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Abstract

Three analyses exploiting the H — 77 process using 139 fb~! of proton-proton collision
data collected at a center-of-mass energy of 13 TeV by the ATLAS detector at the LHC are
presented. A measurement of VH production, with V(= W,Z) — ev/uv,ee/uu decays,
has established the first evidence for this process with an observed (expected) signifi-
cance of 4.2 (3.6) standard deviations. The second analysis, first of its kind by the ATLAS
collaboration, probes CP-invariance if the decay products of the 7 leptons using an angu-
lar observable ¢ ., and measured an observed (expected) value of ¢, =9 £+ 16° (0 £ 28°)
at 68% confidence level. The last analysis is a search for lepton-flavour-violation in
H — et /ut decays, where most stringent exclusion limits at 95% confidence level on
H — ez branching ratio of 0.2%, is obtained.
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1 Introduction

The Standard Model (SM) Higgs boson production at the LHC originating from proton—proton
collisions at a center-of-mass energy of 13 TeV is dominated by four processes: gluon-gluon
fusion (87%), vector-boson fusion (7%), Higgs-strahlung (4%) and heavy-flavour associated
production (2%). Higgs boson decays into a pair of T leptons has been observed in 2018 [1]
and has a branching fraction of 6%. Three analyses using this decay channel are summarized:
cross-section measurement of the VH process [2], measurement of charge conjugation and
parity (CP) properties in 7 lepton decay planes [3], and a search for lepton-flavour-violation

(LFV) [4].
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All three analyses are conducted using 139 fb™! of data collected by the ATLAS [5] detec-
tor and share common objects and event reconstruction techniques. Leptonically decaying ©
leptons are reconstructed as the light lepton (£ = e, u) they decay into. Hadronically decaying
7 leptons are reconstructed using a Recurrent Neural Network [6] that processes visible decay
products. The invariant mass of the di-T-lepton system is estimated using the likelihood-based
Missing Mass Calculator [7], except in the WH channel of the VH analysis where transverse-
projection two-parent mass variable Myp [8] is used.

2 Evidence for VH, H— 77 process

The measurement is performed by selecting the semileptonic (TiepThaq) and hadronic
(Thad Thaq) Higgs boson and V(= W,Z) — ev/uv,ee/uu decays. WH and ZH channels are
distinguished and separately optimized. The important challenges in this analysis are the
ambiguities in correctly selecting and assigning intermediate parent particles due to multiple
sources of £/ v.

Background processes are estimated from simulated event samples except the processes
in which a jet is misidentified as a light lepton or hadronically decaying 7 lepton. These
contributions are estimated using the data-driven Fake-Factor method [2].

Neural networks (NNs) are used to separate signal from the dominant diboson (VV =W Z,
ZZ) background processes. One NN is trained in each channel, except in the WH(T1epThad)
process, which has individual NN discriminants for each of the final states containing ee, eu
and uu decays. NN distribution in the ZH(T)epThaq) region is shown in Fig. 1 on the left.
Input variables encoding both kinematic properties of the particles (e.g. pt,m, ¢) and total
event level information (e.g. missing transverse energy) are used in the training.

2.1 Results

NN distributions in four signal regions (SRs) are used in a binned profile-likelihood fit to
extract the signal strength u, which is the ratio of the measured cross-section to the SM pre-
diction. Combined post-fit distribution from all SRs are shown in Fig. 1 on the right. The
measurement is dominated by the statistical uncertainties. The leading source of systematic
uncertainty is from the reconstruction of hadronic 7 lepton decays. The signal strength is
found to be u = 1.28i8:§8 (stat.)t&%i (syst.). The observed (expected) statistical significance
of the measurement is 4.2 (3.6) standard deviations. This result provides the first evidence

for this process.

3 Measurement of the CP properties in H— 77 decay products

This analysis aims at measuring the CP properties of the interaction between the Higgs boson
and 7 leptons by studying the relation between the amount of CP-mixing and the transverse-
spin correlations of the 7 leptons. The effect is carried over to the T-decay products and
quantified by the observable ¢, the signed acoplanarity angle between the decay planes of
the 7 leptons [9]. CP-mixing manifests itself as a phase-shift in ¢7 .

Misidentified jets are estimated using the Fake-Factor method similar to the VH analy-
sis [2]. All other background processes are estimated from simulated event samples.

Inclusive SRs are defined with low- and high-purity Boost/VBF topology selections, which
are separately constructed for TiepThad @nd ThaqThad final states. Eight Z — 77 control regions
(CRs) are defined, each corresponding to one of the inclusive SRs. Furthermore, two different
CRs are defined to constrain the energy resolution for the reconstruction of 7% mesons.
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Figure 1: Post-fit distribution of the NN score in ZH(TepThaq) Tegion (left); Post-fit
distribution of the logarithm of signal-to-background ratio of combined yields of all
SRs (right). Shaded bands represent both, statistical and systematic uncertainties
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Figure 2: Post-fit distribution of ¢, in the medium SRs (left); Best-fit yields of all
SRs combined, weighted by In(1+S/B) where S (B) stands for Signal (Background).
Green (red) overlayed lines represent the pure CP-even (CP-odd) signal hypotheses,
scaled to the best-fit signal yield (right). Shaded bands represent both, statistical and
systematical uncertainties [3].

Each of the eight inclusive SRs are further split into three (low, medium and high) sub-
regions of increasingly optimized ¢/, sensitivity, according to the different decay-plane re-
construction methods used. The SRs for the medium subregion are shown in Fig. 2 on the
left.

3.1 Results

A binned profile-likelihood fit is performed simultaneously in all SRs and CRs. The normaliza-
tion of Higgs boson production is left unconstrained in order to probe only the shape informa-
tion. The combined yields in all SRs, with different CP-mixing hypotheses is shown in Fig. 2 on
the right. The observed (expected) value of the angular observable is ¢, =9 £16° (0 £ 28°).
The results are in agreement with the SM prediction within 1 standard deviations (o), whereas
the pure CP-odd hypothesis is rejected with 3.40. The analysis is statistically limited. Among
the systematic uncertainties, jet energy scale/resolution has the highest impact.
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Figure 3: Collinear mass distribution in the non-VBF region comparing SM eT events
represented by a cyan line, to efficiency-corrected SM et events shown as blue dots.
SM ut events are depicted as red dots. Only statistical uncertainties are shown (left);
Post-fit NN score distribution in H — e, non-VBF SR using the Symmetry method.
Pre-fit signal hypothesis assuming a branching ratio of 0.1% is overlayed as a violet
coloured line and scaled by a factor of 100 for visibility. Shaded bands represent
both, statistical and systematic uncertainties (right) [4].

4 Search for LFV decays in H— e 7 /ut processes

Searches for LFV in the H — e7 and H — ut decays are performed by splitting the £, 7., and
?, Ty,,4 final states into VBF (more than two jets) and non-VBF regions [4].

Misidentified objects are estimated using the Fake-Factor or ABCD methods. For the rest,
two background estimation methods are used: in the first case a data-assisted MC-template
method is used to estimate Z — 77 and background from Top-quark production. In the second
case backgrounds with prompt leptons are estimated by the Symmetry method [10], which
relies on the e «— u symmetry present in the SM, once the processes are efficiency-corrected
for the asymmetries originating from instrumental effects (see Fig. 3, left).

Binary (multi) classifier discriminants are trained for non-VBF (VBF) event topologies to
separate signal from various type of backgrounds, employing Boosted Decision Trees (NNs)
when using the MC-template (Symmetry) method. An example NN score distribution is shown
in Fig. 3 on the right.

4.1 Results

Various binned profile-likelihood fits, combining the background estimation methods men-
tioned, are performed on all SRs and CRs. The observed (expected) upper limits for branching
ratios of H — et and H — ut at 95% confidence level are 0.20% (0.11%) and 0.18% (0.09%),
respectively. Results estimated using different background estimation methods are compatible
with each other. The analysis is systematically limited, where background sample size and the
misidentified background uncertainties are found to be dominant.

5 Conclusion

Three analyses exploiting the H — 77 decay channel, using 139 fb™! proton—proton collision
data collected by the ATLAS detector at the LHC at a center-of-mass energy of 13 TeV are
presented. The VH analysis provided the first evidence for this process. A first search for
CP-violation search by ATLAS collaboration in this decay channel using an angular observable
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formed by the 7 lepton decay products, yielded results in agreement with SM within 1o. The
search for LFV resulted in the most stringent exclusion limit of 0.2% at 95% confidence level
to date on the H — et branching ratio.
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