cw O XYPIETI1B D CPOENDIEIR

TOKYO UNIVERSITY OF SCIENCE

Tokyo U. of Science

Collaboration with

Tanmoy Mondal (Birla Inst. of Technology & Science)
2505.05104 (hep-ph)

Tokyo University of Science (Noda Campus)
Sep. 24th, 2025
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CP-violation

O CP-violation has been discovered by Kaon decays in 1964.
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Cronin Fitch

O In the SM, CPV can be explained by the Kobayashi-Maskawa phase (1973).
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Question: What is the origin of the KM phase? Kobayashi Maskawa



Origin of CP-violation

CPV
Explicit Breaking Spontaneous Breaking
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Let us consider 2HDMs as a simple example of SCPV.
SCPV 2HDM: T. D. Lee (1973)

— Inevitable non-decoupling Higgs sectors

SCPV —

— Flavor misalignment




A Theory of Spontaneous T Violation

T.D. Lee (Columbia U.)
1973
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SCPV In 2HDMs
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Vacuum Structure (Soft z, case: A, = A,=0)
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Vacuum Structure (Soft z, case: A, = A,=0)

If we introduce an explicit CPV term e.g, Im[u52] #0, potential becomes

A
Ve = U105 (—,ug cos & + ZS’Ul’UQ cos 2§ + Im[,ug] sin 5) + const.
V

Degeneracy disappears

—  Explicit CPV

We focus on SCPV 2HDM.



Potential

O Most general form with CP-invariance
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Mass formulae

O Charged-Higgs mass
2

v
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O Neutral Higgs masses (3x3 mass matrix)
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» Lower limit on |sin &|, lower and upper limit on tanf3 .

O 10 Parameters : my;, My,, My3, Mys, 053, dy3, A4, V, tanP, sing.

— (a,0,0) in the Higgs alignment limit



Limit on tanp — sin& plane
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Limit on my, - my, 5 plane

NLO unitarity bound: Nierste, Mustafa, Tabet, Robert, Ziegler (2020)
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h = vy/Zy

O We take the Higgs alignment limit.
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2-loop: Aiko, Braathen, Kanemura (2023)
Degrassi, Slavich (2023)
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Se | f_ CO U pl I n g 1-loop: Kanemura, Okada, Senaha, Yuan (2004)

2-loop: Braathen, Kanemura (2019)
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The SCPV 2HDM predicts the maximal non-decoupling loop effect.



Yukawa interactions

O Up-type quark sector (down sectors are similar)

Ly =—Qr (chil + Y2(I~’2)UR +h.c. Y4, Y,: Real matrices
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where M, = (Y1 cos B+ e Y, sin B)y pu=-—Yisinp+ e Y, cos 3

Sl



Yukawa interactions

O Up-type quark sector (down sectors are similar)

Ly =—Qr (Yﬁil + Y2(I~’2)UR +h.c. Y4, Y,: Real matrices
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v

~ v

where M, = \/ﬁ(Yl cos B+ e %Y, sin B)y pu=-—Yisinp+ e Y, cos 3

- Biunitary transformation makes the mass matrix diagonal:

uy, — VuuL, UR — Uu’LLR

M, — M, = Vi M, U, (diagonal) pu — pu =V pu Ul

- Reality condition, Im[Y;] = Im[Y,] = O, restricts the structure of p, matrix.
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Yukawa alignment

O If we impose the Yukawa alignment condition Yo =6.Y1 (Gw €R)

~ ’U . ) N . i
M =51 (cos B+ e CusinB), pu = Yi(—sinf + e *(, cos )
complex parameter complex parameter
- We can diagonalize two matrices at the same time. 5
- Complex phase can be removed by quark rephasing. 2L

— KM phase vanishes. So, we need Yukawa misalignment.



Yukawa alignment

O If we impose the Yukawa alignment condition Yo =6.Y1 (Gw €R)
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M =51 (cos B+ e CusinB), pu = Yi(—sinf + e *(, cos )
complex parameter complex parameter
- We can diagonalize two matrices at the same time. 5
- Complex phase can be removed by quark rephasing. 2L

— KM phase vanishes. So, we need Yukawa misalignment

O We partially impose the Yukawa alignment for d/e sectors.
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Constraints on p,

O Now, flavor violating interaction comes from p,.
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Constraints on p,

O Now, flavor violating interaction comes from p,.
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Constraints on p,

O Now, flavor violating interaction comes from p,.
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Constraints on p,

O Now, flavor violating interaction comes from p,.
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EDM Constraints

O Barr-Zee diagrams give dominant contribution to the electron EDM.

Y
- Barr, Zee (1990)
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EDM Constraints
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Correlation

b/w Ak, and h — yy

ﬁi loop
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Collider signatures (on going)

O Characteristic signatures via multi-top events appear from [p,]s>
“OU0000) H
- Mono-top ‘>__21‘°i-
L LA -

- Di-top

- Triple-top

Smoking gun: Top number violating signatures w/ charm



Current bounds on p5; and ps,
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Summary

— Inevitable non-decoupling Higgs sectors

SCPV 2HDM —

—  Flavor misalignment
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