input variables x:

_ Pdata (x) ( 1)

K (x) pbg (x) .

This LR, if it could be learned exactly, would be the most powerful model-agnostic anomaly detector.
Indeed, if data contains a fraction f; of signal, its probability density can be rewritten as:

Pdata (%) = (1 _fS)Pbg (x) +fspsig (x), (2)

where pgis(x) is the probability density of signal. Injecting this expression into equation (1), we find that
R(x) is monotonically related to the signal-to-background LR piis(x)/pug(x). By learning R(x), weakly
supervised methods obtain an equivalent classifier without prior knowledge of pyi(x) .

The strategy for learning a good approximation to R(x) followed by all weakly supervised approaches
is to train a classifier between data and samples drawn from the background model fully based on con-
trol samples in data. If the background model is accurate and the classifier is well-trained, the classifier
will approach R(x) asymptotically. In practice, the performance typically degrades with smaller samples
sizes available for training and lower fractions of signal events in the data sample.
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Table 3. Mass regions used by the weakly supervised methods and corresponding
observed number of events. Signal regions are required to have sideband mass
regions on either side for reliable background estimation. This means only the
A1-A6 and B1-B6 regions are used to seek signals, with the A0, B0, A7, and B7
regions used solely as sideband control regions.

Name Mass region (GeV ) Num. of events
A0 1350-1650 1.4 x 107
Al 1650-2017 4.5 x 10°
A2 2017-2465 1.4 x 10°
A3 2465-3013 4.0 x 10°
A4 3013-3682 1.0 x 10°
A5 3682-4500 2.2 x 10*
A6 4500-5500 3.9 x 103
A7 5500-8000 479

BO 1492-1824 6.6 x 10°
Bl 1824-2230 2.1 x 108
B2 2230-2725 6.3 x 10°
B3 2725-3331 1.7 X 10°
B4 3331-4071 4.2 x 104
B5 4071-4975 8.5 x 10°
B6 4975-6081 1.3 x 10°
B7 6081-8000 144

All three weakly supervised methods train the classifier in an interval in m; called the SR and use
events from outside the interval to model the background distribution ppg(x) in the SR. In order to
cover all possible signal masses, the training is repeated in twelve partially overlapping SRs, listed in
table 3. The regions cover the whole available m;; range with approximately uniform logarithmic spac-
ing and are arranged in a staggered manner so that signals located at the boundary between two regions
would not be missed. The SRs are required to have sideband mass regions on either side for reliable
background estimation, meaning the upper and lower extremes of the m;; distribution are used solely
as sideband control regions.

The three methods rely on m;; sideband regions but differ from each other with respect to which
events are used to train the classifier and in the modeling of pys(x) . As we will review further in the
sections below, CWoLa Hunting and TNT use my;; sideband regions directly as the background samples;
these can serve as a good model for the background if the x features are statistically independent (decor-
related) from mj; . Meanwhile, CATHODE first trains a generative model on the sidebands and interpo-
lates this into the SR; samples from this model are used as the background model and correctly take into
account any correlation between x and m; .

In order to make use of all available data events, the weakly supervised methods implement cross
validation. The data and the method-specific background samples are split into five equally populated
k-folds, one of which is set apart as the holdout set, in which the trained model will be applied to data
to select the most anomalous events. Of the remaining four k-folds, one is used for validation and the
other three for training; training is repeated for each possible choice of validation fold. When evaluat-
ing the models on the holdout set, we use the average prediction of the four models trained with varied
validation sets.

After training, the classifiers trained in each SR are used to select events from their respective hold-
out k-folds, without restriction on mj; . The events selected from all holdout k-folds are merged together
and the resulting m; distribution is used as input to the fit.

This procedure is repeated for every mass region from table 3, yielding a different mj; spectrum
depending on the signal mass hypothesis. This results in as many smoothly falling m;; spectra as there
are SRs. A resonant signal identified by the classifiers would manifest itself as an excess of events local-
ized in the corresponding SR.

4.2.1. Per-jet CWoLa hunting

Classification without labels (CWoLa Hunting ) [25, 86] was the first proposed anomaly detection
method based on weak supervision. A classifier is trained to learn the LR R(x) from equation (1), using
data selected from an interval in m; for pga and a reweighted sample of events from sidebands on each
side of the interval as a model of pyg(x) . If a resonant signal is present in the chosen interval and not in
the sidebands, the classifier will learn to tag it. However, if there is no signal present, the classifier scores
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Figure 6. A comparison of the dijet mass distribution of simulated background events selected by the CWoLa Hunting algorithm,
performed with and without the reweighting procedure described in the text. The events selected without the reweighting proce-
dure (solid blue) have a significantly distorted mass distribution as compared to the distribution before selection (dashed black).
In contrast, the events selected when the reweighting procedure is employed (solid orange) retain a smoothly falling mass distri-
bution which allows a reliable signal extraction.

will not be meaningful. The procedure is repeated for different choices of the signal mass region in order
to cover the full m; range.

One very important aspect of this paradigm is that the features used for classification should not be
correlated with mj; . Otherwise, the classifier will be able to differentiate background events in the SR
from those in the sidebands. It will then learn to consider background events within the SR as signal-
like, which could introduce artificial bumps in the m; distribution even in the absence of a signal. If, for
example, the pr of each jet were used as input features to the network, then it would be able to identify
events in the SR based on the pr difference between the sidebands and SR, leading to sculpting. Due to
the power of neural networks, subtle correlations between multiple features and mj; can potentially lead
to sculpting. In the present work, the training strategy is modified to reduce sculpting.

In the original CWoLa Hunting proposal, a single classifier is used for both jets in the event, allow-
ing the classifier to capture correlations between the jets. In this work, two distinct classifiers are used
instead, trained on the heaviest and lightest of the two jets in each event, respectively. This allows addi-
tional measures to be taken to mitigate background sculpting. Each classifier uses seven input features:

Mmsp, T2, T32, T43, npp, LSF3, DeepB.

The sidebands used to model py,(x) are the two mass regions adjacent to the one used for train-
ing. Three reweightings of the jets are performed to enhance the fidelity of this model and to minimize
correlations between the learned anomaly score and my; . The relative weight of jets from the upper side-
band is first increased to balance their contribution with that of the lower sideband. This is necessary
because the my; spectrum is steeply falling, and thus the upper sidebands are much less populated than
the lower sidebands. Additionally, to prevent class imbalance, jets in the SR are reweighted so that their
total weight is the same as the total sideband weight. Finally, jets in the SR are reweighted to ensure that
their pr distribution corresponds to the one observed in the sidebands after the previous reweighting
steps. This reweighting is accomplished by constructing a histogram of jet pr’s with 20 bins and then
taking the ratio of the signal window and sideband jets. To remove the effect of outliers from bins with
low numbers of jets, the pr reweighting factors are clipped to the range [0.1,5.0].

The reduced correlation between the learned anomaly score and jet pr then mitigates mass sculpt-
ing effects in simulation studies. This is shown in figure 6, where the mass distribution of events selected
by the CWoLa Hunting algorithm is compared with and without the reweighting procedure. Without the
reweighting procedure, the algorithm learns a significant mass bias, strongly distorting the mass shape.
With the reweighting procedure, the smoothly falling nature of the mass distribution is retained, allow-
ing a reliable signal extraction.

The classifiers are simple fully connected networks using the exponential linear unit activation func-
tion [87] and dropout [88] with a drop rate of 0.2 between each layer to mitigate overtraining. Because
the amount of data used in the training for different SRs varies considerably, two network architectures
are used for the classifiers: a network with 6 hidden layers of sizes 64, 128, 128, 32, 16, and 8 is used for
SRs A1-A4 and B1-B4, and a smaller 4-layer network with 32, 54, 16, and 8 nodes is used for the rest.

The networks are trained in TENSORFLOW 2.12.0 and Keras 2.11.0 using the Adam optimizer with
a learning rate of 10™* and the default hyperparameters. The binary cross-entropy loss function is used,
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Figure 7. A schematic showing the training algorithm for TNT. The two jets in the event are randomly assigned to subsets J1 and
J2. The dijet invariant masses and the autoencoder scores are used to construct signal- and background-like subsets of J1 and J2.

These subsets are then merged, and a single classifier is trained to distinguish between signal- and background-like jets. Adapted

from [8]. © the authors. Published by IOP Publishing Ltd. CC BY 4.0.

with jets from the sidebands labeled as 0 and jets from the SR labeled as 1. The batch size is 256 and up
to 100 epochs are performed, with early stopping if the validation loss does not improve after 10 epochs.
Training is repeated three times with different random initialization of the weights. We keep the network
that selects the largest number of jets in the SR of the validation k-fold at the selection efficiency later
used to select events, and discard the other two'. Within each k-fold, the validation set used to select
the best-performing network is disjoint from the holdout set used to select anomalous events for final
statistical analysis. Fluctuations are uncorrelated between k-folds, ensuring the model selection criterion
does not amplify statistical fluctuations in the final results. Additionally, any bias to preferentially select
events from the SR based only on the mass is mitigated by the reweighting procedure described above,
and is validated to not introduce significant mass bias in simulation and control region studies.

Once the networks for each jet are trained, their scores need to be combined to select events. Jet
scores are first converted to percentiles separately for the heavier and lighter jet in each event, and the
per-event score is taken as the larger of the two. This method was chosen as it yielded the most robust
performance across the benchmark signals as compared to alternatives, such as multiplying, adding, or
taking the minimum of the jet scores. The classifiers trained with different validation sets are combined
after this step.

Once the event-level anomaly score is defined, top-scoring events in each k-fold are selected across
the whole m;; range for use in the fitting procedure. The selection threshold is chosen to reach a target
efficiency in the two my; sidebands, with reweighting applied to compensate for the difference in the
number of events. This efficiency is chosen to ensure sufficient event counts for the fitting procedure.

It is set to 1% up to SR B3, 3% for SRs A4-B5, and 5% above.

4.2.2. Tag N’ Train (TNT)

The TNT [90] approach to anomaly detection combines weak supervision with an initial selection based
on an autoencoder. The algorithm specifically targets signals in which both jets are anomalous, using the
autoencoder anomaly score of one jet to obtain a signal-enriched sample of the other jet. They are then

combined for the weakly supervised training. A schematic of the algorithm is shown in figure 7.

The version of TNT implemented in this paper starts by grouping the jets in two sets J1 and J2, ran-
domly assigning one jet in every event to J1 or J2 and the other jet to the other set. This contrasts with
the original proposal, in which one sample was made of the heavier jet in each event and the other of
the lighter jet. This change reduces correlation between the two samples, improving the performance of
the TNT algorithm.

The autoencoders used by TNT are based on low-level features formatted as jet images, as pro-
posed in [50, 51]. The images are constructed as in [91], with pre-processing applied before pixelating,
and centered on the pr -weighted centers of the jet constituents. Constituents within an 7 and ¢ range
of —0.6 to 0.6 around the center of the jets are cast as images of 32 by 32 pixels. In order to reduce
dependence on the pr of the jet, each image is normalized so that the sum of all the pixel intensities
is equal to one. The autoencoders are based on convolutional networks with filter sizes of 3 x 3, where

1 A similar idea has since been proposed in [89].
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the image’s dimensionality is reduced through max-pooling layers after each convolutional layer. Three
convolutional layers with 32, 24, and 16 filters are used. The output is then fed through two dense layers
of sizes 128 and 32, before reaching a latent space dimension of 6. The ReLU activation function is used
after every convolutional and dense layer. The architecture is then mirrored, with two fully connected
layers and then three convolutional layers using 2D sampling layers in place of the max-pooling layers to
produce an image of the same dimensions as the input.

For each considered SR and test k-fold, an autoencoder is trained to reconstruct jets in the two m;
sidebands. Both jets in each event are used for training the autoencoder. The network is trained for 100
epochs using the mean square error loss and the Adam optimizer with a learning rate of 10™* and the
default hyperparameters.

Once trained, the loss of the autoencoder is used in conjuction with m; to construct the mixed sam-
ples for the weakly supervised training. Within the SR, the loss of the J1 jet is used to tag the J2 jet as
background- or signal-like, and vice-versa. Jets with a loss in the top 20% result in a signal-like tag for
the other jet, and jets with a loss in the lowest 40% result in a background-like tag. Jets tagged in this
way are then collected into a signal-like and a background-like sample, with all jets from the sidebands
added to the background-like sample to increase its statistical power. The remaining 40% of events in
the SR are not used further.

After the background-like and signal-like samples have been constructed, a weakly supervised clas-
sifier is trained to distinguish between them using the same architecture, input variables, and hyper-
parameters as for CWoLa Hunting . Reweighting during training is slightly different: background-like
jets from the SR and upper sideband are each reweighted to match the weight of the lower sideband. As
in CWoLa Hunting, the background- and signal-like classes are balanced with each other and the pr dis-
tribution of the signal-like class is adjusted to match the background-like class in order to mitigate any
potential m;; sculpting when selecting events.

Like CWoLa Hunting, the distribution of anomaly scores for each jet is used to convert the raw
TNT anomaly score into a percentile. The final event-level anomaly score is obtained as the product
of the percentiles of the two jets. Compared to the maximum used for CWoLa Hunting, this combina-
tion requires both jets to be anomalous. The rest of the procedure is identical to CWoLa Hunting : top-
scoring events are selected across the whole mj; range and combined to obtain the mj; distribution used
in the fitting procedure.

4.2.3. CATHODE and CATHODE-b
Classifying anomalies through outer density estimation (CATHODE) [23] also follows the weak supervi-
sion paradigm. An overview of the three main steps of the method is shown in figure 8. First, the SR in
which the LR R(x) from equation (1) will be learned is defined as an interval in m, similar to CWoLa
Hunting . The second step is to estimate the background in the SR, which is done by learning the back-
ground density in the sidebands (1 ¢ SR) with a conditional generative model, which is then sampled
for m;; € SR. Finally, the anomaly score is obtained by training a weakly supervised classifier between the
data and sampled background events.

Modeling ppg(x) with a generative architecture is a significant upgrade over CWoLa Hunting, to which
CATHODE is otherwise similar. It allows the modeling of all correlations between #1; and the features
x used for classification. This allows the training of a single event-level classifier instead of the jet-wise
tagging done in CWoLa Hunting . The input features used in this paper are inspired by [23]. With j1
designating the heavier of the two jets and j2 the lighter, they are:

mj1, Amjljz =M — Mj2, Ta1j1, T41j2-

The 74; ratio was chosen instead of 7,; as in [23] because it was found to provide sensitivity to a
broader set of signals. Compared to CWoLa Hunting, this smaller feature set is better suited for train-
ing normalizing flows and minimizes performance degradation caused by the presence of irrelevant fea-
tures [92].

A second advantage of the generative model is the possibility to use the complete my; interval to
constrain the background distribution, instead of the comparatively narrow sidebands used in CWoLa
Hunting . This results in a better estimate of pys(x) . The generative model is also not limited in the
number of background samples it can produce, which is used to reduce statistical fluctuations in the
classifier training. Based on studies from the original CATHODE paper, we sample four times as many
background events as there are data events in the SR.

Our implementation of CATHODE closely follows [23], with slightly larger networks owing to
the larger dataset. The generative models are inverse autoregressive normalizing flows [93] with 15
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Figure 8. The three main steps of CATHODE. (a) Given a signal mass hypothesis, m;; is used to define the signal region in which
the signal would be localized. (b) A background estimate for the input features x is obtained from events outside the signal region
by training a generative model and interpolating it. (c) A weakly supervised classifier is trained to distinguish between the inter-
polated background and the observed signal region data, singling out any difference between them, e.g., caused by signal events.

MADE [94] blocks, implemented in PYTORCH version 2.0.0 [95] with PYro version 1.8.4 [96, 97]. Each
block has a single hidden layer with 128 nodes and uses ReLU activation. Batch normalization lay-

ers [98], with the momentum parameter set to 0.1, are inserted between blocks to stabilize the train-
ing. Optimization is performed using the Adam algorithm with a learning rate of 10~ and a weight
decay (L2 regularization) parameter of 10~°. The loss function is the negative log-likelihood (NLL) of
the transformed samples under a standard Gaussian distribution. The network is trained for 100 epochs
and an ensemble of the five best epochs is used for sampling.

The flows are conditioned on m; and learn p(x|mj;) for mj; in the sidebands. To sample background
events, we sample my;; values from a kernel density estimate [99] of the my; distribution in the SR and
pass them to the flows to obtain x. The sampled events are then used to train the weakly supervised
classifiers that predict the final anomaly score.

The classifiers are simple fully connected networks with three hidden layers of 128 nodes using ReLU
activation and a single output node with sigmoid activation, implemented in the same PYTORCH release
as the flows. The binary cross entropy loss function is used with sampled events having label 0 and data
events having label 1. The two classes are weighted to compensate for the oversampling. Training uses
the Adam optimizer with a learning rate of 10~ for a maximum of 100 epochs. The results are stabi-
lized by taking the average of the network output over the 10 epochs with the smallest validation loss.

The full training procedure is repeated for each possible choice of holdout and validation folds. The
final anomaly score in a given holdout fold is obtained by averaging the output of the four classifiers
trained with different validation k-folds. This is evaluated on all events from the SR and the sidebands,
of which we keep the 1% most anomalous. As in CWoLa Hunting and TNT, events selected from the five
test k-folds are merged together and used in the fit. The complete procedure is repeated for SRs Al to
A6 and B1 to B5. Region B6 is omitted because the number of events in region B7 alone is insufficient
to train the flows.

This paper also features a second instance of CATHODE, called CATHODE-b, that differs from
CATHODE only in the input variables, adding the DeepB scores of each jet to the previous list. This
modification is motivated by the many new physics models involving couplings to third-generation
quarks and the additional sensitivity to these models brought by b tagging. CATHODE-b shares its
methodology with CATHODE but is otherwise treated as a separate method.

4.2.4. Signal selection efficiency

The classifiers obtained from weakly supervised methods are only approximations of the ideal case,
equation (1), because of, among others, the finite number of signal events in the training sample. This
can be understood from two extreme cases. When the data contains no signal, the classifier cannot learn
anything meaningful and its score is a random function of the input variables. If, on the other hand,
the data contains only signal, we recover the maximally powerful case of the supervised classifier. Any
intermediate signal contamination, such as the one that would originate from a BSM signal, results in a
classification power between these two extremes. In practice, a signal fraction of the order of 1% or less
is often sufficient to achieve maximal performance.
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Figure 9. Signal selection efficiency of the weakly supervised classifier in the CATHODE method, evaluated by injecting simulated
signal events in data for the X — YY’ — 4q signal at 3TeV in SR B3. The shaded region represents the total statistical and sys-
tematic uncertainty evaluated as described in the text. The uncertainty is largely correlated between the different signal injection

points, such that the rise in the signal efficiency is statistically meaningful despite the change over the considered range being
smaller than the uncertainty band.

The fraction € of signal events that survives the event selection is directly related to the classification
power of the classifier, and therefore also depends on the total number Ny of signal events present in
the data. This dependence is illustrated in figure 9, which shows how efficiency increases as a function of
Njig. As discussed in appendix C of [8], obtaining this ¢(Nyjg) curve and estimating the associated uncer-
tainties is essential to set a limit on the signal cross section, one of the core results of searches for new
particles. This section details the procedure followed in [8].

The Nz values at which the efficiency € needs to be estimated are determined by the limit setting
procedure and correspond to the region where the search starts being sensitive to the chosen signal.
Assuming a given Njg, we start by randomly sampling this number of events from the signal sample of
interest and mixing them with data from the SR. Using data directly instead of simulated background
is necessary because of the limited size of the background samples. It also removes the need to con-
sider systematic uncertainties related to background simulation, which can be sizeable. On the other
hand, injecting signal into the data may induce a bias in case of signal presence in the data. We direct
the interested reader to [8] for more details on this effect, whose magnitude was deemed acceptable.

Having injected signal events into the data, we repeat the training of the classifiers with the mixed
datasets. The trained classifiers and the remaining signal events are used to compute €(Njjg). This esti-
mate is, however, noisy: the classifier performance depends on the specific set of signal events injected
and, to a smaller extent, on the random initialization of network parameters. To obtain stable results, the
procedure is repeated five times with different injected events and the results are averaged. The envelope
of the five runs is used as a systematic uncertainty.

As discussed in [8], the distribution of signal events is affected by systematic uncertainties related to
the imperfect modeling of the underlying physics process and the detector. Significant changes to the
features of signal events would affect the training of the weakly supervised classifiers and may result in
a change in e. In principle, this can be accounted for by repeating the injection and retraining proce-
dure described above with versions of the signal adjusted for the uncertainties. However, repeating the
training for many sources of systematic uncertainty quickly becomes computationally prohibitive. For
small uncertainties, the residual stochastic fluctuations caused by retraining can also be larger than the
uncertainty. A selection procedure is therefore used to perform the retraining only for the most impact-
ful sources.

The selection of these sources is based on the distributions of the classifier input features for sig-
nal events. A histogram is first constructed for every variable under consideration, dividing the range
in ten equally sized bins, excluding the upper and lower 1% of the distributions for stability. Then,
the histograms corresponding to variations of the systematic uncertainties by 1 standard deviations
are obtained within the same binning. A source of uncertainty is selected for retraining if, for at least
one bin in any of the input features, the number of events that would be injected for the up or down
variation deviates from the nominal count n by more than one fifth of its statistical uncertainty /n.
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Table 4. Signal models used to train the six signal
normalizing flows used in the QUAK method.
Each flow uses signals with specific masses for the
daughter particles B and C. For signals decaying
to an SM and a BSM particle, the BSM particle is
always the heavier of the two.

Daughter masses (GeV ) Processes

80, 80 X =YY/ — 4q

80, 170 Wkk — RW — 3W
W’ — Bt — bZt
X =YY’ —4q

80, 400 Wkk — RW — 3W
X =YY’ —4q

170, 170 W’ — B’t = bZt
X =YY —4q

170, 400 W’ — B/t — bZt
X =YY’ —4q

400, 400 Ggx — HH — 4t

Z' — T'T' = tZtZ

This is a conservative criterion and the impact on the classifier is found to still be small for several of
the selected sources.

The final estimate of the uncertainty on €(Nyj) is obtained by summing in quadrature the contri-
butions from all sources: the injection and retraining uncertainty, and the systematic uncertainties in
the signal description, whether or not they were selected for retraining. The uncertainty band shown in
figure 9 is obtained using this procedure.

4.3. QUAK
The quasi anomalous knowledge (QUAK) method [100] is the most model-dependent method employed
in this analysis. QUAK uses a set of example signals as a prior to help enhance sensitivity to physical
anomalies. The method seeks a balance between the purely model-agnostic approaches of the prior
methods and fully supervised methods in which the model is optimized for a specific chosen signal.
The use of signal priors could help filter out physically irrelevant anomalies, which could arise from
bugs in the event reconstruction. QUAK uses two unsupervised models. The first is trained on simu-
lated background events and the second on the signal prior. The final event selection makes use of both
models. Events which are dissimilar to background events and similar to the signal prior are selected as
anomalous.

Our application of QUAK uses autoregressive rational quadratic spline (RQS) normalizing
flows [101] implemented in PYTORCH 1.9 with NFLOws [102] 0.14 as the unsupervised model. We use
six RQS transformations with 80 control points. The parameters controlling the splines are obtained
from a network comprising five fully connected layers with 160 nodes and ReLU activation, evaluated
on the output of the previous layer. The flows are trained with the Adam optimizer with a learning rate
of 107 and a batch size of 10 000. Training stops when the loss does not improve over 10 consecutive
epochs, with a maximum of 100 epochs. The NLL predicted by the flows for every event is used to con-
struct one ‘signal’ and one ‘background’ score. This architecture takes advantage of the progress in gen-
erative models since the publication of [100] and was found to improve performance over the original
autoencoder-based proposal.

The benchmark signals discussed in section 3 are used as the signal prior. To ensure sensitivity to
a wide range of signals, the signal prior is split into six separate groups based on the masses of the B
and C particles. The groups are listed in table 4. A separate flow model is trained for each group. The
final signal score is the combination of the NLLs obtained from the six different flow models, calculated
as the signed L> norm ||¥]|5 = (] +x3 + -+ +x2)!/. This relatively large power was chosen so that the
final signal score is sensitive to high signal-like scores from any of the six flows. The background-like
score is simply the NLL obtained from the corresponding flow.

Each flow estimates the joint probability density of 14 event-level input variables, seven for each of
the two jets, in its training dataset. The two jets in each event are sorted by mass. The following jet fea-
tures are used:

Tsy T21, T32, T43, 1pE, P, DeepB,

where the modified N-subjettiness variable 7; is defined as 7, = \/72; /71 and p is the ratio of the jet
mass and transverse momentum, p = Msp / pr.
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A 2D ‘QUAK space’ is constructed and used to define the event selection. The two dimensions
of the space encode an event’s background-like and signal-like scores, respectively. The most anoma-
lous events are expected to appear in the region characterized by a low background-like score and a
high signal-like score. As the exact location of an anomaly in the QUAK space could vary, the event
selection procedure is varied for different resonance mass hypotheses, my. First a SR is defined as
my — 400GeV < mj; < my + 200 GeV. The width is motivated by the m; resolution of the detector, and a
slight shift towards low 1; is added to account for longer tails observed on the left side of signal m; dis-
tributions. Two 500 GeV -wide sidebands, on each side of the SR, are used to estimate the background
distribution in the QUAK space. These events are used to populate a 2D histogram representation of the
QUAK space with 500 bins. Bins exhibiting an excess of SR events relative to the sidebands are selected.
Events from the full dijet mass spectrum that fall within these chosen QUAK bins are then used in the
resonance signal fit.

A broad search is conducted using QUAK with a signal prior consisting of a combination of all
benchmark signal samples, combining six flows as described above. Additionally, targeted searches for
each benchmark signal are performed using QUAK with a single signal flow, trained solely on the spe-
cific signal being tested. Since this approach is optimized for detecting each benchmark signal individ-
ually, it is expected to perform better for known signals but generalize less effectively to unknown sig-
nals. This method serves as a point of comparison when assessing the performance of anomaly detection
techniques.

5. Performance analysis

The anomaly detection methods show varying performance across signal types. Understanding these
variations can guide the development of more generic and performant methods that combine different
approaches. In this section, we explore the performance characteristics of our methods using the bench-
mark signals. First, section 5.1 examines the ability of all methods to identify the benchmark signals. In
section 5.2, we then investigate whether the same events are found by every method. Finally, section 5.3
focuses on the impact of the choice of input features on the performance and genericity of the methods.

A widely used metric to assess the performance of anomaly detection algorithms in high-energy
physics is the significance improvement characteristic (SIC) [103], defined from the true and false pos-
itive rates (TPR and FPR) as SIC = TPR/+/FPR. The SIC quantifies how much the statistical significance
(z-score) of an excess is enhanced after applying a selection based on an anomaly detection algorithm,
as compared to the baseline selection only. For instance, a SIC of 3 means that an initial excess of two
standard deviations becomes a six standard deviation excess after event selection.

5.1. Anomaly tagging performance

Unlike traditional classification problems, it is nontrivial to compare the different anomaly detection
techniques. For the weakly supervised methods the tagging performance changes as a function of the
amount of signal present in the data. Therefore, comparing models on a SIC curve has limited utility

as one will have to pick an arbitrary signal cross section on which to evaluate the performance. Because
the tagging performance can vary substantially across different cross section ranges it is difficult to draw
conclusions from such a comparison.

A more appropriate performance comparison evaluates the search sensitivity achieved by each algo-
rithm. For this study, we construct a mock dataset by injecting signal at a chosen cross section into the
simulated background. The complete version of each anomaly detection algorithm, including training,
selection and signal extraction, is run on this mock dataset, and the final expected signal significance
(or, equivalently, p-value) is reported. Better anomaly detection algorithms are those that can achieve a
higher signal significance (smaller p-value) at a given cross section.

Two signals are used as benchmarks for this study. The first signal used as a benchmark is the 2 + 2
prong X — YY' — 4q signal with mx = 3TeV and my = m{, = 170 GeV. This is a relatively straightfor-
ward signal in which the two large-area jets are both 2-pronged. The second signal used as a benchmark
is the 3+ 3 prong W’ — B’t — bZt signal with m{y =3TeV and mp, =400 GeV . This signal has more
complicated 3-prong jets on both sides (bZ and t), each of which also contains a b quark jet.

To contextualize the performance of the anomaly detection methods, their sensitivities are compared
to those of several standard methods. The standard comparison methods are chosen to differ only in
their event selections, and utilize the same preselection criteria, fitting procedure, and statistical analy-
sis as employed by the anomaly detection methods. The first comparison method is an inclusive search,
which does not use any substructure-based selection criteria. By not using any requirements on the jet
substructure, this strategy is maximally inclusive to all signals. However, its sensitivity is limited by the
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Figure 10. The p-values as a function of the injected signal cross sections for the different analysis procedures for two different
signals, using different input features for each method as listed in table 2 and in the legend. The upper panel shows results for the
2-prong X — YY’ — 4q signal with mx = 3TeV and my = my, = 170 GeV, while the lower panel shows results for the 3-prong
W' — B’t — bZt signal with my;, = 3TeV and mp, = 400 GeV. Significance values larger than 7 standard deviations (o) are
denoted with downwards facing triangles. Adapted from [8]. © the authors. Published by IOP Publishing Ltd. CC BY 4.0.

lack of a strategy to reduce the background yield. Two model-specific event selections based on typical
selections targeting jet substructure are also used. The first (second) selection targets 2-prong (3-prong)
signals by requiring both jets in the event to have 7,; < 0.4 (73, < 0.65) and mgp > 50 GeV . Finally,
model-specific selections using QUAK are employed to maximize sensitivity, with the signal prior set to
the specific signal model being tested.

Figure 10 shows the sensitivity of the search methods in simulation, evaluated as explained above.
We compare the expected p-value extracted from the 1 fit as a function of the signal cross section for
two benchmark signals. This figure is reproduced from [8] and included here for completeness.

As expected, the inclusive search is sensitive to both models, but reaches only low significances at the
considered signal cross sections. The model-specific selections targeting 2- and 3-prong signals have bet-
ter sensitivity than the inclusive search for the matching signal model, but significantly worse sensitivity
for the other one. This underscores the main drawback of traditional selection criteria: they introduce
model dependence. We thus use the inclusive baseline preselection as the model-agnostic baseline when
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evaluating the performance of anomaly detection methods. This choice is, for instance, present in the
definition of the SIC.

In contrast to the 2- and 3-prong selections, all anomaly detection methods demonstrate increased
sensitivity compared to the inclusive search, for both signals. The relative performance of the anomaly
detection methods differs between the two signals and no single method is optimal for both. As
expected, the model-specific QUAK search yields the best sensitivity for both signals, reaching the
discovery level (larger than five standard deviations) at significantly lower cross sections than other
methods.

Because the methods use different feature sets, comparing them with common input features pro-
vides a fairer assessment of algorithmic performance. We therefore repeat this study, with each method
using a common feature set, that of CATHODE-b . The VAE-QR method was not included in this study
because it is based on high-dimensional low-level input features and cannot readily be adapted to use a
small set of high level features. For TNT, we only modify the inputs of the classifier without changing
the unsupervised preselection. Timeline constraints prevented the inclusion of QUAK . The results are
shown in figure 11. CATHODE-b achieves the best results because, unlike TNT and CWoLa Hunting, it
combines information from both jets to tag anomalous events. Among the per-jet methods, TNT out-
performs CWoLa Hunting because of its additional preselection criteria [90].

5.2. Anomaly score correlations

We also explore the correlation between the anomaly scores of the different methods on these two
benchmark signals as well as background events. We train the methods in simulation and compare their
results on identical events. For the weakly supervised methods, an amount of signal equivalent to the
limit obtained from the inclusive search performed on the same dataset is used in the comparison.

Because the anomaly scores of the different methods have varying ranges and distributions, we apply
a preprocessing to standardize them before making a comparison. From the distribution of anomaly
scores of a given method on a given sample, we use a quantile transformation to convert the distribu-
tion to a Gaussian of mean zero and variance one. For example, the median anomaly score in the orig-
inal distribution is mapped to a value of 0, and a score at the 16th percentile is mapped to a value of
—1. We then investigate the correlations between the scores assigned by the different methods for back-
ground, X — YY' — 4q, and W’ — B’t — bZt events. Direct comparisons are shown as scatter plots
in appendix C. In each case we compute the Pearson correlation coefficient, which measures the lin-
ear correlation between the two distributions, as well as the distance correlation (DisCo [104]), which
also captures nonlinear relationships. The Pearson correlation matrices between the different methods
are shown in figure 12. We assume that CATHODE and CATHODE-b are strongly correlated and only
include CATHODE .

In general, we find the correlations between the different methods to be relatively low. The two
methods with the strongest correlations are CWoLa Hunting and TNT, which have Pearson correlations
of ~60%. This is to be expected because they are the only two methods that use exactly the same input
features, and they have similar training procedures. A similar correlation also exists between CATHODE
and QUAK, which both use information from two jets during training. The low correlations indicate that
the different approaches are complementary: they identify anomalous events based on different criteria,
meaning each method captures anomalies that others might miss. This also indicates that more powerful
search strategies could be obtained by combining the strengths of the ones presented here.

We stress that because the normalization is done separately for each sample, one cannot compare
scores as shown in these plots across the different samples. Additionally, because the comparison is done
separately with ‘pure’ samples of signal or background, this is an investigation of which of the signal
events or background events look the most anomalous to each method. This means that there can be
low correlation between two performant methods. For example, they may disagree about which is the
‘more anomalous’ of two signal events but still agree that both are much more anomalous than back-
ground events.

A different perspective is obtained by considering the selected events directly. For each method, we
choose the threshold leading to a 1% background efficiency, and we compare the selected signal events.
The results of this study are shown in figure 13. For the X — YY’ — 4q signal, CATHODE and QUAK
select half of the events and reach discovery-level significance. TNT follows with close to 40% of the
signal events correctly selected. The VAE-QR only finds 12% of the signal and CWoLa Hunting is not
sensitive. Unsurprisingly, methods with correlated anomaly scores also tend to have the largest overlap,
with up to 82% between CATHODE and QUAK . Most events found with VAE-QR are also identified by
CATHODE and QUAK; the overlap with TNT is generally lower. For the more complex W’ — B’t — bZt
signal, all methods achieve comparable sensitivity by selecting 20%—40% of the signal events, without
strong overlap. This confirms our earlier observation that the different methods are complementary.
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Figure 11. The p-values as a function of the injected signal cross sections for the different analysis procedures modified to use a
common set of input features, for two different signals: (upper) the 2-prong X — YY’ — 4q signal with mx = 3TeV and my =
my s = 170 GeV, and (lower) 3-prong W’ — B’t — bZt signal with my, = 3 TeV and my, = 400 GeV. Significance values larger
than 7 standard deviations (o) are denoted with downwards facing triangles.

5.3. Impact of input features

Except for TNT and CWoLa Hunting, the five methods described in this paper all use different input
features. It was already seen in section 5.1 that this has an impact on their performance. Furthermore,
the most correlated methods share part of their input features. This motivates a more complete study of
the impact of the choice of inputs. In this section, we perform an experiment to investigate the extent
to which differences in sensitivity can be attributed to the set of input features, by training supervised
classifiers to distinguish between signal and background.

Ideally, a supervised classifier trained with the binary cross-entropy loss learns the LR between sig-
nal and background, resulting in optimal classification performance. Thus, we can use such classifiers
as proxies to study the separation power in a given feature set. When possible, we reuse architectures
already used in the anomaly detection methods: this is the case for CWoLa Hunting, TNT, CATHODE,
and CATHODE-b . The CWoLa Hunting and TNT classifiers operate at the level of individual jets. The
scores from both jets are combined differently, as described in sections 4.2.1 and 4.2.2. We reflect this
difference by training one set of jet-level supervised classifiers and combining their scores following the
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Figure 12. Summary plots showing the Pearson correlation coefficient for each pair of anomaly detection algorithms as evaluated
on simulated events from the SM backgrounds (upper), X — YY’ — 4q signal (lower left), and W’ — B’t — bZt signal (lower
right). In many cases, the correlations are weak, indicating complementarity between the different approaches.

respective method. For QUAK, we use a fully connected network with 64, 64, and 32 nodes with ReLU
activation in the three hidden layers, and a single node with sigmoid activation for the classification out-
put. Owing to the difficulty of training a supervised classifier on the low-level input features used by the
VAE-QR, it is not included in this study.

Supervised classifiers were trained for all signal models described in section 3, using data in the cor-
responding SR (table 3) as a background proxy. Using data instead of simulation guarantees the absence
of modeling issues. A contamination of data by a signal strong enough to affect classifier trainings signif-
icantly is ruled out by the negative result of the weakly supervised searches [8].

We choose the SIC at a FPR of 1% as the main metric for comparisons. Indeed, this corresponds
most closely to the gain in sensitivity achieved after selecting events based on the classifier score. The
working point of 1% corresponds to the one used by all weakly supervised methods for m, = 3TeV, and
by CATHODE and CATHODE-b for my = 5TeV .

The SIC obtained by the supervised classifiers is shown in figure 14. The CWoLa Hunting -like super-
vised classifiers achieve a SIC of two for most signals. Combining the jet scores as in TNT leads to a
higher SIC (about four at 3TeV and six at 5TeV ) for all signals with two anomalous jets, but per-
forms worse for the Q* — qW’ — 3q signal. This is expected since TNT uses the product of the scores,
enhancing events with two anomalous jets, unlike in this signal model. For most signals, the CATHODE,
CATHODE-b, and QUAK feature sets yield similar results. They outperform the CWoLa Hunting—and
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Figure 13. Overlap between the events selected using the anomaly detection methods, for simulated X — YY’ — 4q (left)

and W’ — Bt — DZt (right) signal events, with a false positive rate of 1%. Each cell corresponds to the fraction of the events
selected by the method shown on the horizontal axis that are also selected by the method on the vertical axis. The last column
denotes the overall efficiency of selecting signal events for each method. For instance, the CATHODE method selects 50% of all
X — YY’ — 4q events. Of those events selected by CATHODE, 46% are also selected by TNT, but only 4% are found by CWoLa
Hunting.
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Figure 14. Significance improvement obtained from supervised classifiers trained using the same inputs as the anomaly detection
methods to distinguish between simulated signal and data. The left (right) panel shows the 3 (5) TeV mass point for all signal
models. The masses of intermediate decay particles are listed in GeV . The QUAK method was not tested on all models.

TNT -like classifiers for 3 TeV signals, while the difference with TNT is less marked at 5TeV . A compar-
ison of CATHODE and CATHODE-b shows very similar results except for signals involving b quark jets,
to which the additional DeepB inputs of CATHODE-b add extra sensitivity.

We now turn to investigating to what extent the differences in the input features can explain differ-
ences between the sensitivity of the anomaly detection methods. We measure the improvement in sen-
sitivity by comparing the expected upper limits on signal cross sections obtained in [8] in data, with-
out and with anomaly detection. We calculate the limit improvement factor by taking the ratio of the
limit without, to the limit with, anomaly detection. A value larger than one for this metric indicates that
using anomaly detection improves the expected limit by the same factor with respect to the inclusive
search.

Figure 15 compares the SIC and the limit improvement factor. We observe a clear correlation
between the two variables. In particular, for each method we observe a clear correlation between the
separation power of the input features for a given signal and the performance on the same signal.
Depending on the method, the improvements in the limits from the anomaly detection methods are
between two and eight times smaller than the SIC obtained from the supervised classifiers. This perfor-
mance gap is mainly caused by the inferior tagging of anomaly detection methods owing to their model-
agnostic approaches. A difference of at most ~30% can also be attributed to effects accounted for in the
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Figure 15. Comparison of anomaly detection and supervised classification performance. The factors by which the anomaly detec-

tion methods improve the upper limits on the signal cross sections are compared to the SIC of classifiers trained with the same
inputs. The 3 TeV mass point is shown for all models.

limit-setting procedure but not in the SIC: systematic uncertainties (section 4.2.4) and the uncertainty in
the expected background yield in the SR.

The size of the performance gap is seen to vary significantly between different anomaly detection
methods. The best performing methods in this comparison are CWoLa Hunting and TNT, which reach
half of the improvement of the corresponding supervised classifier for several signals. Despite its use of
information about the signals during training, QUAK does not reach the same performance. CATHODE
and CATHODE-b follow, being the methods least successful at extracting the separation power present in
their datasets. This is partially compensated by stronger input features for CATHODE and CATHODE-b,
especially for the X — YY' — 4q signal family at 3TeV .

The direct comparison of CATHODE and CATHODE-b, for which only the input features are dif-
ferent, also highlights an effect already described in [92]: input features that carry no information
about the signal can reduce the performance of weakly supervised methods. Indeed, it can be seen in
figure 15 that CATHODE almost always outperforms CATHODE-b . A careful investigation unveils that
CATHODE-b surpasses CATHODE for all signal models that contain b jets, but is otherwise less per-
formant. Using classifiers based on large ensembles of boosted decision trees, rather than neural net-
works as employed in this study, has been seen to mitigate the performance loss due to uninformative
features [92], and may be employed in future searches.

6. Validation in data: identification of tt events

Despite the tests on simulation, it is useful to demonstrate that the anomaly detection methods can suc-
cessfully find rare anomalies in data. However, no SM particles fit the topology of the original search
strategy: the decay of a heavy resonance to daughters producing large-radius jets with substructure dif-
fering from the SM backgrounds. Therefore, a variation of the search strategy is developed and employed
on data to identify tt events. This modified search strategy, based on weak supervision, targets nonreso-
nant pair production of two particles producing large-radius jets. It assumes that the two jets have iden-
tical masses and substructure characteristics. This strategy is able to successfully identify Lorentz-boosted
tt production, initially a ~1% fraction of the sample, from the SM backgrounds.

Identification of tt using anomaly detection methods has already been demonstrated in the semilep-
tonic decay channel [48], using open data released by the CMS Collaboration. The algorithm used [105]
was based on unsupervised learning. In contrast, we target the more challenging fully hadronic decay
channel and use weak supervision.
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Figure 16. Distribution of the J1 soft-drop mass after the basic (upper) and b-tagged (right) preselections. The black dots rep-
resent the data and the colored histograms correspond to simulated events. In both cases the sample is dominated by the QCD
multijet background (blue). While the b tagging preselection increases the relative contribution of tt (red) from 1 to 2.5% around
the top quark mass (105220 GeV ), its contribution remains small. Other background processes are shown in yellow.

6.1. Anomaly detection setup

The study begins from the same basic selection criteria as the resonant anomaly search outlined in
section 3. The two leading jets in the event are additionally required to have pr > 400GeV. The require-
ment on the pseudorapidity difference between the two jets, |An;| < 1.3, is kept unchanged. At this pr,
fully hadronic top quark decays are partially merged: sometimes all the decay products from the top
quark are contained in the jet, but in other events only the quarks from the W decay are contained and
the b quark forms a separate jet. These selection criteria were not optimized and a true nonresonant pair
production search would potentially perform better. They are, however, sufficient for the desired valida-
tion on Lorentz-boosted tt events.

The natural variable to use to extract the signal events is the soft-drop mass of one of the jets, which
should peak at the resonance mass (~175 GeV for top quark jets), but is smoothly falling for the QCD
multijet background. This contrasts with the rest of this paper, where the invariant mass of the dijet sys-
tem is used. A split strategy is employed to circumvent sculpting of the mgp distribution by the selection
based on the anomaly score: the two jets in the event are randomly assigned to the two categories J1 and
J2 and anomaly detection is applied to ]2, while the signal contribution is extracted using J1, ensuring
that there is no correlation between the anomaly score of J2 and the mass of J1 for background events.
This enables the estimation of the contribution of QCD multijet events in the final SR based on side-
bands in data.

After the preselection described above, about 1% of the events with J1 mgp around the top quark
mass (105-220 GeV ) are expected to originate from tt production. As discussed in section 4.2.4, the
performance of weakly supervised anomaly detection methods depends on the fraction of tt events in
the base dataset. In order to explore this effect in data, we also consider a more restrictive preselection
in which J1 is required to contain a b-tagged subjet, using the ‘loose’ working point of DeepCSV [66].
This additional selection increases the expected tt fraction in events with J1 mgsp around the top quark
mass to about 2.5%. The jet mass distributions after the two versions of the preselection are shown in
figure 16.

We chose to use the same input variables for this study as in the CWoLa Hunting and TNT meth-
ods, since they are well-suited to discriminate between top quark jets and the background. There is a
strong correlation between mgp and the other substructure features for the background jets, which could
cause problems for the weakly supervised training if the network can use the correlation to distinguish
between the SR and the sidebands. Inspired by the TNT approach, the signal-rich and background-rich
regions are defined using the J1 jet mass, but the J2 jet features are used as inputs to the anomaly tag-
ger. For the QCD multijet background, the masses and substructure features are generally uncorrelated
between the two jets. By defining signal-rich and background-rich regions based on the mass of J1, we
obtain samples of J2 that exhibit identical fractions of QCD multijet background events in both regions.

In a true model-independent search, where the mass of the pair produced resonance is unknown,
one would want to repeat the procedure with different signal windows defined on the J1 jet mass,
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similar to the different mj; windows used in the dijet search. For this demonstration we take a simpli-
fied approach, employing the procedure on three partially overlapping signal windows defined on the J1
mgp : 65-150, 105-220, and 145-250 GeV . The corresponding background-rich regions is defined as all
events outside the signal window.

The weakly supervised training is performed using the same model architecture and hyperparameters
as the TNT method employed in the main search. For each considered mgsp window, the training is per-
formed separately for both the baseline and b-tagged preselections. As a simplification, a two-fold cross
validation scheme is used rather than five-fold in the dijet search. The dataset is split into two halves,
the first of which is used for training the anomaly tagger. After training, the tagger is applied to the sec-
ond half of the data to select the anomalous jets.

The anomaly score of the ]2 jets is evaluated, and the 0.1% most anomalous jets are selected to
define the ‘pass’ region. The events which fail this selection define the ‘fail’ region. For presentation
purposes, the selected data are separated into background and signal contributions. Their normaliza-
tion is extracted from a simultaneous maximum likelihood fit of the two regions performed using the
CoMBINE package [106]. The mgp distribution of the QCD multijet background in the pass region is esti-
mated from data, using the mgsp distribution of events in the fail region multiplied by a freely floating
transfer factor. It was verified in simulation that the shapes of the QCD background in the pass and fail
regions are sufficiently similar for the transfer factor to be parameterized by a single constant, without
any dependence on the jet mass. The shapes of resonant backgrounds from W and Z boson production
in association with jets, as well as the tt signal shape, are estimated using simulation. The normalization
of all contributions is determined entirely from the fit, without any prior constraint.

6.2. Results

The procedure is performed separately for the two versions of the preselection and for the three con-
sidered signal windows. The results using the baseline preselection are shown in figure 17. For the 65—
150 GeV mass window, which is not well aligned with the top quark mass peak, the weakly supervised
training does not learn to identify top quark jets, and the pass region contains no significant tt contri-
bution. In contrast, for the 105-220 and 145-250 GeV mass windows, the procedure is successful and
large contributions from tt, significantly enhanced with respect to figure 16, are clearly visible in the pass
region. In the tt signal, separate contributions from large-radius jets containing merged W or t decay
products can be seen at masses of ~80 and ~175 GeV, respectively. The former can occur if the tt pair
is produced with moderate pr such that only the W decay, and not the additional b quark, is merged
into a single large-radius jet. In these mass windows, naive estimates of the statistical significance, based
on an asymptotic approximation [107], are very large (>10 standard deviations).

To further study the performance at identifying tt, each trained model is tested in simulation. In
addition, we compare them to a fully supervised model trained with labeled simulations of tt and QCD
multijet events, and using the same input features and network architecture as the weakly supervised
models. The SIC curves for the 105-220 and 145-250 GeV mass windows are shown in figure 18. The
models trained from the 65-150 GeV region are found to be unsuccessful top taggers with significance
improvement smaller than one and therefore not shown.

For the 105-220 GeV mass window, the model trained with the b tagging preselection outperforms
the one trained without, which is explained by the different signal fractions. However, even this worse
model is capable of identifying tt events, reaching a significance improvement larger than two at the
background efficiency of 10~ employed in this section. Both models trained in the 145-250 GeV mass
window achieve a performance close to the supervised classifier. We emphasize that even though the
weakly supervised models were trained solely on data and used no truth-labeled examples, the best per-
forming model achieves a significance improvement only ~15% worse than that of the supervised classi-
fier. This illustrates the power of anomaly detection approaches.

6.3. Signal characterization
In the case of any significant excess of events found by an anomaly detection algorithm, one would like
to infer its features, both to validate that the models are picking up a genuine physics-based signal and
as input for further analysis. In the following, we employ two strategies to determine the reasons that
cause jets to be classified as anomalous and demonstrate them in the context of the tt validation study.
They are discussed in appendix B of [8], and a brief summary is provided here for completeness. We
apply these techniques to the model trained with the b tagging preselection in the 105-220 GeV mass
window.

The first strategy is used to interpret which input features are most important for the computed
anomaly score. An interpretability technique called the permutation feature importance [108], suitable
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Figure 17. Post-fit plots of the fail (left) and pass (right) regions for the tt extraction procedure performed for the 65-150
(upper), 105-220 (middle), and 145-250 GeV (lower) signal windows. Data (black points with error bars) is compared to the
fitted estimates of the QCD multijet (blue), Z+jets (orange), W +jets (purple), and tt (red) processes. The lower panel shows
the ratio between the observed data points and the fitted estimates. The gray shading denotes the systematic uncertainty. The
contribution from tt is clearly visible in the pass region of the 105-220 and 145-250 GeV signal windows.

Data / fit

for interpretation without labeled examples, is used. To assess the importance of a feature, we randomly
swap its value for the events with the 1% largest anomaly scores with the values of other events cho-
sen at random. We then compute the average absolute change of the classifier output with respect to the
original anomalous events; a large change indicates that the value of the feature was important for the
classifier score. The results are stabilized by taking the average of 100 repetitions of the procedure with
different random replacements. The results of this study are shown in figure 19. They indicate that the
three most important features are mgp, the DEEPCSV score, and 73;. The number of jet constituents also
seems to play a role in the network’s decision.
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Figure 19. Excess characterization for the weakly supervised anomaly detection strategy applied to the tt region with the b tag-
ging preselection. The sensitivity of the anomaly score to the different input observables is assessed to aid in the determination of
the properties of the excess. The jet mass, b tagging score, and 73, are seen to be the most important observables, consistent with
the properties of large-radius top quark jets.

The second strategy we use is based on investigating the features that differ between the excess events
and typical events. The distributions of features of events with high anomaly scores are compared to the
distributions for all events in the region of the excess, without any anomaly score selection. Differences
between these two distributions give insight into how anomalous events and background events differ.

In the case of weakly supervised anomaly detection, caution must be used when reporting properties
of the signal from the distributions of the high-anomaly-score sample. Because the weakly supervised
methods learn to identify the specific characteristics of the signal, they preferentially select background
events that have the same characteristics as the signal. Thus, the high-anomaly-score sample has a biased
selection of background events, which would have to be accounted for in a true measurement of signal
properties. However, the qualitative features of the distributions are still useful in characterizing the basic
phenomenological properties of the excess.

The results of this comparison are shown in figure 20. Significant differences between the two sam-
ples are visible for features already flagged by the importance study. A jet mass of ~190 GeV is visible in
the mgp distribution (which was not explicitly calibrated), the DEEPCSV score indicates the presence of
b quarks, and the 73, distribution clearly highlights the three-pronged nature of large-radius top quark
jets. No significant difference is observed for the number of jet constituents, which the network may

26



10P Publishing

Mach. Learn.: Sci. Technol. 7 (2026) 045008 The CMS Collaboration

CMS 138 fb' (13 TeV) 4 0CMS 138 fb~' (13 TeV)
) T T T T wn . T T T T T T
= e All jets 1 = 35 - All jets
;5, — 1% most anomalous | ; ’ — 1% most anomalous
o @ 3.0p ]
B4 | Bas
< <
3l ] 2.0F .
of ] 1.5 1
1.0F 1
1 s B
0.5} E
oL - y . . . 1 ! 1 \" o I !
100 120 140 160 180 200 220 00— 50 75 00 125 150 178
mgp (GeV) Number of jet constituents
CMS 138 fo-' (13 TeV) CMS 138 fo' (13 TeV)
[4)] [ T T T T ] [4)] T T T Tl
= & Al jets Ts| 0 Al jets ]
s — 1% most anomalous | <, — 1% most anomalous
S 6l | Sa4f 1
= s
x5 < gl ]
4
3 2 .
2
i ]
050 0.2 0.4 0.6 0.8 1.0
DeepCSV score T21
CMS 138 fo-' (13 TeV) CMS 138 fbo* (13 TeV)
") T T T T wn T T T T T
=3 A Al jets = All jets
; — 1% most anomalous ; sl — 1% most anomalous -
S 4f 1 8
50l Sl ]
< 3[ ] < 6
2f . 4 ]
1} . 2r ]
07 01 0.6 0.8 40 %03 04 05 06 07 08 09 10 11
T32 T43

Figure 20. Excess characterization for the weakly supervised anomaly detection strategy applied to the tt region with the b
tagging preselection. The plots compare the properties of the jets with the highest anomaly score (red) to those for all jets in
the region of the excess (blue). The variables shown are the soft-drop mass msp (upper left), the number of jet constituents
npr (upper right), the DEEPCSV score (middle left), and the three subjettiness ratios 7»; (middle right), 73, (lower left), and
743 (lower right). The three-pronged nature of the signal is clear from the low 73, scores, the presence of b tags from the high
DEeePCSV score, and the jet mass (msp ) distribution peaks close to the top quark mass.

only be using in combination with another feature. Recovering these properties of the top quark shows

how an anomaly search could be interpreted if it yields positive results.

7. Summary

We have presented a detailed description of the five anomaly detection methods used to search for new
particles decaying to two anomalous jets in [8], using data collected by CMS between 2016 and 2018.
Approaches based on weakly supervised, unsupervised, and semi-supervised training paradigms have
been explored. All methods were successfully able to identify some classes of anomalous jets as dis-
tinct from SM backgrounds, and were therefore able to enhance the sensitivity to the signatures of new
particles in CMS data in a model-agnostic fashion.
The sensitivity of the methods to the presence of an anomalous signal in the data has been shown
to be higher than an inclusive search or simple selections based on jet substructure. The performance of
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the five methods has been found to depend on the considered signal model, with no single method out-
performing all others. Further investigation has shown that correlations between the anomaly scores are
low, indicating that methods identify anomalous signal events in different ways. Combining the different
approaches could lead to more powerful methods. Furthermore, the impact of differences in the input
features has been explored and shown to explain performance differences between signal models, but not
between methods.

Finally, a weakly supervised anomaly detection method has been used to separate top quark jets from
jets produced in other standard model processes. The achieved separation power comes very close to that
of a fully supervised classifier trained with the same input variables. This constitutes a validation of res-
onant anomaly detection in collider data. In addition, interpretation techniques have been used to suc-
cessfully retrieve some of the main properties of the top quark. This would enable further investigation
and confirmation of the signal in the event of a positive result from an anomaly search.
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Appendix A. The CMS detector and event reconstruction

The CMS apparatus [2, 60] is a multipurpose, nearly hermetic detector, designed to trigger on

[109-111] and identify electrons, muons, photons, and (charged and neutral) hadrons [112-114]. Its
central feature is a superconducting solenoid of 6m internal diameter, providing a magnetic field of 3.8T
. Within the solenoid volume are a silicon pixel and strip tracker, a lead tungstate crystal electromagnetic
calorimeter, and a brass and scintillator hadron calorimeter, each composed of a barrel and two endcap
sections. Forward calorimeters extend the pseudorapidity coverage provided by the barrel and endcap
detectors. Muons are reconstructed using gas-ionization detectors embedded in the steel flux-return yoke
outside the solenoid. More detailed descriptions of the CMS detector, together with a definition of the
coordinate system used and the relevant kinematic variables, can be found in [2, 60].

Events of interest are selected using a two-tiered trigger system. The first level, composed of custom
hardware processors, uses information from the calorimeters and muon detectors to select events at a
rate of around 100kHz within a fixed latency of 4 s [109]. The second level, known as the high-level
trigger, consists of a farm of processors running a version of the full event reconstruction software opti-
mized for fast processing, and reduces the event rate to a few kHz before data storage [110].

The primary vertex is taken to be the vertex corresponding to the hardest scattering in the event,
evaluated using tracking information alone, as described in section 9.4.1 of [115]. A particle-flow (PF)
algorithm [116] aims to reconstruct and identify each individual particle in an event, with an optimized
combination of information from the various elements of the CMS detector. Jets are clustered from the
PF candidates in an event using the anti-kr jet finding algorithm [117, 118]. In this analysis, large-radius
jets with a distance parameter of R = 0.8 are used. Jet momentum is determined as the vectorial sum
of all particle momenta in the jet, and is found from simulation to be, on average, within 5% to 10%
of the true momentum over the whole pr spectrum and detector acceptance. Additional proton-proton
interactions within the same or nearby bunch crossings (pileup) can contribute additional tracks and
calorimetric energy depositions, increasing the apparent jet momentum. The pileup per particle identi-
fication algorithm [119, 120] is used to mitigate the effect of pileup at the reconstructed particle level,
making use of local shape information, event pileup properties, and tracking information. Jet energy cor-
rections are derived from simulation studies and control samples in data so that the average measured
energy of jets becomes identical to that of particle level jets [119, 121].

The missing transverse momentum vector pis* is defined as the projection onto the plane perpen-
dicular to the beam axis of the negative vector sum of the momenta of all reconstructed PF objects in an

event. Its magnitude is referred to as piss .

Appendix B. Companion dataset

This appendix describes the companion dataset [79] of this paper made available on Zenodo to support
the development of new anomaly detection algorithms. It consists of an unweighted dataset of 24 million
simulated SM background events and 52 different BSM signal samples. The considered background and
signal processes, as well as the event generators used, are the ones described in section 3. In the follow-
ing, we focus on file contents.
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Events included in the datasets undergo a loose preselection. They are required to pass the trigger,
contain two jets with pp > 300 GeV and || < 2.5, and have mj; > 1200 GeV . For signal samples, the
efficiency of this selection is recorded in the preselection_eff variable. Two systematic variations,
corresponding to the uncertainties in the jet energy scale (JES) and resolution (JER), are also stored as
up/down pairs.

Basic event information is stored in the event_info array, which contains for every event the event
number, pi%, its angle ¢, the original generator weight, whether the event contains a leptonic decay,
an empty placeholder field, the year of the simulated data-taking conditions, and the total number of
jets in the event. The generated physics process is encoded in the truth_label column, with signal
events having positive labels. The QCD multijet events have label 0; —1 is used for background processes
involving top quarks, —2 for processes involving W bosons, and —3 for Z boson production. The kine-
matic information of the two leading jets is stored as follows in the jet_kinematics array: the first
two entries correspond to my; and A . This is followed by the four-momenta of the two jets saved as
pr> 1> ¢, and mgp . All masses and momenta use GeV as the default unit.

Substructure information is provided in three tables per jet. The first, extraInfo, contains the high-
level variables 71, 7, 73, 74, LSF3, DeepB, and npgr . The second table stores the four-momenta of the
100 highest-pr particles in each jet sorted by descending pr and encoded as py, p,, p;, and E. Finally,
the properties of up to six secondary vertices (SVs) contained in the jet are saved in the SVs table as the
mass, pr, the number of tracks, the normalized x? of the SV fit, and the two- and three-dimensional
displacement significances.

For signal samples, we provide limited generator-level information, experimental corrections, and
variables needed to evaluate systematic uncertainties. The gen_info table contains the pr, 1, ¢, and par-
ticle type ID [5] of the quarks produced in the decay of the intermediate BSM particles, the number of
which depends on the signal topology.

An important correction to the event weights is stored in the sys_weights array. The first entry
contains the product of experimental correction factors. The rest of the vector contains 10 up/down
pairs of systematic variations that apply multiplicatively to the event weights, corresponding to experi-
mental and theory uncertainties.

A second weight aiming to correct the description of jets in boosted topologies [122] is provided in
the 1und_weights table. Statistical uncertainties in this correction are provided as twice 100 replicas,
pt_var and stat_var, covering pr extrapolation and statistical uncertainties, respectively. Each uncer-
tainty is given by the standard deviation of the replicas. In addition, five sources of systematic uncer-
tainty are encoded in the sys_var list as up/down pairs.

Finally, uncertainties in jet kinematic variables are also included in one table per jet (JME_vars).
Each table contains the jet pr and mgp varied up and down under the JES and JER uncertainties, as
well as variations of the jet mass scale (JMS) and resolution (JMR) [123]. These uncertainties should
be applied together with the corresponding variations of the preselection efficiency. The table layout is

as follows: pT]ES up’ mSD]ES up, pTIES down) mSD]ES down, pT]ER up, mSDIER up’ pTIER down, mSD]ER down’ mSD]MS up,
MS d MR MR
mSD] S own mSD] up, mSD] down'

Appendix C. Anomaly score comparisons

In this appendix, we show comparisons of the anomaly scores assigned by different methods to back-
ground (figure C1), X — YY' — 4q (figure C2), and W’ — B’t — bZt (figure C3) events. Following the
procedure in section 5.2, each method is applied to a simulated dataset and the scores are transformed
to follow a standard Gaussian distribution. We then create a series of 2D scatter plots comparing the
normalized distributions of one method with another. These plots are used as input to compute the cor-
relations shown in section 5.2.
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Figure C1. Anomaly score correlations of different methods on the simulated background sample. Scores are transformed to fol-
low a normal distribution. The Pearson linear correlation coefficient and distance correlation (DisCo) are listed for each pairing.
Details are given in the text.

31



I0OP Publishing

Mach. Learn.: Sci. Technol. 7 (2026) 045008 The CMS Collaboration

. CMS simulation (13 TeV) _CMS Simulation (13 TeV)

[) L e L B B ] o T T T T ]
g X = YY' (Y/Y' - qq) signal 18 X = YY' (Y/Y' - qq) signal
u(j 4" Linear correlation = 0.436 ] qu 4" Linear correlation = 0.180 ;.
QO | DisCo correlation = 0.193 1 A [ DisCo correlation = 0.050 1
O 3 10 3k ]
T | 1 T b
= = :
O 27 o 2_ t
g 3 ;
No1b N b 1
g g1 |
5 o s o b
=z . =z . 1
-1k AP b
2F 1 2 g
| R L1 ] 3 I I I ! ! 1
-3 -2 -1 0 3 -3 -2 -1 0 1 2 3
Normalized VAE score Normalized CWolLa Hunting score

_CMS simulation (13 TeV) _CMS simulation (13 TeV)

o O T T T 1 o ° T T T T ]
g X - YY' (Y/Y' - qq) signal 18 X - YY' (Y/Y' - qq) signal
qu 41~ Linear correlation = 0.254 1 qu 41~ Linear correlation = 0.619 1
A [ DisCo correlation = 0.065 1 a [ DisCo correlation = 0.440 ]
O 3 4 O 3f g
I 1 T b
= 15, :
o 169 ]
ks | ® ]
N1 4N 1 1
: |2 |
5 0F- - . 5 o ]
=z 12 [ - 1
Ap 1 r 1
2 1 2 ]
a I I [ 1 a I il I I I 1
=3 2 -1 0 3 =3 2 -1 0 1 2 3

Details are given in the text.

Normalized TNT score

Normalized QUAK score

Figure C2. Anomaly score correlations of different methods on the X — YY’ — 4q signal model. Scores are transformed to fol-
low a normal distribution. The Pearson linear correlation coefficient and distance correlation (DisCo) are listed for each pairing.
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