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CP-violation

Why look into CP-violation?

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

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

Constraints/discovery come from :
@ EDM experiments
@ Collider experiments
© Requirement from observed baryon-asymmerty.

| will explore the possibility of CP-violation in complex-singlet extension of
2HDM.

We would assume CPV is mostly in the BSM sector.

Explore the EDM bounds on CP-violating phases.

Interplay with other constraints : HiggsBounds, unitarity, DM observables etc.
Probe at collider.
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CP-violation in general 2HDM

The most general 2HDM scalar potential :
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@ For significant CPV in 2HDM in the exact alignment limit, hard breaking of
Z2 is requred i.e m%Q, /\6, )\7 7§ 0. s. Kanemura, M.Kubota and K. Yagyu (Arxiv:2004.03943).

@ In the absence of Z, symmetry, to avoid tree-level FCNC, Yukawa matrices
associated with the two doublets are assumed to be proportional to each
other. a. pich and P. Tuzon (Arxiv:0908.1554).

@ Proportionality factor (r can be complex (with phase 6¢) and can be source
for CP-violation.

@ In Yukawa-aligned 2HDM, in the exact alignment limit, there is no CP-mixing
between the neutral scalars. ¢, 07 introduces CPV in Yukawa and trilinear
couplings.

@ 125 GeV is completely CP-even and SM-like in the_exact alignment.



2HDMS potential-Z; symmetric case

The model can accommodate a dark matter component when the complex scalar

is charged under a Z; symmetry, as well as an excess such as 95 GeV observed at
CMS as well as LEP in vy and bb final state.

Vonpms = Varpm + Vs

m/2 AH )\I/
Vs = miSTs+ [2552 + h.c.] + [211*54 - h.c.] + [62(525T5) + h.c.

A//
+ G (STSP 4 STSIN 0101 + 1000,] + [SE(N, 0] 01 + A; 0] ) + hc ]
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2HDMS potential-Z; symmetric case

The model can accommodate a dark matter component when the complex scalar

is charged under a Z; symmetry, as well as an excess such as 95 GeV observed at
CMS as well as LEP in vy and bb final state.

Vonpms = Varpm + Vs

m/2 AH )\I/
Vs = miSTs+ [2552 + h.c.] + [211*54 - h.c.] + [62(525T5) + h.c.

A//
+ G (STSP 4 STSIN 0101 + 1000,] + [SE(N, 0] 01 + A; 0] ) + hc ]
+ D IdaSTS + hic] 4+ [NdI 9252 + h.c] + [Ny®s b1 5% + h.c]

e Altough m2, M/, Xy, A, AL, A and \,, are all in principle complex, only
Im(Ag), Im(A7) and Im(A3) can introduce mixing between scalar and
pseudoscalars, due to the presence of <DI<D2 term.

@ Hard Z,-breaking of the 2HDM potential is essential here as well for
CP-violation.



Z} symmetric case - can we get dark matter and
CP-violation simultaneously?

@ In order to accommodate a dark matter candidate, we assume
S = vs + hs + ias ie. at least one of the component fields acquire zero vev.

@ The necessary conditions are :
1) Ay, A, m5 are real,
2) Re[M] = Re[Ag], Im[AS] = -Im[Ag],
3) Im[A]] = -2xIm[A]].

@ In that case we will be left with three independent phases, of A;, A, and A{.

e In addition, to be in the alignment limit, one needs Re[A]] = -2xRe[\}].
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Mass-matrix and CP-mixing in the neutral scalar sector
In the Higgs-basis
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Constraints from Electric Dipole Moments

|

Heom = —dr = - E

BN

Unier the 'Eime rever§a| trangformation:
T(S)=—S and T(E) = +E the sign of this term Hgpy is flipped. CP symmetry

is broken.
In EFT language,
d-
Lepm =~ Fot (ir°)fFo
The most recent bounds on electron EDM and neutron EDM
|de| < 4.1 x 107%%.cm T.S. Roussy et. al., Science 381, 46 (2023)
|d,| < 1.1 x 107%°e.cm C. Abel et. al., Phys.Rev.Lett. 124 (2020) 8, 081803



|
Bar-Zee diagrams

dr = dr(fermion) + dr(Higgs) + dr(gauge)

Each contribution df(X) further constists of

dr(X) = df (X) + df (X) + df* (X)

@ The gauge boson loops contribute negligibly in the alignment limit.

@ The fermion and charged scalar loops contribute at equivalent strength.
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Results

In Zy-symmetric 2HDMS, there are three sources of CPV.
(1) Ocp. (2) 07, (3) Or
Source 1 : CPV phase in the neutral scalar mass-matrix,

o —1 [ Im[A;+2N]
Ocp = tan (Re[Aé+2A§] .
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Effect of both 6¢cp and 607, implying cancellation between the fermion and scalar
loop contributions.

|de| in unit of 1072,
mp, ~ 200 GeV and \: =1
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Vary 6¢,07,60cp all at the same time.

(64,66)=(0,0)

6, [rad]

Figure: my, = 280GeV, mp, = my+ = 230 GeV.

(|eft):s. Kanemura, M.Kubota and K. Yagyu (Arxiv:2004.03943) Yu kawa—aligned 2HDM scena rio,
(right) 2HDMS scenario.

@ The fine-tuning observed in 2HDM is alleviated in its complex-singlet
extension.

@ The cancellation between diagrams is more effective when the scalar masses
are low.

[} = =
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Interplay with DM phenomenology

Trilinear and quartic couplings between
DM pair and the scalars

)\asashlhl = _Az/l
1
Aasasmmy = 5 (Re[Ag] — 2Re[A7])
1
>\asash2h2 = Z()\; - 2)\é)
1 ’ ’
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1 ’ ’
)\25353232 = Z()\Q - 2)\5)
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1
Nagaghy = EV(Re[,\;,] — 2Re[\]])
1
Aasashs = _ZVS(A;/ - Ag/)
1
Aagasa, = *EVUm[/\é] — 2Im[\]])
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Interplay with DM phenomenology

Trilinear and quartic couplings between

DM pair and the scalars o1
Mpy=500 GeV
0.12 | 1
0.11 7mDM:400 GeV
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1 e s S .
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density calculation.
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Interplay with other constraints

@ Low scalar mass region looks interesting from EDM as well as future collider
point of view.

@ What about HB, B-physics?

@ The free parameters ( does open up allowed parameter space allowed by

HiggsBounds, B-physics in the low mass region, which is also consistent with
EDM bounds.

EDM allowed
EDM+HB+B-physics+Unitarity allowed ~ «

2
g0 w

0
Re[(,]

mp, = 200 GeV
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Probing CP-violation at e™e™ collider with trilinear
couplings

@ The CP-violation at the collider can be probed with CP-violating trilinear
couplings.
@ Simultaneous observation of the following processes will be a tell-tale sign of
CP-violation.
Q@ ce'e” — hohyhz and ete™ — hohshs
© e"e — hihshsz and e e™ — hahshs

In absence of CP-violation h3 is the CP-odd scalar, hy-non-standard doublet-like
CP-even scalar and hy singlet-like scalar.
Process (1) sensitive to 7, Process (2) sensitive to 0cp.

14
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Deviating from exact Alignment
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Deviating from exact Alignment

3
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Lytawa = — D {ﬁMffR+ZfL <7ﬁ4f) fir H; +h.c.}
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M = L
Ly = Tf\fidﬁ(cos{f + 175 sin §f)th
" I @ Assuming CPV only in the 125
16 | / GeV Higgs, EDM bounds are
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£12 X
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Summary

@ While a CP-even 125 GeV Higgs is favored by the experiments, the CPV can
be lurking in the extended scalar sector.

@ It is possible to accommodate DM and CP-violation in 2HDMS, with
restrictions on complex couplings.

@ While EDM bounds put stringent constraint on individual CP-violating
phases, cancellation between multiple contributions to EDM can relax such
bounds.

@ CP phases can impact DM relic density.

@ It is possible to probe CP-violation through the trilinear coupling at the
future colliders.

@ Depending on the parameter space, EDM or collider bounds would be more
constraining.

Ongoing and Future directions

@ Probing such scenarios at future colliders, can we resolve the CP phases?
@ Can the amount of allowed CP-violation in this model, be sufficient for
baryogenesis?



Thank You
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Back-Up

e Conditions for DM in CPV-2HDMS with Z, symmetry:
The coupling asssociated with term

haas — —wS(Im[X;] + Im[Xg]),

It can be zero, when A, and A} are both real. However, also with
Im{X] = —Im[ g
@ Yukawa matrices in the interaction basis :

yi(vi + (va) = my
@ Yukawa matrices in the Higgs basis :

my¢
1 [
Yf v
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Basis transformation

The fields ®’; and @', are defined in the interaction basis and ®; and &, are
defined in the Higgs-basis. When the vevs of the interaction basis are as follows:

((®9), (073)) = (ne'™/V2, 122/ V2),

One can make the following unitary transformation to go to the Higgs-basis.

¢\ cosf3 sinf e & 0 @, .
b, /  \ —sinf cosp 0 e i€ o, ) (1)

21



Comparison with the ‘usual’ 2HDM-types

Model Cu Cd [q]
Yukawa-aligned 2HDM Arbitrary complex Arbitrary complex Arbitrary Complex
Type-| 1/tan 3 1/tan 3 1/tan 3
Type-II 1/tanf3 —tan 3 —tan 3
Type-X 1/tanf3 1/tan —tan 3
Type-Y 1/tanj3 —tan 3 1/tan 3




Source of CPV in the general (Yukawa-aligned) 2HDM
set-up

Mass-matrix in the Higgs basis in 2HDM with hard Z;-breaking.

)\1 Re[/\e] —Im[/\e]
Re[Ns] M +1(Xs + Aa + Re[Xs]) —Lim[ ]
2
—/m[)\ﬁ] —%/m[)\s] % + %()\3 + X\s — Re[)\s])

Alignment condition for h; implies \g ~ 0, m? = \jv2.

One can take Im[As] = 0 by using the phase redefinition,
(P]®5) — e~ Aelsl/2(d] )

and we also redefine the other complex parameters as
/t§e_A’g[)‘5]/2 — u3, Nge ABRsI/2  \g and Ae=ABsl/2 5 );
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Source of CPV in the general (Yukawa-aligned) 2HDM
set-up

Mass-matrix in the Higgs basis in 2HDM with hard Z5-breaking.

A1 0 0
2
0 M+ 1(As+ Aa+ Re[Xs]) 0
2
0 0 Y+ 2(As+ s — Re[Xs])

@ Source of CPV in general /Yukawa-aligned 2HDM comes from
(1) Im(A\7) which introduces AHTH™-type vertex.

(2) phases of (-factors in the Yukawa sector.
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Minimization of the potential in the Higgs basis :

G* H*
& = . , &y = . , S= h 7
1 %(v+h‘1’+/G°) 2 %(hg+:hg) vs + hs + ias

1 1
my = 5)\1V2 + 5%"5 + Re[Aj]vs,
1
Re[mp] = S (Re[Ae]v? + Re[A(]v5 + Re[\7]v; + Re[Ag]v3)
1
Im[m,] = S(mPe]v? + 1MV + Im[A]vg — Im[Ag]vS)
1 Re[\/] = Re[AY] Re[\Y]
2 2 2 2 2
me = —(Re[mg]+ 5,\;\/ + Re[Mj]v )+< 121 32 + 43 >v5
I )\// I )\//
Im[mlsz] = - ( m£21 ] m[6 2 ]) v_g + Im[A]V?

Dark Matter mass

1
mpy = —2Re[mS] — ZvE(Re[\] + Re[A7]) — 2v*Re[;])




|
Yukawa

But tree-level FCNC is introduced in the Yukawa Lagrangian:

2
Lysawa = Y (C_)Lylk‘kaR + Quya kPrdr + ZLYe,k(DkeR)
k=1

yr2=Cr yr1
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Yukawa sector

In terms of fermion mass eigenstates,

3
- - (M¢
Lyukawa = *f gd fiMefr + El fL <Vth> fRI‘IJ0+hC
=u,d,e i=

V2

v {*CuﬂR(MZ Vekm)de + Cair(VekmMa)dg + (et Meeg} HY + h.c.

/{”—{‘ = le + [RQJ + I(_2lf)R3j] ‘Cf|ei(_2lf)9f

@ In 2HDM, in the alignment limit (R = ¢;;), the CP-violation in the Yukawa
sector can not come from the CP-mixing in the scalar sector. It must come
from the phases of the Yukawa matrices.

@ In 2HDMS, there can be additional source of CP-violation from the scalar
sector mixing, since here Rj; # 0j;.

@ In both cases the Yukawa couplings of the H? does not contain any
CP-violating phases and therefore SM-like in the exact Alignment limit.
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For the chosen bechmark, calculated EDM for 2HDMS scenario, constrained
2HDMS parameters.

Figure: Orange : my, ~ 200 GeV, Maroon : my, ~ 600 GeV

| chose the benchmark in Yukawa-aligned 2HDM scenario with
[04,07] = [5,5], mn, = 280GeV, mp, = mp+ = 230 GeV.
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