Physics Letters B 832 (2022) 137246

www.elsevier.com/locate/physletb

Contents lists available at ScienceDirect

Physics Letters B

PHYSICS LETTERS B

Machine-enhanced CP-asymmetries in the Higgs sector

Akanksha Bhardwaj?, Christoph Englert®*, Robert Hankache ”, Andrew D. Pilkington "

2 School of Physics & Astronomy, University of Glasgow, Glasgow G12 8QQ, UK
b Department of Physics & Astronomy, University of Manchester, Manchester M13 9PL, UK

L))

Check for
updates

ARTICLE INFO ABSTRACT

Article history:

Received 11 January 2022

Received in revised form 19 May 2022
Accepted 8 June 2022

Available online 10 June 2022

Editor: A. Ringwald

Improving the sensitivity to CP-violation in the Higgs sector is one of the pillars of the precision
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1. Introduction

The Sakharov criteria [1] provide the theoretical backdrop for
one of the biggest phenomenological shortfalls of the Standard
Model (SM) of Particle Physics - an insufficient amount of charge-
conjugation (C) and parity (P) violation. In the SM, the only source
of CP violation is the complex phase in the Cabibbo-Kobayashi-
Maskawa (CKM) matrix [2,3]. As the flavour and CP structure of SM
interactions is intricately related to the Yukawka sector, extending
the Higgs sector with additional CP-violating effects is typically
considered as a motivated avenue to reconcile the SM with the
Sakharov criteria.

Such extensions of the SM typically lead to new exotic states
[4], which so far have not been discovered at the Large Hadron
Collider (LHC). This suggests that there is a significant gap between
the mass scale of weak interactions and the mass scale of beyond-
the-SM (BSM) physics. This line of thought has led to a resurgence
of effective field theory applications to the interpretation of LHC
data [5-16]. The extension of the SM by dimension-six interactions
provides the first step in this programme, capturing the deforma-
tions of correlations in particle physics data under the assumption
that there is a hierarchy between the scale of measurement and
new physics Q2 « AZ. Of particular interest are the operators, 5,-,
that introduce new sources of CP violation in the Lagrangian,
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where Lsy is the SM Lagrangian and the c;/A? are Wilson co-
efficients that specify the strength of the new interactions. The
operators that affect the electroweak interactions of the Higgs bo-
son are (see also [17])

Oy = ®'®B*B

Opiy = PTOWH W, (2)
Ogivp = q)TOJW“wB;w )
where @ is the Higgs field, and the W# and B* are the fields in
the SU(2) ® U(1) gauge-field eigenbasis. The dual field strength
tensors are defined as X' = eﬂ“ﬂsxps/z.l

The contributions of these operators to Higgs boson production
and decay is given by the squared amplitude, i.e.

IMI? = [Msul?
Ci oy « CiCj *
+ F 2<R I:MSMMdG’i:I + FMdG»iMdG,j 5 (3)

where Mgy and Mgg; are the SM and dimension-six ampli-
tudes, respectively. For the CP-odd operators of interest, the in-
terference between the SM amplitude and the dimension-six am-
plitude is also CP-odd. Interference effects therefore cancel en-
tirely for CP-even observables, such as inclusive cross sections

1 Additionally, phases of Wilson coefficients can introduce CP violation in the
Higgs-fermion interactions.
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and transverse-momentum spectra, but can be observed as asym-
metries in appropriately-constructed CP-odd observables [18-39].
The inclusion of the pure dimension-six contributions to the
amplitude-squared in Eq. (3) gives two potential problems. First,
these contributions are CP-even, making it difficult to disentangle
the effects of a CP-even operator from a CP-odd operator. Sec-
ond, the contributions arise at @(1/A%) and power counting of
the new physics scenario becomes important in this instance, i.e.
it is a model-dependent question whether the leading O(1/A2)
dominate over the ©(1/A*) expansion in an actual matching cal-
culation [4,40].

For these reasons, the ATLAS and CMS experiments have an
extensive programme of searches and measurements that utilise
CP-odd observables, including angular observables [41-44] as well
as observables that are constructed from matrix-element informa-
tion [45-48]. The latter approach exploits the full kinematic infor-
mation in leading-order matrix-elements to discriminate different
CP hypotheses, and is shown to improve the analysis sensitivity
over the use of angular observables alone. The use of matrix-
elements in an analysis is, however, more technically challenging
and time-consuming than using the simpler angular observables.
For this reason, only a few experimental analyses have adopted
these more sophisticated analysis techniques to date.’

In this article, we show that CP-odd observables can be di-
rectly constructed from the output of a neural network. Given that
the (O(1/A2) interference effects cancel entirely for CP-even ob-
servables, and induce asymmetries in CP-odd observables, we can
directly construct a CP-odd observable by training a neural net-
work (NN) to distinguish between positive and negative interfer-
ence contributions. With the ability to learn kinematic correlations,
the NN can be used to (i) construct a near-optimal CP-odd observ-
able for each dimension-six operator, or (ii) design new analyses
based on the correlation between the angular observables and
other kinematic quantities. The method can then be extended to
multi-class models, with the pure-SM prediction included in the
training of the network, to allow the NN to learn the phase-space
regions for which the SM is suppressed relative to the interference
contribution.

As a concrete example, we explore the potential application
of neural networks in two of the main search channels for CP-
violation in the Higgs sector: the h — 4¢ decay channel and in the
vector-boson fusion production channel (VBF h + 2 jets). As well
as addressing the phenomenological difference between Higgs pro-
duction and Higgs decay, the comparison of h — 4¢ and h + 2 jets
also highlights the difference between single-scale and multi-scale
processes when viewed through a NN lens. We note that the tech-
nique should be applicable to a wide variety of production and
decay channels at the LHC (see also the recent [50-52]).

We organise the work as follows. In Section 2, we introduce the
Monte Carlo event generators that we use to construct the SM and
dimension-six theoretical predictions for Higgs boson production
at the LHC. In Section 3, we recap the angular observables that
typically are used for CP-violation searches in the h — 4¢ and h +
2 jets final states. We also introduce the method to construct CP-
odd observables using neural networks. In Section 4, we apply this
method to simulated h — 4¢ and h + 2 jets events and compare
the sensitivity of the machine-learned CP-odd observables to the
sensitivity obtained using angular observables. We also investigate
the origin of any improvement in sensitivity. Finally, we conclude
in Section 5.

2 Recently, it was shown that machine-learning algorithms can be used to con-
struct a discriminant that is equivalent to the discriminant constructed from matrix-
element information, with a slight degradation in ROC-curve performance that is
attributed to imperfect training [49]. This approach could help overcome the time-
consuming aspects of using matrix-element-based observables in physics analysis.
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2. Theoretical predictions

Events are generated for the production of h — 4¢ and VBF
h + 2jet in proton-proton collisions at /s = 13 TeV using MAD-
GRrRAPH5_aMC@NLO [53]. The events are accurate to leading order
in perturbative QCD and are passed to PYTHIA8 [54] to simulate the
effects of parton-showering, hadronisation and underlying event
activity. The NNPDF30nlo (NNPDF23lo) parton distribution func-
tion [55] is used in the cross-section calculation for the h — 4¢
(h + 2jet) samples. The A14 set of tuned parameters [56] is used
to model the underlying event. Events are generated separately for
the Standard Model and for the interference between the SM and
dimension-six amplitudes, with the interactions induced by the
dimension-six operators provided by the SMEFTSim package [14].
In the h + 2 jets sample, the Higgs boson is not decayed, as we
focus on production-related kinematics in this channel.

For the h — 4¢ analysis, we require the generated events
to pass the selection criteria of the ATLAS pp — 4{¢ measure-
ment [57], in the Higgs Mass fiducial region (120 GeV < my, <
130 GeV). For the analysis of VBF Higgs production, we require the
events to pass the selection criteria of the ATLAS VBF h — t+7~
analysis [58], in the VBF_1 fiducial region.

3. CP-sensitive observables
3.1. Angular observables

CP-violating effects in the h — ZZ* — 4¢ decay channel can be
probed using the &4, variable [59,60] defined by

qi - (i x M)

lqq - (g x fiz)
where the normal vectors to the planes are defined as
~ qi1 X q12 A q21 X (22
n] = D=

911 % q12| 421 X q22]

Each qqp labels the three-momentum of the lepton/antilepton
that arises from the decay Zy — ¢4, and Qg = Qu1 + Qa2 iS the
three momentum of the Z,. All three-momenta are calculated in
the Higgs-boson centre-of-mass frame. It is worth noting that ®g4
coincides with the angular difference of the polar angles of the
leptons with identical charge in their respective Z boson rest frame
(for aligned reference axes).

CP-violating effects in the VBF h+2 jets production channel can
be probed using the signed azimuthal angle between the two jets,
ie.

Dy = | x cos™! (fiy - fy), (4)

and (5)

Agji=¢(j1) —¢(2).,

where ¢ (j1) and ¢ (j,) are the azimuthal angles of the two highest
transverse momentum jets in the event that are ordered in rapidity
y. The interference effects and associated asymmetry effects can
be traced to the vertex structure that is induced by the operators
of Eq. (2). The Levi-Civita tensor determines a P-odd behaviour of
the decay amplitude

with y(j1) > y(j2), (6)

Mg ~ €uvps i1 (@1)75(q2)q7 5 (7)

where g; are the two four momenta of the effective fermion cur-
rents j; coupling to the Higgs boson. C and P transformations
induce sign changes of the currents jf‘,qf‘. Together with the
odd property of the Levi-Civita tensor under parity transforma-
tions, this leads to an asymmetry of the interference effects as a
function of A¢j; (see also [26]). Note also that Mgg is only non-
vanishing for linear independent momenta and effective currents,

thus removing longitudinal effective polarisations from the BSM
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amplitude. In the case of VBF production, the currents in Eq. (7)
are related to interactions between the tagging jet and its associ-
ated initial state parton. For VBF kinematics pr j < E; this leads
to a pr-enhanced CP-sensitivity (the aforementioned optimal ob-
servable), which is reflected in the VBF results below.

3.2. ML-constructed CP-odd observables

We use TENSORFLOw 2.3.0 [61] to train the neural networks.
The input data are the MC samples discussed in Sec. 2, with the
events in the interference sample separated according to whether
the event weight was positive or negative. Two types of neural net-
work architectures are investigated. Binary (two-class) models are
trained using only the interference sample and define the proba-
bility that a given event is a positively-weighted interference event
(P4) or a negatively-weighted interference event (P_). In these
models, P + P_ = 1. Multi-class models are trained using both
the interference sample and the pure-SM prediction, and therefore
also define the probability that a given event is a SM event (Pgy).
In these models, P4 + P_ + Psy = 1. The machine-learned CP-odd
observable is then defined by

ONy=P+ — P_. (8)

The ability of a neural network to construct the CP-odd observ-
able is, in principle, dependent on the input information, with the
simplest input being only the four-vectors of the leptons and jets.
More complex inputs would include variables that can be derived
from those four-vectors, such as ®4, in the h — 4¢ decay channel.
In general, we find that the neural networks perform equally well
when including derived variables or just using lepton and jet four-
vectors. However, the inclusion of derived variables can help with
understanding the physical origin of any improvement in sensitiv-
ity. Unless otherwise stated, the results presented in this article
use neural networks trained with both lepton/jet four vectors and
derived variables.

The optimal choice of hyperparameters for each network is ob-
tained using KERAS-TUNER 1.0.2 [62,63]. The optimisation included
the number of layers, the number of units, the activation function,
the L2 regularisation, the learning rate and the batch size. To avoid
the networks exploiting statistical fluctuations, we adopt a data
augmentation procedure whereby each event is used twice in the
training, once with the default input variables and once with a CP-
operator applied to all the input variables. For CP-flipped events in
the interference sample, the event weight is multiplied by -1. Af-
ter the initial training, in order to smooth the model, we train for
more epochs using the full batch. We also apply a learning rate de-
cay, beginning with the initial rate and halving it every 100 epochs
until reaching a factor of 1/8.

4. Results
41 h— 4¢

The construction of &4, and Opy requires each lepton and
antilepton to be associated with the decay of an intermediate
Z-boson. For the h — ete~u*tu~ decay channel, this is trivial
because the Z-boson always decays to a same-flavour opposite-
charge pair. However, an ambiguity arises in the h — ete~eTe~
and h - utu~put ™ decay channels, due to the multiple pos-
sible pairings of the leptons and antileptons. For this reason, we
initially restrict our discussion to the h — eTe~u* ™ decay chan-
nel and comment later on the performance of the other h — 4¢
decay channels.

The differential cross section for h — ete~u*tu™ as a func-
tion of ®g4¢ is presented in Fig. 1. The SM prediction is shown
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Fig. 1. Differential cross section for h — eTe~u* ™~ as a function of ®g4,. The inter-
ference predictions obtained for the O3, O4pp and Og4 operators are shown,
with Wilson coefficients set to ¢/A2 =1 TeV—2. The SM prediction is also shown,
scaled down by a factor of 4.
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Fig. 2. Differential cross section as a function of the CP-odd observable, Oy, con-
structed for a binary neural network. The network was trained with the interference
predictions obtained with the Ogp operator. The interference predictions ob-
tained for the O45, Og g and Oy operators are shown, with Wilson coefficients
set to CCPWB/AZ =1 TeV~2. The SM prediction is also shown, scaled down by a fac-
tor of 4.

in addition to the interference contributions induced by the Oyj3,
Ogiyp and O4¢; operators, with Wilson coefficients set to c/A% =
1 TeV~2. As expected, the CP-even SM prediction is symmetric
around ®4¢ = 0, whereas the CP-odd interference contributions are
all asymmetric with an integral of zero. The largest interference ef-
fects arise from the Oy operator. The ®y4, distribution is much
less sensitive to the Qg5 and Oy operators, and much larger
values of Wilson coefficient would be needed to produce a notice-
able effect on the combined SM+EFT cross section.

The differential cross section as a function of the CP-odd ob-
servable produced by a binary NN is shown in Fig. 2, where
the NN has been trained to distinguish between the positive-
and negative-interference effects produced by the Ogp oper-
ator. The interference contribution is presented for c4yp /A% =
1 TeV~2. The NN effectively separates the positively-weighted and
negatively-weighted interference contributions, with the majority
of positively-weighted events located at Oyy =1 and the major-
ity of the negatively-weighted events located at Ony = —1. The
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Fig. 3. Double-differential cross section as a function of ®4, and mq, for the inter-
ference contribution produced by the O operator.

SM contribution is symmetric and more broadly distributed, peak-
ing at NN output values closer to zero. Most importantly, the SM
contribution in the interference-enhanced regions at Oyy = %1 is
reduced when compared to the interference-enhanced regions in
dy4¢, implying a possible improvement in sensitivity due to the in-
creased signal purity. This is especially noticeable for the Oy p
and Oy operators.

The improved sensitivity obtained using the neural network can
be understood using feature importance techniques. Specifically,
the importance of each input variable is determined for the trained
network, by evaluating the increase in the loss (or decrease in the
accuracy) that occurs when the value of the input variable for a
given event is replaced by a randomly chosen value taken from
the ensemble of events. Unsurprisingly, the most-important vari-
able is found to be ®4¢. However, the invariant mass (mi2) of the
lepton-antilepton pair that is closest in mass to the Z-boson is
also found to be very important, despite being a CP-even quantity.
This is explored more in more detail in Fig. 3, which shows the
double-differential cross section for the interference contribution
induced by the O p operator as a function of &4, and mj;. The
importance of mi; is clear: at a given value of &4, the interfer-
ence effects for events with mq, ~ m; are opposite in sign to the
interference effects for events with myy <« mz, which cancel when
®y4¢ is measured inclusively. The neural network has learned this
feature and utilised it to produce an improved CP-odd observable.

The origin of the sign flip in the interference contribution in-
duced by the Oy operator is driven by the anomalous hZZ,
hyy and hZy interactions, which are related to one another via
gauge symmetry and are given by

Chzz = CaCui +SwCwCyip +SwCyp)
Cria = CuCii + SwGwCip — cwChigp) ()
Chz =25wCw(Chiy — Cyp) + (% — o) Chivs -

where sy, and c,, are the sine and cosine of the Weinberg angle,
respectively. The impact of the Oy operator is anticorrelated
for the hZZ and hZy (hyy) anomalous interactions, which leads
to anticorrelated interference contributions. The sign flip therefore
occurs due to different contributions from the h - ZZ, h — yy
and h — Zy dimension-six amplitudes in the on-shell and off-
shell regions.
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Fig. 4. Differential cross section as a function of the CP-odd observable, Oyy, con-
structed for a multi-class neural network. The network was trained with the inter-
ference predictions obtained with the O3 operator. The interference predictions
obtained for the O43, O4iyp and Og4¢ operators are shown, with Wilson coeffi-
cients set to cgfy5/A% =1 TeV~2. The SM prediction is also shown, scaled down by
a factor of 4.

The sensitivity of Oy can be further improved by using multi-
class neural networks, which have the ability to learn the kine-
matic features of the SM prediction. Fig. 4 shows the differential
cross section as a function of the CP-odd observable constructed
from a multi-class network. The neural network has been trained
to distinguish between the SM contribution as well as the positive-
and negative-interference effects produced by the Ogyp opera-
tor. The interference contributions are still peaked at Oyy = %1,
but with a broader peak than what was obtained with a bi-
nary neural network. However, the SM prediction is shifted much
closer to (and peaks at) zero. Overall, the SM contribution in the
interference-enhanced regions at Oyy = £1 is further reduced
when compared to the binary network, implying a further increase
in sensitivity.

To quantify the sensitivity of an experimental analysis, we con-
struct the expected 95% confidence intervals for each CP-odd ob-
servable. A likelihood function is defined as

—Ai
Lite/A*) =]] %A?i (10)

where n; is the expected number of events in bin i assuming
the SM-only hypothesis, and A; is the predicted number of events
(SM-+EFT) at a given value of a Wilson coefficient. The expected
number of events are obtained from the event generator samples
after applying a normalisation factor that is defined such that the
SM prediction reproduces the number of events observed experi-
mentally in the Higgs mass fiducial region of Ref. [57], correspond-
ing to an integrated luminosity of 139 fb~'. The confidence level
is then calculated using the profile-likelihood test statistic [64],
which is assumed to be distributed according to a x? distribution
with one degree of freedom following from Wilks’ theorem [65]
and allows the 95% confidence intervals to be constructed.’ Al-
though the likelihood function does not account for systematic
uncertainties, the effect of any systematic variation should be sym-
metric for all CP-odd observables. As the constraints are driven by
asymmetries in the distribution, the impact of systematic uncer-

3 This assumption is validated by constructing pseudo-experiments to determine
the distribution of the profile-likelihood test statistic. The resulting distribution is
well modelled by a x? distribution with one degree of freedom.
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Table 1

Expected 95% confidence interval for the three Wilson coefficients given an inte-
grated luminosity of 139 fb~'. Results are presented for a one-dimensional fit to the
®y4, distribution, a fit to double-differential yield as a function of ®4, and mq3, and
fits to the Oy variable constructed from the neural-net outputs of the binary and
multi-class models. The Oy variable is constructed from neural networks trained
on the interference predicted by the O operator.

CP-odd observable Coip/A? Cop/A? Copp /A?
[Tev—2] [TevV—2] [Tev—2]
Dy [—6.2,6.2] [-1.4,1.4] [—30,30]
Dy, My [-1.9,1.9] [—0.85,0.85] [-3.7,3.7]
Onw (binary) [—1.5,1.5] [—0.75, 0.75] [=3.0,3.0]
Onn (multi-class) [—1.4,1.4] [—0.71,0.71] [=2.7,2.7]

tainties should be very small. This was tested by injecting small
symmetric shifts into the predicted number of events, to simulate
a systematic bias. The resulting 95% confidence intervals were al-
most unchanged.

The constraints obtained for each Wilson coefficient are shown
in Table 1, when performing a fit to (i) the angular observable
®yp, (ii) a two-dimensional fit to &4, and miy, and (iii) fits to
the NN-constructed Oy observables for both binary and multi-
class networks. The O yy observables were obtained with networks
trained on the interference predictions obtained with the Oy p
operator. The O ny observables both provide much better sensitiv-
ity than &4, alone, with 95% confidence intervals reduced by a
factor of 2-10, depending on the Wilson coefficient. Some of this
improvement is regained using a two-dimensional fit to ®4, and
my3, although the constraints obtained using the O yy observables
remain 20-30% more sensitive. The constraints obtained from the
CP-odd observable constructed from the multi-class network are
5-10% better than the constraints obtained from using binary net-
works. It is also found that the constraints on cg3 and cgf can
be further improved by 5% and 10%, respectively, if the neutral
network is specifically trained on the interference predicted by the
associated operators.

Finally, we discuss the analysis of h — ete“ete™ and h —
wtu~ T, In these decay channels, there are two possible com-
binations of £7¢~ pairs. We adopt the strategy taken in the ATLAS
4¢ analysis, whereby all possible same-flavour lepton-antilepton
pairs are considered and the pair with invariant mass closest to
the mass of the Z boson is defined as the ‘first’ pair (with mass
myi3). The second pair is then constructed from the remaining lep-
ton and antilepton. Fig. 5 shows the differential cross section as a
function of the CP-odd observable produced by a binary NN, where
the NN has been trained to distinguish between the positive- and
negative-interference effects produced by the Oy operator in
the h — eTe~ ™ decay channel. The model retains the capabil-
ity to distinguish between the different interference contributions
for the h — ete~ete™ and h — ut ™ ut ™ decay channels, but
there are two key differences with respect to the h — ete "yt~
decay channel. The first is a sign-flip in the differential cross sec-
tion contribution at Oyy = =£1; this arises due to the increase
in kinematic combinations allowed for the h — ete~ete™ and
h— putu~utpu~ amplitudes leading to an inversion of the cor-
relation of Fig. 3. The second feature is that the contribution at
Onn ~ %1 is smaller and broader, implying a poorer separation of
the interference contributions. The change in sign means that the
observable will need to be measured independently for each de-
cay channel to avoid an unwanted cancellation in the asymmetry.
The constraints obtained on Wilson coefficients when including the
information from all three decay channels and using the CP-odd
observable constructed for a binary network are found to improve
by 10-20% when compared to the constraints obtained from the
h— ete~ut = decay channel alone.
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Fig. 5. Differential cross section as a function of the CP-odd observable produced
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Fig. 6. Differential cross section for SM and O ; operator are shown as a function
of the CP-odd observable A¢j; in VBF production of the Higgs.

4.2. h+ 2 jets

We now turn to VBF as another avenue to constrain the CP
structure of Higgs boson interactions. The phenomenology of vec-
tor boson fusion is very different to h — 4¢ because VBF is a multi-
scale process, whereas the Higgs mass sets the scale for h — 4¢.

In Fig. 6, we show the signed-Agj; distribution of Eq. (6) for
the interference contribution induced by the Oy operator with
Cow/A% =1 TeV~2. This is the most important operator that af-
fects the Higgs boson production via vector boson fusion, with
the remaining electroweak operators of Eq. (2) playing a subdom-
inant role (see, e.g., Refs. [25,66,67]). The lack of sensitivity to the
interference contributions induced by the O43 and Ogyp oper-
ators arises due to the hypercharge coupling structure of the Z
boson interactions and the off-shellness of the t-channel momen-
tum transfers, which leave a small Zy-interference contribution
related to a small set of partonic subprocesses.

The signed-A¢j; is found to dominate all other correlations
when we perform a binary classification. Concretely, the network
learns to distinguish between positive and negative interference
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Fig. 7. Differential cross section as a function of the CP-odd observable produced by
a binary NN and multi-class, where the NN has been trained to distinguish between
the positive- and negative-interference effects produced by the O operator in
the VBF channel. The slight asymmetry in the binary SM distribution comes from
the network bias as the network is trained only on EFT.

contributions simply by projecting out the total asymmetry. This
is shown in Fig. 7, where the interference contribution and the SM
contribution both populate the same bins at high |O yy|. Any other
kinematic dependence that is characteristic of a given operator is
irrelevant when we only try to discriminate between positive and
negative interference contributions.*

To better exploit the underlying kinematics, we can turn to the
multi-class networks, which learns the kinematic information of
the SM beyond the symmetry of Ag¢j;. This is shown in Fig. 7,
where the additional information is used to discriminate between
the SM contribution and the interference contributions. The SM
contribution is located closer to Ony ~ O than the interference
contributions, implying that the multi-class network has exploited
some differences in kinematics between the SM prediction and the
interference prediction.

To quantify the sensitivity of each observable constructed for
VBF h + 2 jets, the constraints on Wilson coefficients are estimated
using the same likelihood setup as described in Sec. 4.1. The ex-
pected number of events are obtained from the event generator
samples after applying a normalisation factor that is defined such
that the SM prediction for VBF Higgs production reproduces the
number of events observed experimentally in the VBF_1 fiducial
region of Ref. [58] (corresponding to an integrated luminosity of
139 fb~!). The SM-only event yields are then further increased to
account for background contributions from non-Higgs processes.

The constraints on the Wilson coefficients are given in Table 2.
For all operators considered in this work, the multi-class neural
network improves the constraints when compared to the use of
Agj; alone. It is also clear that the kinematic information accessed
via the multi-class approach is crucial for constraints on Oy : the
binary classification does not access bin-to-bin sensitivity, which
leads to a slightly decreased sensitivity compared to Agj;. Only
the Og4y operator can be constrained significantly with the LHC
Run-II dataset (139 fb~1), as the constraints on Oggp and Ogj
remain too loose to by directly physically relevant. This is in line
with previous findings [25,66,67]. However, the gain in sensitivity
to these operators that can be achieved by using neural networks
will be important with larger datasets in the future, e.g. in LHC

4 We do observe the pr enhancement that is discussed in Sec. 3, yet the bulk of
the discrimination happens at low pr where the biggest share of the cross section
is localised.
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Table 2

Expected 95% confidence interval for the three Wilson coefficients given an inte-
grated luminosity of 139 fb~'. Results are presented for a one-dimensional fit to
the Agj; distribution, and fits to the Oy variable constructed from the neural-net
outputs of the binary and multi-class models. The O yy variable is constructed from
neural networks trained on the interference predicted by each operator separately.

CP-odd observable Cop/A? Cop/A? Copy /A2
[Tev—2] [Tev—2] [Tev—2]

Agjj [=21,+21] [—149, +149] [—0.60, +0.60]

Onn (binary) [—11, +11] [—43, +43] [—0.66, +0.66]

Onn (multi-class) [—10,+10] [—36, +36] [—0.42, 4+0.42]

Run-III, at the High-Luminosity (HL) LHC, or at a Future Circular
Collider.

5. Summary and conclusions

In this article, we have outlined a method to directly con-
struct CP-odd observables using the output of neural networks.
The method exploits the fact that CP asymmetries arise from the
interference between the SM and BSM scattering amplitudes. The
neural-network is then able to optimise the separation of positive-
and negative-interference contributions, using the full kinematic
information that is available for a given production or decay pro-
cess.

We demonstrated the performance of this method by construct-
ing CP-odd observables for the h — 4¢ decay channel and the VBF
Higgs production mechanism. Although CP-odd observables can be
exploited in either channel to constrain CP-violating interactions in
the Higgs sector, we have shown that the use of neural networks
can lead to large improvements in sensitivity to CP-violating ef-
fects in the Higgs sector. Specifically, we demonstrated this using
dimension-six effective field theory predictions for the interference
contributions. Improving the sensitivity to CP-violating effects in
h — 4¢ and VBF Higgs production is particularly important for the
self-consistency of the dimension-six approach [68,69].

In the h — 4¢ decay channel, we have shown that both binary
networks and multi-class networks improve the sensitivity to CP-
violating effects in the Higgs boson interactions with weak bosons,
when compared to the use of traditional angular variables alone.
Using the kinematic features identified by the network, we showed
that the improved sensitivity derives from a sign-flip in the in-
terference contributions when the highest-mass lepton-antilepton
pair corresponds to an on-shell Z boson or an off-shell Z*/y*
bosons. The sign-flip in the interference term arises due to dif-
ferent contributions of h — Zy and h — ZZ amplitudes in each
region. Operators that modify the electroweak Higgs boson gauge
interactions can therefore be constrained with much higher sensi-
tivity than focusing solely on the CP-odd angular observable (®4¢),
either by using the observable constructed from the neural net-
work output or by performing a double-differential analysis of
the event yield as a function of ®4, and mi;. Specifically, we
found that a sizeable O(10) improvements can be achieved using
our method when compared to the use of the angular observable
alone. It will be important to eventually compare the sensitivity
of the CP-odd observables presented in this paper to those con-
structed directly from matrix-element methods [49].

In VBF Higgs production, the sensitivity to CP-violating effects
is predominantly limited to Og;. We found that the angular ob-
servable A¢j; drives this sensitivity. However, the multi-class net-
work outperforms the angular observable, as it accesses the full
kinematic information of each class and tensions the interference
contribution against the SM contribution. We note that the appli-
cation of multi-class machine learning improves the sensitivity to
the phenomenologically less significant EFT operators by at least
a factor of two, which is equivalent to quadrupling the integrated
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luminosity of the dataset. Our neural-net-based method will there-
fore allow these operators to be scrutinised in detail at the HL-LHC.
We note that the construction of CP-odd observables using neu-
ral networks can be generalised to many other processes that
probe CP-violation at the LHC, including other Higgs boson produc-
tion and decay channels, as well as searches for CP-violating effects
in the weak-boson self-interactions. Although we have focused on
a SMEFT analysis, the techniques presented in this work directly
generalise to light propagating BSM degrees of freedom that could
induce CP violation (this could be captured via retaining the full
mass dependence of the Wilson coefficients on the BSM parti-
cles). In a similar spirit, absorptive parts of SM amplitudes [70]
could be analysed via the introduced classification, thus providing
a novel angle on validating QCD predictions. While more tradi-
tional approaches, (i.e. measuring angular observables in h — 4¢
and pp — h+ 2 jets) remain important tools for the clarification of
the CP-structure of the Higgs sector, their generalisation to more
comprehensive BSM classifiers also taking into account additional
correlations will enhance the sensitivity of analyses during LHC
Run-III, the HL-LHC, and at a potential Future Circular Collider.

Declaration of competing interest

The authors declare the following financial interests/personal
relationships which may be considered as potential competing in-
terests: Christoph Englert reports financial support was provided
by Science and Technology Facilities Council. Akanksha Bhardwaj
reports financial support was provided by Science and Technol-
ogy Facilities Council. Andrew Pilkington reports financial sup-
port was provided by Science and Technology Facilities Council.
Christoph Englert reports financial support was provided by Lev-
erhulme Trust. Andrew Pilkington reports financial support was
provided by Leverhulme Trust. Andrew Pilkington reports financial
support was provided by Royal Society. Robert Hankache reports
financial support was provided by Leverhulme Trust. Christoph En-
glert reports financial support was provided by Durham University.

Acknowledgements

We thank Florian Bernlochner and Andrei Gritsan for use-
ful conversations and insightful comments on early versions of
this work. A.B. and CE. are supported by the STFC under grant
ST/T000945/1. C.E. is supported by the Leverhulme Trust under
grant RPG-2021-031 and the IPPP Associateship Scheme. A.D.P is
supported by the Royal Society and STFC under grants UF160396
and ST/000925/1. R.H. and A.D.P are supported by the Leverhulme
Trust under grant RPG-2020-004. The data supporting the findings
reported in this paper are openly available from the figshare repos-
itory [71].

References

[1] A.D. Sakharov, Pis'ma Zh. Eksp. Teor. Fiz. 5 (1967) 32.
[2] N. Cabibbo, Phys. Rev. Lett. 10 (1963) 531.
[3] M. Kobayashi, T. Maskawa, Prog. Theor. Phys. 49 (1973) 652.
[4] S. Das Bakshi, J. Chakrabortty, C. Englert, M. Spannowsky, P. Stylianou, arXiv:
2103.15861, 2021.
[5] W. Buchmuller, D. Wyler, Nucl. Phys. B 268 (1986) 621.
[6] CJ.C. Burges, H.J. Schnitzer, Nucl. Phys. B 228 (1983) 464.
[7] CN. Leung, S.T. Love, S. Rao, Z. Phys. C 31 (1986) 433.
[8] K. Hagiwara, R.D. Peccei, D. Zeppenfeld, K. Hikasa, Nucl. Phys. B 282 (1987)
253.
[9] B. Grzadkowski, M. Iskrzynski, M. Misiak, ]J. Rosiek, J. High Energy Phys. 10
(2010) 085, arXiv:1008.4884.
[10] E.E. Jenkins, A.V. Manohar, M. Trott, . High Energy Phys. 01 (2014) 035, arXiv:
1310.4838.
[11] R. Alonso, E.E. Jenkins, A.V. Manohar, M. Trott, J. High Energy Phys. 04 (2014)
159, arXiv:1312.2014.

Physics Letters B 832 (2022) 137246

[12] E.E. Jenkins, A.V. Manohar, M. Trott, J. High Energy Phys. 10 (2013) 087, arXiv:
1308.2627.

[13] J. Elias-Miro, J.R. Espinosa, A. Pomarol, Phys. Lett. B 747 (2015) 272, arXiv:1412.
7151.

[14] L Brivio, Y. Jiang, M. Trott, J. High Energy Phys. 12 (2017) 070, arXiv:1709.
06492.

[15] J. de Blas, J.C. Criado, M. Perez-Victoria, J. Santiago, ]J. High Energy Phys. 03
(2018) 109, arXiv:1711.10391.

[16] A. Helset, M. Paraskevas, M. Trott, Phys. Rev. Lett. 120 (2018) 251801, arXiv:
1803.08001.

[17] C. Degrande, J. Touchéque, arXiv:2110.02993, 2021.

[18] C.P. Buszello, 1. Fleck, P. Marquard, J.J. van der Bij, Eur. Phys. J. C 32 (2004) 209,
arXiv:hep-ph/0212396.

[19] S.Y. Choi, DJ. Miller, M.M. Muhlleitner, PM. Zerwas, Phys. Lett. B 553 (2003)
61, arXiv:hep-ph/0210077.

[20] C.P. Buszello, P. Marquard, J.J. van der Bij, arXiv:hep-ph/0406181, 2004.

[21] R.M. Godbole, D.J. Miller, M.M. Mubhlleitner, ]J. High Energy Phys. 12 (2007) 031,
arXiv:0708.0458.

[22] Y. Gao, A.V. Gritsan, Z. Guo, K. Melnikov, M. Schulze, N.V. Tran, Phys. Rev. D 81
(2010) 075022, arXiv:1001.3396.

[23] A. De Rujula, J. Lykken, M. Pierini, C. Rogan, M. Spiropulu, Phys. Rev. D 82
(2010) 013003, arXiv:1001.5300.

[24] C. Englert, C. Hackstein, M. Spannowsky, Phys. Rev. D 82 (2010) 114024, arXiv:
1010.0676.

[25] FU. Bernlochner, C. Englert, C. Hays, K. Lohwasser, H. Mildner, A. Pilkington,
D.D. Price, M. Spannowsky, Phys. Lett. B 790 (2019) 372, arXiv:1808.06577.

[26] T. Plehn, D.L. Rainwater, D. Zeppenfeld, Phys. Rev. Lett. 88 (2002) 051801, arXiv:
hep-ph/0105325.

[27] V. Hankele, G. Klamke, D. Zeppenfeld, T. Figy, Phys. Rev. D 74 (2006) 095001,
arXiv:hep-ph/0609075.

[28] G. Klamke, D. Zeppenfeld, ]. High Energy Phys. 04 (2007) 052, arXiv:hep-ph/
0703202.

[29] F. Campanario, M. Kubocz, D. Zeppenfeld, Phys. Rev. D 84 (2011) 095025, arXiv:
1011.3819.

[30] C. Englert, M. Spannowsky, M. Takeuchi, ]J. High Energy Phys. 06 (2012) 108,
arXiv:1203.5788.

[31] L. Anderson, et al., Phys. Rev. D 89 (2014) 035007, arXiv:1309.4819.

[32] F. Campanario, M. Kubocz, Phys. Rev. D 88 (2013) 054021, arXiv:1306.1830.

[33] F. Campanario, M. Kubocz, J. High Energy Phys. 10 (2014) 173, arXiv:1402.1154.

[34] Y. Chen, A. Falkowski, I. Low, R. Vega-Morales, Phys. Rev. D 90 (2014) 113006,
arXiv:1405.6723.

[35] M.R. Buckley, D. Goncalves, Phys. Rev. Lett. 116 (2016) 091801, arXiv:1507.
07926.

[36] J. Brehmer, F. Kling, T. Plehn, T.M.P. Tait, Phys. Rev. D 97 (2018) 095017, arXiv:
1712.02350.

[37] D. Gongalves, K. Kong, J.H. Kim, ]J. High Energy Phys. 06 (2018) 079, arXiv:
1804.05874.

[38] J. Davis, A.V. Gritsan, L.S.M. Guerra, S. Kyriacou, J. Roskes, M. Schulze, arXiv:
2109.13363, 2021.

[39] S. Banerjee, RS. Gupta, O. Ochoa-Valeriano, M. Spannowsky, E. Venturini,
J. High Energy Phys. 06 (2021) 031, arXiv:2012.11631.

[40] S. Das Bakshi, J. Chakrabortty, C. Englert, M. Spannowsky, P. Stylianou, Phys.
Rev. D 103 (2021) 055008, arXiv:2009.13394.

[41] M. Aaboud, et al., ATLAS, Phys. Rev. D 98 (2018) 052005, arXiv:1802.04146.

[42] G. Aad, et al., ATLAS, Eur. Phys. J. C 80 (2020) 942, arXiv:2004.03969.

[43] G. Aad, et al., ATLAS, arXiv:2109.13808, 2021.

[44] A. Tumasyan, et al., CMS, arXiv:2110.04836, 2021.

[45] G. Aad, et al., ATLAS, Eur. Phys. ]. C 76 (2016) 658, arXiv:1602.04516.

[46] A.M. Sirunyan, et al., CMS, Phys. Rev. D 100 (2019) 112002, arXiv:1903.06973.

[47] G. Aad, et al., ATLAS, Phys. Lett. B 805 (2020) 135426, arXiv:2002.05315.

[48] A.M. Sirunyan, et al., CMS, Phys. Rev. D 104 (2021) 052004, arXiv:2104.12152.

[49] A.V. Gritsan, J. Roskes, U. Sarica, M. Schulze, M. Xiao, Y. Zhou, Phys. Rev. D 102
(2020) 056022, arXiv:2002.09888.

[50] J. Ren, L. Wu, .M. Yang, Phys. Lett. B 802 (2020) 135198, arXiv:1901.05627.

[51] B. Bortolato, J.F. Kamenik, N. Ko3nik, A. Smolkovi¢, Nucl. Phys. B 964 (2021)
115328, arXiv:2006.13110.

[52] RK. Barman, D. Gongalves, F. Kling, arXiv:2110.07635, 2021.

[53] J. Alwall, R. Frederix, S. Frixione, V. Hirschi, F. Maltoni, O. Mattelaer, H.S. Shao,
T. Stelzer, P. Torrielli, M. Zaro, ]. High Energy Phys. 07 (2014) 079, arXiv:1405.
0301.

[54] T. Sjostrand, S. Mrenna, P.Z. Skands, Comput. Phys. Commun. 178 (2008) 852,
arXiv:0710.3820.

[55] R.D. Ball, et al., Nucl. Phys. B 867 (2013) 244, arXiv:1207.1303.

[56] G. Aad, et al., ATLAS, ATL-PHYS-PUB-2014-021 (2014).

[57] G. Aad, et al., ATLAS, ]. High Energy Phys. 07 (2021) 005, arXiv:2103.01918.

[58] G. Aad, et al., ATLAS, ATLAS-CONF-2021-044 (2021).

[59] S. Bolognesi, Y. Gao, A.V. Gritsan, K. Melnikov, M. Schulze, N.V. Tran, A. Whit-
beck, Phys. Rev. D 86 (2012) 095031, arXiv:1208.4018.

[60] A.V. Gritsan, R. Rontsch, M. Schulze, M. Xiao, Phys. Rev. D 94 (2016) 055023,
arXiv:1606.03107.


http://refhub.elsevier.com/S0370-2693(22)00380-X/bibAA7B1EA09FE773D00096B9A4D4091ED3s1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bib6181219AAEF8EC633BBA98B46B3DA8FDs1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bib08F6D6D0AC02D3CA50751DA0A676447As1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bibDEF7AC064FF202BADDCD73D4AD4A84EBs1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bibDEF7AC064FF202BADDCD73D4AD4A84EBs1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bib7C43BC4805EAD8D4936E1C568530015Bs1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bib679F455D31C668056CDADB241E3E71EBs1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bibAFA5AB9770C62FD90BABDBFF39F7AED4s1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bib141FCD64CB37BB531762A83DC1D328DAs1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bib141FCD64CB37BB531762A83DC1D328DAs1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bib6CEC88007643BFC2CA528649F4DBC318s1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bib6CEC88007643BFC2CA528649F4DBC318s1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bibE21F15052F994B745A945AD6FA12D456s1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bibE21F15052F994B745A945AD6FA12D456s1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bib9E8776FF331A516C0D35E05871FBE48Cs1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bib9E8776FF331A516C0D35E05871FBE48Cs1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bib825B875CD2D8C9BF16C05A82601876EEs1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bib825B875CD2D8C9BF16C05A82601876EEs1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bibC1ECFAF70D14EB264B7C8F083F1F0689s1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bibC1ECFAF70D14EB264B7C8F083F1F0689s1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bibCFD0B118103A24B456108BB3D72F582Fs1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bibCFD0B118103A24B456108BB3D72F582Fs1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bib387F00DDC3730641D502CDD5C9E0C323s1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bib387F00DDC3730641D502CDD5C9E0C323s1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bibD2112465ACD39725924B6906B88DA9EEs1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bibD2112465ACD39725924B6906B88DA9EEs1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bibEF3ACFA2D20AB6A90C8296B81D65812Fs1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bibC80051DC636EC174E606A493B1A479D1s1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bibC80051DC636EC174E606A493B1A479D1s1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bib6272861102538925D45BC1EBF9104DFEs1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bib6272861102538925D45BC1EBF9104DFEs1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bib8ED5DF2B9495F3DA28CFE92E6AFE25AAs1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bibC772895EBF0FAD56E2A36EB00778199Cs1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bibC772895EBF0FAD56E2A36EB00778199Cs1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bib1D6F11A154CE6AD79517092466107E72s1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bib1D6F11A154CE6AD79517092466107E72s1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bibE76D3D7FD41A7DA3DBC22AEA51221BB0s1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bibE76D3D7FD41A7DA3DBC22AEA51221BB0s1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bib69D933EC1517329BB34BE722D57EEC0As1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bib69D933EC1517329BB34BE722D57EEC0As1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bibEDF7103158E3C8BBAB9FC1E6EADA29C5s1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bibEDF7103158E3C8BBAB9FC1E6EADA29C5s1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bibC593727DCD2244BBDE7F7FE2672306E8s1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bibC593727DCD2244BBDE7F7FE2672306E8s1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bibC3D99DE7853FFC6BED4A3E2D9B258F66s1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bibC3D99DE7853FFC6BED4A3E2D9B258F66s1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bib76844AEB5AC290B50C32101B52E1BC7As1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bib76844AEB5AC290B50C32101B52E1BC7As1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bib08FF77EA9C29E27E3BF1C0CAE6B858A3s1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bib08FF77EA9C29E27E3BF1C0CAE6B858A3s1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bibDDF66FF50A30C9A8840EA438681CBC97s1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bibDDF66FF50A30C9A8840EA438681CBC97s1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bibEEE7A116DAB1957E36191967B9FC681Es1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bibCE674A4C0F94E56D8C2A0569987C9D6Fs1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bib39D62F257A17C573C65CC9886DC5A94Fs1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bib2D9A35C696024B2F346876EBE4653EC5s1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bib2D9A35C696024B2F346876EBE4653EC5s1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bib3A9505FAD4B265C99615CD1574B997F7s1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bib3A9505FAD4B265C99615CD1574B997F7s1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bibFDB326C80A41D5186776E1E76B14339Bs1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bibFDB326C80A41D5186776E1E76B14339Bs1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bib51AA35C381CFD6BA37C53E744DEBCF15s1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bib51AA35C381CFD6BA37C53E744DEBCF15s1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bibC4E589224CD5052E4CA94AC8C1F0C651s1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bibC4E589224CD5052E4CA94AC8C1F0C651s1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bibDCC093D42BEA12EEA4E8525C2455D4A1s1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bibDCC093D42BEA12EEA4E8525C2455D4A1s1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bibE8E5912999C49AEBFE8E11C1459AF61Fs1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bibE8E5912999C49AEBFE8E11C1459AF61Fs1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bibCD9BC810324A19C37A5B4E813F974353s1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bibB354F2E58FE6688431D5B10A18E83DFDs1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bib60DB05D85D2F6F4C30F6C7198C82D242s1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bib9BAB78CE1B622593D76455C1FA4C9E5Bs1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bib268006D225D43EB9E4157EB9EE0026FBs1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bib01A6216EE325265778C7DB18012C18B3s1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bib5C1416D60E4F6B729337558FCBE60B9Bs1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bib04E919C1BEA87F4E1A3F824F3A888F62s1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bib875E55C6F4BF15B1038C3FF1813AD4AAs1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bib875E55C6F4BF15B1038C3FF1813AD4AAs1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bibE9D7CD6BD62BBA1B8A63ED141C4891B6s1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bibD9833384AC6E47648DE8AEE16348F72Fs1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bibD9833384AC6E47648DE8AEE16348F72Fs1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bib6FF2A92ADE4B63D401DAA5C528645692s1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bibACBE524FB680EA622B417257F6A37597s1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bibACBE524FB680EA622B417257F6A37597s1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bibACBE524FB680EA622B417257F6A37597s1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bibA97DEB83BD26DAB86FEBB489925763F1s1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bibA97DEB83BD26DAB86FEBB489925763F1s1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bib36B2198D82600BDC41878F0F36D526E0s1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bibFE20B8F79DB0530DA00BA91221ABD79As1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bibFF4A49AAC1B9AEBFF9BE0FC19E8FDC46s1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bibFF4A49AAC1B9AEBFF9BE0FC19E8FDC46s1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bib95E980D1D64BB8336F1277691E0ADFF1s1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bib95E980D1D64BB8336F1277691E0ADFF1s1

A. Bhardwaj, C. Englert, R. Hankache et al.

[61] M. Abadi, et al., arXiv:1603.04467, 2016.

[62] F. Chollet, keras, https://github.com/fchollet/keras, 2015.

[63] T. O'Malley, E. Bursztein, ]. Long, F. Chollet, H. Jin, L. Invernizzi, et al., Kerastuner,
https://github.com/keras-team/keras-tuner, 2019.

[64] GJ. Feldman, R.D. Cousins, Phys. Rev. D 57 (1998) 3873, arXiv:physics/9711021.

[65] S.S. Wilks, Ann. Math. Stat. 9 (1938) 60.

[66] ]J. Ethier, R. Gomez-Ambrosio, G. Magni, ]. Rojo, Eur. Phys. ]J. C 81 (2021) 560,
arXiv:2101.03180.

[67] A. Dedes, P. Kozéw, M. Szleper, Phys. Rev. D 104 (2021) 013003, arXiv:2011.
07367.

Physics Letters B 832 (2022) 137246

[68] J. Lang, S. Liebler, H. Schéfer-Siebert, D. Zeppenfeld, Eur. Phys. J. C 81 (2021)
659, arXiv:2103.16517.

[69] J.Y. Araz, S. Banerjee, R.S. Gupta, M. Spannowsky, ]. High Energy Phys. 04 (2021)
125, arXiv:2011.03555.

[70] R. Frederix, K. Hagiwara, T. Yamada, H. Yokoya, Phys. Rev. Lett. 113 (2014)
152001, arXiv:1407.1016.

[71] https://doi.org/10.48420/19746952.


http://refhub.elsevier.com/S0370-2693(22)00380-X/bib62CA5960A32FE60750022640E538C4FBs1
https://github.com/fchollet/keras
https://github.com/keras-team/keras-tuner
http://refhub.elsevier.com/S0370-2693(22)00380-X/bib15AE659D5BD60A532B8F9947BE3E4705s1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bib286E84D28821407E090889998CA9D978s1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bibBFEB3BE9DD26BA95BE286E04A95E1C1Bs1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bibBFEB3BE9DD26BA95BE286E04A95E1C1Bs1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bib02DC117E5F1F408C87C7FC030FE899DAs1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bib02DC117E5F1F408C87C7FC030FE899DAs1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bibF8CA5E4E9A80F69872EF86EED30AAF30s1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bibF8CA5E4E9A80F69872EF86EED30AAF30s1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bib40DF27A0B126C7DEA41874BBAD8DF787s1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bib40DF27A0B126C7DEA41874BBAD8DF787s1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bib087520CF201D6FFDE9157E8413E601A4s1
http://refhub.elsevier.com/S0370-2693(22)00380-X/bib087520CF201D6FFDE9157E8413E601A4s1
https://doi.org/10.48420/19746952

	Machine-enhanced CP-asymmetries in the Higgs sector
	1 Introduction
	2 Theoretical predictions
	3 CP-sensitive observables
	3.1 Angular observables
	3.2 ML-constructed CP-odd observables

	4 Results
	4.1 h→4l
	4.2 h+2jets

	5 Summary and conclusions
	Declaration of competing interest
	Acknowledgements
	References


