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In this talk we discuss the CP violation in the Higgs sector under assumption that Higgs is a mixture
of CP even and odd states. Study is done in ZZ-fusion production mode, at the intermediate energy
stage of CLIC, in full simulation of a detector and machine and physics related backgrounds. By
measuring kinematic properties of electron and positron in the final state, in the Higgs exlusive
decay to bb̄ to reduce backgrounds, we discuss the statistical precision of CP-violating mixing
angle measurement with 2.5 ab−1 of data.
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1. Introduction

Exploring CP violation in the Higgs sector can give an answer to the baryon asymmetry of the
Universe as well as provide a sign of a New Physics. In the Standard Model, Higgs boson is a CP
even state. CP violation in the Higgs sector can be explored in the extended Higgs sector where
mixing of pure CP even (H) and CP odd (A) states can occur:

ℎ = 𝐻 · 𝑐𝑜𝑠ΨCP + 𝐴 · 𝑠𝑖𝑛ΨCP, (1)

where ΨCP is the CP violating mixing phase.
At future 𝑒−𝑒+ Higgs factories there is plethora of possibilities to study CPV in the Higgs

sector, either using bosonic (HVV) or fermionic (Hff̄) vertices (Table 1 [1]).

Table 1: HVV (V = W, Z) and Hff̄ vertices that can be studied at various center-of-mass energies at future
𝑒−𝑒+ colliders.

fermion couplings
H→ 𝜏+𝜏− 250+ GeV
𝑒−𝑒+ → 𝐻𝑡𝑡 500+ GeV

boson couplings
𝑒−𝑒+ → 𝐻𝑍 250+ GeV
H→ 𝑍𝑍 250+ GeV
H→ 𝑊𝑊 250+ GeV
𝑒−𝑒+ → 𝐻𝑒−𝑒+ (ZZ - fusion) 1000+ GeV

Figure 1: Feynman diagram of the ZZ-fusion where Higgs boson decays to bb̄.

So far, most of the CPV studies are done using Hff̄ vertices (H→ 𝜏+𝜏− decay and tt̄H
production) where CPV factor fCP = 𝑠𝑖𝑛2ΨCP should be measured with the precision of 10−2 to
meet the theory target [2]. Using bosonic vertices theoretical target is sensitivity to fCP deviations
of ∼ 10−5 determing precision goal of ΨCP measurement. ILC result in H→ 𝜏+𝜏− decay at 250
GeV with absolute statistical precision of the mixing anlge ΨCP of ΔΨCP = 75 mrad [3] clearly
meets the target. The 2022 Snowmass report on CP violation [2] does not identify CPV analyses in
HVV (VV-fusion) vertices.
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In this paper we present preliminary results of CPV study in ZZ-fusion at 1.4 TeV CLIC,
where Higgs boson decays to bb̄ (Figure 1). Aim of the analysis is to determine absolute statistical
precision of ΨCP, for the Standard Model case (ΨCP = 0).

2. CLIC Accelerator and Detector

CLIC accelerator is based on two-beam normal conducting acceleration scheme with accelera-
tion gradient of up to 100 MV/m [4]. It will run in three energy stages (380 GeV, 1.4 (1.5) TeV1 and
3 TeV, Figure 2 (left) [5]) with more than 3 ·106 Higgs bosons produced in the estimated center-of-
mass energy span. Driven by the CLIC physics program, CLICdet [6] detector is optimized for the
precision Higgs physics program with all detector subsystems placed within magnetic field of 4 T
to enable Particle Flow Algorithm (PFA) [7]. Vertex and tracking detectors are all silicon detectors
enabling charge particle reconstruction and identification. Only photons and neutral hadrons are left
to be measured at electromagnetic and hadronic calorimeters, respectively. PFA enables jet energy
resolution (Figure 2 (right)) in the range of (3-5)% [6], depending on a jet energy of importance for
the bb̄ final state. Detailed CLICdet performance is discussed in [6].

Figure 2: Integrated luminosity of CLIC per energy stage (left). Jet energy resolution for different jet
energies as a function of the polar angle (|cos𝜃 |), in the presence of 𝛾𝛾 → hadron background overlaid on
the Z/𝛾∗ → qq̄ events (right).

3. Event selection

We consider exclusive H→ bb̄ decay channel in order to avoid high cross section 𝑒−𝑒+ →
𝑒−𝑒+𝛾 background that is present in inclusive process. As the signal final state is 𝑒−𝑒+ + 2jets:
𝑒−𝑒+ → 𝐻𝑒−𝑒+(𝐻 → bb̄) we select two isolated electrons per event, where the electron is
considered isolated if passed cuts on: transverse (𝑑0 < 0.04 mm), longitudinal (𝑧0 < 0.1 mm) and
three-dimensional (𝑅0 < 0.1 mm) impact parameters, ratio of energy deposited in electromagnetic
and hadronic calorimeters (𝐸𝐸𝐶𝐴𝐿/(𝐸𝐸𝐶𝐴𝐿 + 𝐸𝐻𝐶𝐴𝐿) ≥ 0.94) and two-dimensional requirement
of cone energy vs. electron energy (𝐸2

cone < 9GeV · 𝐸𝑡𝑟 𝑘 + 9GeV2), where the cone energy (𝐸cone)

1Full simulation of real experimental measurement (pseudo-experiment) is done at 1.4 TeV center-of-mass energy
that was initially proposed for the second energy stage. Higher center-of-mass energy of 1.5 TeV is chosen subsequently
as the maximal center-of-mass energy that can be reached with a single drive-beam complex.
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sums up all particle energies in a cone size of approximately 6◦ around the isolated electron
track with energy 𝐸trk. Two reconstructed jets determine Higgs boson four-vector. In Figure 3
(left) the Higgs boson invariant mass for the signal and background processes after the selection
described above (preselection) is shown. It can be seen that background with large cross section
is not completely suppressed. In order to suppress background multivariate analysis (MVA) using
sensitive observables is applied, based on the Boosted Decision Tree (BDT) method within the
TMVA software package [8]. BDT efficiency is found to be 94%, where a signal efficiency is 81%
and the overall background rejection rate is 99.9%. Stackplot of the Higgs boson invariant mass
after the MVA is illustrated in Figure 3 (right). It is obtained by restricting the BDT output variable
to be larger than 0.16 on event-by-event basis.

Figure 3: Stackplot of the Higgs boson invariant mass, for signal and background, after the preselection
(left) and MVA (right).

Figure 4: Illustration of the CP sensitive observable ΔΦ.

4. Sensitive observable

The CPV observable sensitive to scalar-pseudoscalar mixing, is the angle between production
planes ΔΦ (Figure 4) defined by the initial and final 𝑒± states and exchanged Z bosons. ΔΦ can be
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retrieved as the angle between unit vectors (−→𝑛 1 and −→𝑛 2) orthogonal to these planes:

ΔΦ = 𝑎 · arccos(−→𝑛 1 · −→𝑛 2) (2)

where the unit vectors are:

−→𝑛 1 =
𝑞𝑒−

𝑖
× 𝑞𝑒−

𝑓

|𝑞𝑒−
𝑖
× 𝑞𝑒−

𝑓
| and −→𝑛 2 =

𝑞𝑒+
𝑖
× 𝑞𝑒+

𝑓

|𝑞𝑒+
𝑖
× 𝑞𝑒+

𝑓
| , (3)

𝑎 defines how the second (positron) plane is rotated w.r.t. the first (electron) plane; If it falls
backwards (as illustrated) 𝑎 = - 1, otherwise 𝑎 = 1; Direction of Z in the e− plane regulates the
notion of direction (fwd. or back.) by the right-hand rule. 𝑞𝑒±

𝑖, 𝑓
stands for momentum vectors of

initial (final) 𝑒±.

Figure 5: ΔΦ distributions at the generator level for pure scalar and pseudoscalar states (left). ΔΦ distribution
for background after preselection (right).

ΔΦ distributions at the generator level for pure scalar and pseudoscalar states are illustrated in
Figure 5 (left). Distributions are generated by Whizard generator [9] version 2.8.1 within 2HDM
model. It can be seen that these two distributions have different phases regulated by ΨCP.

Figure 6: ΔΦ for signal after full simulation, reconstruction and selection, corrected for acceptance and
detector reconstruction effects (red). Generated distribution (black).
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Background is CP insensitive within statistical errors as illustrated in Figure 5 (right) after the
preselection phase. After MVA it is suppressed to be negligible. Figure 6 gives reconstructed ΔΦ

for signal and background corrected for polar angle acceptance effects of the central tracker and for
the finite detector resolution. There is ongoing optimization of the fit to extract ΨCP from the ΔΦ

distribution. Preliminary fit of ΔΦ distribution from Figure 6 indicates the order of magnitude of
ΨCP absolute statistical precision to be ∼ 101 mrad.

5. Conclusion

We give the short overview of the method to measure CPV mixing angle in the Higgs sector
where the Higgs mass state is superposition of CP-odd and CP-even states. ZZ-fusion with subse-
quent H→ bb̄ decay is considered exclusively at 1.4 TeV CLIC assuming 5.5 ab−1 of data. Event
selection based on multivariated analysis suppresses background to a negligible level which is oth-
erwise CP insensitive. There is ongoing effort on improvement of the fit method with preliminary
sensitivity < 1◦ of ΨCP measurement at 1.4 TeV CLIC with 2.5 ab−1 of data.
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