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1 Introduction

The origin of the observed baryon asymmetry in the universe is one of the fundamental
open questions in our current understanding of particle physics. In 1967 Sakharov proposed
three necessary conditions [1] to explain the generation of the baryon asymmetry. One of
these conditions includes the violation in fundamental interactions of the invariance under
combined charge (C) and parity (P) conjugation. In the Standard Model (SM) of particle
physics, CP-violating contributions arise from a complex phase in the quark mixing matrix.
However, the magnitude of these effects is not enough to explain the observed value of the
baryon asymmetry in the universe [2-6].

The discovery of the Higgs boson at the Large Hadron Collider (LHC) [7] by the ATLAS
and CMS collaborations [8, 9] has opened a new sector in which possible CP-violating
interactions can be investigated. In the SM, the Higgs boson is CP-even (scalar) in the
interaction with other SM particles, both in production and decay. Any deviation from the
SM predictions would be a sign of physics beyond the SM (BSM). In particular, a promising
avenue for testing CP invariance is in the interaction between the Higgs boson (H) and
electroweak gauge bosons, namely the HVV vertex (where V = W*, Z vector bosons) [10].
The current results from the ATLAS and CMS Collaborations strongly support the scalar
nature of the Higgs boson, consistent with SM expectation [11-14]. In order to search for a
clear sign of physics beyond the SM, the results are interpreted in the effective field theory



(EFT) framework, and limits are set on the Wilson coefficients describing the strength of

the CP-violating interactions terms with the Higgs boson. The BSM contributions to the
(d)
of

SM tensor structure are parameterised with additional higher dimensional operators O,

dimension d and combine the SM Lagrangian Lgy to form an EFT Lagrangian:
(d)
%ol
A(d—4) ?

Lert = Lsm + Z

with dimension d > 4, A the scale of the new physics, and cl(-d) the Wilson coeflicients
describing the strength of the new interactions. In this paper only operators of dimension six
are considered. Operators with odd dimension imply lepton and baryon number violation,
and are therefore ignored. Higher dimension operators such as dimension-8 are also not
considered, since they are suppressed by an additional factor A?. From this formulation of
the effective Lagrangian it is possible to obtain a complete set of independent operators.
There is no unique way to form such a set of operators, and one of the most used is the HISZ
basis [15, 16]. In this formulation, after electroweak symmetry breaking, the Lagrangian,
corresponding to the CP-violating terms in the HV'V vertex, can be written in the mass

basis as described in refs. [16, 17] as:
Lerr = Lsm + GHV’YHAMVA”V + EH,YZH/LWZ“V + EszfIZM,,Z”V + 5waﬂW;:,Wf‘w

where H is the Higgs boson, V# (with V = W*, Z, A) denotes the field strength tensor for
the gauge fields W, Z,~, and V# = i P9V, is the corresponding dual field strength tensor.
Only two of these four couplings are independent due to constraints imposed by U(1)y and
SU(2) 1y, invariance, and can be described by two dimensionless parameters d and dp,

CHyy = ﬁ(dSiDQ Ow + dp cos® Oyy) CHvyz = QW?LW sin 20y (d — dp)
CHzz = %(ajcosz Ow + dp sin® Ow) Caww = mij,
w w

where Oy is the Weinberg angle, and g is the SU(2) coupling constant. Assuming the arbitrary
condition d = dg,* the CP-violating effect can then be parameterised by a single parameter
d. Another widely used EFT parameterisation is the Warsaw basis [19], adopted by both
ATLAS [12, 20] and CMS [21] in the SMEFT [22] formalism. In this basis, three CP-odd
terms contribute to the HV'V vertex. These CP-odd operators with their corresponding
Wilson coefficients are:

Cyii ~ Crrp ~ Crrvi ~
A HIHW, W, Vi H'HB,,B", e H'Ho'W,.,B",
where the Higgs doublet and its complex conjugate are defined by H and HT, Wl{y
and By, are the field strength tensor for the W! (I = 1,2,3) and B gauge fields, and
W/fy = et pUW;{o—(BW = e"P? B,,) are their dual, and o! are the Pauli matrices. The two

representations are not independent, and it is possible to transform one into the other. If it is

'The assumption d = dp is a common one in literature, and allows comparison and combination with other
analyses such as refs. [11, 12, 18].



assumed that ¢y = ¢y and ¢y = 0, it is possible to show that d= X—ZCHW = X—chB,
where v is the Higgs vacuum expectation value. The changes in the cross-section due to
BSM effects can be parameterised with an interference term that depends linearly on the
Wilson coefficient, and is responsible for the CP-odd effects, and a quadratic term that is
purely from BSM physics, but CP-even. In this analysis, the interpretations use both the
linear and quadratic terms, but the case where only the linear term is included in the BSM
parameterisation is also considered. The Wilson coefficients in both parameterisations have
been constrained by different analyses from LEP experiments [23-25], and ATLAS and CMS,
in both Run 1 and Run 2, and in different channels. These include measurements of CP-odd
observables in H — ~y7 in the vector-boson fusion (VBF) production channel [12]. Another
ATLAS analysis based on CP-odd observables investigated the channel H — ZZ* — 4¢ [11],
where the HV'V coupling enters in both the production and decay for VBF production,
and only in the decay for gluon-gluon fusion (ggF) production. The same final state was
investigated by CMS, although using a different basis for the BSM interpretation [26]. A
similar analysis was also performed in the channel H — WW* — (vfv [13]. The H — 777~
channel? has also been used by ATLAS to constrain the Wilson coefficients in the HISZ basis
in both Run 1 [27] and in a 36 fb~! partial Run 2 dataset [18]. A similar analysis in the
H — 77 final state was performed by CMS [14] in Run 2, following the same BSM formalism
as ref. [26], described in ref. [28].3 A differential measurement of the H — 77 channel
was done by ATLAS using the full Run 2 dataset [29], where the CP-sensitive azimuthal
angle between the two VBF jets, Aqﬁj-ijgn (defined in section 2), was unfolded and provided
constraints on different EF'T parameters. To date, no hints of CP violations have been
observed and the best constraints on d have been set in ref. [11], with limits [—0.017,0.014] at
68% confidence level (CL) including both linear and quadratic terms in the parameterisation
of the BSM effects. For ¢y, ¢y3, and ¢y, limits at the 68% CL are set at [—0.07,1.09],
[—0.42,0.31], and [—0.56,0.53], respectively, assuming a scale of new physics of A =1 TeV
and considering only the linear term in the BSM effects. For both bases, the limits obtained
considering the linear only and both linear and quadratic terms in the parameterisation of
the BSM effects are found to be in agreement.

In this analysis, a search for CP violation in the VBF production vertex of the Higgs boson
is performed, using the H — 77 decay mode. With a comparatively high branching ratio of
6% [30], this channel provides a phase space with a high signal-to-background ratio and a high
efficiency for Higgs boson candidate reconstruction. The analysis is performed using a dataset
of 140 fb~! of proton-proton (pp) collisions recorded by the ATLAS experiment during the
Run 2 of the LHC between 2015 and 2018. The analysis is based on the Optimal Observable
method [31-33]. This observable combines the full information of the multidimensional
production phase space, independent of the decay mode, providing a full description of the
production process. Other CP-odd observables are also used in the analysis for comparison.

2For simplicity a pair of 777~ are referred to as 77 in the rest of the paper.

3In the CMS analysis in ref. [28] the CP-violating strength parameter is a} ¥, but the effective cross section
fa3

(o) (1= fa3)

ratio fas [26] is instead measured. The d parameter is related to the cross section ratio by: d* =

where o; are the cross sections when only the related terms are present in the Lagrangian.



The analysis presented in this paper follows closely the publication in ref. [18], but with
several improvements: new background estimates were performed and novel machine learning
techniques were implemented to increase the signal-to-background ratio. The results are
interpreted in the context of the HISZ and Warsaw bases.

The paper is structured as follows: section 2 describes the CP-odd observables used in
the analysis. Section 3 describes the ATLAS detector and section 4 the Monte Carlo (MC)
simulations and data samples used in the analysis. Section 5 describes the event selection and
the implementation of the new machine learning techniques, while sections 6 and 7 describe
the background estimation and the main sources of systematic uncertainties. Section 8
describes the fit setup and in section 9 the results are shown.

2 CP-odd observables and methodology

Tests of CP-invariance can be performed in a model independent way by measuring the
mean value of a CP-odd observable (Ocp). If CP-invariance holds, the mean value vanishes:
(Ocp) = 0. An observation of a non-vanishing mean value is then a clear sign of CP-violation.
The production kinematics consisting of the reconstructed Higgs boson four-momentum and
the two jets from the VBF production (tagging jets) can, under the assumption of a fixed
Higgs mass and massless jets, be characterised by a seven-dimensional phase space. The
Optimal Observable method combines the information of these seven phase space variables
into a single observable, which is shown to have the highest sensitivity to small values of
the CP-violating strength parameter. It is defined by the ratio of the interference term in
the matrix element (ME) to the SM contribution:

MEMep-odd)

2R
00 =
| Msm|?

The mean value of the Optimal Observable can be experimentally measured, and if no
CP violation is present (OO) = 0, as the observable is a CP-odd (and T-odd*) variable. This
assumes that any effects from rescattering (i.e., new particles being on mass shell in the loop
corrections to the HV'V vertex) are negligible [10], since the initial-state of VBF production
of the Higgs boson is not a CP-symmetric process. Figure 1(a) shows the distribution of
the OO for SM VBF Higgs production and for two example distributions where d # 0, on
simulated samples after the selections described in section 5. This figure shows how the mean
of the OO is shifted to higher or lower values, depending on the sign of the d parameter.

The values of the leading-order matrix elements needed for the calculation of the Optimal
Observable are extracted from HAWK [34-36], using the HISZ basis with condition d = dp.
The evaluation requires the four vectors of the Higgs boson and the two tagging jets. The
Bjorken x values of the incoming partons in positive (z1) and negative (z2) z-direction can
be derived exploiting energy-momentum conservation from the Higgs boson and tagging

jet four-momenta as

M
reco __ '"*Hjj einjj ’

L1/2 = NG

*T' denotes the time reversal according to ref. [10],which inverts the directions of momenta and spins.
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Figure 1. Distributions for SM VBF Higgs boson prqduction and two VBF Higgs boson samples with
d # 0, for (a) the Optimal Observable, OO, (b) A¢> ", and (c) prypr_ sin(A¢5e"), shown for final

Jj Ji
states where one 7-lepton decays hadronically, and the other one, leptonically. The MC simulations

used are those described in section 4.

where mpy;j; (ynj;) is the mass (rapidity) of the vectorial sum of the tagging jets and the Higgs
boson four-momentum, the latter estimated by using the missing mass calculator (MMC) [37].
As the flavour of the incoming and outgoing partons cannot be determined experimentally,
the sum over all possible flavour configurations ij — kIH weighted by the parton distribution
functions is calculated separately for the matrix elements in numerator and denominator:

R(MEGMcp-oda) = Y, filw1)fj(x2)2R(MEMep-oda)(ij — kIH)
ikl

Msml* = D filxr) fi(w2) | M sml* (i — kIH) .

i7j7k7l

Another simple CP-odd observable suggested in ref. [38] is defined based on the “signed”

azimuthal angular difference between the two tagging VBF jets:
€upo b LU p7 = 2pr i pr-sin(¢y — ¢-) = 2pripr- Sin(A¢;;gn) )

where bi /- denotes the normalised four-momenta of the two incoming protons, p’jr /7(d>+ /-)
denote the four-momenta (azimuthal angles) of the two outgoing VBF tagging jets, and where
" /- In the literature, A¢P" is also a
commonly proposed CP-odd observable; however, the combined term pripr— Sin(A(b;i]gn)
, due to the additional information of the momentum

P4 /- points into the same detector hemisphere as b

is usually more sensitive than Agbj-ljgn

of the tagging jets. In this analysis pripr— sin(Aqﬁjijgn) is also considered for comparison
to the Optimal Observable. Figures 1(b) and 1(c) show the distributions of Ad);ijgn and

sign

PT+PT— sin(Ad)M ), respectively.

3 ATLAS detector

The ATLAS detector [39] at the LHC covers nearly the entire solid angle around the collision
point.® It consists of an inner tracking detector surrounded by a thin superconducting

SATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the
centre of the detector and the z-axis along the beam pipe. The x-axis points from the IP to the centre of



solenoid, electromagnetic and hadronic calorimeters, and a muon spectrometer incorporating
three large superconducting air-core toroidal magnets.

The inner-detector system (ID) is immersed in a 2T axial magnetic field and provides
charged-particle tracking in the range |n| < 2.5. The high-granularity silicon pixel detector
covers the vertex region and typically provides four measurements per track, the first hit
generally being in the insertable B-layer (IBL) installed before Run 2 [40, 41]. It is followed
by the SemiConductor Tracker (SCT), which usually provides eight measurements per track.
These silicon detectors are complemented by the transition radiation tracker (TRT), which
enables radially extended track reconstruction up to |p| = 2.0. The TRT also provides
electron identification information based on the fraction of hits (typically 30 in total) above a
higher energy-deposit threshold corresponding to transition radiation.

The calorimeter system covers the pseudorapidity range |n| < 4.9. Within the region
In| < 3.2, electromagnetic calorimetry is provided by barrel and endcap high-granularity
lead/liquid-argon (LAr) calorimeters, with an additional thin LAr presampler covering
In| < 1.8 to correct for energy loss in material upstream of the calorimeters. Hadronic
calorimetry is provided by the steel/scintillator-tile calorimeter, segmented into three barrel
structures within |n| < 1.7, and two copper/LAr hadronic endcap calorimeters. The solid
angle coverage is completed with forward copper/LAr and tungsten/LAr calorimeter modules
optimised for electromagnetic and hadronic energy measurements, respectively.

The muon spectrometer (MS) comprises separate trigger and high-precision tracking
chambers measuring the deflection of muons in a magnetic field generated by the
superconducting air-core toroidal magnets. The field integral of the toroids ranges between 2.0
and 6.0 T m across most of the detector. Three layers of precision chambers, each consisting
of layers of monitored drift tubes, cover the region |n| < 2.7, complemented by cathode-strip
chambers in the forward region, where the background is highest. The muon trigger system
covers the range |n| < 2.4 with resistive-plate chambers in the barrel, and thin-gap chambers
in the endcap regions.

The luminosity is measured mainly by the LUCID-2 [42] detector that records Cherenkov
light produced in the quartz windows of photomultipliers located close to the beampipe.

Events were selected by the first-level trigger system implemented in custom hardware,
followed by selections made by algorithms implemented in software in the high-level trigger [43].
The first-level trigger accepted events from the 40 MHz bunch crossings at a rate close to
100kHz, which the high-level trigger further reduced in order to record complete events
to disk at about 1.25kHz.

A software suite [44] is used in data simulation, in the reconstruction and analysis of
real and simulated data, in detector operations, and in the trigger and data acquisition
systems of the experiment.

the LHC ring, and the y-axis points upwards. Polar coordinates (r, ¢) are used in the transverse plane, ¢

being the azimuthal angle around the z-axis. The pseudorapidity is defined in terms of the polar angle 6 as

E+p.
E—-p-

n = —Intan(6/2) and is equal to the rapidity y = 3 In (
measured in units of AR = /(Ay)2 + (A¢)2.

) in the relativistic limit. Angular distance is



Process Generator PDF set Tune Order

ME PS ME PS (QCD / EWK)
Higgs
ggF PowHEG Box v2 PyTHIA 8.2 PDF4LHC15NNLO CTEQG6L1 AZNLO N3LO / NLO
VBF PowHEG Box v2 PyTHIA 8.2 PDF4LHC15NLO CTEQ6L1 AZNLO NNLO / NLO
VH POWHEG Box v2 PyTHIA 8.2 PDF4LHC15NLO CTEQ6L1 AZNLO (N)NLO / NLO
ttH PowHEG Box v2 PyTHIA 8.2 NNPDF3.0NLO NNPDF2.3L0 Al4 NNLO / NLO
tHq MG5_AMCQ@QNLO 2.6.0 PyTHIA 8.2 NNPDF3.0NLO NNPDF2.3L0 Al4 NLO / NLO
Non-Higgs
tt/ single top PowHEG Box v2 PyTHIA 8.2 NNPDF3.0NLO NNPDF2.3L0 Al14 NNLL / NNLO
V4jets SHERPA 2.2.1 SHERPA 2.2.1 NNPDF3.0NNLO NNPDF3.0NNLO SHERPA NNLO
EWK V+jets SHERPA 2.2.1 SHERPA 2.2.1 NNPDF3.0NNLO NNPDF3.0NNLO SHERPA LO
Diboson SHERPA 2.2.2/2.2.1 SHERPA 2.2.2/2.2.1 NNPDF3.0NNLO NNPDF3.0NNLO SHERPA NLO

Table 1. Summary of nominal samples used including the information about the matrix element
(ME) generators, the parton shower (PS), parton distribution function (PDF) sets used to compute
the ME and the PS; the set of tuned parameters (Tune), and the order of the cross-section calculation
used for normalisation of the samples (Order). Further details are given in the text.

4 Data and simulated event samples

This analysis uses the full dataset collected by the ATLAS detector during Run 2 (2015-2018)
of the LHC, consisting of events produced from pp collisions at a centre-of-mass energy of
V/s =13 TeV. Events are selected only if they are recorded under stable beam conditions where
all relevant detector subsystems are in good operating condition [45], and satisfy data-quality
requirements. The dataset corresponds to a total integrated luminosity of 140 fb=! [46].

Monte Carlo simulated event samples are used to model the H — 77 signal and most
of the backgrounds from SM processes, including Z(— 77) + jets, top-quark processes and
multi-boson production. A summary of the generators used for the simulation is shown in
table 1. Backgrounds arising from misidentified objects are estimated with a data-driven
method described in section 6. The same event generators as in ref. [18] are used, with the
exception of the generator used for the parton shower (PS) of the ¢t and single top simulations.
The normalisation of all Higgs boson samples accounts for the decay branching ratio calculated
with HDECAY [47-49] and PROPHECY4F [50-52]. For all samples, excluding those simulated
using SHERPA, the decays of bottom and charm hadrons were performed by EVTGEN [53].

Higgs boson production via gluon-gluon fusion was simulated at next-to-next-to-leading-
order (NNLO) accuracy in QCD using POWHEG Box v2 [54-57], with the PDF4ALHC15NNLO
parton distribution function (PDF) set [58]. The simulation achieves NNLO accuracy for
arbitrary inclusive gg — H observables by reweighting the Higgs boson rapidity spectrum in
HJ-MINLO [59-61] to that of HNNLO [62]. For PS, the CTEQG6L1 [63] PDF and the set
of tuned parameters (tune) AZNLO [64] of PYTHIA 8.2 [65] were used.

The gluon-gluon fusion prediction from the MC samples was normalised to the next-
to-next-to-next-to-leading-order (N3LO) cross-section in QCD plus electroweak corrections
at next-to-leading-order (NLO) [66-76].

Higgs boson production via vector-boson fusion was simulated with POWHEG BOX v2
and interfaced with PyTHIA 8.2 for PS and non-perturbative effects, with parameters set
according to the AZNLO tune. The POWHEG BOX prediction is accurate at NLO and uses the



PDF4LHC15NLO PDF set. It was normalised to an approximate-NNLO QCD cross-section
with NLO electroweak corrections [34, 35, 77].

Higgs boson production in association with a vector boson was simulated using
PowHEG Box v2 and interfaced with PyTHIA 8.2 for PS and non-perturbative effects. The
PowHEG BoxX prediction is accurate at NLO for V H boson plus one-jet production. The loop-
induced gg — Z H process was generated separately at leading order. The PDF4LHC15NLO
PDF set and the AZNLO tune of PYTHIA 8.2 were used. The MC prediction was normalised to
cross-sections calculated at NNLO in QCD with NLO electroweak corrections for qq/qg — VH
and at NLO and next-to-leading-logarithm accuracy in QCD for gg — ZH [36, 78-83].

The production of ttH events was modelled using the POWHEG BOX v2 generator at
NLO with the NNPDF3.0nNLO PDF set. The events were interfaced to PYTHIA 8.2 using
the Al4 tune [84] and the NNPDF2.3L0 [85] PDF set.

The production of tHq events was modelled using the
MADGRAPH5  AMC@NLO 2.6.0 [86] generator at NLO with the NNPDF3.0NLO PDF. The
events were interfaced with PYTHIA 8.2 using the A14 tune and the NNPDF2.3L0 PDF set.

The production of V+jets was simulated with the SHERPA 2.2.1 [87] generator using
NLO ME for up to two partons, and leading-order (LO) ME for up to four partons calculated
with the Comix [88] and OPENLOOPS [89-91] libraries. They were matched with the SHERPA
PS [92] using the MEPSQNLO prescription [93-96] using the set of tuned parameters
developed by the SHERPA authors. The NNPDF3.0NNLO set of PDFs was used and the
samples were normalised to an NNLO prediction [97].

Electroweak production of ¢/5j, fvjj and vvjj final states (EW V+jets) was simulated
with SHERPA 2.2.1 using leading-order ME with up to one additional parton emission. The
ME were merged with the SHERPA PS following the prescription described above. The
NNPDF3.0NNLO set of PDFs was employed. The samples were produced using the VBF
approximation, which avoids overlap with semileptonic diboson topologies by requiring a
t-channel colour-singlet exchange.

The production of tt events was modelled using the POWHEG BOX v2 generator at NLO
with the NNPDF3.0NLO PDF set and the hgamp parameter® set to 1.5 Miop [98]. The events
were interfaced to PYTHIA 8.2 to model the PS, hadronisation, and underlying event, with
parameters set according to the A14 tune and using the NNPDF2.31.0 set of PDFs. The
tt sample was normalised to the cross-section prediction at NNLO in QCD including the
resummation of next-to-next-to-leading logarithmic (NNLL) soft-gluon terms calculated
using Top++2.0 [99-105].

Single-top t-channel production was modelled using the POWHEG BOX v2 generator at
NLO in QCD using the four-flavour scheme and the corresponding NNPDF3.0NLO set of
PDFs. The events were interfaced with PYTHIA 8.2 using the A14 tune and the NNPDF2.3L.0
set of PDFs. The inclusive cross-section was corrected to the theory prediction calculated
at NLO in QCD with NNLL soft-gluon corrections [106, 107].

5The hdamp parameter is a resummation damping factor and one of the parameters that controls the
matching of POWHEG ME to the PS and thus effectively regulates the high-transverse momentum (pr)
radiation against which the ¢t system recoils.



The associated production of top quarks with W bosons (tW) was modelled by
the POWHEG Box v2 generator at NLO in QCD using the five-flavour scheme and the
NNPDF3.0NLO set of PDFs. The diagram removal scheme [108] was used to remove
interference and overlap with ¢t production. The related uncertainty was estimated
by comparison with an alternative sample generated using the diagram subtraction
scheme [98, 108]. The events were interfaced to PYTHIA 8.2 using the A14 tune and the
NNPDF2.3L0 set of PDFs.

Samples of diboson final states (VV') were simulated with the SHERPA 2.2.1 or 2.2.2
generator depending on the process, including off-shell effects and Higgs boson contributions,
where appropriate. Fully leptonic final states and semileptonic final states, where one boson
decays leptonically and the other hadronically, were generated using ME at NLO accuracy
in QCD for up to one additional parton and at LO accuracy for up to three additional
parton emissions. Samples for the loop-induced processes gg — V'V were generated using LO-
accurate ME for up to one additional parton emission for both the cases of fully leptonic and
semileptonic final states. The ME calculations were matched and merged with the SHERPA PS
based on Catani-Seymour dipole factorisation [88, 92] using the MEPS@QNLO prescription [93—
96]. The virtual QCD corrections were provided by the OPENLOOPS library [89-91]. The
NNPDF3.0NNLO set of PDFs was used, along with the dedicated set of tuned PS parameters
developed by the SHERPA authors.

The effect of multiple interactions in the same and neighbouring bunch crossings (pile-up)
was modelled by overlaying the simulated hard-scattering event with inelastic proton-proton
events generated with PyTHI1A 8.1 [109] using the NNPDF2.3L0 set of PDFs and the A3
set of tuned parameters [110]. All samples were processed through an ATLAS detector
simulation [111] based on GEANT4 [112].

In this analysis, only Higgs boson production via VBF is considered as signal. This
includes the decay into H — 77 and the decay H — WW?* — (vlv. The analysis is not
sensitive to the CP violating effects in the H — 77 and H — WW™ decay vertex, since the
Optimal Observable contains only production kinematics information, and it is the same
for all the decay channels. All other Higgs boson production mechanisms are considered as
backgrounds, with all other couplings set to the SM values. Non-VBF Higgs boson production,
along with Z — ¢ and W — 7v + jets, are for the remainder of the text grouped together
and denoted “other backgrounds”.

The production of the signal samples with non-vanishing values of CP violation in the
HVYV vertex is obtained with a reweighting procedure, based on the EFT interpretation
considered. For the HISZ basis, an event-based weight is obtained from the ratio of the
squared ME value of the VBF process associated with a specific amount of CP mixing (given
in terms of d) to that obtained from the SM. These weights are obtained from HAWK,
considering the 2 — 2 4+ H and 2 — 3 + H processes separately. The MEs are evaluated
using the parton-level information of the four momentum and flavour of the initial and final

state partons and the Higgs boson.

For the Warsaw basis, a procedure similar to the one described in ref. [12] is used, where
an event-weight is obtained based on the OO distribution at different values of the Warsaw



basis operator considered. The weights are obtained as

do do NLO do MG5 do MG5
100 ~ <d(9(9) % (dOO)Ci /(dOO)CiO !
where the term with “NLO” is the SM VBF signal prediction, while those with “MG5” describe

the predictions obtained with MADGRAPH [86, 113] for a given value of the CP-violating
coupling constant considered (¢;), and fixing all the other Wilson coefficient to zero. The

MADGRAPH samples for ¢; # 0 are obtained by setting the scale of the new physics to
A =1 TeV and using the myy input scheme. The MADGRAPH samples are generated at LO
and effects of higher-order QCD and electroweak corrections are assumed to factor out in the
ratio. The procedure is done separately for each Wilson coefficient considered.

5 Event selection

This analysis targets final states with at least two jets and a H — 77 decay candidate. Three
combinations of 7-lepton decays are considered: fully hadronic (Thad7Thad), where both 7-
leptons decay to hadrons (with Thaq.vis being the visible part) and a v; semileptonic (TiepThad),
where one decays hadronically and the other to fvw, £ = e, u; and leptonic (TiepTiep), Where
one decays to evv and the other to urv. Same-flavour leptonic decays are rejected due to
the large contribution from Z — ee and Z — pup backgrounds.

The definition of the reconstructed objects follows what is described in more detail in
ref. [29]. The full description of the requirements in each channel is given in table 2.

Events were collected with the lowest unprescaled single-lepton, dilepton, or di-hadronic
7-lepton triggers [114-117]. Each trigger chain has a different online requirement on the pp
of the reconstructed leptons, depending on the year. The offline requirements are set tighter
to ensure that the analysis is on the trigger efficiency plateau, and follow the selection used
in ref. [29]. All channels require exactly two identified and isolated 7-lepton decay candidates,
and events with an additional 7-lepton candidate are rejected. The two T-candidates are
required to have opposite sign electric charge. All channels are required to have a missing
transverse energy of EXS > 20 GeV, to improve the resolution of the MMC. In the TlepTlep
channel an additional lower limit on the collinear mass [118] of the two-7-lepton system is
required, m¢' > (mz — 25) GeV (where my is the Z boson mass), to ensure orthogonality
with the H — WW™ analysis [119]. The effect on signal acceptance is negligible. Moreover, it
is also required that the dilepton invariant mass lies in the range of 30 GeV < m,, < 100 GeV
to enhance the fraction of Higgs events and reduce the number of background events. In the
TlepThad Channel a requirement on the transverse mass between the lepton and the missing
transverse energy of mt < 70 GeV is instead imposed to reduce the contribution from
leptonic W decays.

In all channels, the contribution from events containing a top-quark is reduced by vetoing
events with b-tagged jets; the TiepTiep and TiepThad channels use an 85% working point (WP)
of the DL1r b-tagging algorithm, while in the T,,qThad channel a 70% WP [120] is used, to
ensure similar performance in all the channels. The TiepTiep and TiepThad channels require the
leading jet to have a transverse momentum of pgrl > 40 GeV, to enhance the VBF contribution.
In the TadThad channel, the requirement is raised to pjf > 70 GeV, and it is also required
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Criteria TeTu TlepThad Thad Thad
TeThad TuThad
Preselection
N(e) 1 1 0 0
N(uw) 1 0 1 0
N(Thad-vis) 0 1 1 2
N (b-jets) 0 (85% WP) 0 (85% WP) 0 (85% WP) 0 (70% WP)
e/ u: > 10 to 27.3,
pr [GeV] e/p: pr > 10 to 27.3 /1 pr Thad-vis: pT > 40,30
Thad-vis: PT > 30
Identification e/u: Medium e/p: Medium, Thad-vis: RNN Medium Thad-vis: RNN Medium
Isolation e: Loose, u: Tight e: Loose w: Tight

Electric charge

Opposite charge

Emiss [GeV |

>20

Kinematics

ml > (my — 25) GeV
30 GeV < mg, < 100 GeV

mrp < 70 GeV

Leading jet

pr > 40 GeV

pr > 70GeV, |n| < 3.2

Angular

AR,y < 2.5
|Aneu| < 1.5

ARéThad-vis <25
|ATMT]1ad-vis| <15

0.6 < ARThad-visThad-vis <25

P =4
‘ Al vismaavis| < 1.5

Coll. app. z1/x9

0.1<z <1.0
0.1 <z <10

01<2 <14
0.1<2y<12

0l<z <14
0l<zo< 14

VBF inclusive

sub-leading jet pt > 30 GeV
mj; > 350 GeV, |A7]j]'| >3
n(j1) x n(j2) <0

lepton centrality: all visible decay products of the two 7—leptons lie between the two jets in n

Table 2. Summary of the event selection for all sub-channels of the analysis. For electrons and

muons, the lowest pr requirement depends on the trigger used, which changes with the year of data

taking. The pr requirements per year are listed in ref. [29].
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that the leading jet be within the pseudorapidity range of |n| < 3.2. This is done to ensure
candidate events are on the di-hadronic 7-lepton triggers efficiency plateau. Requirements on
the angular distance between the reconstructed decays of the two 7-candidates are applied in
all channels, to reject non-resonant background events. Additional requirements are applied
on the momentum fraction, x;/xa, of each 7-lepton carried by its visible decay products
in the collinear approximation to enhance the sensitivity to the Higgs signal and reduce
background contributions.

A set of requirements to define the VBF topology is applied. Each event is required
to have at least two jets, where in addition to the leading jet requirements above, the
sub-leading jet must have a transverse momentum pZFQ greater than 30 GeV, the invariant
mass of the two leading jets m;; must be greater than 350 GeV, and the pseudorapidity
separation |An;;| between the two jets must be greater than 3.0, with each jet in a separate
hemisphere of the detector. Additionally, all visible decay products of the T—leptons must
lie in n between the two leading jets.

To construct an enriched signal region (SR), a multivariate classifier based on a neural
network (NN) is used. The network is implemented in KERAS [121] using TENSORFLOW [122]
as backend. For each channel, a separate NN is optimised to best exploit the different
compositions and features of the channels. All three channels have similar features in
architecture and training procedure: the ADAM optimizer algorithm [123] is used, with ReLU
activation functions [124], and L2 regularisation [125] and k-fold (with £ = 5) to prevent
overfitting. A binary classifier is built for the 7jepThaq and ThaqThad channel, while in the
TlepTlep Channel a multi-class classifier is optimised, with the categories being: signal, Z — 77,
misidentified 7-lepton decays, and other backgrounds. This is done to better describe the
background coming from misidentified 7-lepton decays. The training is performed assuming
the SM predictions, therefore no CP-odd component is added, only the VBF Higgs SM
sample is used. The NN is then tested for different CP-violating hypotheses, and is found to
be consistent with the SM case, indicating the NN is not inducing any biases in the choice
of events based on the CP hypothesis considered. Each channel uses as input a different
set of observables, optimised to achieve the best separation between signal and background.
The list of input variables used in the training is shown in table 3. The different input

variables can be categorised as follows:
e Four-vectors of the two 7-decay products, and of the two leading VBF tagging jets.

o Missing transverse energy vector and its ratio to the transverse momentum of other

objects. Additionally, the EXS centrality” and missing transverse energy constructed
using only the hard-scatter particles, E%E%TO, are considered in the training. The

transverse masses using the E%liss and both 7-decay products are also considered.

e Properties of the resonant di-7 system are used, such as the invariant mass of the
MMC

TT

7-decay products (using both the missing mass calculator, m [37], and using only

"The EX'% — ¢—centrality quantifies the angular direction of the missing transverse momentum relative to
the visible 7-decay products in the transverse plane, and is constructed as: ERS — ¢-centrality //2 = \/H';S

’
7‘2+s2

where r = sin(¢p(ET™) — ¢(1))/sin(¢(72) — ¢(11)) and s = sin(¢(72) — G(EF"™))/ sin(¢(72) — ¢(71))-
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T

the visible part of the 7-decay products m¥), and the angular distances, AR +,, Alr 7y,
and A¢r,5,. In addition, the scalar sum, pr(71) + pr(72), and the ratio, pr(m1)/pr(m2),
of the transverse momenta of the two 7-decay products are considered. The ratio

of the difference and the sum of transverse momenta of the di-7 decay products,
[pr(11) — pr(72)]/[pT (1) + Pr(72)], is also used.

» Properties of the VBF topology: invariant mass of the dijet system, m;, the product and
the difference of the pseudorapidity of the two leading jets and the transverse momentum
of their vectorial sum, n—centrality of the 7-decay products, Cj;(71), Cj;(72),® with
respect to the pseudorapidity of the two tagging jets. Furthermore, the training also
uses momenta of different systems composed of the objects considered in the VBF
topology definition (di-T-decay products, two leading jets, and Effniss). The azimuthal
separation and the invariant mass between the di-7-system and the leading jet is also
considered.

MMC vis

The most important input features in the training are the reconstructed masses m;-"~, my:,

mjj, and the transverse momentum of the system composed of the 7-decay products, jets
and EP, pr(71, 72, j1, j2, EFS).

Figure 2 shows the distribution of the NN signal score for the three channels considered,
after the fit described in section 8. All systematic uncertainties described in section 7 are
included in the hatched area. This figure shows the ability of the NN to select a region with
a high signal-to-background ratio (s/b). The MC predictions are in good agreement with
the observed data in all channels. Figure 2 also shows the NN score distributions for signal
samples with different d hypotheses. These BSM samples are all in agreement, showing how
the NN is insensitive to the value of the CP-violating strength parameter. Two orthogonal
signal regions are defined for each channel, based on the values of the NN signal score. The
high NN score SR (SR1E'NNY s defined by all the events with NN signal score greater than
a threshold value. The optimal threshold value, along with the optimal OO binning, is found
by choosing the value that gives the most stringent expected 68% CL d interval. A second
SR, called low NN score SR (SRX"NN) 'is then defined by selecting the events with an NN

R HighNN

signal score between the S optimal cut and the NN signal score below which the

ratio s/b is less than 5%. Despite having a lower signal-to-background ratio than SRHighNN,

SREOWNN still contributes to the sensitivity, and also helps to better constrain the impact of

the systematic uncertainties. The region with an NN signal score lower than the SRFVIN
threshold is used as a validation region, VR*™¥NN | Table 4 shows the definition of the SRs

and VRs used, and the corresponding ratio s/v/s + b.

6 Background estimation

The major backgrounds that contribute to the total yields in the SRs of this analysis
are Z(— 77) + jets, misidentified 7 candidates (fakes), top-quark processes, and multi-

8C;;(T) = exp |:<nj1_f’l7.7'2)2 (m _ 77]142%:2) }, where 77, 1;, , are the pseudorapidities of the 7-decay

products and the two leading jets, respectively. This variable has a value of unity when the object is halfway
in ) between the two jets, 1/e when the object is aligned with one of the jets, and < 1/e when the object is
not between the jets in 7.
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Variable TlepTlep  TlepThad  ThadThad

n(r1),n(72) .
7-lepton properties pr(m1), pr(72) o
o(11), ¢(72) .
E(m), E(72) °
Cjj(1) ° ° °
Cjj(72) . . R
mMMC . ° ;
s S
g U ) °
e m (11, BF™) . . .
mT(TZ, E%liss) . o .
m (7—17 72, ]1) o [ °
77j1 X 77j2 ° ° °
ARTlTQ [ ] [ °
Angular distances Ay ° ° °
Agb‘rlm ° ° °
Anjj . . .
Aou j . . .
(71,72, j1, J2) R
pr (j1, jo) ° o o
pr(71, 72, J1, J2, EX™) . . .
pT(j2)7 pT(jP,) ° °
n(j1)s n(j2) .
o(j1), ¢(J2) o
E(j1), E(j2) o
Jet properties pr(71) + pr(72) . o
pr (Tl’ 7’2) . ° °
pr(71, 72, EFS9) o . .
pr(T1, T2, j1, EISS) o R .
pr(m1)/pr(T2) . .
Apr(71,72)/(pr(71) + pr(T2)) ° °
By .
B () ..
miss ° o R
Missing transverse energy B f;_ ({ fri(lglzty/ﬂ : : X
miss o .
T,HPTO

Table 3. Summary of the set of input variables used in the different channels. The order does not
reflect the importance of each variable.
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Figure 2. Post-fit distribution of the neural network signal score for the three channels, (a) TiepTicp, (b)
TlepThad, ald (C) ThadThad. The ratio of the SM predictions to the observed data is shown in the bottom
panel. The “Other bkg” includes diboson, Z — ¢¢, and W — tr+jets, and other non-VBF-Higgs
processes. The hatched area represents the impact of the experimental, theoretical and statistical
uncertainties in the Standard Model predictions. The dashed lines represent examples of signal
samples, for different values of d.

Channel Region NN signal score s/v/s+b

SRHighNN > 0.91 3.50
TlepTlep ~ SREOVNN 0.67 — 0.91 1.98
VRLowNN < 0.67 0.51
SRHighNN > 0.91 6.93
TlepThad ~ SREOVIN 0.63 - 0.91 2.69
VRLowNN < 0.63 0.30
SRHighNN > 0.93 6.86
ThadThad ~ SREOVNN 0.60 — 0.93 2.42
VRLowNN < 0.60 0.34

Table 4. Summary of NN signal score values used for defining the SRs and the VR for each channel,
and their corresponding ratio s/v/s + b.

boson production. These backgrounds are estimated with different techniques based on MC
simulations and data-driven methods.

The main background for each channel comes from Z(— 77) + jets. These events have
the same signature as the Higgs signal, and similar kinematics. For these reasons, designing
a signal-free control region (CR) where to constrain Z(— 77) + jets at high NN value is
extremely challenging. Instead this background is estimated following a procedure called
embedding [126], where the Z(— 77) + jets yields in the SR predicted by the MC simulations
are normalised by a scale factor that is obtained in a dedicated control region, following
closely the procedure in ref. [29], called object-level embedding.
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Figure 3. Distributions of the OO in the VR for the three channels: (a) TiepTiep, (b) TiepThad, (€)
Thad Thad, after a background-only fit. The value of the parameter of interest, the signal strength, the
normalisation of backgrounds, and the systematic uncertainties are set to the value from the best fit
result. In the bottom panel, the hatched area represent the total post-fit systematic uncertainty in
the final SM prediction.

Data / pred.

Data / pred.

oo
s

=1

The embedding method relies on the assumption that, at Born level, Z — ¢¢ (where
¢ is only e or u) and Z — 77 are kinematically identical processes. This means that by
substituting the leptons (e or p) in Z — ¢¢ data events with 7-lepton decays from simulation,
and then recomputing all the necessary variables in the event, it is possible to get a template
of the Z — 77 background directly from data. These templates are obtained starting from
data and MC events in an enriched Z(— ¢¢) + jets region, where the momentum of the
reconstructed leptons are scaled using a parameterisation that accounts for the differences in
efficiency of triggers, the reconstruction procedure and kinematics between the prompt leptons
and the 7-lepton decays. After this procedure, all the kinematic variables are recomputed to
account for the rescaled lepton momentum, including the El}liss from the additional neutrinos
of the 7-leptons decays. For each SR a dedicated Z(— 77) + jets CR is defined with the
same selections but using the template samples, Z7rCRMEMNN for the high NN score SR
and Z77CR™"NN for the low NN score SR. These CRs are then included in the fit to
constrain the Z(— 77) + jets in the SR.

Dedicated systematic uncertainties are added to account for the modelling differences
between the embedded Z(— 77) + jets MC and the nominal Z — 77 in the SR. The
VRYYNN js then used to check the modelling of the Z(— 77) + jets after the normalisation
with the embedding procedure. Figure 3 shows the OO distribution in each VR, after a
background-only fit.

The second largest background component comes from events where one or two 7-leptons
are incorrectly categorised. In these events, jets are misidentified as electrons, muons, or as
Thad- These backgrounds account for 4% to 30% of the total SM background, depending on
the channel and region. Background events with misidentified 7 candidates are estimated by
using a data driven method, with different methodologies depending on the channel.

In the TiepTiep channel, the matrix method [127] is used to estimate the background from

misidentified e or u. In this channel, events are selected from two control regions (CRIG!
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and CRI25) similar to the SR, but without the requirements on the isolation and loosened
identification criteria of the leptons (Loose ID WP for e and Medium ID WP for p). The
number of misidentified leptons in the SR is then related to the number of leptons passing
the loose and tight isolation and identification criteria, based on the efficiencies for real and
fake leptons. The real efficiencies are obtained from MC simulations, while the fake-lepton
efficiencies are measured from data in a region with two leptons with the same sign. The
method is validated in a region with the same selection criteria as the SR but with same-sign
leptons. Any difference in this region is added as a systematic uncertainty. Additional
uncertainties are assigned to this background taking into account the statistical uncertainties
in the fake and real efficiencies, the uncertainty in the background subtraction when computing
the efficiencies, and the different flavour composition between the SR and the loosened CRIzke.

In the TepThad and ThadThad channels, misidentified 7 candidates are estimated by using
the fake-factor method [127]. Events are selected from a control region (CR*~7) with the
same selection as the SR, but with a loosened requirement on the 7,4 identification criterion,
and failing to meet the nominal identification requirement from table 2. Contributions from
real Thaq in this region are estimated with MC simulations and subtracted. The final number
of misidentified 7 candidates in the SR is then obtained by multiplying the background-
subtracted events in the CR®~7 by a fake-factor, F. This factor is the ratio of the number
of 7 candidates passing the identification criterion in table 2 to the number of those failing
the same criterion. These factors are obtained in separate dedicated CRs. Misidentified
7 candidates originate mainly from W4jets and dijet events, and the ratio of passing to
failing identification criteria can be different for the two processes, in different kinematic
regions. For this reason, one fake-factor is computed for each process, in a different CR. The
final fake-factor is then a weighted mean of the two based on the relative composition in
the SR. Additionally, the fake-factors are estimated separately for 1-prong and 3-prong 7
candidates. The final estimate is validated in a region with the same selection as the SR,
but with same-sign 7 candidates. The non-closure is taken as an uncertainty as a function
of the Optimal Observable. Additional uncertainties are added taking into account the
statistical uncertainty in the computation of F and the relative composition in the SR, and
the uncertainty in the background subtraction in the CR®~7 and in the F computation.

Other sources of backgrounds from misidentified objects are estimated directly from
simulations.

In the 7epTep channel, processes including a top quark have a sizeable contribution. This
background is estimated directly from the MC simulations, but it is normalised to the data in
a dedicated CR (TopCR) obtained with the same selection as the SR but inverting the veto
on the number of b-jet in the events. In the TiepThad and ThadThad channels the contributions
from top-quark processes are estimated directly from MC.

In all three channels, other smaller prompt contributions are estimated directly from MC.

7 Systematic uncertainties

Systematic uncertainties affecting both the shape of the Optimal Observable and the event
yields in the signal and control regions are considered. These can be grouped in three
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main categories: experimental uncertainties, uncertainties in data-driven modelling, and
theoretical uncertainties.

Experimental systematic uncertainties include those related to the trigger, reconstruction,
and identification of objects in the final state. These sources include electron and muon
energy or momentum scale and resolution [128, 129], Tad.vis energy scale and resolution [130],
b-tagging efficiency [131, 132], E&sS reconstruction [133], jet energy scale and resolution [134],
pile-up modelling [135], and the luminosity measurement [46]. Jet and EXSS reconstruction
and theory uncertainties constitute the dominant sources of systematic uncertainty, at 20%
and 15%, respectively.

Uncertainties in the data-driven background modelling affect the three channels differently.
For TiepTiep, the uncertainties in the matrix method estimates are related to the limited
statistical precision in the computation of the real and fake-lepton efficiencies, the MC
background subtraction, and the flavour composition difference between the signal region and
the fake control region. For TiepThad and ThadThad, statistical uncertainties in the individual
fake factors, and uncertainties due to differences in composition between the SR and the
regions where the fake factors are computed, are considered. Uncertainties affecting the
7 — 71 embedded MC sample are evaluated by propagating all experimental uncertainties
listed above. In addition the effects of trigger efficiencies, muon and m,,4.vis reconstruction
and isolation efficiencies, and e/u energy scale and resolution are considered.

Theory uncertainties in the signal and background cross-sections are evaluated by varying
the PDF sets and the renormalisation and factorisation scales, as well as the value of the
strong coupling constant ay, used in MC generation.

For Z(— 77) + jets production, 100 PDF variations are considered, taking the standard
deviation as the uncertainty. The PDF sets are evaluated for up- and down-variations of ay,
and a combined uncertainty is derived by adding the uncertainties in PDF and «aj variations
in quadrature. Uncertainties in renormalisation and factorisation scales are determined
based on the maximum absolute difference when independently varying their values up or
down by a factor of two, resulting in a seven-point variation. In addition, uncertainties in
the jet-to-parton matching scheme (CKKW) and resummation scale are evaluated using
parameterisations as function of the jet multiplicity and Z transverse momentum.

For top processes, uncertainties related to the choice of matrix element and parton
shower generators are assessed by comparing to alternative generators, while uncertainties in
initial- and final-state radiation are evaluated by varying the scale of emission, as described in
ref. [136]. The PDF uncertainty is evaluated by varying the PDF sets for both the production
and the parton shower, and the two are treated as separate uncertainties.

Uncertainties in signal processes are similarly evaluated by PDF and «s variations,
and uncertainties in the matrix element and parton shower are assessed through alternative
generators. The effect of choosing a different matrix element generator is assessed by comparing
the nominal signal sample with an alternative sample using MADGRAPH5__AMC@NLO [86],
but keeping the same parton shower model. Instead, the parton shower uncertainty is obtained
through the comparison with an alternative sample using HERWIG 7 [137] instead of PYTHIA 8.

For VBF, VH and ttH production, QCD scale uncertainties from missing higher-order
corrections are evaluated through the seven-point variation of renormalisation and factorisation
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Systematic source Uncertainty [%]

Jet/ EMsS reconstruction + 20
Signal theory + 15
Background theory + 11
Normalisation factors +e.0

Misidentified 7-leptons + 4.8
T-leptons reconstruction + 4.0
Sample size + 3.0
Leptons reconstruction + 24
Luminosity + 04
Flavour tagging + 0.3
Embedding + 0.2
Total systematic uncertainty + 30
Total statistical uncertainty + 95

Table 5. Summary of the different sources of systematic uncertainty and their impact on the final
fit results, expressed as a percentage of the fitted d 68% CL interval. Experimental systematic
uncertainties in the reconstruction of the objects include the reconstruction efficiency, energy scale
and resolution, and trigger efficiencies. “Sample size” includes the per-bin statistical uncertainties in
the simulated MC samples, and the data-driven backgrounds of misidentified 7-leptons.

scales. For ggF Higgs production, additional uncertainties related to the ggF kinematics are
considered, following the approach described in ref. [138]. These include effects from the
Higgs pr shape, VBF topology selection, and top-quark-mass dependence.

Table 5 shows the impact as a percentage of the main systematic uncertainties in the final d
68% CL interval obtained after the fit described in section 8. The impact of a given systematic
uncertainty in the fitted parameter d is estimated from the covariance matrix as described in
ref. [139]. The main limitation on the sensitivity comes from the statistical uncertainties in
the actual observed data, while all the other sources only account for a small fraction.

8 Fitting procedure

The statistical analysis is performed using a binned maximum-likelihood fit, where the
likelihood function is defined as the product of Poisson distributions for each bin of each fit
region (SRs and CRs), and Gaussian terms for the systematic uncertainties. The probability
distributions £(x; i, @) depends on the actual data x, the parameter of interest p, and further
nuisance parameters 8, corresponding to the systematic uncertainties. The sensitivity to
the CP-odd coupling (either in the HISZ or the Warsaw basis) is estimated by doing a
negative log-likelihood scan (NLL). The NLL is computed for different hypotheses of the
parameter of interest, using signal template samples constructed by reweighting the SM
VBF Higgs signal as described in section 4. The best-fit value is the minimum of the NLL
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Channel Z — 77 NF

+0.10
T]epT]ep 1037009
+0.18
T]epThad 095_015

+0.07

Table 6. Normalisation factors for the Z — 77 MC background obtained with the embedding
procedure.

curve with respect to the SM NLL (ANLL), with a confidence interval of [p — oy, 1t + 0.
The 68% and 95% CL intervals are obtained by reading where the ANLL curves intersect
the points at 0.5 and 1.92, respectively.

Each of the SRs defined in table 4, SRHEMN 4nq SRFOVNN - are binned in OO. The
binning of the signal regions in the three channels is optimised to have an equal number of
expected SM signal events in each bin. All three channels have a total of 10 bins. The bin
boundaries are then fixed to be symmetric around zero.

For each SR, one CR (Z7rCRMEMNN and Z77CRMVNN) is defined to constrain the
Z — 711 background. These regions have the same kinematic cuts as the nominal corresponding
SR, including the NN score, but using embedded results, as described in section 6. These
CRs each consist of only one bin. A single common normalisation factor is applied to scale
the Z — ¢ MC in the Z — 77 CR as well as the Z — 77 MC in the corresponding SRs.
One common normalisation factor is used for each channel. Table 6 shows the embedding
normalisation factors (NF) obtained for the three channels. In the 7p7iep channel, the TopCR
is used to constrain the top backgrounds (¢t and single top) with one nuisance parameter,
with a value of NFP = 0.95f8:8§. In total six SRs and seven CRs are used in the fit.

The normalisation of the signal sample (NEFVB¥7) is added as a common free floating
normalisation factor. In this way, the analysis is not sensitive to overall changes in the total
cross-section that might be due to additional CP-even terms, but only considers differences
in shapes of OO, and is therefore only sensitive to the interference term of the EFT model.
All the other Higgs production modes are assumed as background and their normalisation is
set to the SM prediction. The observed value for the signal normalisation factor is found to
be NFVBFH — .87%012 which is consistent with the SM prediction.

Two fit setups are considered, one where the three channels (ThadThads TiepThads TlepTlep)
are separately fitted, and one where they are fitted at the same time. In both fits, the
experimental and theory systematic uncertainties are considered 100% correlated between
channels, while the systematic uncertainties in the modelling of misidentified 7 candidates
are uncorrelated. All results are shown using the combined fit to the three channels, while
the separate channels fit is used to provide the single channel ANLL curves.

9 Results

The combined fit procedure described in section 8 is performed, and the post-fit Optimal
Observable distributions in the SRs are shown in figure 4. The value of the parameter of
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Figure 4. Post-fit distributions of the OO in the (a,b,c) SRHighNN, (d,e,f) SRE"NN and for the three
channels: (a,d) TiepTiep, (D,€) TiepThads (¢,f) ThadThad. The value of the parameter of interest, the signal
strength, the normalisation of backgrounds and the systematic uncertainties are set to the value from
the best fit result. The dashed line in the bottom panel shows the total pre-fit SM predictions (with
d = 0). The dashed area represent the total post-fit systematic uncertainty in the final SM prediction.

interest, systematic uncertainties, and background and signal normalisations are adjusted
within their allowed constraints to minimize the ANLL. Tables 7 and 8 show the signal and
background predicted yields and the observed data events in the SRs and CRs. Overall, good
agreement is observed between SM predictions and data within the systematic uncertainties.
In the SRHEMNN “the 71, 4Thaq channels shows a small excess in the highest bin of the OO, and
an overprediction for negative OO, while in the 7TjepThaq channel, the lowest bins show a slight
underprediction. In the SRF"NN the agreement is also good within systematic uncertainties,
with just one bin in the 7jephaq channel where the prediction is lower than the observed
data, a trend in OO opposite to that seen in the SRHMENN 1) the TlepTlep Channel, the SM
predictions are in good agreement with the observations in both SRs.

The best estimator of the CP-violating strength parameters in the different EFT bases
are extracted from the fit procedure, together with the 68% and 95% CL intervals. Table 9
shows the summary of the best fit results of the strength parameters, and their corresponding
68% and 95% CL intervals for d and cyiv- The other Warsaw basis parameters are not
considered, since their sensitivity is between 10 and 20 times worse than cg;,. Figure 5
shows a comparison of the expected and observed ANLL curves for each interpretation. The
observed ANLL curves for the single-channel fits are also shown with dashed lines. The
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Tlep Tlep TlepThad Thad Thad

SR SR SR SR SR SR
CR Top
High NN Low NN High NN Low NN High NN Low NN
Z =TT 12.74+ 3.0 97+ 11 2464+29 26+5 138+18 30+5 192+24
Other bkg 3.14+0.7 1284+2.1 285+14 18+5 55 +12 1244 29+ 7
Misid. 7-leptons 1.27+£0.35 224+6 155.7+1.6 11.9+£25 494+10 18+5 109+ 18
Top 29+1.1 18+4 2130£60 0£0 0+0 0£0 0+0
VBF H 21.1+3.1 223+35 78+05 71+10 40+£7 71+10 4147
Total 41+ 4 172+£10 257050 127+9 282+15 131+£9 371+£18
Data 46 172 2571 125 281 129 374

Table 7. Post-fit event yields in the SRs and the Top CR for the three channels in the analysis. The
“Other bkg” includes diboson, Z — ¢¢, and W — Tv+jets, and other non-VBF-Higgs processes. The
uncertainties in the MC predictions include theory, experimental and statistical uncertainties.

Tlep Tlep Tlep Thad Thad Thad

ZrrCRIEBINN 7 QRLOWNN - 7 CRHIBINN - 7 qRLoWNN 7 - CRHishNN - 70 CREoWNN

Tlep Tlep Tlep Tlep Tlep Thad Tlep Thad Thad Thad Thad Thad
Z — 4 (emb) 154424 86 8 44+ 6 158 +12 34.6 £ 3.2 193 +13
Emb. bkg 0.16 £0.01 1.13£0.03 1.04 £0.06 2.67 £0.09 1.00 £0.05 5.07+0.13
Total 15.6 £2.4 87+8 45£6 161 £12 35.6 £3.2 198 £13
Data 16 84 44 162 40 192

Table 8. Post-fit event yields in the embedding CRs for the three channels in the analysis. The
uncertainties in the MC predictions include theory, experimental and statistical uncertainties.

Parameter Observed oo OL (Bxp.)  95% CL (Exp.) 68% CL (Obs.) 95% CL (Obs.)
best value

d (lin.+quad.) 0014  [-0.011,0.011] [-0.022, 0.022]  [0.001, 0.028]  [—0.012, 0.044]

d (lin. only) 0.011 [-0.011, 0.011]  [—0.021, 0.022]  [0.000, 0.023]  [—0.012, 0.034]

ey (lin+quad.) 0.26 [—0.22, 0.22] [—0.43, 0.44] (0.01, 0.53] [—0.24, 0.83)]

ey (lin. only) 0.21 [—0.21, 0.22] [~0.41,0.44]  [-0.02, 0.45] [—0.23, 0.70]

Table 9. Expected and observed 68% and 95% CL intervals on the CP-violating parameters obtained
from the combined fit of the Optimal Observable. For the ¢y results a new-physics scale at A = 1 TeV
is assumed.

agreement between the combined fit and the single-channel fits is found to be at 2.80, due to

the statistical fluctuations in the first and last bins as seen in figure 4.
The fit is repeated on a simulated dataset but using the prypr— sin(Aqﬁj}gn) and Agbjljgn
observables and expected 95% CL limits are obtained. The expected limits obtained

with the Optimal Observable are 5% stronger than the expected limits obtained using
the prypr_ sin(Aqﬁ?jgn), and 30% stronger than those obtained with Agb;;gn.
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Figure 5. Expected and observed ANLL distributions for the combined fit as a function of the CP-
violating strength parameters (a) d, and (b) ¢;43,- The dashed lines show the observed ANLL curves
for the fit to the single channels. The expected curve is obtained assuming the SM predictions. The
horizontal lines correspond to the ANLL values used to determine the 68% and 95% confidence intervals.

ATLAS e Observed 95% CL interval
J5=13TeV, 140 fo~! Expected 95 % CL interval
VBF H — 17
A=1TeV
Best Fit 95% CL interval
d~ (||n + quad.) (R (x 10) 0.014 [-0.012,0.044]
d"' (|m onIy) i (x 10) 0.011 [-0.012,0.034]
CHW (||n_ + quad_) ——————f 0.26 [-0.24,0.83]
Crw (||n On|y) ———— 0.21 [-0.23,0.70]
) - 0 i 2 3 i 5

Parameter value

Figure 6. Expected and observed best fit values and 95% CL intervals for all the CP-violating
strength parameters considered in the analysis. The d values are scaled by a factor ten for illustrative
purposes. For the ¢y results a new-physics scale at A =1 TeV is assumed.

Figure 6 shows a comparison of the expected and observed best fit values, using in the
reweighting processes both the linear and quadratic terms or the linear term only. For all the
interpretations, the difference of adding the quadratic term is small, relaxing the limits by
about 10%. In all cases, the CP-violating strength parameters are compatible with zero. The
expected confidence interval on d represents a large improvement relative to what was set in
ref. [18], and improves also the limits relative to the analysis based on A(bj»ijgn [29].

Figure 7 shows a comparison of the expected and observed best fit values between
different ATLAS analyses. The results are compared with the H — ZZ — 4¢ analysis [11]
and the H — vy VBF measurements [12] for d and cyiv- The results for ¢y are also
compared with the H — 77 differential cross-section measurement based on A(Z)j»ijgn [29] and
the H — WW* — (vlv analysis [13]. This analysis, the H — ZZ — 4/ analysis, and the

H — ~v VBF measurements use datasets with no overlap. However, the H — 77 Ag;;
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Figure 7. Comparison of results of the analysis presented with the ATLAS H — ZZ* — 4¢
analysis [11] and the ATLAS H — vy VBF measurements [12] for d and cj;y;;. The results for ¢
are also compared with the ATLAS H — 77 differential cross-section measurement based on Aqﬁjijg“ [29]
and the ATLAS H — WW* — {vlv analysis [13], based on pure shape information.The data points
show the observed results, and the uncertainty bands correspond to the 95 % CL interval including
statistical and systematic uncertainties. The d values are scaled by a factor ten for illustrative purposes.
For the cj;5 results a new-physics scale at A =1 TeV is assumed. The EFT parameterisation includes
both the linear and quadratic terms, and ¢y is fitted while the other CP-odd operators are assumed
to be zero, except for the ATLAS H — WW* — {vlv analysis, where only the linear term is considered
and all the Warsaw basis CP-odd and CP-even coefficients are fitted simultaneously (and therefore
labelled as 4 POI), with a correlation between the coupling measurements of less than 5%.

differential measurement uses similar final states in the same dataset as this analysis. In the
cryir Tesults for all the analyses a new-physics scale at A = 1 TeV is assumed, and ¢y is fitted
while the other CP-odd operators are assumed to be zero, except in the H — WW* — fvfv
analysis where all the Warsaw basis CP-odd and CP-even coefficients are fitted simultaneously,
with a correlation between the coupling measurements of less than 5%. For both ¢y and
d the EFT parameterisation includes both the linear and quadratic terms, except for the
H — WW?* — fvlv analysis, where only the linear term is considered.

10 Conclusion

A test of the CP invariance of the Higgs boson in the vertex with vector bosons was presented,
in the final state with the Higgs boson decaying into pairs of 7-leptons, using the full LHC
Run 2 proton-proton collision dataset of 140 fb~! collected by the ATLAS experiment at
v/s =13 TeV. The Optimal Observable is used to probe the CP properties of the Higgs boson.

No statistically significant deviation relative to the Standard Model prediction of a
CP-even coupling between the Higgs boson and vector bosons is observed. The results are
interpreted using two different EFT bases, in particular the HISZ and the Warsaw bases, with
sensitivity mainly on d and cpyiv- The HISZ parameter d is constrained to a 95% CL interval
of [-0.012,0.044], while the Warsaw basis parameter ¢, is constrained to [—0.24,0.83]
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for A = 1TeV, in both cases considering the linear and quadratic terms in the reweighting
procedure. The expected 95% CL interval based on the Standard Model predictions for the
two operators are d € [—0.022,0.022] and ¢y € [—0.43,0.44], also considering both the
linear and quadratic terms in the parameterisation. The observed limits on these operators
are among the most stringent so far, and greatly improve on the previous ATLAS analysis
that was based on a partial Run 2 dataset using 36 fb~! by being able to also set constraints
at the 95% CL on the observed parameters. Additionally, new interpretations are added,
which can be used for future combination with other analyses.
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