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Abstract
A novel solution is presented for the problem of estimating the backgrounds of a signal search
using observed data while simultaneously maximizing the sensitivity of the search to the signal.
The ‘ABCD method’ provides a reliable framework for background estimation by partitioning
events into one signal-enhanced region (A) and three background-enhanced control regions (B,
C, and D) via two smoothly varying, statistically independent variables. In practice, even slight
correlations between the two variables can significantly undermine the method’s performance.
Thus, choosing appropriate variables by hand can present a formidable challenge, especially when
background and signal differ only subtly. To address this issue, the ABCD with distance correla-
tion (ABCDisCo) method was developed to construct two learned variables via a neural network
trained to provide strong signal-background discrimination with small values of the distance cor-
relation (DisCo) measure between the two learned variables. However, relying solely on minimiz-
ing the DisCo can result in learned variables that may not have distributions of background events
that are smoothly varying and localized at extreme values, as necessary for the validity of the back-
ground estimation. The ABCDisCo training enhanced with closure (ABCDisCoTEC) method is
introduced to solve this issue by directly minimizing the nonclosure, expressed as a dedicated dif-
ferentiable loss term. This extended method is applied to a data set of proton–proton collisions
at a center-of-mass energy of 13 TeV recorded by the CMS detector at the CERN Large Hadron
Collider. Additionally, given the complexity of the minimization problem with constraints on mul-
tiple loss terms, the modified differential method of multipliers is applied and shown to greatly
improve the stability and robustness of the ABCDisCoTEC method, compared to grid search
hyperparameter optimization procedures.

1. Introduction

Particle physics experiments generally analyze complex data sets to make precision measurements within
the framework of the standard model (SM) or to search for new phenomena beyond the SM. At high-
luminosity proton–proton colliders like the Large Hadron Collider (LHC), these data sets consist of
the information associated with the outgoing particles produced in each independent collision of pro-
ton bunches as recorded with a particle detector; the data associated with each collision is referred to
as an ‘event.’ These analyses require separation of the events of interest (‘signal events’) from all other
events (‘background events’). A wide range of techniques has been developed for robust estimation of
the background for each analysis. Relying solely on simulated data to estimate backgrounds can result in
large systematic uncertainties associated with the nature of the modeling. This limits the overall power
of the measurement. Therefore, it is often preferable to use observed data to estimate the background,
avoiding potential modeling discrepancies. Additionally, for data sets in which differences between sig-
nal and background in traditional physical variables are subtle, such variables are generally not sufficient
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for effective discrimination. Signal sensitivity improvements have been achieved by training neural net-
works (NNs) that can more effectively separate signal from background by taking advantage of complex
correlations among different variables.

A commonly used technique known as the ‘ABCD method’ [1–3] provides a reliable background
estimation by using two statistically independent variables to define control regions (CRs) for extrap-
olation into a signal region (SR). However, finding two independent variables that can be successfully
leveraged for the ABCD method is often challenging. If the chosen variables are not independent, the
performance of the method worsens, as quantified by the difference between the prediction and the true
value, referred to as nonclosure. To address this problem, [4] introduced the ABCD with distance cor-
relation (ABCDisCo) method, which automates the creation of two uncorrelated NN outputs that can
then be used for a robust background estimate. The method employs distance correlation (DisCo) [5], a
statistical metric that captures a wide variety of both linear and nonlinear correlations, to ensure that the
two outputs are independent and concentrate the signal events in the SR, with limited contamination in
adjacent CRs.

The two uncorrelated ABCDisCo outputs meet the conditions necessary for robust background esti-
mation using the ABCD method. However, the performance of the ABCD method cannot be directly
targeted when training the ABCDisCo network with gradient descent optimization methods, as the
nonclosure conditions are inherently nondifferentiable. This paper presents a novel solution called
ABCDisCo training enhanced with closure (ABCDisCoTEC), which directly minimizes the nonclosure to
ensure that the background estimate is accurate. We apply this new method to a search for new physics
in high-energy proton–proton collision data recorded by the CMS detector [6] at the CERN LHC [7],
the first application of such a method to observed collider data. Here, we focus on the generalizable
aspects of the application; the specific details and results from the search are documented in [8]. As the
ABCDisCoTEC model has a complex multi-term loss function, this paper also demonstrates the use of
the modified differential method of multipliers (MDMM) [9] to obtain an optimal NN training, which
is the first application of MDMM with collider data. While a reasonable training can be achieved using
a manual optimization of the choice of hyperparameters—as is the case for the models used in [8]—
MDMM reduces the number of training iterations necessary to converge on a final solution. The follow-
ing sections provide additional details about the methods and the validation of the results.

2. Methods

2.1. The ABCDmethod
The ABCD method proceeds by defining four regions based on the intersection of two boundaries in
statistically independent variables (referred to henceforth as discriminants, or S1 and S2), such that the
signal and background are effectively separated. Without loss of generality, we define the SR, labeled A,
to contain the events above the boundary in each variable, corresponding to the upper right-hand corner
of the plane spanned by S1 and S2. The adjacent B, C, and D regions serve as CRs, with relatively more
background and fewer signal events. In the ideal case, background is tightly concentrated in the D region
in the lower left-hand corner, and signal resides almost exclusively in the A region (upper right-hand
corner), as illustrated in figure 1.

The prediction of the number of background events in the SR A, NpredA , is calculated from the num-
bers of events in the surrounding CRs:

NpredA =
NBNC
ND

, (1)

where NB, NC, and ND correspond to the number of events in the B, C, and D CRs, respectively. In
some situations, the ABCD space may be focused on one or a subset of background processes. In this
case, the Ni counts are modified by subtracting the contributions of other backgrounds as estimated
by simulation. If the two variables defining the ABCD plane are independent for background events,
then NpredA ≈ NA, where NA is the actual number of background events in the SR. The variables are not
required to be independent for signal events, as indicated by the positive covariance of the signal distri-
bution in figure 1.

The event yield Ni for each of the four regions is treated as a Poisson distribution in the underlying
statistical model. Thus, equation (1) represents a constraint on the likelihood function of the statistical
model, which is the product of the Poisson likelihoods for each region [2, 3]. In this way, a maximum
likelihood estimate for NpredA is computed when fitting the statistical model to the observed data.
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Figure 1. Schematic illustration of idealized signal (red) and background (gray) distributions in the ABCD plane, represented as
Gaussian kernel density estimators (KDEs).

A useful metric to quantify the accuracy of the prediction is the relative difference between the
observed and predicted numbers of events in region A in simulation. This quantity, known as the non-
closure (C/), is computed as:

C/=

∣∣∣∣1− NBNC
NAND

∣∣∣∣ . (2)

Equation (2) shows that the nonclosure metric is computed from event counts above and below the
boundaries; therefore, its values may be discontinuous. This presents a significant challenge to train a
machine learning model to minimize the nonclosure, as such models rely on the differentiability of the
loss function. In section 2.2, this issue is discussed in more detail, and a novel solution is presented.

The ABCD relationship is valid under two conditions: the independence of the two variables and
low signal contamination in the B, C, and D CRs. While the latter condition is not a strict requirement
because the method can account for it, signal contamination still results in reduced signal identification
efficiency and therefore decreases the sensitivity of the analysis. The primary goal of optimizing the per-
formance of the ABCD method amounts to ensuring these two conditions are satisfied. A more detailed
description of the ABCD method is presented in [4].

A key component of any background estimation method is to define validation regions (VRs) with
minimal signal acceptance in which the validity and performance of the method can be evaluated. The
success of the VRs often depends on how closely they mirror fundamental kinematic properties of the
SR. In an ideal scenario, there is a fully independent VR to assess the performance and nonclosure of the
ABCD method. However, in the absence of such a VR, we present an alternate approach in section 6.

2.2. The ABCDisCoTECmethod
To achieve good performance from the ABCD method with two NN outputs, there are two primary
objectives to satisfy. First, the model must generate two binary classifier outputs (SNN1 , SNN2 ) that ade-
quately distinguish signal events from background events. Second, the two classifier outputs need to be
independent. These two main criteria motivate the overall structure of the ABCDisCoTEC NN model
and the form of the loss functions used during training. As stated in Theorem 3 of [5], a DisCo value of
zero between two sets of variables implies independence. Thus, minimization of DisCo can enforce inde-
pendence between two observables and is therefore a useful metric for quantifying the feasibility of an
ABCD background estimation. As indicated in equation (3) below, we include both DisCo and nonclo-
sure terms in the loss function.

3
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Figure 2. Diagrammatic layout of the ABCDisCoTEC NN model. The a input features xi are initially fed into a hidden layer f
with b nodes. The resulting output of this hidden layer, z, is fed into two binary classifiers, each with one hidden layer g or h, with
c or d nodes, respectively, and output layer SNN1 or SNN2 . Both outputs are used to compute the loss function Ltotal. Colored arrows
indicate the direction of propagation from inputs to final network output.

Figure 2 shows a diagrammatic representation of the NN model used to accomplish the two afore-
mentioned tasks. The core components are the dual, identically configured, binary classifiers that each
generate a unique discriminant value between 0 and 1 for each event, corresponding to the NN’s confi-
dence that a given event should be classified as signal.

The minimal loss function for the ABCDisCoTEC model is composed of three distinct terms, which
are explained in the following paragraphs:

Ltotal = λBCE

(
L(1)BCE+ L(2)BCE

)
+λDisCoLDisCo+λnonclosureLnonclosure, (3)

where the hyperparameters λ are positive multiplicative constants that control the relative importance
of each loss term. All terms in the loss function are jointly optimized during training. This loss function
can be extended (as discussed in section 4.1) to include additional components that result in specific
training outcomes. An example of such an extension could be a term that mitigates signal contamination
in the CRs. However, additional loss terms increase the training complexity and without proper opti-
mization may result in poor NN performance.

The first term in equation (3) represents two binary cross-entropy (BCE) terms, one for each binary
classifier i; each takes the form:

L(i)BCE = − ytrue log
(
y(i)pred

)
+(1− ytrue) log

(
1− y(i)pred

)
, (4)

with y(i)pred (ytrue) being the output (target) value of that classifier. These BCE terms quantify the overall
classification performance of the two classifiers. Using the BCE form for the classifiers penalizes overly
confident misclassifications.

The second term, LDisCo, calculates the DisCo [5] value for the two classifier outputs. This value is
bounded between zero and one, with zero representing two independent discriminators and one rep-
resenting two variables that are maximally correlated. As described in section 2.1, DisCo is more sensi-
tive to nonlinear correlations than the standard Pearson correlation measure [10]. Thus, DisCo can be a
more powerful measure for quantities like NN outputs that can exhibit nonlinear correlations. A detailed
description of the DisCo calculation is provided in [11].

Lastly, the Lnonclosure term quantifies the deviation from the assumed agreement of NpredA and NA,
i.e., the nonclosure of the ABCD method. Including the nonclosure of the ABCD method in the loss
function allows the network to explicitly optimize its performance for the ABCD method itself. If the
model is trained to classify events such that the ABCD method is satisfied by the classified populations
of events, then by extension, the classifier outputs must be independent. The nonclosure loss term is
defined as:

Lnonclosure =

(
NAND−NBNC
NAND+NBNC

)2
. (5)

4
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The numerator comes from equation (1), which implies NAND−NBNC = 0. The denominator NAND+
NBNC serves to normalize the range of possible values with respect to other loss terms in case of non-
closure, whose magnitude depends on the N yield values. The expression is squared to ensure positive-
definite values. In terms of the explicit nonclosure definition in equation (2), the nonclosure loss term
can also be written as:

Lnonclosure =

(
C/

2−C/

)2
. (6)

From this form of the nonclosure loss term, it can be seen that a nonclosure value of zero maps directly
to a loss value of zero. This term is computed only from background events, for which equation (1) is
intended to apply.

Equation (5) is entirely calculated from event counts, which are inherently discrete. As such,
equation (5) can exhibit discontinuous and thus nondifferentiable behavior. For example, it is possi-
ble that certain regions of the ABCD plane contain no events, which can cause undefined behavior due
to division by zero. For loss minimization via gradient descent, which requires the loss function to be
differentiable, it is thus not possible to include equation (5) directly in the loss function. To address
this problem, the method of counting the number of events in each ABCD region is slightly modified.
Mathematically, the counting of events can be visualized as applying a two-dimensional Heaviside step
function H, whose edges correspond to the edge values defining the ABCD regions. For region A, this
calculation is:

NA =
Ntotal∑
i

H(S1,i − b1)H(S2,i − b2) , (7)

where the sum is over all Ntotal events in the full plane. Either an event is inside the boundaries of a
region and counted (1) or it is outside and not counted (0). Such a formulation makes clear that the
discontinuous behavior lies in this binary counting choice.

Therefore, instead of using a step function, a two-dimensional sigmoid function can be used to
smooth out this hard boundary. This function takes the generic form:

σ (S1,S2,b1,b2) =
1(

1+ e−a1(S1−b1)
)(
1+ e−a2(S2−b2)

) , (8)

where the scale parameters a1,2 control the sharpness of the transition from the minimum (0) to the
maximum (1), the boundaries b1,2 are the locations of the transition midpoint, and S1,2 correspond to
the values of the independent variables that define the ABCD plane. The variables a1 and a2 are, in gen-
eral, separate hyperparameters to be optimized. Recognizing the symmetry of the ABCD plane, a1 and
a2 are set here to the same value, a, for simplicity. As a result, the calculation of the number of events in
each region is transformed, following the form of the A region from equation (7):

NA →
Ntotal∑
i

σ (S1,i,S2,i,b1,b2) ,

NB →
Ntotal∑
i

σ (−S1,i,S2,i,−b1,b2) ,

NC →
Ntotal∑
i

σ (S1,i,−S2,i,b1,−b2) ,

ND →
Ntotal∑
i

σ (−S1,i,−S2,i,−b1,−b2) .

(9)

Using a two-dimensional sigmoid function (equation (8)) to weight events introduces continuity and
differentiability to the nonclosure loss term (equation (5)), ensuring the necessary behavior for use in
gradient descent optimization. With this sigmoid function, events can be slightly outside of the precise
bounds of a region and still contribute to the region’s event count with a small weight, strongly sup-
pressed by the distance from the given region. Examples of how this two-dimensional sigmoid function
appears for different choices of the scale parameter a are shown in figure 3. The scale parameter value
a= 100 was found to provide the best closure performance in general. When optimizing a for a specific
application, both Lnonclosure and the nonclosure as a function of the choice of ABCD boundaries should

5
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Figure 3. An example of the sigmoid function in equation (8) with choices for the scale parameters a of 10 (upper), 100 (mid-
dle), and lima→∞ (lower). The boundaries are b1,2 = 0.5. The sigmoid distribution shown in the middle is used for the ABCD
region event counts in the following studies.

be monitored. If a is too low, the minimization of Lnonclosure will be ineffective, because the amount of
mixture between each region will be too large to achieve small nonclosure. If a is too high, the mini-
mization of Lnonclosure will only be successful for the specific boundary values used during training, with-
out sufficient generalization. Choosing b1 and b2 randomly for each batch during the training proce-
dure, where a batch is a subset of the input data, is also important to improve the generalization of the
closure.

With all of the loss terms in equation (3) defined, we provide a qualitative understanding of the
interplay between the three terms to characterize the fundamental nature of this challenging optimization
problem. The LBCE term pulls background toward the D region and pulls signal toward the A region,
while LDisCo and Lnonclosure shape the distributions to enforce the ABCD method requirement that the
two discriminants be independent. The LBCE term should dominate the total loss, as it most directly
relates to the performance of the network in separating signal from background. However, the con-
tributions of LDisCo and Lnonclosure to the total are nonnegligible throughout the training, as they mold
the discriminant shapes to ensure that robust background predictions can be performed. Quantitative
demonstrations of these principles are described in sections 4.1 and 4.2, using the example of a search
for stealth supersymmetry (SUSY, section 3).

2.3. TheMDMM
Hyperparameter tuning is not guaranteed to lead to the desired optimum in multiobjective optimiza-
tion problems, such as minimizing the loss function in equation (3). More specifically, in multiobjective
optimization, a solution, or point in objective space, is said to be Pareto-optimal if there is no direc-
tion in which one of the objectives can be improved without worsening at least one of the other objec-
tives. The set of all Pareto-optimal solutions achievable by a model is known as the Pareto front [12].
The shape of this front is generally determined by the specific application and the NN model employed
but is unknown a priori. Thus, a search of some kind to find the desired optimum along this front is
necessary.

Using the typical approach of minimizing linear combinations of losses with gradient descent while
tuning the hyperparameters λi, denoted the λ method, does not necessarily guarantee access to the entire
Pareto front. In general, convex Pareto fronts can be fully explored via the λ method, while nonconvex
Pareto fronts cannot. In the case of a nonconvex Pareto front, the λ method can only access the convex
hull of the front, and under specific conditions, it is even possible that one of the losses is not mini-
mized at all. Even in the case of a convex Pareto front, finding an optimal training using the λ method

6
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may require a large number of training iterations. Also, as previously noted, the shape of the Pareto
front for a given problem cannot be determined in advance. Therefore, ensuring optimal results from
a model with a multiobjective loss term may not be feasible when computational resources are limited.

The MDMM [9] approach offers the most robust solution for nonconvex Pareto fronts and is partic-
ularly well suited for tackling the complex minimization problem described in this paper. This approach
not only provides a means to explore the entire Pareto front, but also reduces the number of training
iterations to find a usable solution.

The core principle of the method is to reformulate the multiobjective optimization problem as a con-
strained optimization problem. One loss term is chosen as the function to minimize, while the other
loss terms are treated as constraints via the Lagrange multiplier formulation. In the context of the ABCD
method, the BCE loss is chosen as the function to minimize, while the DisCo and nonclosure losses are
treated as constraints:

Lnonclosure (θ)⩽ ϵnonclosure,

LDisCo (θ)⩽ ϵDisCo,
(10)

where θ represents the network weights and each ϵ is a hyperparameter representing the constraint value,
replacing the corresponding λ hyperparameter from the λ method. The Lagrangian function to mini-
mize is then defined as:

L(θ,λ) = LBCE (θ)+αnonclosure (Lnonclosure (θ)− ϵnonclosure)+αDisCo (LDisCo (θ)− ϵDisCo) , (11)

where the Lagrange multipliers α are learned during the training.
The Lagrangian function is optimized with respect to the network weights and the Lagrange mul-

tipliers simultaneously. After backpropagation when the learned parameters are updated, the network
weights are updated in the direction opposite the gradient (gradient descent), while the Lagrange multi-
pliers are updated toward the gradient (gradient ascent). This is done because the optima for constrained
minimization problems are typically saddle points in the gradient space; by inverting the update direc-
tion for the Lagrange multipliers, the optima become attractors for the differential equations that mini-
mize equation (11).

The final component of the MDMM formulation adds a quadratic penalty term to equation (11) for
each constrained loss i:

ci
2
(Li (θ)− ϵi)

2
. (12)

This term introduces a further hyperparameter, ci, for each constrained loss, called the damping factor.
In exchange, convergence on the submanifold that satisfies the constraints is now ensured, regardless of
the shape of the Pareto front. The training does not depend strongly on the value of this hyperparame-
ter. A pictorial representation of the effect of each component of the MDMM technique on the network
behavior is shown in figure 4. This illustration shows the dependence of the λ method on the shape of
the Pareto front, the attractive force supplied by MDMM, and the ability of the damping component to
drive convergence.

The MDMM approach provides several advantages for NN training. First, it enables exploration of
the Pareto front in its entirety, not only its convex hull. Second, it consistently converges to the cho-
sen optimal solution in the case of nonconvex Pareto fronts, while the λ approach does not. Finally,
when a loss term has a physical meaning, MDMM directly constrains the loss to a desired meaningful
value using the ϵ hyperparameter. For example, in the case of Lnonclosure, setting ϵnonclosure to 0.1 cor-
responds to approximately a 10% systematic uncertainty in the nonclosure, if no other correction is
applied. By contrast, in the λ method, the tuned hyperparameters only relate to the relative strength of
each loss component, which may not have a clear physical meaning. Thus, MDMM not only allows, but
encourages the definition of a ‘target’ value for a given loss component, removing the need to scan in
an additional dimension of hyperparameter space. In section 5.2, the MDMM approach is applied to the
ABCDisCoTEC method using the stealth SUSY data set, showing an improvement in the stability and
robustness of the method.

3. Case study: a search for stealth supersymmetry

We demonstrate the benefits of the ABCDisCoTEC method in a search for new physics beyond the SM
of particle physics using proton–proton collisions at a center-of-mass energy of 13 TeV. Specifically, we
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Figure 4. Schematic illustration of the training path of the NN in the space of the learned parameters for the λmethod (blue)
and MDMM (orange). The case of an equality constraint on a generic loss component L2 (L2 = ϵ2) is shown. Both convex (left)
and nonconvex (right) Pareto fronts, represented by dashed black lines, are shown. The dashed red line represents the subspace
on which the condition L2 = ϵ2 is met.

search for the pair production of top squarks (̃t), the supersymmetric partner of the top quark, in the
context of stealth SUSY models [13–15]. In the model we consider, the decay of the two top squarks
results in two top quarks accompanied by six gluons. An initial search for this signature was published
by the CMS Collaboration in [16]. The collision events selected in this search contain a charged lep-
ton from a top quark decay and at least seven jets, which are collimated sprays of particles originating
from the hadronization of quarks or gluons produced in the interaction. This final-state signature is
quite challenging to distinguish from SM background processes, in particular the background from top
quark pair production in association with additional jets (tt+ jets). This similarity between signal and
background restricts the sensitivity of simple selections applied to individual high-level variables.

An NN can much more efficiently determine and take advantage of subtle differences between signal
and background, as was demonstrated for this type of model in [16]. However, the search was limited
by systematic uncertainties related to the modeling of the tt+ jets background in simulation, resulting in
an inconclusive statement about a deviation between the predicted background and the observed data.
Accordingly, an NN using the ABCDisCoTEC approach is a particularly attractive solution to achieve
strong discrimination between signal and background while improving the robustness of the background
estimation by increasing the reliance on observed data rather than simulated events. The application of
the ABCDisCoTEC method to the CMS search for stealth SUSY is showcased in [8] with significantly
improved performance compared to [16]. Here, we will use the stealth SUSY signature to characterize
features of the ABCDisCoTEC method and to illustrate how the method can be validated for use with
real collision data.

4. Implementation

4.1. Model training
For the case study, the ABCDisCoTEC model was extended with a regression component that precedes
the dual binary classifiers. This regression aims to predict the mass of the top quark (for background) or
top squark (for signal) in an event, and was found to improve the classification performance of the net-
work for this application. Specifically, adding the mass regression allows for better classification of events
with top squarks at low masses (mt̃ < 600 GeV), which are kinematically similar to background events.
The inputs that are provided to the mass regression component are also passed (along with the mass
regression output itself) to each binary classifier during training and inference. The total loss function
thus includes an additional term, LMR, which takes the form of the squared error between the predicted
particle mass, mpred, and the true mass, mtrue:

LMR =

(
mtrue−mpred

)2
GeV2

. (13)

8
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This additional loss term is not strictly required to implement the ABCDisCoTEC framework. For the
purposes of demonstrating the validity of the ABCDisCoTEC method, the output of the mass regression
can simply be considered as another model input. All components of the NN are jointly optimized dur-
ing training by minimizing the total loss function.

Two versions of the model are trained. The first model was trained in the KERAS [17] software frame-
work (v2.4.3) with the TENSORFLOW [18] Python package (v2.2.0) used to construct the model and man-
age the training environment. The second model was constructed and trained using the PYTORCH [19]
Python package (v2.4.1). The latter framework was adopted for ease of implementation of MDMM. Both
models show similar performance in terms of signal vs background discrimination as well as nonclosure.
The training information below applies to both of the implementations. The gradient-based optimizer,
ADAM [20], is used during both trainings for loss minimization.

The discriminant component of the network is composed of two fully connected NNs with one hid-
den layer each. An additional hidden layer is placed before the discriminant component to improve the
decorrelation behavior of the network. Each hidden layer is followed by both a batch normalization and
a dropout layer. The dropout layers randomly remove 30% of the nodes in the hidden layer to prevent
overtraining. There are 70 input nodes, 200 nodes per hidden layer, and two output nodes (one for each
discriminant). The inclusion of additional hidden layers was not found to provide significant improve-
ments in performance.

The input features used in training the ABCDisCoTEC network to distinguish the stealth SUSY sig-
nal from SM backgrounds include both low- and high-level physical quantities. The low-level features
include the four-momenta of jets and the type of particle from which each jet likely originated. The
high-level features are based on the relative orientation and momenta of the jets, in order to give a
global view of the energy flow in an event. In total, each training event is represented by 70 features.
The events included in the training must satisfy a baseline set of relatively loose requirements that are
designed to eliminate obvious sources of background.

For the primary tt+ jets background, events are generated with the next-to-leading order (NLO)
POWHEG v2.0 generator [21–24] and normalized using production cross sections calculated to approx-
imate next-to-NLO (NNLO) accuracy [25]. Additional samples are simulated using the same generator
with several physics model parameters varied such as those that govern the evolution of particle show-
ers in the collision. For the signal, top squarks are produced with MADGRAPH5_aMC@NLO v2.6.5 [26] at
leading order with up to two additional partons at the matrix element level. The signal production cross
sections are calculated at approximate NNLO plus next-to-next-to-leading-logarithmic accuracy [27, 28].
The decays of the top squarks are handled by PYTHIA v8.240 [29]. Parton distribution functions com-
puted at NNLO accuracy from NNPDF3.1 [30] are used for all processes. For both tt+ jets and signal,
PYTHIA is used for parton showering and hadronization, with the underlying-event tune CP5 [31]. The
CMS detector response is simulated using GEANT4[32].

For signal, events are simulated with a range of top squark masses from 300 to 1400 GeV in incre-
ments of 50 GeV. For both background and signal events, additional variations from the uncertainties
in the jet energy scale and jet energy resolution are considered. Of the total training set, 80% of events
are used for training while the remaining 20% are split evenly between test and validation sets. Overall,
there are ≈100 million background events and ≈1 million signal events available in the training set.

For each background and signal sample, events are divided roughly equally among five categories
corresponding to the number of jets (Njets) in the event. The Njets value is the primary discriminant
between signal and background, where signal on average has a higher Njets. Thus, sensitivity to signal is
maximized for events in the highest Njets category. However, there are more events with lower Njets rel-
ative to the number of events with higher Njets, so each Njets category is equally sampled to ensure that
the network’s performance is homogenized across Njets.

The training events are split into batches, maintaining the equal division among the Njets categories.
The batches are also evenly split between background and signal events, each of which contains a mix-
ture of events generated with the nominal simulation settings and events generated with modeling vari-
ations. The DisCo and nonclosure losses are both computed on a per-batch basis; random boundaries
are used for the nonclosure. Choosing an appropriate batch size amounts to balancing between poor
nonclosure estimates for small batch sizes and high GPU memory requirements for large ones. Likewise,
the optimal learning rate is also affected by the interplay of the loss terms. An overly large learning rate
inhibits the network’s ability to achieve minimal nonclosure across the plane, but one that is too small
results in poor discriminating power or onerous training times. For the stealth SUSY training, a batch
size of 4096 and a learning rate around 10−4 to 10−5 with the ADAM optimizer are found to be optimal.
However, care must be taken to monitor and tune these hyperparameters for any individual training,
as they are application and optimizer dependent. The λ scaling hyperparameters for each loss term are
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Figure 5. The values of the individual loss components scaled by the corresponding λ value computed on the training set (upper)
and the total loss computed on both the training and test sets (lower) as a function of epoch for the stealth SUSY case. The net-
work training is stopped after 100 epochs, after which neither the training nor test sample losses decrease. The differences in
magnitude between the different loss components result, in part, from the magnitude of their respective hyperparameters; the
total loss smoothly decreases.

Figure 6. The distributions of background (upper) and signal (lower) events in the two-dimensional discriminant plane for the
final training of the ABCDisCoTEC model with the stealth SUSY training set. White bins contain no events.

tuned on the training data set such that both the classification and nonclosure performance are reason-
able for the analysis.

The loss per epoch during the model training is shown in figure 5. No overtraining is observed, as
the test sample loss closely matches the training loss. While all loss components are intended to be mini-
mized, the DisCo loss increases as a function of epoch because improving binary classification necessarily
results in higher correlation between the two discriminants. The performance of the final training of the
ABCDisCoTEC model is demonstrated in figures 6 and 7. The overall distribution of background and
signal events in the two-dimensional discriminant plane in figure 6 has the desired qualities outlined in
the previous sections. The background shape peaks in the lower-left corner and shows strong decorre-
lation between the two discriminants. Likewise, signal peaks in the upper-right corner and is separated
from background. Figure 7 shows the receiver-operator characteristic (ROC) curves for the two inde-
pendent discriminants in terms of the true positive rate—classifying signal events as signal—and the
false positive rate—classifying background events as signal. There is strong discrimination between sig-
nal and background across the different signal mass points used in the training. The best performance
is achieved for the highest-mass signal events, since these are physically the most distinct from the back-
ground. However, the addition of the mass regression is responsible for an increase in the area under the
ROC curve of around 0.1 for both discriminants for low mt̃.

A performance comparison between a standard binary classification NN and the ABCDisCoTEC
model is shown in figure 8. The results for the binary classifier are obtained by training the
ABCDisCoTEC network with both λnonclosure and λDisCo set to zero. This is equivalent to a single binary
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Figure 7. The ROC curves for SNN1 (upper) and SNN2 (lower) from the ABCDisCoTEC model using the stealth SUSY training set,
for different values of the top squark mass in units of GeV. The performance is measured using an eight-fold cross-validation; the
shaded regions represent one standard deviation of the average performance of the true positive rate for each false positive value
in the test. The black dashed line represents the ROC curve for random classification. The values in brackets are the areas under
the ROC curves.

Figure 8. Comparison of ROC curves from a single binary classifier DNN, each discriminant from the ABCDisCoTEC model,
and the two ABCDisCoTEC discriminants, for all top squark masses combined. The last entry is computed arbitrarily as the
distance of the two discriminants from (0,0). The black dashed line represents the ROC curve for random classification.

classification network, as the two outputs are no longer subject to decorrelation constraints. Along with
this curve, three other ROC curves show the performance of the ABCDisCoTEC network: the two ROC
curves for the two independent binary classifiers and one for an arbitrary combination of the two dis-
criminants. This combination is calculated using a normalized distance from (SNN1 ,SNN2 ) = (0,0). That
is, the ROC curve for the combination of the two discriminants is calculated using thresholds placed on√
(SNN1 )2+(SNN2 )2/

√
2. These results show that the impact of the extra constraints in the ABCDisCoTEC

method on the classification performance is relatively small compared to the maximum achievable dis-
crimination from a single binary classifier.

4.2. Characterization of the model behavior
Previous work [4] has shown that a model with only classification and DisCo loss terms could result in
a background distribution meeting the validity requirements for the ABCD method: the two variables
should be uncorrelated and the background events should be smoothly falling and localized at low val-
ues of each variable. However, a model trained with just those two loss terms will not necessarily achieve
adequate performance. Undesirable solutions that violate the validity requirements can arise from two-
dimensional distributions that have low DisCo values but are not desirable for the background estima-
tion procedure. In this situation, finding a training result that avoids these pitfalls requires an exhaustive
scan over a large portion of hyperparameter space. The addition of the nonclosure loss term eliminates

11



Mach. Learn.: Sci. Technol. 7 (2026) 045071 The CMS Collaboration

the need for an exhaustive scan by preventing undesirable solutions, thereby improving the overall train-
ing efficiency and correspondingly the efficacy of the background estimation method. This section out-
lines the dynamics of training in the optimization space defined by equation (3) and how the various
terms interact to achieve superior performance.

To characterize the synergy between the DisCo and nonclosure loss terms, a series of networks are
trained using three separate total loss functions: one using only LDisCo, one using only Lnonclosure, and one
using both. All three total loss functions also include the BCE term for classification. The scaling hyper-
parameters are scanned within a representative range of the best values for each of the configurations.
For the trainings using only Lnonclosure, the scanned values range from λnonclosure = 1 to 1000. Values of
λDisCo from 5000 to 50 000 are selected for trainings using only LDisCo. For the combined trainings, the
scanned ranges are λnonclosure ∈ [10,100] and λDisCo ∈ [10,100]. All other hyperparameters are set to opti-
mal values for each training configuration, defined as maximizing discrimination with C/ < 0.1.

For the trainings using only LDisCo, a significant correlation has been observed between the scaling
hyperparameter value, learning rate, and batch size. For this case only, the values of the batch size and
learning rate are also scanned within appropriate ranges to ensure optimal performance and reduce
overtraining. Batch sizes of 10 000, 16 000, and 20 000 and learning rates of 10−4, 10−5, and 10−6 are
scanned for each of the λDisCo values. The ranges for the scaling hyperparameters are intentionally cho-
sen to be wide to include values that may not lead to ideal solutions. This demonstrates the sensitivity of
each loss configuration to changes in the values of the scaling hyperparameters.

The performance of the network is quantified for a grid of ABCD boundary choices. These bound-
aries range from discriminant values of 0.2 to 0.8 in steps of 0.05 for both discriminants. In addition to
examining the nonclosure directly, the effect of the classification performance in separating signal from
background is incorporated in an additional metric, the signal significance. Here, the significance is com-
puted as:

Significance=
Nsig√

Nbkg
(
1+C/2

) (14)

where Nsig and Nbkg are the numbers of simulated signal and background events, respectively, in region
A, and C/ is the nonclosure for given boundaries. Here, the nonclosure is taken directly as a relative sys-
tematic uncertainty in the estimated background yield, as it represents the deviation of the prediction
from the correct value, and is therefore included as a quadratic term. This significance metric, there-
fore, represents how a systematic uncertainty in nonclosure would affect the overall sensitivity to signal.
Figure 9 shows these metrics for the three training configurations for each boundary in the grid.

We find that the loss function equation (3) results in both the lowest average nonclosure and the
highest significance of the three loss functions. It also shows greater stability in the closure performance
than the other two variations, with few instances of nonclosure above 0.5. The nonclosure-only loss
function results in similar significance values for some boundary choices; however, this comes at the
expense of higher average nonclosure, which affects the final sensitivity of the analysis. In turn, for any
given set of boundaries, the DisCo loss function has a higher concentration of results with high non-
closure and low significance. The combined loss function shows improved robustness to the choice of
boundary values, which reduces systematic uncertainties associated with nonclosure. The combined loss
function is thus more likely to produce a viable final training than either of the two components alone.

4.3. Avoidable training failure modes
The main challenge in training an NN with a multiobjective loss function is determining the optimal
configuration of hyperparameters to produce a network that meets all of the criteria for a given appli-
cation. While training the ABCDisCoTEC network, a number of distinct failure modes appeared that
provide some additional insight into the behavior of the model and can offer guidance for understand-
ing the nature of the hyperparameter space. This section outlines a selection of the most common failure
modes and suggests how they can be avoided.

The first failure mode exhibits a clustering of discriminant values in some or all of the four corners
of the ABCD plane, as shown in figure 10. Since the DisCo value is near zero and the ABCD relation is
satisfied (nonclosure is zero), this distribution can arise when the hyperparameters associated with these
two loss terms are too large. Thus, DisCo and nonclosure alone are not sufficient to achieve meaningful
performance, and the relative importance of the BCE term must be increased. Specifically, for the stealth
SUSY training set, it is observed that this effect occurs when the nonclosure or DisCo losses are larger
than 10% of the BCE component. These solutions can be avoided by reducing λnonclosure and λDisCo
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Figure 9. Comparison of the nonclosure and normalized significance from the three loss function variations (DisCo only, non-
closure only, and DisCo and nonclosure) for the stealth SUSY training set using a scan of boundaries over multiple trainings. The
significance values from equation (14) are normalized by the maximum significance value of the three training configurations.

Figure 10. Examples of the ‘four corners’ failure mode: background (upper) and signal (lower) distributions in which the dis-
tance correlation is approximately zero. A relatively large λDisCo value may result in convergence to this failure mode. White bins
contain no events.

while monitoring the values for each loss component individually as the training proceeds, to ensure
that LBCE is being appropriately taken into account.

Another failure mode arises when considering whether to apply the full loss function to both signal
and background. One could apply the DisCo loss only to events from the background data sets, which
might allow signal to concentrate more strongly in the A region without the DisCo loss forcing it to dis-
perse into surrounding regions. However, such a configuration leads to hard edges in the background
distribution where very few events populate the regions beyond 0.5 for either discriminant, as shown in
figure 11. Beyond these hard edges, the small fraction of background events are clearly no longer decor-
related. This behavior indicates that the penalty for misclassifying a signal-like event as background is
larger than the penalty for correlation imposed by the DisCo loss. Thus, enforcing low DisCo for both
signal and background ensures that solutions do not converge to this failure mode.

While careful monitoring and tuning of hyperparameters can help to avoid these failure modes and
otherwise poor performance, such an effort can be exceedingly time consuming. To mitigate this bur-
densome trial-and-error procedure, the MDMM approach introduced in section 2.3 directly modifies the
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Figure 11. Example of the ‘hard edge’ failure mode for background events (upper) and signal events (lower). If the distance cor-
relation loss is evaluated only with background-labeled events, then the interplay between the DisCo and BCE losses for the clas-
sifiers can yield a solution where decorrelation is only achieved in a subregion of the two-dimensional plane. White bins contain
no events.

loss function and training procedure to automate the process of finding the optimal regions of hyperpa-
rameter space.

5. Results

Two networks are trained to demonstrate the ABCDisCoTEC method for the physics models described
in section 3. The first model is trained using the random grid search approach—referred to as the λ
method—for hyperparameter optimization, with validation results presented in section 5.1. The second
model is trained with the same architecture but using MDMM, and the validation results are shown in
section 5.2.

5.1. Results from theλmethod
The model performance is quantified by assessing how the nonclosure varies across the two-dimensional
plane constructed from the two network output discriminants using simulated events. This is equivalent
to checking that the background estimate from the ABCD method is valid and robust. In the ideal sce-
nario, the success condition NpredA ≈ NA would be exactly satisfied for any choice of boundaries defining
the ABCD regions. However, the network must compromise between achieving statistical independence
of the two outputs and separating signal from background across the plane; therefore, the prediction
may only match the observation in most but not all of the plane.

Figure 12 shows the nonclosure and raw statistical significance estimates for different boundaries
using the simulated test sample, integrated over all Njets categories. The robustness of the trained
ABCDisCoTEC model can be inferred from the uniform and small nonclosure across the majority of
the ABCD plane. Large nonclosure does occur at the peripheries of the plane where one or more of
the ABCD regions become small enough to be dominated by statistical fluctuations from the number of
background events approaching zero. To account for residual nonclosure from the final choice of ABCD
boundaries, a correction factor can be applied, or a systematic uncertainty can be assigned.

The determination of the optimal boundaries is the final step to use the ABCD method. If the model
shows near zero nonclosure for any choice of boundaries, the optimal boundaries can be selected as
those producing the largest raw statistical significance. However, in cases where there is still some non-
negligible nonclosure, it is recommended to include this as a systematic uncertainty during the signifi-
cance optimization, as shown in equation (14). Finally, in cases where other systematic uncertainties are
expected to have a large effect on the results, pseudo-data studies can be performed for a grid of pos-
sible boundary choices. This entails running the full statistical interpretation to choose the best bound-
aries, accounting for all aspects of the analysis. While this final method is the most robust, it is also the
most resource intensive. Thus, the costs and benefits of each optimization must be weighed to decide on
the appropriate approach.

For the case study shown above, a grid of boundary values are selected between 0.4 and 0.9 in both
discriminant dimensions with a spacing of 0.02. Each bin edge choice is used to derive the background
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Figure 12. The nonclosure (upper) and raw statistical significance (Nsig/
√
Nbkg) (lower) as a function of the placement of the

ABCD region boundaries for the stealth SUSY training set. The dashed black lines represent the optimal boundaries for both
nonclosure and statistical significance. Low nonclosure values, below≈20%, are obtained over most of the plane.

estimate for each analysis category, and a pseudo-data fit is conducted using the full set of systematic
uncertainties. The statistical significance as calculated by the fit is used as the metric for determin-
ing the optimal bin edge choice. The optimal bin edges for this particular model are determined to be
(SNN1 ,SNN2 ) = (0.44,0.42). The slight deviation of these boundaries from the area with the largest raw sta-
tistical significance can be attributed to the nonclosure systematic uncertainty in the tt+ jets background
estimation.

5.2. Results fromMDMM
The same network architecture and training procedure for the results in section 5.1 are used for the
training applying the MDMM approach to the ABCDisCoTEC method. The only differences are that
the loss function is now defined as in equation (11) with the added damping terms from equation (12),
and that the PYTORCH [19] package is used to define and train the network.

Figure 13 shows scans of the loss values with and without MDMM over the course of multiple train-
ings, for which PYTORCH is employed in both cases. The training with MDMM varies ϵnonclosure, while the
training without MDMM varies λnonclosure. The MDMM approach is able to explore the entire Pareto
front, while the λ method is restricted to the region in which it is convex. Because the shape of the
Pareto front is not known a priori, the λ method is not guaranteed to probe the whole set of possible
solutions; this problem is exacerbated when constraining multiple loss terms. In contrast, MDMM allows
for a comprehensive hyperparameter scan along the Pareto front, independent of its shape. In the stealth
SUSY application presented in this paper, most of the Pareto front happens to be convex. Thus, the λ
method is able to explore the main region of interest.

However, MDMM is still beneficial to set physically meaningful constraints on all subordinate loss
terms. For example, including a constraint on the nonclosure loss of ϵnonclosure = 0.1 results in a solu-
tion that exhibits 10% nonclosure on average. In the λ method, a choice of λnonclosure = 0.1 has no clear
physical meaning, but only determines the relative importance of Lnonclosure compared to the other loss
components. By using MDMM to directly set an upper bound on the allowed nonclosure via the loss
constraint, fewer trainings are needed to reach the desired optimum.

The MDMM approach also results in more robust and stable predictions from the ABCD method.
This is examined in the significance-closure plane for fixed ϵ or λ, using MDMM and the λ method,
respectively. In this case, trainings are conducted with constraints on both the DisCo and nonclosure loss
terms. Multiple trainings are conducted for each method with different random sequences used in each
training, including the initialization of the network weights.

The results for both methods are shown in figure 14 and can be described in terms of two criteria.
First, given a set of constraint values, a network is said to be ‘iteratively robust’ if the majority of train-
ings result in the same nonclosure and significance, as computed in equation (14). This is identified in
figure 14 by comparing the mean nonclosure from each training. Second, a network is said to be ‘closure
robust’ if, in a given training, the nonclosure variance between different boundaries in a given training is
low. This implies a low nonclosure variance for each of the trainings. Iteratively robust networks require
fewer training iterations to converge, while closure robust networks result in generally smaller systematic
uncertainties associated with nonclosure.
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Figure 13. Scans of the Pareto front in the Lnonclosure vs LBCE plane with the λ (upper) and MDMM (lower) methods. All trainings
are conducted with PYTORCH. Each line shows the training of a model with different values of the λ or ϵ parameters, respectively.

Figure 14. The significance and nonclosure values from scanning the ABCD boundaries, with training using the λmethod
(upper) and MDMM (lower). Multiple trainings with different initial weights and biases are shown for each of the two train-
ing approaches. Each point represents a given training and a given choice of boundaries; the color of the point represents the
nonclosure mean (left) and variance (right) from all boundary choices for the training used for that point.

For this example, the trainings using the MDMM approach are more robust in both categories
defined above. The MDMM trainings yield a tighter clustering of trainings in the nonclosure and signif-
icance plane, meaning that these trainings are more robust to initial conditions than trainings using the
λ method. Therefore, it is easy to find a training that provides the desired outcome by setting the proper
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constraint on the nonclosure with a small number of iterations. Additionally, the MDMM approach
results in more closure robust trainings, as indicated by the low nonclosure variances. This implies that
MDMM is more likely to produce trainings with broadly good closure.

The overall performance of trainings with MDMM and the λ method are similar. This is in part
due to the convex nature of the Pareto front for this specific case study. However, since the shape of
the Pareto front is not known a priori, it is recommended to use MDMM with constraints tailored to
the needs of the analysis. This way, the network is more likely to converge to an optimal solution with
robust closure, compared to the λ method. Additionally, to converge on the final model in the case pre-
sented here, ≈1000 iterations of the λ training procedure were needed, while only ≈10 with MDMM.
Thus, MDMM enables intuitive constraints on loss components and quicker convergence.

6. Validation with CMS data

To apply the ABCDisCoTEC method to proton–proton collision data, the performance of the method
should transfer from simulated events used for training to real data collision events, both regarding
signal vs background separation and the independence of the two discriminants. Any differences in
behavior between simulation and observed data must be taken into account to draw correct conclusions
about the possible presence of signal. It is thus important to evaluate the network’s behavior in a VR in
observed data to assess appropriate corrections and systematic uncertainties.

A typical physics analysis using the ABCDisCoTEC method would define a ‘target region’ (TR) using
event selection requirements based on the signature of interest. The ABCDisCoTEC method would be
applied to provide the background estimation in the subset of the TR defined as the SR. In some physics
analyses, it is possible to define VRs via an orthogonal set of event selection requirements that retains
the same kinematic behavior of the key observables used in the NN training. When such a region can be
found, the validation of the ABCDisCoTEC model straightforwardly proceeds by directly assessing the
closure within that region.

When it is not feasible to define such a region with orthogonal selection requirements, it is possible
to use the nature of the ABCD method itself to define VRs within the TR. This is the approach used in
the case study. Because of the possibility of signal events being present in the collision data, the full two-
dimensional ABCD plane in the TR cannot be safely used to check the level of nonclosure. However, the
B, C, and D CRs have a smaller signal fraction than the SR A, by construction in the ABCDisCoTEC
method. Those regions can therefore be used to evaluate the nonclosure behavior. The combination of
these three regions spans the full range of values for each NN discriminant, allowing for a near-full vali-
dation of the method directly in data. The robustness of the method is determined by two observations:
similar levels of nonclosure in simulation and observed data, and slowly varying nonclosure across the
full plane (including the A region) in simulation.

This test is performed in the stealth SUSY case study, using the model trained in section 5.1. Full
details on the data sets used are provided in [8]. The first validation region (VR I) is created using the
left side of the ABCD plane, roughly corresponding to the combination of the B and D regions. The
right-most (outer) boundary of VR I is placed at SNN1 = 0.4, and a sub-ABCD plane is defined by plac-
ing another boundary at SNN1 = 0.2. The inner boundary in SNN2 is placed at the same value as in the full
ABCD plane. Then, the boundaries in SNN1 are iteratively increased toward the boundaries for the full
ABCD plane. The outermost boundary of the VR is increased in steps of 0.05 for each iteration. At the
same time, the inner boundary in SNN1 is changed in linear steps such that it arrives at the optimal bin
edge for the full ABCD plane when the outer boundary reaches SNN1 = 1.0. In each iteration, the non-
closure is measured in both simulation and observed data. The stepping procedure is stopped when the
expected signal contribution becomes too large, defined here as 5% signal fraction in the analogue of the
A region in the sub-ABCD plane. A similar procedure is followed for the second validation region (VR
II) using the lower side of the ABCD plane, roughly corresponding to the combination of the C and D
regions. The third validation region (VR III) uses the lower left corner of the plane, with the starting
point of the procedure being the full D region. The sub-ABCD plane is created by bisecting the D region
on both axes. Then, all boundaries are increased towards those defining the full ABCD plane simulta-
neously, as described for the stepping procedure for SNN1 for VR I. A graphical representation of these
validation region definitions is shown in figure 15.

In all cases, good agreement is achieved between data and simulation as observed in figure 16. Any
small disagreements can be taken into account as a systematic uncertainty in the analysis. As reported
in [8], the systematic uncertainty determined via this VR approach for the stealth SUSY search is
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Figure 15. Visual representations of the three VRs (VR I, VR II, and VR III). The solid blue lines indicate the bin boundaries
from the full ABCD plane. The dashed lines represent the starting points of the ABCD subregion edges that are moved during
the validation procedure, as described in the text. These lines divide the VRs into regions dA, dB, dC, and dD; the latter three are
used to predict the number of events in dA, following the ABCD prescription.

3%–15%, depending on the analysis category. The ABCDisCoTEC method improves the signal sensi-
tivity compared to the previous search in [16]: for example, the expected upper limit on the signal cross
section is improved by a factor of ≈2 for top squark masses between 300 and 450 GeV.

7. Summary and outlook

The ABCD background estimation technique uses three CRs, defined by boundaries in the space of two
statistically independent variables, to predict the background in the SR. There has been ongoing interest
in automating this technique with machine learning, such as the ABCDisCo method [4], which uses the
DisCo metric to train a NN to produce two independent discriminants. In this paper, we introduce the
ABCDisCoTEC method, which improves this automation by adding a novel differentiable loss term. This
term quantifies the deviation in the background prediction (‘nonclosure’), more directly addressing the
primary objective of the ABCD technique.
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Figure 16. The nonclosure in simulation and observed data when iteratively increasing the sub-ABCD region boundaries as
described in the text, for VR I, VR II, and VR III. The scans of VR I and VR II start at the outer boundary value of 0.4, while the
scan for VR III starts at the boundary value of 0.6. Observed data are shown only for boundary values where the signal contami-
nation is below 5% in the analogue of the A region.

The result, from a case study using a high-energy physics data set with a simulated stealth supersym-
metry signal, is a pair of decorrelated discriminants with strong signal-background separation, reducing
the systematic bias in the background estimation and improving the significance for a potential observa-
tion of physics beyond the SM. Strategies for validating the method in proton–proton collision data and
deriving applicable systematic uncertainties were presented. These achievements represent the first appli-
cation of such methods to observed collider data and promising steps towards a generalized strategy to
automate background estimation in high-energy physics.

Additionally, an alternative approach to train the ABCDisCoTEC NN was evaluated, using the
MDMM [9]. The MDMM approach promotes the relative weights of the additional loss terms to learn-
able parameters, specifies constraints on each additional loss term directly, and guarantees the conver-
gence of the training. This method provides further benefits when applied to ABCDisCoTEC by more
quickly and directly determining optimal regions in hyperparameter space, without requiring exhaustive
manual searches. This also constitutes the first use of MDMM with collider data.

Several potential modifications or extensions to the loss function could further improve the perfor-
mance of the ABCDisCoTEC method. For example, incorporating a normalized measure of the signal
yield in the CRs as an additional loss term could directly constrain the allowed contamination [4]. This
modification could improve the network’s sensitivity to the signal while simplifying validation by reduc-
ing high signal contamination in certain regions. Another promising extension involves augmenting the
nonclosure loss term based on the extended ABCD method [33], which uses additional CRs to miti-
gate nonclosure effects from minor correlations between the discriminants. By following the approach
employed here, the extended nonclosure loss can be made differentiable by relaxing hard boundaries
using sigmoid functions.

In conclusion, the combination of the ABCDisCoTEC method and MDMM represents another step
forward in the optimization and automation of the traditional ABCD background estimation method.
This technique has promising applications to a wide variety of high-energy physics analyses and the
potential for further refinement in the future.
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