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The discovery of the Higgs boson in 2012 by the CMS and ATLAS collaborations marked the
start of the exploration of the Higgs sector of particle physics. The properties of the Higgs sector
under CP symmetry have been investigated mostly in its couplings to gauge bosons. With the full
Run 2 data-taking period it became possible to study the CP properties of the Yukawa coupling of
the Higgs to fermions, and in particular to tau leptons. This was done by reconstructing the decay
planes of the two tau leptons and measuring their angular correlation. The measured mixing angle
between CP-even and CP-odd couplings is (4+17)° and is consistent with the Standard Model
prediction of a pure CP-even coupling and allows to constrain the allowed phase space for possible
BSM scenarios. A pure CP-odd hypothesis is excluded at 99.7% confidence level.
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1. Introduction

The standard model of particle physics predicts the existence of one Higgs boson with spin-
parity J¥ = 0% [1, 2]. Any deviation from this prediction would lead to an additional source of
CP violation. Investigating the CP properties of the Higgs boson is done by investigating how it
behaves under parity symmetry and charge conjugation. In other words we want to observe the
Higgs boson through a “CP mirror”. CP violation in the Higgs sector can be investigated in:

* coupling to vector bosons (direct coupling to Z and W bosons in particular),
* Yukawa couplings:
— gluon gluon fusion via top quark loop and top-associated production,

— Higgs decays to 7 leptons.

The poster associated to these proceedings aims at discussing the search for CP violation in the
H — 77 process.

2. CP mixing in Yukawa coupling

The Yukawa Lagrangian for the Higgs coupling to 7 leptons can be written to account for an
admixture of CP-even and CP-odd couplings at leading order:

m
Ly = _TT T(ke +1y°Re)HT . (1

where «;(K;) represents the CP-even(-odd) coupling, 7(7) the spinor of the tau particle (antiparti-
cle), m the tau lepton mass and H and v the excitation of the Higgs field and its vacuum expectation
value. The CP-mixing can be encoded in the two couplings via the CP-mixing angle ¢, ;:

K =\uTT cos(pz7) , (2)
R =Alu7" sin(¢r7) , 3)

with u™" representing the overall coupling modifier for the H — 77 branching fraction. Due to
the correlation between the 7 spin and the momenta of its decay products, the cross section o for
the H — 77 process assumes a sinusoidal dependence with respect to the angle between the decay
plains of the two 7 leptons, i.e. the acoplanarity angle (¢cp):

do
decp

= const — cos(pcp —2¢7) . 4)

As shown in Fig. 1 the distribution is affected by a phase-shift in the presence of CP-mixing.

3. The acoplanarity angle

The acoplanarity angle is defined as the angle spanning between the decay planes of the two T
leptons and is depicted in the left part of Fig. 1. As the correlation between the T lepton spin and
the momenta of its decay products can vary depending on the decay channel [3], it is defined using
different vectors in each decay mode.
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Figure 1: Left: Schematic depiction of the acoplanarity angle definition for a Higgs boson (depicted in
cartoon form) decaying into two 7 leptons, further decaying into one charged pion each. Right: Acoplanarity
angle distribution in the same final state [4]. The distributions are shown for simulated H — Tt processes,
according to three different CP hypotheses. The acoplanarity distribution is shown for the DY process in
gray and appears as a flat line.

In the analysis described in [4] the following T decays have been considered!: 7= — u*,
0 7+ aip — 71070, % - ai — m*n*x*. Hadronic 7 decays have
been identified using the DEEPTAU algorithm [5], while the identification of the decay channel was

performed with the MVA-DM algorithm [6]. When mesonic resonances are present in the decay

T+ ottt > p >t

chain, the acoplanarity angle is defined using the momenta of the charged and neutral pions in the
decay. The impact parameter of charged particles is instead used for 7 decays to a muon or a charged
pion.

4. Identification of Higgs decays
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Figure 2: Schematic depiction of the machine learning algorithm used to identify Higgs decays [3].

The identification of Higgs boson decays to 7 leptons was performed using multivariate analysis
(MVA) techniques: a boosted decision tree (BDT) for the fully hadronic final state, and a neural

1The neutrinos have been removed from the decay chain to simplify the notation.
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network (NN) for the semileptonic one. As shown in Fig. 2 the MVA algorithms are defined with
three output classes: one for the Higgs boson (higgs), one for processes involving final states with
two genuine 7 leptons (7, ) and one for jets or leptons misidentified as hadronically decaying T
leptons (fakes).

5. Extraction of the CP mixing angle and results

The CP mixing angle ¢, is extracted from a parametric fit of a H — 77 template, which
considers three distinct production mechanisms for the Higgs boson: the gluon-gluon fusion, the
vector boson fusion and the Higgs-strahlung. The fit is performed simultaneously in the signal
category, split by 7 decay channels, and the two background categories using the full statistics
collected during the Run 2 data-taking period.

6. Results

The left part of Fig. 3 shows the weighted distribution of the acoplanarity angle. The recorded
data is consistent with the SM expectation of a pure CP-even Yukawa coupling. The measured CP
mixing angle is

¢rr = (4 £ 17(stat.) + 2(bin-by-bin?) + 1(syst.) + 1(theory))°, 5)

where the uncertainty is split into its various contributions. As shown in the right part of Fig. 3 a
pure CP-odd hypothesis (k; = 0, & = 1) is excluded at 99.7% confidence level.
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Figure 3: Left: weighted acoplanarity angle distribution in recorded data after subtracting the expected
background. Right: negative log-likelihood scan with respect to the pure CP-even and CP-odd Yukawa
couplings [4].

No deviation from the SM expectation was observed. This limits the allowed amount of CP
violation in the Higgs sector, and can be used to constrain the allowed phase space for theories
beyond the SM [7, 8].

2Bin-by-bin uncertainty of signal and background models, representing the effect of the limited statistics for MC
simulation and data-driven background estimation.
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