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CP-violation

Baryon-asymmetry of the universe — additional sources of CP-violation
beyond SM is necessary.

It is possible to have additional CPV in models with extended scalar sectors.

@ Constraints come from :

©@ EDM experiments
@ Collider experiments
© Requirement from observed baryon-asymmerty.

In this talk, | will explore the collider constraints as well as future projection
of CP-violation in the complex-2HDMS with EDM bounds imposed.
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Probing CP-nature of 125 GeV and 95 GeV excess

@ The 125 GeV Higgs boson, can be a CP-mixed state.
@ The CP-odd 125 GeV Higgs is ruled out at 2 50.

@ LHC and future experiments (HL-LHC and lepton colliders) provide bounds
and future projection on the CP-odd component of the Higgs.

@ We investigate the CP-nature of the recently observed 95 GeV excess and
what do the data tell us about its CP-nature?

@ Constraints from EDM.

@ Future probes at the lepton colliders.
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The most general complex 2HDMS scenario

The scalar potential:
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@ In the absence of complex parameters, CP-even states ps, p2, ps will mix and
give rise to CP-even mass eigenstates H;, H,, Hs.

o CP-odd states 1,172,175 will mix and give rise to a Goldstone state Gy and
two pseudoscalar states A;, As.

@ In case of CPV, 5 CP-mixed mass eigenstates will be present hy, hy, hs, hy, hs.

We have five Higgs in mass eigenstates and 10 mixing angles
. 2 2 o2 2 0 2 pT
diag(mp, , mp, , my,, my, . my ) = RMER", 3)
where the mixing matrix is as follows:

R = R(a12, 13, 23, 14, (24, (434, (l15, (25, (435, (l45) (4)
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Mixing in a simplified version of complex 2HDMS
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Yukawa couplings

we choose the specific type (type Il) and therefore the reduced Yukawa couplings

are as follows.
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¢r is the measure of CPV.
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Benchmark scenario

mpy, mg, Mpy, mg, Mpg mpy=+ /':L Vs
800 125 95 805 150 795 800 1000
t3  CB—ap Q13 Q23 Q1a foon Q34 £1,¢s

5 0.015 0.0 0.35 0.0 0.00662652 0.0356523 0

Table: Benchmark satisfying all theoretical and experimental constraints



|
Constraints from EDM

Figure: The two-loop Bar-Zee diagrams with fermion (left), scalar (middle) and
gauge-boson (right) loop contributions.
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Bounds from EDM on individual phases
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EDM bounds on individual angles a3; < 0.003 and ap; < 0.0006.
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Bounds from EDM on both phases
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Probing CPV with decays of Hi»5 and Hys in 77 channel at

ete™ colliders

® The process: ete™ — Hos /1052, Hos j105 — 7T

@ Probe the coupling structure of H7T.

@ The decay modes of 7-lepton.

Notation Decay Mode Branching fraction
1 IE3%7 35%
1p0On Tty 11%
1pln pTv — a0y 26%
1p2n ajv — prnv — 7070 10%
3p0n v — Pty - rEa oty 9%
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Relevant di-7 channels for our study.

Decay channel

Decay Mode combinations

Branching fraction

-1p0n 8.1%

TlepThad E-lpln 18.3%
£-1p2n 7.6%

£-3p0n 6.9%

1p0n-1p0n 1.3%

1p0On-1pln 6.0%

Thad Thad 1pln-1pln 6.7%
1p0On-1p2n 2.5%

1pln-1p2n 5.6%

1p1n-3p0n 5.1%

e We focus on signal process e™e™ — hgs/125(Thad Thad ) Z(I717).

@ Major backgruound comes from SM process ete™ — Z(ThaaThaa)Z(IT17).
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CP-sensitive observables
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Figure: Construction of the angle ®¢p
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Using the H — 77 spin-density matrix and the SM density matrix of polarized
T — TV
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Angular distributions
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Blue — CP-even, Green — CP-mixed. The difference between the

minima(maxima) of the two curves is equal to 2¢,.
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Forward-backward asymmetry
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Figure: ®¢p distribution (2-bin) for 95 GeV and 125 GeV scalars at ete™ collider,
/s =250 GeV, [Ldt =5.6 ab™!. a3 = 0.0356523 and aps = 0.00662652.
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Measurement of the CP-violating phase for hgs
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Figure: forward-backward asymmetry as a function of asa.
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Summary Plots
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o If a4 = 0.005, CP-violation in 125 GeV Higgs can be observed at 250 GeV
ete™ machine.

o If CPV is observed in the 125 GeV Higgs, and no EDM, it would
unequivocally indicate presence of additional sources of CPV in the extended
scalars, since a4 < 0.0006, when no other source is present.

@ The purple regions are where both hgs CP phase and hyo5 CP-phase can be
detected, the cyan regions are where hio5 CPV is not detectable while hgs
can be detected.



Summary

@ Our goal in this work here, is to probe CP-violation at the future eTe™
collider.

@ A 250 GeV et e collider will be able to pin-down the CP-mixing in the 125
GeV with unprecedented precision. However, an observation of a CP-phase
will be in tension with EDM data.

@ An additional source of CPV in an extra scalar can be an exciting prospect.

@ In this light, we explore the CPV in the 95 GeV excess, which is consistent
with the excess, as well satisfy the EDM bounds.

o If the excess is confirmed in the future, its CP-properties will also be precisely
probed at a 250 GeV ete™ collider.

@ In our analysis, only hadronic decay mode of the tau leptons are considered
and leptonic decay mode of Z boson. A full reconstruction of p or a; mason
is assumed from its 2-body or 3-body pion decay final states.
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Thank You
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Questions

@ Explanation of the left panel.
@ Why is 1 TeV ILC better than 500 GeV ILC for 125 GeV CPV?

@ A comparison with LHC and HL-LHC and ILC for 125 GeV Higgs, (we had an
older plot), may be good for the audience to appreciate the ILC precision in
this context.

@ Baryogenesis plot in the back-up may be if someone asks?

@ 150 GeV low mass scalar is allowed from constraints because of no mixing
with the doublet states, right?

e Mj,, and M7, have different complex parameters and therefore, the source
of CPV in 95 GeV and 125 GeV are different?
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