Eur. Phys. J.C (2025) 85:1360
https://doi.org/10.1140/epjc/s10052-025-14713-w

THE EUROPEAN ()]
PHYSICAL JOURNAL C e

updates

Regular Article - Computing, Software and Data Science

Development of systematic uncertainty-aware neural network
trainings for binned-likelihood analyses at the LHC

CMS Collaboration*
CERN, Geneva, Switzerland

Received: 28 August 2025 / Accepted: 29 August 2025
© CERN for the benefit of the CMS Collaboration 2025

Abstract We propose a neural network training method
capable of accounting for the effects of systematic variations
of the data model in the training process and describe its
extension towards neural network multiclass classification.
The procedure is evaluated on the realistic case of the mea-
surement of Higgs boson production via gluon fusion and
vector boson fusion in the Tt decay channel at the CMS
experiment. The neural network output functions are used to
infer the signal strengths for inclusive production of Higgs
bosons as well as for their production via gluon fusion and
vector boson fusion. We observe improvements of 12 and
16% in the uncertainty in the signal strengths for gluon and
vector-boson fusion, respectively, compared with a conven-
tional neural network training based on cross-entropy.

1 Introduction

A physics measurement implies the synthesis of a potentially
huge data set into a single or small number of characterizing
model parameters of interest (POIs) and their uncertainties.
The sensitivity of a measurement is determined by its power
in extracting all information relevant for the determination of
the POIs from data, such that the most sensitive measurement
is the one with the smallest uncertainties in the POIs.

Higgs boson (H) production at the CERN LHC [1-5]
is a rare process, which, depending on the H decay, may
be covered by an overwhelmingly large background from
standard model (SM) processes not related to H physics.
This is a particular challenge for analyses where the H
decays into fermions, such as b quarks [6,7] or tau leptons
(H — 77) [8,9]. At the same time, the complex and feature-
rich nature of these decay channels makes them ideal candi-
dates for the application of modern machine learning (ML)
methods, typically exploited to separate signal from back-
ground processes. The latest measurements of differential
simplified template cross sections (STXS) from H — 77
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events of the CMS Collaboration [8] form the most precise
measurements of this decay channel to date. These measure-
ments rely heavily on the use of ML methods in the form of
neural network (NN) multiclass classification using categor-
ical cross-entropy (CE) [10] as the loss function for the NN
training. In this paper we refer to this kind of NN training as
(categorical) CE-based NN training (CENNT).

If the NN output function can be interpreted as a probabil-
ity p; to associate a given event to class /, the categorical CE is
equivalent to the negative log-likelihood of the multinomial
distribution
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where n refers to the inclusive number of events, k; to the
number of events in class /, and A to the number of all
classes. Hence, CENNT is a maximum likelihood estimate of
a multiclass-classification model based on P({k;}, n, {p;}).
If successful, it provides the best possible separation of all
signal and background classes based on the uncertainties
related to the statistical nature of the measurement, also
referred to as aleatoric or statistical uncertainties. However,
CENNT is blind to any influence of imperfect knowledge of
the underlying model 2y used to extract a POI related to a
given measurement from data, where X refers to the set of
observables on which the measurement is based. We usually
quantify our lack of knowledge in terms of variations of exter-
nal parameters of Qy resulting in what we call epistemic or
systematic uncertainties.

The measurements of Ref. [8] have entered an era of pre-
cision where the uncertainties, even of differential measure-
ments, are dominated by their systematic (rather than sta-
tistical) component. This statement holds even if measure-
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ments will at the same time become increasingly differen-
tial, since the more differential a measurement becomes the
more susceptible it is to imperfect knowledge of external
model parameters. In this situation, the advantage of using
ML methods to maximize the sensitivity of a given mea-
surement might be reduced or even lost. It could be pre-
served, however, if an NN training can be designed to take
into account not only statistical, but also systematic uncer-
tainties. In this paper, we will refer to this kind of NN training
as systematic uncertainty aware NN training (SANNT). By
construction, SANNT incorporates more information of Q2
than CENNT. In this sense it is likely to require a larger
investment of the analyst in characterizing Q2y. In turn, the
presented SANNT is applicable to any kind of binned likeli-
hood analysis and should lead to at least the same or a higher
sensitivity to a given POI than CENNT, when based on the
same data model. Providing an objective strategy for obtain-
ing the most sensitive result for a given 2y that represents a
given understanding of the data, SANNT thus offers a sizable
impact on many analyses in the transition from statistically
to systematically dominated regions, at the LHC and beyond.
A number of strategies and corresponding loss functions for
SANNT have been proposed in the recent literature [11-15].
These go significantly beyond approaches that aim at only
reducing the sensitivity of the NN output function to varia-
tions of input features in X, e.g. as introduced and discussed
in Refs. [16,17], which are usually applied to increase the
robustness of classification algorithms against differences of
input features between the training and test data. This work
represents the first application to an existing LHC analysis of
a SANNT that includes a complete and realistic model of the
systematic uncertainties. It marks an important step towards
demonstrating the applicability of a SANNT in high-energy
particle physics measurements.

In this paper we demonstrate the application of SANNT
to the comprehensive realistic data model Q2y presented in
Ref. [8]. Our work is based on the method of Ref. [ 14], replac-
ing CE by the extended binned likelihood commonly used
for the extraction of a given signal in addition to a set of
known background processes, based on histogram templates.
From this likelihood, which can be conceptually extended to
include an arbitrary number of nuisance parameters related
to systematic variations in Qy, we derive the uncertainty
in a given POI through the Fisher information [18] and the
Cramér—Rao bound [19,20]. In this way, we preserve maxi-
mal congruency of the training target with the measurement
target also in the presence of systematic uncertainties. Since it
intrinsically relies on a predefined binning of the output node
values through the binned likelihood, the SANNT described
here can be viewed as a method to distribute the events opti-
mally across these bins to obtain the minimal uncertainty
in the POI, during training time. A conventional bin opti-
mization procedure in one dimension applied to a CENNT
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receives fixed values of the NN output function depending on
the input space vectors X € X, after training. Based on these
output values the procedure leads to an adjustment of the bin
boundaries of the histogram to be used for signal extraction.
For the SANNT as described here, the binning is fixed, while
the adjustment happens to the values of the NN output func-
tion, during the training. We note that this strictly holds only
for tasks where the uncertainties in the POI are still domi-
nated by the statistical part, and if a high correlation between
the NN outputs after CENNT and SANNT is retained, e.g.
by the choice of pre-training conditions.

During training, the minimization of the negative log-
likelihood is performed with backpropagation. The issue
of differentiating discrete histogram boundaries is solved
through custom functions in the backward pass. As an evolu-
tion of the original method we propose an extension towards
NN multiclass classification.

As alikelihood model, 2y comprises several hundreds of
partially correlated sources of systematic uncertainty for sev-
eral hundreds of individual underlying rate measurements.
For practical reasons, we have restricted ourselves to the
eT;, final state of the TT system, with an electron (e) and
a hadronic T lepton decay (T},) in the final state and the
data taken in 2017. For this subset of the data we use the
same model as the one used in Ref. [8]. We compare both
an inclusive and a simple differential STXS measurement
based on CENNT with SANNT-based measurements taking
86 sources of partially correlated uncertainties into account
under the most representative data-taking conditions for the
year 2017.

The paper is organized as follows: Sect. 2 describes the
experimental setup of the presented studies, including a brief
description of the measurement used for benchmarking. Sec-
tion 3 describes the SANNT, including a discussion of the
concept, related work, and adaptations made for the studies
presented here. An instructive comparison of the SANNT
with the original CENNT on a simplified NN model for
binary classification is given in Sect. 4. A conceptual exten-
sion of the loss function for multiclass classification is intro-
duced in Sect. 5, before we summarize the results in Sect. 6.

2 Experimental setup
2.1 The CMS detector

The central feature of the CMS apparatus is a superconduct-
ing solenoid of 6 m internal diameter, providing a magnetic
field of 3.8 T. Within the solenoid volume are a silicon pixel
and strip tracker, a lead tungstate crystal electromagnetic
calorimeter, and a brass and scintillator hadron calorime-
ter, each composed of a barrel and two endcap sections.
Forward calorimeters extend the pseudorapidity (1) cover-
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age provided by the barrel and endcap detectors. Muons are
detected in gas-ionization chambers embedded in the steel
flux-return yoke outside the solenoid.

Events of interest are selected using a two-tiered trigger
system. The first level, composed of custom hardware pro-
cessors, uses information from the calorimeters and muon
detectors to select events at a rate of around 100 kHz within
a fixed latency of about 4 s [21]. The second level, known
as the high-level trigger, consists of a farm of processors
running a version of the full event reconstruction software
optimized for fast processing, and reduces the event rate to
around 1 kHz before data storage [22,23].

A more detailed description of the CMS detector, together
with a definition of the coordinate system used and the rele-
vant kinematic variables, can be found in Ref. [24].

2.2 Event reconstruction and selection

The reconstruction of the proton-proton (pp) collision prod-
ucts is based on the particle-flow (PF) algorithm [25], which
combines the information from all CMS subdetectors to
reconstruct a set of particle candidates, identified as charged
hadrons, neutral hadrons, electrons, photons, and muons. The
fully recorded detector data of a hard pp collision defines
an event for further processing. The primary vertex (PV) of
the interaction is taken to be the vertex corresponding to the
hardest scattering in an event, evaluated using tracking infor-
mation alone, as described in Section 9.4.1 of Ref. [26]. Sec-
ondary vertices, which are detached from the PV, might be
associated with decays of long-lived particles emerging from
the PV. Any other collision vertices in an event are associ-
ated with additional, mostly soft inelastic pp collisions called
pileup.

Electron candidates are reconstructed by combining clus-
ters of energy deposits in the electromagnetic calorimeter
with hits in the tracker [27,28]. To increase their purity,
reconstructed electrons are required to pass a multivariate
electron identification discriminant, which combines infor-
mation on track quality, shower shape, and kinematic quan-
tities. Muons in the event are reconstructed performing a
simultaneous track fit to hits in the tracker and in the muon
chambers [29,30]. For further characterization of an event,
all reconstructed PF candidates are clustered into jets using
the anti-kt jet clustering algorithm, as implemented in the
FASTIJET software package [31,32], with a distance parame-
ter of 0.4. Jets resulting from the hadronization of b quarks are
identified by exploiting dedicated identification algorithms,
as described in Refs. [33,34]. Jets are also used as seeds for
the identification of T, candidates. This is done by exploiting
the substructure of the jets, using the “hadrons-plus-strips”
algorithm, as described in Refs. [35,36]. Decays into one or
three charged hadrons with up to two neutral pions are used.
To distinguish T, candidates from jets originating from the

hadronization of quarks or gluons, as well as from electrons,
or muons, the DEEPTAU algorithm [36] is used, which pro-
vides three corresponding discriminants D, (¢ = e, W, jet).
For D, the Tight, for D, the VLoose, and for Dje the
Tight working points, as defined in Ref. [36], are chosen.
Eventually, the missing transverse momentum vector py
is calculated from the negative vector pr sum of all PF can-
didates [37] exploiting the pileup-per-particle identification
algorithm, as described in Ref. [38].

In the high-level trigger, events are selected either through
the presence of both an electron and a T, candidate (eT-
trigger), or through the presence of only a high-pt electron
candidate (single-e trigger). In the offline selection, the e can-
didate is required to have || < 2.1 and pp > 25 (28) GeV,
depending on whether the event was selected through the
eTy-trigger (single-e trigger) where the offline pt thresh-
old is chosen to ensure high efficiency of the trigger for the
selected events. Furthermore, the e candidate is required to
be isolated from any hadronic activity originating from the
PV. The T, candidate is required to have |n| < 2.3 and
pr > 35(30)GeV, depending on whether the event was
selected through the et -trigger (single-e trigger). The e and
T}, candidates are required to be of opposite charges and sep-
arated by more than AR = 0.5, where

AR =/ (An)* + (A¢) )

refers to the difference between two objects in the plane
defined by n and the azimuthal angle ¢, measured in radi-
ans. The presence of e or p candidates in addition to the
selected e candidate is vetoed. A more detailed description
of the selection criteria can be found in Ref. [8].

2.3 Data model

After the selection described in Sect. 2.2, referred to as the
signal region (SR), the main backgrounds originate from Z
boson production, also referred to as Drell-Yan (DY) pro-
duction [39], in association with jets in the TT decay chan-
nel (Z — T7); W boson production in association with
jets (W+jets); top (t) quark pair production (tt) and SM
events where light quark- or gluon-induced jets are produced
through the strong interaction. This last background cate-
gory is referred to here as quantum chromodynamics (QCD)
multijet production. Minor backgrounds originate from the
production of two vector bosons (diboson), single t quark,
and Z boson production and decay into the ee and pp final
states (collectively denoted as Z — £¢). Depending on
the experimental signatures that these backgrounds leave in
the detector, they are estimated either by the T-embedding
method [40], the (“fake factor”) Fp-method [41,42], or sim-
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ulation to form the data model Q2y to be used for signal
extraction.

In the T-embedding method, events with two muons
are selected in data. All energy deposits of the muons are
removed from the event record and replaced by the decay
products and subsequent energy deposits of simulated T
decays with the same kinematic properties as the selected
muons. In this way, the method relies only on the simula-
tion of the T decay and its energy deposits in the detector,
while all other parts of an event are obtained from data. The
resulting sample is used to estimate the background from all
processes that comprise two genuine T leptons in their final
states, such as Z — T, corresponding decay channels of tt,
and diboson production.

For the Fg-method, the selection criterion on Dje is
inverted, keeping all other selection criteria unchanged, to
obtain a sideband close to the SR. A minimal requirement
on Dj is imposed to ensure kinematic proximity. Transfer
functions Fg are applied to the selection to account for the
differences in the Dj¢, selection. These Ff are obtained from
independent determination regions in data. The Fg-method
is used to estimate mostly the contributions of QCD multijet,
W +jets, and ttproduction, where a quark- or gluon-induced
jet is misidentified and selected as the T}, candidate.

More than 80% of all expected background processes
are estimated either from the T-embedding method or the
Fg-method and so are, at least partially, derived from data.
Remaining backgrounds and signal processes are estimated
using simulated events generated by POWHEG 2 [43—48] and
MADGRAPH5_aMC@NLO 2.2.2 (2.4.2) [49,50] in configu-
rations described in Ref. [8]. The individual processes are
normalized to their theoretical predictions with the highest
available accuracy in the strong coupling constant «g. The
event generator PYTHIA 8.230 [51] is used to simulate the
parton shower, as well as for the simulation of additional
inclusive inelastic pp collisions, according to the expected
pileup profile in data. All generated events are passed through
a GEANT4-based [52] simulation of the CMS detector and
reconstructed using the same version of the CMS event recon-
struction software as used for the data.

Control regions from event samples not included in the
actual measurements are used to track how well the data
can be described by Qy in terms of: object reconstruction;
triggering, identification, and isolation efficiencies; object
energy calibration scale factors; and general shape- and
normalization-altering degrees of freedom of each individual
background estimation method. Where needed, corrections
are derived and applied as described in Ref. [8]. These cor-
rections usually range below 10%.
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2.4 Statistical inference of the signal

Events in the SR are provided as input to a fully connected
feed-forward NN for multiclass classification. In Ref. [8], an
NN with two hidden layers of 200 nodes and a hyperbolic
tangent as the activation function for the hidden nodes was
used. For this paper, we have used a simpler configuration,
with one hidden layer of 100 nodes and rectified linear unit
(ReLU) [53,54] activation function, following the architec-
ture that was chosen for the analysis of Ref. [14]. We favour
comparability with respect to Ref. [14] over Ref. [8], to allow
for a direct comparison of the adaptations of the original
method, as described in Sect. 3.2.

The 14-dimensional vector of input features x to be passed
to the NN for each event comprises: the pt of both T can-
didates and their vector sum; the py of the two leading jets
and their vector sum, their difference in 7, and the dijet mass
m;;; the number of jets Nijy; the number of b jets Npy,;
a likelihood-based estimate of the mass of the TT system
m.c [55]; the mass of the visible decay products of the Tt
system m ;,; and estimates of the momentum transfer of each
exchanged vector boson under the vector boson fusion (VBF)
hypothesis, as used in Ref. [56]. The samples used for each
corresponding NN training comprise events with fewer than
two jets, for which input features like the pt of the second
leading jet or mj; are not defined. In these cases, these observ-
ables are filled with predefined values outside their physical
value spaces. While outside, the values are chosen still close
to the physical value spaces, to minimize their influence on
the NN prediction. Before entering the NN, all features are
standardized such that their distributions have a mean of 0
and a standard deviation of 1.

The NN architecture has seven output nodes with NN out-
put functions y;( - ), referring to the following event classes:

— Events from background processes with two genuine T
decays in the final state, estimated from the T-embedding
method (genuine T);

— Events from processes where the T}, candidate originates
from a misidentified quark- or gluon-induced jet, esti-
mated from the Fgp-method (jet — Ty).

— Events from ttproduction, which are not covered by any
of the above mentioned background estimation methods.

— Events from Z — ££ production.

— Events from smaller background processes that are either
difficult to isolate or too small to be treated individually
for signal extraction. These are combined into one resid-
ual background class (misc).

— Events from H production through gluon fusion (ggH), as
defined in the STXS scheme of the LHC Higgs Working
Group [57,58].
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— Events from the the VBF dominated qqH process, as
defined in the STXS scheme of the LHC Higgs Working
Group.

The output nodes correspond to the classes of the classi-
fication task. The activation function for the output nodes is
the softmax function. The evaluation of the trained NN and
signal extraction are performed on independent samples of
Q2 using a two-fold cross-validation scheme.

For the signal extraction, each event is assigned to the
class giving the highest value of y;(-). Histogrammed dis-
tributions of y;(-), for each corresponding class, are then
used as input to an extended binned likelihood function of
the form

L({hks}, trd, 16;)) = [ [P (k12 k6;0) TTC,6;16)),
i J
3)

with

1A =D r S0 + ) B (6D,
b

s

where i labels all bins of the input distributions for each signal
class (with index s) and background class (with index ) and
the function P(-|-) corresponds to the Poisson probability
to observe k; events in bin i for a prediction of ) r, S,; sig-
nal and ) By,; background events in that particular bin. The
scaling parameters r, of the signal contributions S; relative
to the SM expectation are the POIs. Systematic uncertain-
ties affecting the predicted yields of S;; and B,,; in each bin
are incorporated in the form of penalty terms for additional
nuisance parameters ¢; in the likelihood, entering as a prod-
uct with predefined probability density functions C; @ i107),
where 0 ; corresponds to the nominal value for ;. Eventually,
the signal is obtained from a maximum likelihood fitbased on
Eq. (3) to the data, during which the predefined uncertainties
in the 6 ; may be further constrained. This setup is identical
to the one used in Ref. [8]. In the scope of this paper, the data
{k;} are replaced by the Asimov data set {kiA } obtained from
Qy including all S and B, under the SM hypothesis with
ry = 1, prior to any fit to the data. As introduced in Ref. [59]
the Asimov data set is the most representative outcome of
a hypothetical experiment corresponding to the expectation
value according to 2y in each possible observable.

For the discussion in Sect. 4 we use a simplified setup,
where all S; and all B;, are combined into one single signal
(S) and one single background (B) process each, resulting
in a binary classification task to separate S from B. In this
case, a single NN output y(-) ranging from O (for B) to 1
(for S) is used and Eq. (3) is adapted accordingly. The final

results presented in Sects. 4 and 5 are obtained using the
CMS statistical analysis tool, COMBINE [60].

We note that y(w, X) is a deterministic function of x and
the NN weights @. After training, the w are fixed so that X is
mapped to y(-). We assume no additional uncertainty from
the use of the explicit NN that has been trained for the given
analysis task, such that all questions of uncertainties relate
to the choice and quality of 2y and not to the NN itself.

2.5 Systematic uncertainties

A detailed description of the original uncertainty model of
Qy is given in Ref. [8]. The experimental uncertainties with
the largest impact on the POI for an inclusive cross section
measurement in the STXS setup based on the data set of the
full Run 2 and all T final states are related to the T identifi-
cation efficiency X (40, 500) for 40 < p1" < 500 GeV and
to the Fg-method.

When restricted to the eT;, final state and the data-taking
year 2017, the uncertainty model of the STXS cross sec-
tion measurement comprises 224 nuisance parameters, of
which 127 are of experimental and 50 of theoretical origins.
The former relate to uncertainties in object reconstruction,
triggering, and identification, as well as in specific parts of
the background model. The latter relate to process normal-
izations including uncertainties in the signal model, which
because of the fact that they might apply only to parts of the
kinematic phase space, may also have shape-altering effects.
The remaining 47 nuisance parameters are related to the finite
population of histogrammed template distributions available
for signal extraction.

In the original analysis, the last group of nuisance param-
eters has been incorporated for each bin of each correspond-
ing template histogram, individually, following the approach
proposed in Ref. [61]. Since they allow for independent vari-
ations of individual bins, they are also referred to as bin-by-
bin uncertainties. All other uncertainties lead to correlated
changes across bins taking the form of either normalization or
bin-correlated, shape-altering variations. Depending on how
they have been derived, correlations arise across individual
signal and background samples, or individual uncertainties.
The nuisance parameters most relevant for SANNT belong
to the following groups of uncertainties:

— Uncertainties related to the reconstruction, triggering,
and identification of the selected e or T}, candidates.

— Uncertainties related to the Fg-method.

— Theoretical uncertainties related to the signal processes.

— Individual uncertainties, such as an uncertainty in the
reweighting of the simulated sample used for estimating
the background from Z — ££ production, in sideband
regions of the data; an uncertainty in the misidentifica-
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tion rate of quark- or gluon-induced jets as electron can-
didates; and the uncertainty in the integrated luminos-
ity [62-65].

For practical reasons that are further described in Sect. 3.1,
a total of 86 out of the original 224 nuisance parameters
are considered for the statistical inference and SANNT.
These comprise shape-altering variations neglecting bin-by-
bin uncertainties and a small number of important normal-
ization changing uncertainties that can lead to shape alter-
ing effects, when combining individual processes. All other
uncertainties are removed from Q. This setup is compared
to the benchmark using CENNT with the same reduced
uncertainty model and number of nuisance parameters.

3 Systematic uncertainty aware neural network
training

3.1 Emergence and methodology

In this section we elaborate on the abstract work mechanism
of a CENNT-based measurement, as summarized in Sect. 2,
and where it falls short. Based on this discussion we discuss
the emergence and key difference of SANNT. Eventually, we
point out the main challenges of SANNT and how they have
been addressed. Measurements discussed in the scope of this
paper imply the estimation of one or more POIs of a statistical
model, as defined in Eq. (3), from the comparison with data.
Without loss of generality, we restrict the discussion in this
section to one POI that we call r. The measurement objective
is to estimate r, with minimal uncertainty Ar, and no bias,
corresponding to the highest sensitivity of the measurement
to this POL.

The essence of statistical parameter estimation is to reduce
a potentially large amount of information to a human-
manageable and interpretable level. In the recent past, a
sizable number of high-energy particle physics measure-
ments have witnessed a significant increase in their sensitiv-
ity replacing traditional, human-inspired strategies for event
classification by a CENNT. A typical flow chart for such an
analysis is illustrated in the upper part of Fig. 1.

In a first step, the initial dataset Dy = {Xg, ..., X,_1} €
]Rdxn with d characterizing observables x € X C Rd, is
reduced to a lower-dimensional summary statistic y(x, @) €
Y C Rl, e.g. through NN (multiclass) classification, where
[ denotes the number of target classes and w refers to the
trainable parameters of the NN model, to form a reduced data
set Dy = {Jo X, ), ..., ¥, X,w)} C R Since the
CENNT corresponds to the maximum likelihood estimate of
P({k;}, n, {p;}), itis asymptotically efficient in fulfilling the
separation task based on the provided d-dimensional feature
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space X [19,20], so that the compression from d to [ happens

with minimal loss of information relevant for the separation.
For the analysis strategy discussed here, in a second step,

the number of n events is reduced to /4 bins of a histogram

n—1
H= ZHi(y(xj,w))izo...h—l , 4)
j=0
with
. 1, if ¥(x, w) in the boundaries of bin i
H; (§ (x, @) =

0, otherwise,

resulting in an even further reduced data set Dy = {H,
F (x @), ..y Hy (§ (x, )} € N
ture we will refer to the Asimov data set {klA} introduced in
Section 2.4 as Dé with k,»A = H; ()AI(XA, ®)), in the follow-
ing.

A flaw of this strategy remains in the objective of
the CENNT, i.e., the separation of S; from Bj, based on
P({k;}, n, {p;}), not being the same as the objective of the
measurement, which is the minimization of Ar,;. However,
the ansatz remains successful, as long as the objectives of
both estimates are approximately aligned, which can be
assumed if the uncertainties in r; are dominated by their sta-
tistical component Arssmt and the yield of S is small relative
to By,.

The prime target of a SANNT, as proposed, e.g., in
Ref. [14], is to become as congruent with the measurement
objective as possible. From a given likelihood model, this
can be achieved through the Fisher information matrix [18]

. In this nomencla-

2

a
F, =E|—(—logL , 5
Oll_/olj/ [aai/aaj/ ( Og )} ( )

Qs ay
toJ

with
O{i/ aj/ S {{Vs}a {9]}}»

where in our case £ is defined by Eq. (3) and @; refers to the
value of «; that maximise £. The expectation value is esti-
mated from Dﬁ, which is derived from the complete training
sample, to minimize statistical fluctuations. Following the
Cramér—Rao inequality [19,20], in the limit where the law
of large numbers applies, Ar, can be obtained from

Arg=/F . (6)
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CENNT

Classification
DY CR» x1

Initial dataset
DX C Rnxd

x = ¥(x,w)

y— H(y)

A 4

SANNT

Initial dataset Classification

Dx C Rnxd

x — ¥(x,w)

Dy C R y— H(Y)

Histogram POls

R DH Q Nth min(—log (,C))k rsiArs
Histogram POls
DH g Nth mln(—log(ﬁ))‘ Ts :l:ATs

A 4

Fig. 1 Flow chart of a CENNT (upper) and SANNT (lower). In the fig-
ure D; denotes the data set; n (d) the number of events (observables) in
the initial data set Dy ; [ the number of classes after event classification;

This estimate of Ar, replaces CE as a loss function LgannT
for SANNT. The resulting modified flow chart is illustrated
in the lower part of Fig. 1.

The obvious advantage of this ansatz is that £ may not
only include the statistical, but also the systematic compo-
nent of Ar. Thus, it also leads to the most sensitive estimate
based on Dy for measurements that are not dominated by
Arssmt. On the downside, this ansatz has to address a number
of challenges. It implies the computationally costly calcu-
lation and inversion of F, , during training. Moreover, it
introduces an ambiguous choice of binning and implies the
conceptual issue that £, as defined in Eq. (3), is not differ-
entiable at its bin edges, a circumstance that prevents stan-
dard backpropagation through differentiation. One solution
to this conceptional issue has been proposed in Ref. [13],
where the histogramming step is replaced by a modifiable
softmax operator to approximate the histogram and sustain
differentiability. In an ansatz followed in Ref. [15], a kernel
density estimate replaces the histogram. A likelihood ratio
based on this approximation is computed and subsequently
used as the objective for the NN training.

A 4
A

and & the number of histogram bins entering the statistical inference of
the POIs. The function symbol P represents the multinomial distribu-
tion, and the symbol £ has been defined in Eq. (3)

At this point, we note that differentiability of LgannT
is not strictly required for backpropagation, as long as the
information of proximity to a decision boundary, such as the
bin edges of L in this case, is preserved. The solution pro-
posed in Ref. [14] is to introduce a sum of custom functions
B; for the backward pass of the backpropagation instead of
using the gradient. In the forward pass the loss function is
evaluated as usual. The role of 3; is to allow movements of
events across bin boundaries based on residual information
about their positions inside a given bin. The exact form of
B; is a hyperparameter choice comparable to the choice of
activation function for hidden nodes of the NN architecture.
The same is true for the number of bins summarizing y;(-)
to form the input to £, while we have not performed any
particular optimization scan for this parameter.

The use of LgannT reveals a number of peculiarities,
which are particularly important for the studies presented
in Sects. 4 and 5:

— Considering / as a signal, the choice of CE as loss func-
tion implies a strict ordering in y;(-) for events being
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background- or signal-like. The choice of Lgannt does
not imply such an ordering. Instead signal and back-
ground events obtain values of y;(-) that lead to the
smallest value of Ar,. This can most easily be appre-
ciated from Eq. (3), which is the basis for the calculation
of Ar,. There, each bin is represented by a term i under
the first product. Since the scalar outputs of P(- | -) com-
mute under multiplication, the result of £ does not depend
on the order in which the bins are presented to L.

— A training with Ar, as objective is still fully supervised,
but the event labels enter LgannT 1N @ more subtle way
than in the case of CE, viz. through the implicit modeling
of S; and B),. All processes are normalized according to
their expected abundances in Dﬁ.

— A training with Arg as objective only affects nuisance
parameters 6; related to shape-altering variations of
$;(+). This can be best appreciated restricting the discus-
sion to the optimization with respect to only one nuisance
parameter. The parameters @ forming the NN model
induce variations of y;( - ). Thus, the concrete minimiza-
tion of Ar,, which is tied to the values of , takes place
through rearrangements of background and signal sam-
ples in the value space of y;( - ) exploiting regions that are
less affected by variations of 6;. If 6; has a pure normal-
ization effect on y,;(-), the application of )_ B; has no
effect on the minimization of Arg, since the relative size
of the variation is the same across the whole value space
of y;(-). We note at this point that normalization uncer-
tainties may well be constrained during the maximum
likelihood fit used for the extraction of the signal.

We conclude this section with a note of caution. A SANNT
of any kind draws information from Qy including all the
systematic variations in consideration. The additional infor-
mation from the uncertainty model leads to the reduction
of Ar, compared to the outcome of a CENNT. In turn,
SANNT implies stricter requirements on the quality and
understanding of Qy. This can be appreciated by the fol-
lowing thoughts. We imagine a deficiency of Q2 to describe
the data in X, which is erroneously covered by a systematic
variation that does not address the root cause of the defi-
ciency. After SANNT, y(-) might be derived from a region
of X where the erroneously covering variation is significantly
smaller. As a consequence, 2y might reveal a discrepancy
with data that can no longer be covered by the now reduced
variation. Along these lines, we anticipate that any random
component in the estimation of a shape-altering systematic
variation, e.g., caused by limited sizes of alternative sam-
ples used for estimating it, increases the variance of out-
comes of a SANNT, namely the reduction of Ar,. In the
extreme of a purely random variation associated with 6,4,
events with larger or smaller associated variation would be
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randomly scattered in X. After SANNT the variation associ-
ated with 6,4 would be minimized to best effort, while due to
the random scattering of affected events in X there is no rea-
son why this minimization should have a positive influence
on the reduction of Ar,. Rather, decreasing or increasing
the importance of random subsets in X for signal extraction
should lead to a larger variance of potential outcomes of a
SANNT on Ar,. Both thoughts emphasize that special care
should be taken to assure that the uncertainty model as an
integral part of Q2 be well defined and physically well moti-
vated. While this is of obvious importance for any analysis,
it is emphasized by the explicit use of the uncertainty model
during a SANNT.

3.2 Adaptations to the neural network training

In this section we discuss a small number of adaptations
that we have made to the SANNT, as originally proposed
in Ref. [14]. For purposes of illustration, we base this dis-
cussion on the same set of pseudo-experiments as used in
the original publication. This set consists of one signal and
one background sample, each modeled by a multivariate
Gaussian distribution centered around the points (0, 0) in
the case of signal and (1, 1) in the case of background, in
a two-dimensional feature space of a fully-connected feed-
forward NN with features x; and x,, one hidden layer of 100
nodes with ReLU activation function, and one single output
y(+) € [0, 1] for binary classification with the sigmoid acti-
vation function. Each Gaussian distribution is chosen with
an identity covariance matrix. For the background sample,
a systematic variation is introduced shifting the mean of the
distribution by one unit along the direction of x,.

The original choice for B; was the derivative of a Gaus-
sian density with the expectation value y; at the center and
standard deviation o; corresponding to half the width of H;.
This choice drags samples away from the edges of H; leaving
them untouched in the center. It is illustrated in Fig. 2 (left),
where y(-) is summarized by a histogram with eight bins,
the boundaries of which are indicated by the dashed vertical
lines.

The bars in the first row represent 20 randomly chosen
samples of y(-), in the second row, a snapshot of H, as
obtained from these samples is shown. In a realistic setup,
H would be filled from a corresponding batch of the training
sample. The following rows display B, and B; for H, and
Hy, respectively. The last row shows the collective effect of
> B; over all H;. The intended effect per bin is clearly vis-
ible from the displays of B, and B;. The display of )_ 5;
however also reveals undesired effects beyond the bins that
the B; are supposed to act upon, visible as interference effects
with neighboring bins. In total, this leads to largely reduced
values of Y BB; for the central bins of H whereas the origi-
nal magnitude of 15; is only retained at the lower and upper
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Fig. 2 Custom functions B; for the backward pass of the backpropa-
gation algorithm, as used (left) in Ref. [14] and (right) in this paper. In
the first row of each sub-figure, the same 20 random samples of a simple
setup of pseudo-experiments, as described in Sect. 3.2, are shown. In

bounds of H. This further leads to reduced movements across
bin edges with a tendency to drag events off the lower and
upper bounding bins, towards the center of H.

To make the backpropagation process more transparent
and at the same time more comprehensible we have replaced
the original choice of B; by a simple linear function with
intercept in the center of H;. More importantly, we evaluate
B; only within the boundaries of H; and set it to zero oth-
erwise. The effect of these modifications is shown in Fig. 2
(right). The desired effect per bin is preserved, movements
across bin edges are better supported, and the lower and upper
bounding bins are treated as equal to any other H;.

Another adaptation that we have made refers to the related
initial observation in Ref. [14] that a training based only on
Ar tends to collapse J( - ) into a usually very small number
of central bins, after a few optimization steps. To mitigate this
effect and improve the training stability, a pre-training of 30
optimization steps, evaluating only Ar;talt as loss function,
had been applied, prior to the full use of LgannT, in the
original publication.

We have replaced the loss function for pre-training by
the binary CE, which all processes enter according to their
expected abundance. In addition,we have extended the pre-
training to 300 optimization steps to guarantee convergence.
As discussed in Sect. 3.1, this modification should have an

y(-)

the second row the resulting histogram H, in the third and fourth rows
the functions B and B, for the individual bins H;, and H,, respectively,
and in the last row the collective effect of ) 53; are shown

effect similar to the use only of Ar;tat, as shown in the third
panel from above of Fig. 3 (right), where a reduction of Ary™
during the CE-based pre-training is clearly visible. In addi-
tion, it introduces a separation of signal from background as
an explicit pre-training objective and sustains a weak order-
ing of events being background- or signal-like equivalent to
the CE-based pre-training. From the practical point of view,
it leads to a wider spread of the samples across the available
value space of y(-). This strategy relies on the assumption
that the result of a CENNT, which coincides with the mini-
mization only of Ar; w naturally forms a good starting point
for the SANNT. In the transition from a statistically to a sys-
tematically dominated measurement, the SANNT acts as a
continuous extension of the CENNT.

The evolution of Ari™ and Ar, for a training based on
the original setup and over 1000 optimization steps is shown
in Fig. 3 (left). In the upper panel of the figure, the evo-
lution of y(-) for randomly selected 50 (blue) signal and
50 (orange) background samples during training is shown,
which we assume to be representative of the full background
and signal samples. The optimization steps of each training
are shown on the x axis and the values of y( - ) on the y axis of
the figure. The horizontal dashed lines indicate the bin edges
of H, the gray shaded area indicates the pre-training. In Fig. 3
(right), the same evolution is shown for the modified setup.
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Fig. 3 Evolution of the loss functions CE, Arf.m, and Arg as used

(left) in Ref. [14] and (right) for this paper. In the upper panels the evo-
lution of () for randomly selected 50 (blue) signal and 50 (orange)
background samples during training is shown. Dashed horizontal lines
indicate the boundaries of the histogram bins H;. The gray shaded area
indicates the pre-training. In the second and third panels from above the

A much more pronounced spread of the samples across the
value space of y(-) after pre-training is observed, which is
sustained despite significant rearrangements, particularly of
some signal samples, across histogram bins. For both setups,
the value of y( - ) stabilizes for each sample after roughly 500
optimization steps.

In the lower part of the figure, the evolution of the loss
functions over the same period of optimization steps is
shown, split by (second panel) CE, (third panel) Arssm, and
(last panel) Lgannt = Ar, using (left) ArsSta[ and (right)
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Optimization step

evolution of CE and Ar *“ is shown. In the lowest panels the evolution

of Lgannt = Ary 18 shown. The evaluation on the training (validation)
data set is indicated in blue (orange). The evaluation of the correspond-
ingly inactive loss function, during or after pre-training, evaluated on
the validation data set is indicated by the dashed orange curves

CE during pre-training for SANNT. The evaluations on the
training and validation samples are indicated by the blue and
orange curves, respectively. Beyond the last optimization step
of the pre-training, from which on Ar{"™ (CE) turns inactive,
the blue line is not shown. It is still instructive to follow the
evolution of ArsStat and CE on the validation sample as indi-
cated by the orange dashed lines. The complementary case
for Ar, during pre-training and SANNT is shown in the lower

panels of the figure.
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As Ar} ““ and CE are based on different likelihood models
their magnitudes can not be directly compared. For Ar,, how-
ever, a direct comparison of the evolution by magnitude is
valid. In both setups, the pre-training coincides with a drop
in Ar,. Convergence of the pre-training is more obviously
reached in the case of CE. In both cases, the decrease in
Arg continues after pre-training, as intended. In the origi-
nal setup however, a rearrangement of events across the very
few bins, shown in the upper left part of the figure, leads to
a significant increase in Arsstat, visible in the third left panel
from above. Shortly after, the increase in Ar} “is outweighed
by the decrease of the systematic component of Ar,. After
500 more optimization steps the model succeeds in slowly
re-adapting to a minimal value of Ar;tat, similar to the one
obtained after pre-training. A qualitatively similar, but more
comprehensible progression is visible for the modified setup.
The value of Ar, very quickly drops to a stable level within
100 optimization steps. The decrease in the systematic con-
tribution of Ar; happens at the cost of a slight increase in
CE and Arssmt. The increase of the latter is less pronounced,
which can be explained by the looser requirements on ArsStat
compared to CE, as discussed in Sect. 3.1.

The 3; might be viewed as an extension of the so-called
straight-through estimator (STE) where B; is replaced by the
identity operation [66]. We note that the choice of B; features
a number of important conceptual differences compared to
the STE. Firstly, B; acts only within the boundaries of bin i.
Secondly, and related to the first point, B; supports explicit
migrations across the bins of £, depending on the exact value
of y(-) within the given bin. We identify these migrations as
an essential ingredient to the successful minimization of Ar,.
The evolution of a training equivalent to the one discussed
here, with the only difference of replacing the B; by identity
operations is shown in Fig. 9 of Appendix A.

4 Comparison with the cross-entropy-based training
setup

Itis instructive to compare the two training setups for a binary
classification task separating S from B. For this purpose, all
S, and all By, (as discussed in Sect. 2.3) have been grouped
into one sample each.

The expected distributions of y( - ) after CENNT, prior to
any fit to Dﬁ, are shown in the upper panel of Fig. 4 (left).
The expectations for S and B are shown by the nonstacked
open blue and the filled orange histogram, respectively. The
expected value of S/B + 1 is shown in the lower panel of
the figure, where the gray band corresponds to the combined
statistical and systematic uncertainty in B. A clear increase
of §/B is visible with the largest value in H; most to the

right of H, where S is expected to contribute &~ 5% to the
overall yield. The largest relative effect of the uncertainty in
B is expected in Hg.

Figure 4 (right) shows the same distributions after
SANNT. Compared to the CENNT, both S and B are biased
towards the left of the histogram and the expected largest
relative effect of the uncertainties in B is shifted towards H,
and H;. We note that after SANNT there is no longer a strict
ordering of B to the left and S to the right of H, while due
to the pre-training this ordering is still weakly preserved. We
have checked that the linear correlation coefficients between
the output of y( -) after CENNT and SANNT are 0.80 for S
and 0.70 for B. This reduction in correlation relates to the
impact that systematic variations have on Ar,. We anticipate
that the larger this impact is, the smaller the correlations will
be.

This observation gives the following heuristic insights into
the working mechanism of the SANNT implemented here.
Depending on their position in X, events in Dy are sub-
ject to systematic variations. For a well-defined classifica-
tion task, S and B predominantly populate distinct subspaces
Sg, Sg C X with some potential transition region of over-
lapping events. For the given example, illustrated by Fig. 4,
¥(-) provides a mapping from X to y € [0, 1]. A fixed value
of § = k corresponds to the hyperplane of a discriminating
boundary C, in X. Without loss of generality, a systematic
“up”-variation might move an event lying on C,. and belong-
ing to B closer to Sg. The “down”-variation in turn might
move a similar event lying on C, and belonging to S closer
to Sg. We observe that the elements of x are weighted such
that these events will obtain values of ¥ < «, after SANNT.
This explains the two observations that can be made from
Fig. 4: (i) the general shift of y( - ) towards smaller values of
v as well as; (ii) the larger values of S/B + 1 for the events
in bins Hg and H;, visible from the lower panel of Fig. 4
(right). There may well be more subtle effects steering the
exploitation of features x by the NN model playing a role
into this observation.

To visualize the influence of single features and their pair-
wise linear correlations, obtained from the support of S and
B during training, on $(-) we have used the metric

1 n
(ty) = ;;m(xm 7

based on a Taylor expansion of y(-), with respect to the
elements of x up to second order, as described in Ref. [67].
In Eq. (7), o refers to a power set of the components of x,
where elements may also be repeated, ¢, refers to the Taylor
series coefficient for the derivative of y(-) with respect to «,
and n to the size of the training sample. Large (small) values
of (t,) indicate that feature « has a large (small) influence on
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Fig. 4 Expected distributions of y(-) for a binary classification task
separating S from B, for a (left) CENNT and (right) SANNT, prior to

any fit to D;}\. The individual distributions for S and B are shown by the
nonstacked open blue and filled orange histograms, respectively. In the

v(-). For the SANNT we have replaced the derivative of £
in the Taylor expansion by > ;.

From this study, we have identified that especially the first-
order coefficients for @ = m .. and m;, and the second-order
coefficients for ¢ = (m;, My;s) and (M., m) have a
large influence on y( - ), after CENNT. The coefficients bm...
and 7, indicate the location in the marginal distributions
of § and B; the coefficients 7, _ ,__andz, .,  indicate
the curvatures of each distribution and thus how much it is
peaking or not. Despite the simplifications of the analysis,
these findings, which follow our physics intuition, are in good
accord with the findings of Ref. [8]. In the transition from
CENNT to SANNT, we observe that the influences of the
properties associated with#,, ., .1, . ,and1, _arelargely
reduced in favor of the curvature of m...., associated with
tmTT RS L

The 20 nuisance parameters with the largest impacts on
ry, obtained from fitting the S + B-model withr; = 1 to Dﬁ
after shifting each parameter 6; individually by one stan-
dard deviation up and down fixing all other {6;; i # j} to
their most probable values after fit, are shown in Fig. 5. The
impacts can be read off from the x axis. The gray lines refer
to the CENNT and the colored bars to the SANNT. Labels
for each 6, decreasing in magnitude for the CENNT when
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lower panels of the figures, the expected values of S/B + 1 are shown.
The gray bands correspond to the combined statistical and systematic
uncertainty in B. The boundaries of the histogram bins H; are also given
on an extra horizontal axis

moving from upper to lower entries in the figure, are given
on the y axis, referring to the following sets of systematic
uncertainties:

— Uncertainties mostly related to the T-embedding method,

viz. in (egg) the efficiency to trigger the eT; pair;

(e,IrD(De)) the efficiency to distinguish T} candidates
from electrons; and the efficiency to distinguish T, can-
Th

didates with (ex’(35,40)) 35 < p" < 40GeV and
(eX°(40,500)) 40 < pr* < 500GeV from quark- or
gluon-induced jets. For ELD (40, 500) additional uncor-
related parts for T, decays (eITD(3—prong)) with three
charged pions, and (e,ItD(l—prong*)) one charged and
additional neutral pions appear in the list.

— Uncertainties related to the Fr-method, viz. in the nor-
malizations of the estimates of events with zero, one,
and two jets corresponding to Fg(0-jet), Fr(1-jet), and
Fg(2-jet), respectively; the nonclosure correction to the
estimate of the background contribution from QCD mul-
tijet production as a function of m.;, FI?CD (my;s); and
the subtraction of W+jets events as obtained from sim-
ulation during the estimation of the same background
contribution, FSCD (Wjets).
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Fig. 5 Impacts for the 20 nuisance parameters ¢; with the largest
impacts on ry. The gray lines refer to the CENNT and the colored bars
to the SANNT. The impacts can be read from the x axis. Labels shown
on the y axis for each 6; are defined in Table 1. The entries are ordered

— Uncertainties related to simulation, viz. in the reweight-
ing of the sample used for estimating the background
from Z — £¢ production, in sideband regions of
the data (DY reweight); the misidentification rate of
quark- or gluon-induced jets as electron candidates in
the (ID; " (barrel)) barrel and (ID; " (endcap)) endcap
regions of the detector; and the integrated luminosity
(Lumi).

— A number of uncertainties related to the modeling of
the ggH signal, viz. from variations of (ggH(w)) the

0.2 0.4 -1 0 1
Arg Rel. change
w.r.t. CENNT

by decreasing magnitude for CENNT when moving from the top to the
bottom of the figure. The panel on the right shows the relative change
of the symmetrized impact when moving from CENNT to SANNT. A
more detailed discussion is given in the text

(u,) renormalization and (uy) factorization, as well as
(ggH(Q,s)) the resummation scales; migration effects
across STXS bins (ggH(0/1)) with 0 and 1 jet, as well
as the p? STXS bin boundaries at (ggH(60)) 60 and
(ggH(120)) 120 GeV.

A summary of these variations is given in Table 1. The
largest impact of a single uncertainty on r, for CENNT is
observed for DY reweight, followed by eITD(40, 500) and
Fr(0-jet). With a few exceptions, all uncertainties are sig-
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Taple 1 Association of . Label Type Process Rank Norm Shape Comment
nuisance parameters 6; with the
systematic variations they refer trg . . .
to for the 20 parameters with the €t T trigger EMB 6 v
largest impacts on r,, as shown eITD(De) TID MC, EMB 16 v - Discr. against e
in Fig. 5. The label of each 0 (35, 40) 71D EMB 20 v 35 < pp < 40GeV
corresponding uncertainty is T
given in the first column, the (40, 500) 1D EMB 2 v 40 < pr" < 500 GeV
type of uncertainty, process that D N + 0,
it applies to, and rank in Fig. 5 € (1-prong) TID EMB 18 - v One 7+
are given in the second, third, e{fD (3-prong) TID EMB 8 - v Three 7"’
and fourth columns, . .
respectively. The “*” in Fr (O_J_et) Norm. Fr 3 o v Nije =0
€™ (1-prong™) refers to the fact Fr(l-jet) Norm. Iy 15 - v Ny =1
that this is the decay channel Fr(2-jet) Norm. Fg 4 --- v Nigy =2
with neutral pions in addition to QCD
the charged prong. The symbol Fg 7 (my;g) Nonclosure Fg 7 - v Inm;

EMB refers to T-embedded FSCD (W +jets) Subtr. Fg 5 --- v Subtr. of sim.

Giscusion s gen e et £2H00 Theory ell T e

) .- ggH(Oes) Theory ggH 12 --- v Resummation

ggH(0/1) Theory ggH 13 --- v 0 — 1 jet migr.
ggH(60) Theory ggH 14 - v p¥ migr.
ggH(120) Theory oeH 11 v Py migr.
D" (barrel) e misID MC 10 v Barrel
ID™* (endcap) e misID MC 19 v Endcap
DY reweight Reweight MC 1 v Inpi* andm,,
Lumi Int. luminosity MC 17 v -— -—

nificantly reduced by the SANNT demonstrating the success
of the ansatz. The uncertainty due to DY reweight, with the
largest impact on r, is reduced by nearly 60%. The Z — ee
process, related to this uncertainty, is closely located to S in
my;s. The reduction of the DY reweight uncertainty is related
to the reduced influence of the location and curvature of m
on y(-) previously discussed in this section.

Figure 6 (upper) shows distributions of the negative log
of the profile likelihood —2A log £ as a function of r,, based
on the input distributions as depicted in Fig. 4. For the red
(blue) curves all (only the statistical) uncertainties in r, have
been taken into account.

For the latter, all nuisance parameters have been fixed to
their most probable values after fit, before performing a sec-
ond fit to Dﬁ.

The most probable value of 7, is observed at 1, as expected

vis

from a fitto Dﬁ demonstrating that the estimate is unbiased.
The values of Ar, and Ari™ are obtained from the inter-
vals in r; with —2A log £ < 1. The results as obtained from
the CENNT are indicated by the dashed lines. The contin-
uous lines indicate the median results of ensembles of 100
independent repetitions each of the SANNT varying random
initializations. The red and blue shaded bands surrounding
the median expectations indicate the 68 % central intervals of
these ensembles, representing the variances of the obtained
results due to random choices for training. In the lower pan-
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els, the underlying distributions to these central intervals are
shown in red and blue, correspondingly. Based on SANNT
(CENNT) values of Arg =J_r8:ﬂ (J_rgjéé) are obtained, corre-
sponding to a reduction of 25% in magnitude for the result
obtained from SANNT with respect to the CENNT. Taking
only the statistical component of Ar, into account, a value
of Ari™ =030 (£0.29) for SANNT (CENNT) is obtained.
This indicates that the SANNT is a significant improvement
to the CENNT. It is the first time that the success of a SANNT
has been demonstrated for an analysis at this level of com-

plexity.

5 Extension for multiclass classification

In this section we report the application of SANNT to the
multiclass-classification task, based on the original STXS
cross section measurement described in Ref. [8] exploiting
the five background and two signal classes, as described in
Sect. 2.4. Each class [ is represented by an output node of the
NN with output function y;( - ). The effect of multiclass clas-
sification is achieved through the use of a softmax operator
in the output layer of the NN providing a probability esti-
mate for an event with a feature vector x to originate from /.
The CENNT is obtained from a simple extension of binary
to categorical CE.
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Fig. 6 Negative log of the profile likelihood —2A log £ as a function
of ry, taking into account (red) all and (blue) only the statistical uncer-
tainties in Ar,. The results obtained from the CENNT are indicated by
the dashed lines, and the median expected resultS of ensembles of 100
repetitions of the SANNT varying random initializations are indicated
by the continuous lines. The red and blue shaded bands surrounding the
median expectations indicate 68% confidence intervals (CI) from these
ensembles. The lower panels show the distributions underlying these
CI

Naively the same replacement of binary by categorical
CE would apply for the SANNT pre-training. Instead, we
keep the sigmoid activation function, applying it to all output
nodes and exploit the custom function

CE/=——§:<wi CE), ®)
1

1

where CE; corresponds to the binary CE evaluated separately
for each [, i runs over all events in Dﬁ, and w; normalizes
each event to the expectation for the process it belongs to and
the integrated luminosity of the assumed data set. We have
made this modification as we observed a significant improve-
ment of the subsequent SANNT, which as in the previous case
of binary classification, we attribute to the practical effect of
a wider spread of samples across the value spaces of y;(-).

As discussed at the end of Sect. 3.1, the fact that any
binned likelihood function, e.g., as defined in Eq. (3), lacks
immanent information about the relations between bins, nec-
essarily implies the loss of an ordering principle for the asso-
ciation of events of class / with a given value of y;(-). More
importantly in the case of multiclass classification, this even
prevents a fixed association of events to /. While this circum-
stance does not pose an issue of principle for a multiclass-
classification SANNT, it renders the conventional concept
of output classes for multiclass classification meaningless,
since, for example, there is no rule in the training to prevent
events of class “genuine T~ from being associated with the
output node meant to collect events of class “misc” and vice
versa. Even worse, both event classes could be associated
with the same output node.

In Sect. 3.2 we have introduced the result of a CENNT pre-
training as natural starting point for the SANNT, preserving
a weak relation between the class that an event belongs to and
the value of y(-), in the transition from statistically towards
systematically dominated measurements. To sustain the con-
cept of output classes we further enforce this ansatz through
an explicit constraint in LgannT, retaining the result of the
pre-training CE’, .. resembling a good separation between
classes. For the subsequent SANNT, we modify LgannT tO
read

It.
Lsannt = Y Ary + @, 8(+), ©)
N

with
g(+) =CE —CE ;.

following an approach as proposed in Ref. [68], with w;
as an additional trainable parameter of the NN model. For-
mally, this turns the SANNT into an optimization task with
the achieved separation between classes after pre-training,
expressed by CE/min, as a constraint equation, where w, takes
the role of a Lagrange multiplier. In the nonexcluded case of
g(+) < 0, we set w, = 0 to allow improvements of the pro-
cess separation during SANNT. By the sum in Eq. (9), all
signal processes s are treated equally, which is an arbitrary
choice.

@ Springer
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Fig. 7 Expected distributions of 3;(-) for multiclass classification,
based on seven event classes, as used for a differential STXS cross
section measurement of H production in Ref. [8], prior to any fit to

Dﬁ. In the upper (lower) part of the figure the results obtained after
CENNT (SANNT) are shown. The background processes of Q2y are

Figure 7 (upper) shows the expected distributions of y;( )
for each background and signal class, and the expected values
of §/B + 1 after CENNT prior to any fit to Dﬁ. Individual
background processes of 2y are indicated by stacked, dif-
ferently colored, filled histograms. The expected ggH and
qqH contributions are indicated by the nonstacked, red- and
cyan-colored, open histograms. As for the previous discus-
sion in Sect. 4, the gray bands in the lower panels of the figure
correspond to the combined statistical and systematic uncer-
tainty in the background model. The same distributions after
SANNT are shown in Fig. 7 (lower). The change of distribu-

@ Springer

indicated by stacked, colored, filled histograms. The expected ggH and
qqH contributions are indicated by the nonstacked open histograms. In
the lower panels of the figure the expected values of S/B + 1 are shown.
The gray bands correspond to the combined statistical and systematic
uncertainty in the background model

tions and more prominently the improved signal separation,
with reduced uncertainty are visible from the comparison of
the corresponding distributions, indicating the success of the
training.

Figure 8 shows distributions of —2A log £, based on the
input distributions as depicted in Fig. 7, as a function of r,.
As in the previous discussion, in Sect. 4, for the red (blue)
curves all (only the statistical) uncertainties in Ar, have been
taken into account. In the left part of the figure ry,., for an
inclusive measurement of the H production cross section in
the H — 171 decay channel is shown, in the middle and right
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Fig. 8 Negative log of the profile likelihood —2 A log £ as a function of
r, for a differential STXS cross section measurement of H production
inthe H — 77 decay channel, taking (red) all and (blue) only the statis-
tical uncertainties in Ar, into account. In the left plot r;,. for an inclusive
measurement is shown, and in the middle and right plots ryopy and ryqy
for a combined differential STXS measurement of these two contribu-

Table 2 Expected combined statistical and systematic uncertainties
Ar, and statistical uncertainties Arﬁtat in the parameters ry,. for an
inclusive, and rgop and ryqy for a differential STXS, cross section mea-
surement of H production in the H — 77T decay channel, as obtained
from fits to Dﬁ. In the second (third) column the results after SANNT
(CENNT) are shown

ry Arg (Ar8™)
SANNT CENNT
0.42 0.49
Tinc T0a0 (£0.29) T (£0.30)
4071 4038 +0.81
TegH Z0.68 (Z037) Z0.77 (£0.38)
4073 4071 +0.85 (+0.81
TqqH Z0.67 (Z066 —0.81 {078

parts of the figure roopy and 7y for a combined differential
STXS measurement of these contributions to the signal in
two bins, are shown. The numerical results of the fits are
summarized in Table 2.

As observed previously, the method is unbiased. After
SANNT, an improvement of 15% relative to the result as
obtained after CENNT is observed for ry,.. For roopy and
rqqH» improvements of 12 and 16% are observed, respec-
tively. This constitutes a significant improvement of the
SANNT over the CENNT. It is the first time that a multiclass-
classification SANNT has been successfully demonstrated.

tions to the signal in two bins are shown. The results as obtained from
the CENNT are indicated by the dashed lines, and the median expected
results of an ensembles of 100 repetitions of the SANNT varying ran-
dom initializations are indicated by the continuous lines. The red and
blue shaded bands surrounding the median expectations indicate 68%
confidence intervals (CI) from these ensembles

We observe that SANNT leads to an improvement of the
statistical component of ryqy, where the contribution of sys-
tematic variations to the overall uncertainty has been small,
already from the beginning. This can be explained by the
fact that the targets of both trainings are not in sync. While
LgannT has been constructed to be as close to the measure-
ment target as possible, the target of CENNT is the best
possible separation of all processes comprising two signal
and five background processes, in this case. While for the
case of binary classification discussed in Sect. 4, this par-
ticular difference between the training methods was covered
by the experimental setup, it becomes more obvious here
and emphasizes the conceptual advantage of SANNT over
CENNT.

6 Summary

We have proposed a neural network training method capa-
ble of accounting for the effects of systematic variations of
the data model used in the training process and described
its extension to neural network multiclass classification. The
procedure has been evaluated on the realistic case of the mea-
surement of Higgs boson production via gluon fusion and
vector boson fusion in the Tt decay channel at the CMS
experiment. The neural network output functions are used to
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infer the signal strengths for inclusive production of Higgs
bosons as well as for their production via gluon fusion and
vector boson fusion. We observe improvements of 12 and
16% in the uncertainty in the signal strengths for gluon and
vector-boson fusion, respectively, compared with a conven-
tional neural network training based on cross-entropy. This
is the first time that a neural network training capable of
accounting for the effects of systematic variations has been
demonstrated on a data model of this complexity and the
first time that such a training has been applied to multiclass
classification.
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Appendix A: Custom backpropagation based on identity
operations

Figure 9 shows the evolution of $( - ), CE, Ari™, and Ar, as
used for this paper, for a SANNT where the custom functions
B; have been replaced by an identity operation, also referred
to as STE in the literature [66].

The upper panel of the figure shows the evolution of y(-)
during training, for randomly selected 50 (blue) signal and
50 (orange) background samples, which we assume to be
representative of the full background and signal samples. The
optimization steps of the training are shown on the x axis and
the values of (- ) on the y axis of the figure. The horizontal
dashed lines indicate the bin edges of H, the gray shaded
area indicates the pre-training based on CE. We observe an
even more pronounced collapse of y( - ), into bins Hg and H
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Fig. 9 Evolution of the loss functions CE, Ar;m, and Ar,, as used for

this paper. Instead of the custom functions /5; the identity operation (the
so-called straight-through estimator) is used for SANNT. In the upper
panel, the evolution of § for randomly selected 50 (blue) signal and
50 (orange) background samples during training is shown. The gray
shaded area indicates the pre-training. In the second panel from above
the evolution of CE is shown. Though not actively used for the SANNT
Ari™ is also shown, in the third panel from above. In the lower panel, the
evolution of Arg is shown. The evaluation on the training (validation)
data set is indicated in blue (orange). The evolution of inactive loss
functions, evaluated on the validation data set, is indicated by the dashed
orange curves

in that case, as for the original choice of B;, shown in Fig. 3
(left).

The lower part of the figure shows the evolution of (sec-
ond panel) CE, (third panel) Ar;tat, and (last panel) Ar, over
the same period of optimization steps. The evaluations on
the training and validation samples are indicated by the blue
and orange curves, respectively. The continuous lines indi-

cate the active loss function during each corresponding opti-
mization step. The evolution of inactive loss functions on the
validation sample is indicated by orange dashed lines. The
progression of y(-) and CE during pre-training is identical
to Fig. 3 (right), while we have adapted the y axis range here
to be able to display the full development of CE up to opti-
mization step 1000. After pre-training we observe that both
Ar and Ari™ increase with a pronounced structure in the
course of Ar, around optimization step 350, coinciding with
the period of a few optimization steps, during which y( - ) col-
lapses into Hg and H;. Even after 1000 optimization steps,
Arg has not improved beyond its value immediately after
pre-training, which demonstrates that 53; can not be replaced
by a naive STE and that this change rather destabilizes the
training, compromising its success.
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