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Abstract A study of the charge conjugation and parity
(CP) properties of the interaction between the Higgs boson
and t-leptons is presented. The study is based on a mea-
surement of CP-sensitive angular observables defined by the
visible decay products of t-leptons produced in Higgs boson
decays. The analysis uses 139 fb~! of proton—proton col-
lision data recorded at a centre-of-mass energy of /s =
13 TeV with the ATLAS detector at the Large Hadron Col-
lider. Contributions from CP-violating interactions between
the Higgs boson and t-leptons are described by a single mix-
ing angle parameter ¢, in the generalised Yukawa interac-
tion. Without constraining the H — tt signal strength to
its expected value under the Standard Model hypothesis, the
mixing angle ¢, is measured to be 9° £+ 16°, with an expected
value of 0° & 28° at the 68% confidence level. The pure CP-
odd hypothesis is disfavoured at a level of 3.4 standard devi-
ations. The results are compatible with the predictions for
the Higgs boson in the Standard Model.

1 Introduction

A detailed analysis of Higgs boson (H) decays into t-lepton
pairs observed at the LHC [1-3] allows a direct probe of the
charge conjugation and parity (CP) properties of the Yukawa
coupling of the Higgs boson to the t-lepton. The Standard
Model (SM) of particle physics predicts the Higgs boson to
be a CP-even (scalar) particle. The presence of a CP-odd
(pseudoscalar) admixture has not yet been excluded, and any
observed CP-odd contribution to the H 7t coupling proper-
ties would be a sign of physics beyond the SM.

Studies of the CP properties of Higgs boson interactions
with gauge bosons performed by the ATLAS and CMS exper-
iments [4-9] have shown no deviation from the SM predic-
tions. However, these measurements probe the bosonic cou-
plings in which CP-odd contributions enter only via higher-
order operators that are suppressed by powers of 1/A% [10],
where A is the scale of the new physics in an effective field
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theory. In contrast, a CP-odd contribution to Yukawa cou-
plings can be present at tree level. Recently, measurements of
the CP properties of the interaction between the Higgs boson
and top quarks were performed by the ATLAS [11] and CMS
[12] Collaborations, and excluded a pure CP-odd structure
for the top-quark Yukawa coupling at 3.90 and 3.20, respec-
tively.

This paper presents a measurement of the CP properties
of the Higgs boson interaction with 7-leptons. The measure-
ment is based on CP-sensitive angular observables defined
using the visible t-lepton decay products. Ideas about how
to probe a CP-odd and CP-even admixture in the t-lepton
Yukawa coupling in H — 1t decay were initially devel-
oped in the context of eTe™ colliders [13—17]. Originally,
hadronic decays of the t-leptons into 7+v and p*v were
used, and observables sensitive to the transverse spin cor-
relations between the t-lepton decay products were con-
structed. These methods, extended to £+ (= e*, Mi)vv and
aliv decays and re-evaluated in the context of pp collisions
at the LHC [18-23], are adopted in this analysis. Recently, a
similar study was also performed by the CMS Collaboration
[24].

The general effective Yukawa interaction between the
Higgs boson and 7-leptons can be parameterised as in Refs.
[21,23]:

m
Lhrr = —— k¢ (COS P TT + sing, Tiyst)H,
v

where v = 246 GeV is the vacuum expectation value of
the Higgs field, k. is the reduced Yukawa coupling strength,
and ¢, (where ¢, € [—90°,90°]) is the CP-mixing angle
that parameterises the relative contributions of the CP-even
and CP-odd components to the Htt coupling. The SM CP-
even hypothesis is realised for ¢, = 0°, while the pure CP-
odd scenario corresponds to ¢, = £90°. Other values of
¢ represent admixtures of the two components and would
indicate a CP-violating scenario.

The CP-mixing angle ¢, is encoded in the correlations
between the transverse spin components of the T-leptons in
the H — tt decays, which are then reflected in the direc-
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(a) H— 11t~ - ntn™ +2v

Fig. 1 Illustration of the t-lepton decay planes for constructing the
@fp observable ina H — t7t~ — 7t7x~ + 2v decay using the
impact parameter method, b H — t7t~ — 7 t7%7 7% using

the p-decay plane method, and ¢ H — tt1~ — 7tz —v using

the combined impact parameter and p-decay plane method. The decay

tions of the t-lepton decay products. The signed acoplanarity
angle ¢¢p between the T decay planes (described in Sect.3
and illustrated in Fig. 1) is sensitive to the transverse spin cor-
relations impacted by the CP-mixing angle of the Yukawa
coupling. Such correlations are usually calculated by con-
tracting the polarimeter vectors of the decayed r-leptons!
and the spin density matrix of the r-lepton-pair spin state,
R; j, which depends on the z-lepton pair-production process
[26-28]. In the case of Higgs boson decays, the spin den-
sity matrix R; ; has only transverse components with respect
to the t-lepton direction, and these are first-order trigono-
metric polynomials in the 2¢, angle. Per-event sensitivity to
CP-mixing depends on the 7-lepton-pair decay modes and
on the way in which the polarimeter vectors and decay planes
are reconstructed from observable quantities. The ¢, angle
is directly related to ¢p,in the H — tt differential decay rate
and the relation has the form of a first-order trigonometric
polynomial in cos(¢fp — 2¢;) at leading order [14,21,22]:

2
T
AUyt~ =1 - b(EJr)b(Ef)E COS((PE‘P —2¢7),

where Ey are the energies of the charged decay particles
in their respective t-lepton rest frames, and b(E+) are the
spectral functions [29] describing the spin analysing power
of a given decay mode. Different methods [15-23] have
been developed in an attempt to approximately reconstruct t-
lepton decay planes. The ¢, variable used in this analysis is
constructed with various methods depending on the t-lepton

1" A polarimeter vector is calculated from the matrix element of the
7-lepton decay process and is usually expressed in terms of the momenta
of the decay products. Its direction gives the most probable direction of
the 7 polarization vector, while its magnitude determines the efficiency
of a given decay as a polarimeter [25].
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planes are spanned by the spatial momentum vector of the charged decay
particle of the 7-lepton (7w ) and either its impact parameter n** or the
spatial momentum vector of the neutral decay particle of the t-lepton

@)

decay modes, largely following the strategy presented in Ref.
[23].

The analysis is performed using 139 fb~! of /s = 13 TeV
proton—proton (pp) collision data recorded from 2015 to
2018 with the ATLAS detector. Two t-lepton-pair decay
channels are considered in the analysis: the first with one
leptonically (tiep ) and one hadronically decaying t-lepton
(Thad ), referred to as the Tiep Thad channel, and the second
with two hadronically decaying t-leptons, referred to as the
Thad Thad channel. The leptonic decay ¥ — ¢Fvv includes
decays to either an electron or a muon. In the case of hadronic
decay, the dominant 1,59 decay modes are considered: single-
pion decay 7 v, two-pion decay 77y with an interme-
diate p*, and three-pion decay 727 % and 37*v with an
intermediate a]i. A small fraction of events with t decays
to KT mesons is also included in the analysis. The -
lepton decay modes used in the analysis are summarised in
Table 1 with their branching fractions [30] and the nota-
tion used throughout this paper. The th,q9 decay modes are
labelled by YpXn in accord with the number of charged
(Y) and neutral (X) pions among the decay products. The t-
lepton-pair decay modes considered in this analysis account
for 68% of all possible t pair decays.

This paper is structured as follows. In Sect.2 the ATLAS
detector is briefly described. The methodology and observ-
ables used in the analysis are discussed in Sect. 3. Section4
gives a summary of the data and simulated event samples.
Section 5 describes the object reconstruction and event selec-
tion, and defines the signal and control regions. Section6
details the experimental and theoretical systematic uncer-
tainties. The fit model and statistical analysis strategy are
explained in Sect.7. Section8 presents the measurement
results. Section9 concludes the paper.
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Table 1 Notation for the dominant leptonic and hadronic t-lepton
decay modes used and their branching fractions. The symbol ‘¢*” stands
for e* or u*, and ‘h*’ includes 7* and K*. The parentheses show
the hadronic decays involving 7* and their corresponding branching
fractions

Notation Decay mode Branching fraction
L oy 35.2%

1pOn hEv (rtv) 11.5% (10.8%)
Ipln hEr% (rt70v) 25.9% (25.5%)
1pXn hE = 27% (@ *270v) 10.8% (9.3%)
3p0n 3h%v Brtv) 9.8% (9.0%)

2 ATLAS detector

The ATLAS detector [31] 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 solenoid, electromagnetic and hadron
calorimeters, and a muon spectrometer incorporating three
large superconducting air-core toroidal magnets.

The inner-detector system (ID) is immersed in a 2 T
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 normally being in the
insertable B-layer [32,33] installed before Run 2. It is fol-
lowed by the silicon microstrip tracker, which usually pro-
vides eight measurements per track. These silicon detectors
are complemented by the transition radiation tracker (TRT),
which enables radially extended track reconstruction up to
[n| = 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 correspond-
ing to transition radiation.

The calorimeter system covers the pseudorapidity range
In| < 4.9. Within the region || < 3.2, electromag-
netic calorimetry is provided by barrel and endcap high-
granularity lead/liquid-argon (LAr) calorimeters, with an
additional thin LAr presampler covering || < 1.8 to cor-
rect for energy loss in material upstream of the calorime-
ters. Hadron calorimetry is provided by the steel/scintillator-
tile calorimeter, segmented into three barrel structures within
[n] < 1.7, and two copper/LAr hadron endcap calorimeters.
The solid angle coverage is completed with forward cop-

2 ATLAS uses a right-handed coordinate system with its origin at the
nominal interaction point in the centre of the detector and the z-axis
along the beam pipe. The x-axis points from the interaction point to
the centre of the LHC ring, and the y-axis points upwards. Cylindrical
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 0 as n = — Intan(0/2). Angular distance is measured in
units of AR = /(An)? + (A¢)2.

per/LAr and tungsten/LAr calorimeter modules optimised for
electromagnetic and hadronic energy measurements respec-
tively.

The muon spectrometer 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 sets of precision chambers cover the region || < 2.7
with multiple layers of monitored drift tubes, 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.

Interesting events are selected by the first-level trigger
system implemented in custom hardware, followed by selec-
tions made by algorithms implemented in software in the
high-level trigger [34]. The first-level trigger accepts events
from the 40 MHz bunch crossings at a rate below 100 kHz,
which the high-level trigger reduces in order to record events
to disk at about 1 kHz.

An extensive software suite [35] 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.

3 Analysis strategy

A CP-sensitive observable ¢, is built with different meth-
ods depending on the t-lepton decay modes. In general,
@¢p is the signed acoplanarity angle between the t-lepton
decay planes. Each t decay plane is constructed from the spa-
tial momentum vector of a charged decay particle and either
its impact parameter (impact parameter method) or the spatial
momentum vectors of other visible t-lepton decay particles
(p-decay plane and a; methods). All vectors are boosted to
the zero-momentum frame (ZMF) of the visible t-lepton-pair
decay particles. Figure 1a—c illustrate the methods used to
construct the 97, observablein H — 171~ — ntn~+2v,
H— vt - 7t72%z 7% and H — 1~ —
nt 7% v decays, respectively. The visible T-lepton-pair
ZMF (indicated by *) is used to approximate the Higgs boson
rest frame, which is not accessible due to the presence of
undetected neutrinos in the t-lepton decays.

Figure 2 shows the normalised distribution of ¢, for sim-
ulated H — 17t~ — 777~ + 2v events at the generator
level. The distribution peaks at ¢, = 180° for a CP-even
(e.g. SM) Higgs boson, whereas for the case of a pure CP-
odd Higgs boson, the distribution peaks at ¢, =0° and 360°.
The phase difference between the ¢, distributions for two
different mixing scenarios is twice their ¢ difference.
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Fig. 2 Normalised ¢, distributions in simulated H — t7t~ —

77w~ + 2v events at the generator level for different CP hypotheses.
The predictions for a pure CP-even SM Higgs boson (scalar, red circle),
a pure CP-odd hypothesis (pseudoscalar, green square), and CP-mix
hypothesis (¢, =45°, blue triangle) are shown. The transverse momen-
tum of the simulated t leptons is required to be larger than 30 GeV
(20 GeV) for the leading (sub-leading) t lepton during the event gen-
eration

The t-lepton-pair decay combinations used in the analysis
and the respective methods for constructing the ¢, observable
are summarised in Table 2. The corresponding fraction of
events relative to the total from all possible di-t decay com-
binations is calculated from the single-t-lepton decay mode
branching fractions in Table 1. Other decay combinations
are not considered in this analysis because their respective
@¢p observables perform relatively poorly in discriminating
between different CP scenarios.

3.1 Impact parameter (IP) method

The IP method is applied to t-lepton decays with only one
charged particle in the final state, specifically the direct
hadronic decay t* — 7%+ or leptonic decays t+ — £*vv.
This refers to the 1pOn—1pOn and ¢—1pOn decay mode combi-
nations. In this case, the t-lepton decay plane is formed from
the spatial momentum vector q* of the charged particle (7 *,
£*) and the three-dimensional (3D) impact parameter vector
n® of the charged particle, defined as the directional dis-
tance of closest approach of the charged particle’s track to
the reconstructed primary vertex (PV) of the event. The four-
vectors of the track momentum qlf and the impact parameter
nff = (0, ni), initially defined and measured in the labora-
tory frame, are boosted to the rest frame of the two charged
decay particles (the visible di-t ZMF, denoted by *). The
boosted and normalised impact parameter vector n** is then
decomposed into components which are parallel and trans-
verse (ﬁji) to the direction of the associated normalised spa-
tial momentum vector §**. Using these vectors, an angle ¢*
and a CP-odd triple correlation O, are defined as

¢* = arccos(@’* -A%7) and OFp, =q* - @7 x A7),
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and both are incorporated in a single observable @7, (0 <
@¢p =< 360°) defined by

« o* if Ofp >0
Ycp =

1
360° — *  if Ofp < 0. M

In the case of leptonic decay, due to a different sign in
the spectral function for the leptonic t decays [20,29], an
additional shift by 180° is applied to synchronise the phase
in ¢, with the other decays.

3.2 p-decay plane (p) method

The p method is applied to construct ¢f, in events with
Ipln—1pln or 1pln—1pXn decay mode combinations. In the
case of consecutive decays t* — pTv, p* — 770, the
T-lepton decay plane can be formed from the spatial momen-
tum vectors of the charged pion (q*) and neutral pion (q°%).
The four-momentum vectors of the 7+ and 7 are boosted
to the rest frame of the p-meson pair (the visible 7-lepton-
pair ZMF). The angle ¢™* and triple correlation O, are then
defined in the same way as in the IP method using the unit
spatial vectors, but replacing the impact parameter compo-
nent with the neutral-pion vector,

p* = arccos((ﬂOJr . (]’10_) and Ofp =q" - ((1*1”’ x (]’io_),

where ﬁ"ioJr and (A]*Lof are the normalised vectors transverse to

the direction of the associated charged pion for each neutral
pion. A signed observable ¢* is defined similarly to Eq. (1),

o = p* if Ofp >0
360° — ¢*  if O%, < 0.

An additional requirement that depends on the sign of the
product of t-lepton spin-analysing functions y; = (E + —
E 0)/(E;= + E,o0), where E_+0 is the pion energy in
the laboratory frame, is needed to define the observable
@¢p sensitive to the CP-mixing angle as

(p* _ (p*/
cr o + 180°

it y?y” >0 @
if y?y? < 0.

In the case of 1pXndecays (e.g. 7+ — afv — 727%),
the sum of the four-momenta of all neutral pions is taken as

the neutral component in the p method.
3.3 Combined IP and p (IP-p) method

For events with the combinations 1pOn—1pln, 1pOn—1pXn,
£—1pln, and ¢—1pXn, the IP method and the p method are
combined to compute the ¢, angle. In the case of H —
1T — aFvp®y, p* — 720 (1pOn-1pln) events, ¢, is
defined in the visible t-lepton-pair ZMF by using the mp
rest frame. One of the decay planes is defined using the IP
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Table 2 Decay mode

combinations of the 7-lepton Decay channel Decay mode combination Method Fraction in all t-lepton-pair decays (%)
pair and the corresponding ) I—1p0n P 8.1
methods to construct the flep Thad P )
@&p observable used in this ¢=lpln P-p 18.3
analysis. The fraction of events {—1pXn IP—p 7.6
for each decay mode ¢-3p0n IP-a, 6.9
combination relative to the total 1p0n—150 I 13
from all di-t decay Thad Thad pUn—ipun :
combinations (last column) is 1pOn—-1pln 1P—p 6.0
calculated using the t-lepton Ipln-1pln 0 6.7
decay mode branching fractions
in Table 1 1pOn—1pXn IP—p 2.5
1pln—1pXn 0 5.6
1pIn-3pOn p—aj 5.1

method and the other with the p method. The quantities ¢*,
O p and ¢* are calculated in a way analogous to that in
Sect. 3.2, but with the one-neutral-pion component replaced
with the impact parameter vector defined in Sect.3.1. The
@¢p observable is defined as

9" if y# >0
vep =1 0 ] 3)
@™ 4180 if y? <0,

with a phase shift of 180° depending on the sign of y”.

3.4 aj-decay (a;) method

The a; method is an extension of the p method discussed in
Sect. 3.2, and is used for ¥ — aftv, czli — w¥g 7. The
t-lepton decay plane is defined by the charged pion (nli)
with the highest transverse momentum and the vector sum
of the other two 77 momenta. The observable y% used in the
p method is modified to take the effect of the = masses into
account, and is defined by y¢' adopting the convention in
Ref. [36] as

2 2 2
Eyqy — Enli M3, — mnli +my,

aj __ _
Y+ Exy + Enli 2m%ﬂ )

where m3; is the invariant mass of the three charged pions
from the aljE decay, and my, (E»;) refers to the invariant
mass (energy) of the system of the two 7 in the 7 decay that
do not have the highest transverse momentum.

Similarly to Sect. 3.3, the a; method is combined with the
IP method for the £-3p0On events and with the p method for
the 1p1n-3p0On events in the Tiep Thad and Thad Thad Channels,
respectively. In the £-3pOn case, ¢(p is defined similarly to
Eq. (3), but with y” replaced by y“'. For 1pln-3pOn, the
@¢p computation is analogous to Eq. (2), except that the
product y/ yil is used to determine whether the 180° shift is
applied.

4 Data and simulated event samples

This analysis uses 139 fb~! of /s = 13 TeV pp colli-
sion data recorded by ATLAS with good operating con-
ditions [37] in 2015-2018. The data were collected using
single-lepton or di-hadronic t triggers [38-41]. Events
used in the Tiep Thad channel were accepted by single-lepton
triggers with pt thresholds of 24 GeV (26 GeV) and
20 GeV (26 GeV) for electron and muon candidates, respec-
tively, in the 2015 (2016-2018) dataset. Events used in the
Thad Thad analysis channel were accepted by di-hadronic t-
lepton triggers, with a pt threshold of 35 GeV for the leading
7 candidate and 25 GeV for the sub-leading T candidate. Due
to rising instantaneous luminosity, the di-hadronic 7 triggers
used in the 20162018 data-taking period required an addi-
tional first-level triggered jet with pt > 25 GeV and || <
3.2.

The analysis considers the four main Higgs boson pro-
duction processes at the LHC: gluon—gluon fusion (ggF),
vector-boson fusion (VBF), associated production with a vec-
tor boson (V H), and associated production with top-quark
pair (ttH). The POWHEG NNLOPS program [42-46] was
used to model ggF Higgs boson production with next-to-next-
leading-order (NNLO) accuracy. The VBF and V H produc-
tion processes were simulated with POWHEG at NLO accu-
racy in QCD. The production of 17 H events was simulated
using POWHEG BOX v2 [44—48] at NLO with the NNPDF
3.0nlo [49] PDF set. In all signal events, the decays of t-
leptons were modelled by PYTHIA 8 [50] with no spin corre-
lations. The spin correlations are reintroduced with event-by-
event weights modelling CP-mixing-dependent transverse
spin correlations, using the TauSpinner package [S1-
53]. Background samples of V + jets and diboson events
were generated by SHERPA 2.2.1 [54] (including t-lepton
decays), and 77 and single-top samples were generated by
POWHEG+PYTHIA 8, with PYTHIA also performing 7-lepton
decays. The simulated event samples are shared with the

@ Springer
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cross-section measurement in the H — 77 decay channel
[55].

All samples of simulated events were passed through a
full simulation of the ATLAS detector response [56] using
GEANT4 [57]. The effects of multiple interactions in the same
or neighbouring bunch crossings (pile-up) were modelled
by overlaying each hard-scatter event with minimum-bias
events, simulated using the soft QCD processes of PYTHIA
8. The simulated events were then weighted such that the
distribution of the average number of interactions per bunch
crossing matches the one observed in data.

5 Event selection and background estimation

The analysis of CP-mixing in the H — vt channel
requires the selection of signal events characterised by
the presence of isolated leptons, visible decay products in
hadronic 7 decays, jets and missing transverse momentum.
Events with an isolated lepton (electron or muon) and a
hadronic 7 decay are used for the Tiep Thad analysis channel,
whereas events with two hadronic t decays are used for the
Thad Thad channel. Additional jets, the invariant mass and the
transverse momenta of the t lepton pairs are used for event
categorisation (Sect.5.2). Various kinematic and identifica-
tion requirements are used to suppress the background.

5.1 Objects and decay mode reconstruction

The analysis shares the same object reconstruction and iden-
tification algorithms as the H — 7Tt cross-section measure-
ment [55]. Here the most important features specific to this
CP measurement are recalled:

e Tracks measured in the ID are used to reconstruct inter-
action vertices [58], of which the one with the highest
sum of squared transverse momenta » p% of the associ-
ated tracks is selected as the primary vertex of the hard
interaction.

e Electrons are reconstructed from topological clusters of
energy deposits in the electromagnetic calorimeter which
are matched to a track reconstructed in the ID [59] and
are required to satisfy ‘loose’ isolation and ‘medium’
identification criteria.

e Muons are reconstructed from signals in the muon spec-
trometer matched with tracks inside the ID. They are
required to satisfy ‘loose’ identification and ‘tight’ isola-
tion criteria based on track information [60].

e Jets are reconstructed using a particle-flow algorithm
[61]. It applies an anti-k; algorithm [62,63] with distance
parameter R = 0.4 to noise-suppressed positive-energy
topological clusters in the calorimeter after subtracting
energy deposits associated with primary-vertex-matched
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tracks, and including the track momenta instead in the
clustering, thereby improving the jet energy measure-
ment. Cleaning criteria are used to identify jets arising
from non-collision backgrounds or noise in the calorime-
ters [64]. A dedicated jet-vertex-tagger algorithm [65] is
used to remove jets that are identified as not being asso-
ciated with the primary vertex of the hard interaction.
Similarly, a dedicated algorithm is used to suppress pile-
up jets in the forward region [66].

e Hadronic 7-lepton decays are reconstructed from the visi-
ble decay products (neutral pions or charged pions/kaons).
The reconstruction is seeded by jets reconstructed with
an anti-k; algorithm using calibrated topological clusters
[67] as inputs and a distance parameter of R = 0.4 [68].
Reconstructed nearby tracks are matched to a hadronic
7 candidate (Thad-vis ) if they exceed the value required
for amultivariate discriminant determining the likelihood
that the tracks are produced from the thaq.vis decay. A
recurrent neural network identification algorithm [69] is
trained to separate the thug.vis candidates from jets ini-
tiated by quarks or gluons, and boosted decision tree
(BDT) discriminants are used to help reject misidentified
hadronic t decays due to electrons. In both cases, the
Thad-vis 18 Tequired to satisfy ‘medium’ criteria. Recon-
structed Thag-vis Objects are required to have one or three
associated tracks, and have ptr > 20 GeV and |n| <
2.47, excluding the transition region between the barrel
and endcap electromagnetic calorimeters (1.37 < |n| <
1.52).

e The missing transverse momentum (with magnitude
ErTniss ) is reconstructed as the negative vector sum of
the transverse momenta of leptons, Thad-vis Objects, jets,
and a ‘soft-term’. The ‘soft-term’ is calculated as the
vector sum of the pr of tracks matched to the primary
vertex but not associated with reconstructed leptons,
Thad-vis Objects, or jets [70].

e The invariant mass of the t-lepton-pair system, mlr\/ITMC ,
is estimated with an advanced likelihood-based algorithm
named the Missing Mass Calculator (MMC) [55,71].

The transverse (longitudinal) impact parameter dy (zo)
of a charged-particle track is defined as the distance in the
transverse plane (z direction) from the primary vertex to the
track’s point of closest approach in the transverse plane.
The impact parameters are used in the calculation of the
@¢p observable in the cases involving single-pion or leptonic
decays (Sect.3.1), as well as in one of the variables defining
the signal regions (Sect.5.2).

An important addition in the CP analysis is that it
requires the t-lepton reconstruction algorithms to cate-
gorise the hadronic 7-lepton decays by using the number
of reconstructed tracks and the capability to distinguish
between single-7” and multi-7 clusters. This allows the
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Thad candidates to be classified as being from the 1pOn, 1p1n,
1pXn or 3pOn decay modes. For this measurement it is cru-
cial to identify each decay mode with good efficiency and
purity, and to measure the momenta of the charged and neu-
tral pions. This is achieved through the ‘th,q Particle Flow’
reconstruction algorithm [72], in which the four-momenta of
the charged and neutral pions from the t decay are deter-
mined by combining measurements from the tracking detec-
tor and the calorimeter. The decay mode classification is
performed by counting the number of charged and neutral
pions, exploiting the kinematic properties of the -lepton
decay products and the number of reconstructed photons by
using BDTs. Three BDTs are built respectively for the 1pOn
vs Ipln, Ipln vs 1pXn and 3pOn vs 3pXn decay modes to
improve the determination of the number of neutral pions
in each case. The efficiency (purity) of the classification is
about 80% (70-80%) for the dominant decay modes 1pOn
and 1pln; for the 3pOn decay mode the efficiency is over
90%, with 90% purity.

5.2 Event selection

Events are selected by requiring at least one hadronic t-
lepton decay in the signature. For events in the Tiep Thad
channel, a Thagvis Wwith pr > 30 GeV and an electron
or muon with pt > 21.0-27.3 GeV are required, with
the latter pt cut depending on the data-taking period. In
the Thad Thag channel, two tha4.vis Objects are required with
pt above 40 and 30 GeV. The pr requirements are chosen
to be above the pr thresholds of the respective single-lepton
and hadronic 7 triggers to ensure trigger operation at the
plateau efficiency. The Thaq.vis and the lepton are required
to match geometrically with their trigger counterparts in the
Thad Thad and Tiep Thad Channels, respectively. In both chan-
nels the two t-lepton candidates are required to have opposite
electric charges. The angular distances between the t-lepton
candidates are required to be AR;; < 2.5 and |An,| < 1.5
(0.6 < AR,y < 2.5 and |An,;| < 1.5) to reject non-
resonanteventsin the Tiep Thad (Thad Thad ) channel. All events
require at least one jet with pt > 40 GeV. Due to triggering
conditions, this selection is tightened to pt > 70 GeV and
In| < 3.2 in the Thag Thad channel. The EITniss is required to
be greater than 20 GeV, and requirements on the fraction of
the t-lepton momentum carried by its visible decay products
are applied to further improve the invariant mass estima-
tion. In the Tiep Thaq channel, the transverse mass mr of the
lepton-plus-E¥1iSS system is required to be less than 70 GeV
in order to efficiently reject W+ jets processes. These prese-
lection criteria are the same as in the H — 71 cross-section
measurement [55].

Events are further categorised to target the vector-boson
fusion (VBF category) and gluon—gluon fusion (Boost cat-
egory) Higgs boson production modes. The VBF category

contains events with a second high-pt jet with p{? >
30 GeV. The two leading jets are required to satisfy the
following kinematics: |An;;| > 3.0, n; - nj, < 0, and
mj; > 400 GeV, with the pseudorapidity values of T, or
Thad lying between those of the two leading jets (yielding
‘central t-leptons’). This kinematic selection is enhanced
by splitting the VBF category into two regions, VBF_1 and
VBF_0, based on the output of a BDT-based VBF tagger
[55], with the VBF_1 region having an enhanced fraction
of VBF Higgs boson production events. The Boost category
targets events where the Higgs boson recoils against jets. The
pr of the Higgs boson (pf) is computed as the magnitude of
the vector sum of the transverse momenta of the t-leptons’
visible decay products and the missing transverse momen-
tum. Events with pit > 100 GeV that do not pass the VBF
selection form the Boost category. These events are further
separated into those with AR;; < 1.5 and pi’ > 140 GeV
(Boost_1) and those not passing these selections (Boost_0).
The event categorisation is applied to both the tjep Thag and
Thad Thad channels, as summarised in Table 3.

For each category, a Higgs-enriched signal region is
defined with 110 < mITVITMC < 150 GeV, and a Z —

77 control region (CR) is defined with 60 < mMMC

T

110 GeV, with the other selection criteria for each cate-
gory remaining the same. Two additional control regions are
defined using events with a % *70) decay
in the 60 < mITVITMC < 110 GeV range: one region with
£—1Ipln events for the 7jep Thag channel, and the other with
IpIn—1pln events for the Thag Thad channel. The events in
these regions are defined so as to be statistically independent
of the four Z — tt control regions in Table 3. The use of
the control regions is described in Sect. 7.

Depending on the decay mode combination, different
additional selection criteria are applied to enhance the sensi-
tivity of the ¢(p construction method. The ¢, from the IP
method is less effective in discriminating between different
¢ values when the impact parameter vector has a magnitude
smaller than, or similar to, its resolution. The sensitivity of
this method can be enhanced by using events with high signif-
icance of the track impact parameter in the transverse plane,

- ptv > 7

d(s)lg , defined as the transverse impact parameter dy divided
by its resolution o (dp). Events are therefore separated into
two groups based on the value of |dglg | of the lepton in Tj¢p or
the pion in 7h,q . In the p method, events with larger absolute
values of the product | yi y” | are more sensitive to ¢,. This
quantity is also used to separate the events into two groups.
In the case of the combined IP—p method, the sensitivity of
@¢p is enhanced by separating the events based on the values

|d8lg | and |y”|. For the IP-a; and p—a; methods the sepa-
ration is based on |y4{'|. Details of the additional selection
criteria are summarised in Tables 4 and 5.
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Table 3 Summary of selection criteria for the VBF and Boost categories in this analysis. The criteria are common to the Tiep Thad and Thad Thad decay

channels
VBF Boost
Py > 30GeV Not VBF
mj; > 400 GeV pit > 100 GeV
|Anjj| > 3.0
Nj - Mjp <0
Central t-leptons
Signal region (110 < mMMC < 150 GeV)
VBF_1 VBF_0 Boost_1 Boost_0
BDT(VBF) > 0 BDT(VBF) <0 AR;; < 1.5and AR;; > 1.50r

pi’t > 140 GeV Py’ < 140 GeV

Z — 7t control region (60 < mMMC < 110 GeV)

T

VBF_1Z CR VBF_0ZCR

Boost_17Z CR Boost_0Z CR

Among the 7-lepton pair decays used in this analy-
sis, the most sensitive (‘dominant’) decay mode combina-
tions are 1pOn—lpln, 1pln—1pln, and 1pOn—1pOn in the
Thad Thad decay channel, and ¢—1pln and ¢—1pOn in the
Tlep Thad decay channel, while the other combinations involv-
ing 1pXn and 3pOn are subdominant due to their weaker spin
analysing power and smaller decay fractions. The events are
therefore divided into three groups, the ‘High’, ‘Medium’
and ‘Low’ signal regions, which characterise the different
levels of sensitivity. Events satisfying the additional selec-
tion criteria for the dominant and subdominant decay mode
combinations define the High and Medium signal regions,
respectively, while the rest are grouped into the Low sig-
nal region. This allows the ¢, distributions from the decay
mode combinations with similar sensitivity to CP-mixing to
be merged to increase the statistical precision of the distribu-
tion templates within each signal region, allowing the use of
finer binning in the ¢, distributions for the regions with bet-
ter sensitivity. The splitting of the signal regions summarised
in Tables 4 and 5 is applied in each of the VBF and Boost
categories (VBF_1, VBF_0, Boost_1 and Boost_0).

In this configuration, there are 12 signal regions in each of
the Tiep Thad and Thad Thag decay channels, leading to 24 sig-
nal regions in total. Each signal or control region is orthog-
onal to the others.

5.3 Background estimation

Expected SM processes other than the H — 77 signal
are evaluated using a mixture of simulation and data-driven
techniques. Processes with true t-leptons and prompt light
leptons are estimated through simulation. Among those the
Z(— tT) 4 jets process is the dominant one, and dedicated
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control regions with 60 < mlffMC < 110 GeV (Sect.5.2)

are used to extract its normalisation (Sect. 7).

The second most significant background contribution
arises from jets misidentified as hadronically decaying t-
leptons (thag ), referred to as ‘misidentified-t background’.
It is determined by a data-driven approach using fake fac-
tors, as described in detail in Ref. [55]. The misidentified-
T background consists mostly of W+jets, QCD multijet,
and top-quark events in the Tiep Thag channel, while in the
Thad Thad channel it originates mainly from multijet events.
The fake factors are calculated as the ratio of the num-
ber of events passing the t identification requirements to
the number failing them in dedicated QCD and W+jets -
enriched regions, defined by inverting the lepton isolation or
mT requirement, respectively. The fake factors are estimated
in each hadronic T decay mode considered in the analysis,
separately for VBF and Boost region events. To estimate both
the shape and the normalisation of the misidentified-t back-
ground, distributions in the regions failing the t identification
are multiplied by the fake factors to correct for the different
efficiencies to pass or fail the 7 identification selection. In
the ‘failed 7 identification’ regions, events not correspond-
ing to misidentified-t background from jets are subtracted
using simulated event samples. For the Thaq Thag final state
the fake-factor method is modified slightly: the t,9 Objects
are matched to their trigger counterparts and the estimate
covers processes with one or two jets misidentified as tpqq -
The misidentified-t background contribution is estimated for
each di-t decay combination considered (Sect. 3) in the pre-
selection region for the Thyq Thag €vents.

Smaller background contributions are due to diboson,
Z(— £0) + jetsand H — W W™ processes in both decay
channels, while W+ jets and top production also make small
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Table 4 Summary of additional

selection criteria for the signal Channel Signal region Decay mode combination Selection criteria
regions in the iep Thag channel Tiep Thad High ¢-1p0n 1458 (e)] > 2.5 or [d3E ()| > 2.0
1y (zipon)| > 1.5
¢-1pln 43 (e)] > 2.5 or [d3E (w)] > 2.0
[y (t1ptn)| > 0.1
Medium ¢~1pXn A3 (e)] > 2.5 or [d3E (w)] > 2.0
[y? (t1pxn)| > 0.1
£-3pOn A3 (e)] > 2.5 or [d3E ()] > 2.0
[y“! (z3pon)| > 0.6
Low All above Not satisfying selection criteria
’SI:;E(I:ZSH iﬁg?ﬁ{)?{hidgigt::llal Channel Signal region Decay mode combination Selection criteria
regions in the Thad Thada channel Thad Thad High 1pOn—1p0n | d(s)ig ()] > 1.5
38 ()] > 1.5
1pOn—1pln |61'(§ig (tipon)| > 1.5
[¥°(T1p1n)| > 0.1
Ipln-Ipln [y (z)y? ()| > 0.2
Medium 1pOn—1pXn |dgi‘=’ (Tipon)| > 1.5
[y° (T1pxn)| > 0.1
Ipln-1pXn [° (T1p1n) ¥? (T1pxn)| > 0.2
1p1n-3pOn [*(Tipin)| > 0.1
[y“! (t3pon)| > 0.6
Low All above Not satisfying selection criteria
contributions in the thaq Thad channel. These are estimated mlfv'rl\/'C [76]. They also directly affect the jet selection for

from simulation and are normalised to their theoretical expec-
tations.

6 Systematic uncertainties

Systematic uncertainties generally affect the yield in the
signal and control regions as well as the shape of the
@¢p distribution, on which the fit is performed. They are
grouped into three types: the experimental uncertainties, the
theoretical uncertainties, and the 7-lepton decay reconstruc-
tion uncertainties.

The experimental uncertainties include those from the
trigger, reconstruction, identification and isolation require-
ments of the final-state particle candidates (electrons, muons,
t-leptons, jets, E‘TniSS , b-tagging), as well as uncertainties
from misidentified-t background estimation and the lumi-
nosity measurement [73,74].

The uncertainties on the jet energy resolution and scale
[75] affect the acceptance of the signal and background
contributions through their impact on E{Pigs, and thus

the event categorisation in the VBF and Boost regions [76].
The jet energy scale uncertainty for central jets (|n| < 1.2)
varies from 1% for a wide range of jet pt (250GeV < pr <
2000 GeV) to 5% for very low pr jets (pt < 20 GeV), and
3.5% for very high pr jets (pt > 2.5 TeV), and forward jets
exhibit uncertainties of similar size. The relative jet energy
resolution ranges from (24 + 1.5)% to (6 £ 0.5)% for jets
with pt of 20 GeV to 300 GeV, respectively [75]. Other jet-
related uncertainties have smaller impacts.

Uncertainties from the misidentified-t background esti-
mation arise from sample statistics of the events used for
estimating the fake factors, subtraction of residual contri-
butions from processes without misidentified-t, and uncer-
tainties in the flavour composition taken from compar-
isons between the predicted and observed backgrounds in
a dedicated validation region. The uncertainties are assigned
per t-lepton-pair decay combination in the Tep Thag and
Thad Thad channels. The total expected uncertainties in the
yield of the misidentified-t events in the signal regions are
typically 20% (20-40%) in the Boost (VBF) region in the
Tlep Thad Channel, and 15-30% in the Tpag Thad channel.
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Theoretical uncertainties are applied to Z+jets background
and signal processes. For the Z + jets background, uncer-
tainties are considered for the renormalisation and factorisa-
tion scales, the resummation scale, the jet-to-parton match-
ing scheme, the choice of value for the strong coupling con-
stant o, and the choice of PDF. Only distribution shapes and
migrations between analysis regions are considered for these
uncertainties since the absolute normalisation of Z — 771 is
determined at the fit level. For the signal, uncertainties are
considered for the QCD scale because of missing higher
orders in the matrix element calculation, for the parton
shower and hadronisation model, and for renormalisation and
factorisation scales and the PDF. These are applied to the pro-
duction cross-sections for the ggF, VBF and V H processes,
and do not have large impacts on the measurement as they
only affect the signal normalisation, which is also determined
in the fit, and not the shape of the ¢, distribution.

The 7-lepton decay reconstruction uncertainties primarily
affect the shape of the ¢, distributions. These concern the
classification of the hadronic t-lepton decay modes as well
as measurement uncertainties of the track impact parame-
ters, pion track momentum, and neutral pion momentum. The
uncertainties in the classification of the hadronic t-lepton
decay modes are derived from a 7-lepton decay mode classi-
fication efficiency and correction factor measurement, using
a tag-and-probe analysis in the p—tp,q final state performed
on part of the Run 2 dataset. These uncertainties include
those in the decay mode reconstruction efficiencies and in
the event migration between decay modes. The size of the
uncertainties ranges from 6 to 20% depending on the decay
modes and their cross migrations. The uncertainties affecting
the impact parameters and track measurements include those
in alignment effects and in impact parameter resolution, and
they account for differences between data and simulation.

The uncertainties in the 7° angular resolution and energy
scale are estimated in situ in the analysis. The 7° energy
and momentum direction are initially varied in accordance
with the energy response of the calorimeter to charged pions
[77] and the measured 7° angular resolution [72], respec-
tively. These variations in the 70 energy scale and angu-
lar resolution are found to affect the shape of the distribu-
tion of the reconstructed invariant mass of the 7*70 sys-
tem, m(z*, 79), in t* — p*v — 770 decays. Dedi-
cated Z — 17 control regions with exclusive 1pln decays,
namely the /—1pln and 1pln—Ipln events, are defined in
the Tiep Thad and Thad Thad decay channels, respectively, as
described in Sect.5.2. The m(r*, 7°) distribution is used
as the observable in these control regions in the com-
bined fit, so that the final size of the 7° angular resolu-
tion and energy scale uncertainties in the ¢,measurement
are determined from data. Figure3 shows the post-fit dis-
tributions of m(n*, 7%) in the Z — 7t control regions in
the Tiep Thad and Thad Thad channels using {-1pln and 1pln—
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Ipln events, respectively. For the 1pln—Ipln events in the
Thad Thad channel, only the leading ty,g is selected for the
m(®, 7°) distribution. The m(z*, %) data distributions
show good agreement with the prediction.

7 Statistical analysis

To measure the CP-mixing angle ¢, a simultaneous fit to the
data is performed using a likelihood function that depends on
the CP-mixing angle ¢ as the parameter-of-interest, and the
nuisance parameters that account for the systematic uncer-
tainties and the floating normalisations for the Higgs boson
signal and for the background. The likelihood function is con-
structed as a product of Poisson probability terms over the
bins of the input distributions, and the parameter-of-interest is
estimated by maximising the likelihood. The likelihood com-
prises 24 signal regions and 10 control regions. Constraints
on the nuisance parameters are assigned with a Gaussian
term, and bin-by-bin statistical fluctuations in the simulated
background samples are included in the fit with a Poisson
probability term.

In the fit the normalisation of the Z — vt events is left to
float freely in the eight control regions (described in Sect. 5.2)
to account for the Z — 7t modelling in the different sig-
nal regions. Four normalisation factors (NF) are defined to
control the Z — 77 background events in the Boost_O,
Boost_1, VBF_0, VBF_1 categories, respectively. Each fac-
toris shared between the Tiep Thad and Thad Thad channels, and
is also shared between a control region and the correspond-
ing signal region in the same category. Other backgrounds
are normalised to their expected number of events estimated
from the MC simulation.

Two control regions using events with a ¥ — pTv —

70y decay ({~1plninTiep Thag and 1pln—1plnin thad Thad )
are defined from the Z — 77 control region events
(Sect.5.2). The distribution of the 77 invariant mass,
m(n*, 70), is employed in these control regions to control
the 0-related uncertainties by using the data, as described
in Sect. 6.

The Higgs boson signal strength ju;; (defined as the ratio
of the measured signal yield to the SM expectation) is also
left unconstrained in the fit, such that the signal normalisa-
tion does not depend on the SM assumption and only the
shape of the ¢, distribution is exploited in the estimation
of ¢,. Model-dependence of the cross-section on CP-mixing
scenarios is not exploited. The ¢, distributions in the sig-
nal regions are binned to maximise the measurement sen-
sitivity, taking into account the associated uncertainties. In
general, finer binnings are used in the signal regions asso-
ciated with higher sensitivity (High and Medium SRs), with
coarser binning in the Low signal region. A smoothing pro-
cedure is applied in the signal regions to remove potentially
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large local fluctuations in the systematic variations of the
@¢p distributions because of the limited size of the MC sam-
ples used to build the templates. The test statistic is based on
a profile likelihood ratio and the asymptotic approximation
[78] is used for statistical interpretations.

8 Results

Figure 4 shows the post-fit ¢f., distributions for the data as
well as the prediction in the High, Medium and Low signal
regions in the Tiep Thad and Thad Thad channels, respectively.
In each distribution, the <pép bins are counted incrementally
through all VBF and Boost categories and cover the range [0,
360]° for each category. The observed and expected negative
log-likelihood (A In L) scans in ¢ are shown in Fig.5. The
observed (expected) value of ¢, is 9° £+ 16° (0° = 28°) at the
68% confidence level (CL), and 4-34° (f;g;) at the 20 level.
The data disfavours the pure CP-odd hypothesis at the 3.40
level, while the expected exclusion level is 2.1c0. The fitted
signal and background normalisations are shown in Table 6.
The results are compatible with the SM expectation within
the measured uncertainties.

The total uncertainty is dominated by the statistical uncer-
tainties of the data sample. The dominant contributions to
the systematic uncertainties are from jets, followed by lim-
ited sample size of the background simulations, uncertain-
ties from the free-floating normalisation factors, and the-
ory uncertainties. The uncertainties in the t-lepton decay
reconstruction have small impacts of less than 1° on ¢,. The
effects from the 70 uncertainties measured in situ are com-
pared with those from a set of simulated event samples with
systematically varied modelling of the hadronic response in
the calorimeter, and the latter are found to have a similar
impact on the ¢, measurement. Effects from other sources

m(nt,n°) [GeV] m(n,n°) [GeV]

(b) ThadThad ZCR with 1pIn—1pln events

are negligible. The impact of the uncertainties is summarised
in Table 7.

The difference between the observed and expected sensi-
tivities of the ¢y measurement can be attributed to a statistical
fluctuation in data. The uncertainties of the ¢, measurement
are highly dependent on the size of the modulation amplitude
of the (pz p distributions. In the measured data, there are more
distortions of the ¢, shape due to bins fluctuating from their
expected values, resulting in overall larger modulation ampli-
tudes than the predicted shape. A set of pseudo-experiments
is performed (with the condition u,, = 1) that shows that
the probability of obtaining the observed distribution, given
the expectation, is about 4%.

The present measurement is compatible with the recent
measurement of the same mixing-angle parameter by the
CMS Collaboration [24], for which an observed (expected)
mixing-angle value of —1° & 19° (0° &£ 21°) at the 68% CL
was reported.

The expected sensitivities of the Thad Thad and Tiep Thad
channels in excluding a pure CP-odd Htt coupling are
1.70 and 1.10, respectively. The ‘High’ signal regions con-
tribute the most, with 1.40 and 1.0o in the thaq Thad and
Tlep Thad Channels, respectively. Other signal regions have
expected sensitivities below lo.

A 2D scan of Aln L as a function of the signal strength
.7 versus ¢is shown in Fig.6. The 1o and 20 2D confi-
dence levels correspond to A ln L values of 1.15 and 3.09,
respectively. No strong correlation between ., and ¢, is
observed. The SM prediction of u;; = 1 and ¢, = 0 is
compatible with the measurement within the 1o confidence
region.

Figure 7 shows the data distribution of ¢, with all signal
regions in both the 7jep Thad and Thad Thad channels combined,
together with the best-fit H — 71 signal, pure CP-even and
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Fig. 4 Post-fit distributions of
@¢p in the signal regions (SRs),
showing a 7jep Thaa High SR,

b Thad Thaa High SR,

€ Tlep Thad Medium SR,

d Thad Thad Medium SR,

€ Tlep Thad Low SR, and

f Thad Thad Low SR. The

@¢p bins are counted
incrementally through all VBF
and Boost categories and cover
the range [0, 360]° for each
category. The best-fit

H — vt signal is shown in
solid pink, while the red and
green lines indicate the
predictions for the pure CP-even
(scalar, SM) and pure CP-odd
(pseudoscalar) hypotheses,
respectively, scaled to the
predicted signal yield. ‘Other
backgrounds’ include W,
diboson, top, Z — ¢¢ and

H — WW?*. The hatched
uncertainty band includes all
sources of uncertainty after the
fit to data

pure CP-odd hypotheses. The events in each signal region
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are weighted with In(1 + S/B), where S and B are the event

yields for the signal and the total background, respectively.
The background is subtracted from data in the figure. The
distribution illustrates that the data disfavours the pure CP-

odd scenario.
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9 Conclusion
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A measurement of the CP properties of the interaction
between the Higgs boson and t-leptons is presented. In the
generalised Yukawa interaction, a single mixing parame-

ter ¢, parameterises CP-violating interactions between the
Higgs boson and t-leptons. The measurement is performed
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Fig. 6 A 2D likelihood scan of the observed signal strength r, versus
the CP-mixing angle ¢,. The 1o and 20 confidence regions are shown

In(1 + S/B) for the corresponding signal region. The background is
subtracted from data. The best-fit H — vt signal is shown in solid
pink, while the red and green lines indicate the predictions for the
pure CP-even (scalar, SM) and pure CP-odd (pseudoscalar) hypothe-
ses, respectively, all scaled to the best-fit H — tt signal yield. The
hatched uncertainty band includes all sources of uncertainty after the
fit to data, and represents the same uncertainty in the total signal and
background predictions as in Fig.4
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using 139 fb~! of proton—proton collision data recorded at
a centre-of-mass energy of /s = 13 TeV with the ATLAS
detector at the Large Hadron Collider. The measurement is
based on a maximum-likelihood fit to the CP-sensitive angu-
lar observable ¢, defined by the visible decay products in
the Tiep Thad and Thad Thad decay channels. Depending on the
decay channels, different methods are used to reconstruct the
@¢p distributions. The sensitivity is optimised by applying
decay-mode-dependent kinematic selections. The observed
(expected) value of ¢.is 9° = 16° (0° £ 28°) at the 68%
confidence level, and £34° (f;gi) at the 20 level. The pure
CP-odd hypothesis is disfavoured at a level of 3.4 standard
deviations. The analysis precision is limited by the statistical
uncertainty of the data sample. The measurement is consis-
tent with the Standard Model expectation.
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