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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 prospect of CP-violation in complex-singlet
extension of 2HDM, study the impact of EDM bounds.
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CP-violation in 2HDM

The most general 2HDM scalar potential :

Vorpm = —mi; ®J01 — m3,0]dy — [m?,dld, + hc]+ %(‘DI‘DIF
b2(040)7 4 2a(0]01)(9402) + Aa(®]0;)(]01)
+ %(dﬂcbz) F A6(D]D1) + A7 (D]s) | (P1d2) + hec
@ Symmetries of the potential, can make many of the complex phases go away.

See Talk by Odd Magne Ogreid on Monday

e Exact Z; symmetry i.e m?, = \g = A7 = 0 — no CP-violation, the phase of
As can be rotated away, by a global U(2) transformation of the potential. No

C P—V|o|at|on .llya F. Ginzburg and Maria Krawczyk (Arxiv:hep-ph/0408011)

@ Softly-broken Z,-symmetry i.e m7, # 0, A\, \; = 0 CP-violation is possible.
In the alignment limit, CP-violation becomes negligible. Imagainary part of
a// pOSSib|e U(2)—invaria ntszO. John F. Gunion and Howard E Haber (Arxiv:hep-ph/0506227)
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Yukawa-aligned 2HDM

@ Hard breaking of Z, i.e m3,, \s, A7 # 0, CP-violation can be significant.

S. Kanemura, M.Kubota and K. Yagyu (Arxiv:2004.03943)
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Lyukawa = Z (QLylkékuR + Quyd xPrdr + ZLye,kCDkeR)
k=1

@ 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)

yr2 =CF yra
@ ( can be complex and the source of CP-violation.
@ In 2HDM (Yukawa-aligned), in the exact alignment limit, the CP-violation
stems from Yukawa sector and not from the CP-mixing in the scalar sector.
@ Also the Yukawa interaction of the 125 GeV Higgs is CP-conserving in the
alignment limit.
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2HDM + complex singlet (2HDMS)

There are two major motivation to go to the complex singlet extension of 2HDM
are :

© The scalar sector of 2HDMS resembles that of NMSSM, when the complex
scalar is charged under a Z3 symmetry.

@ 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 v+ and bb final state.

@ We would investigate whether, there are additional (physical) sources of
CP-violation in 2HDMS.
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2HDMS potential-Z; symmetric case

Vonpms = Vorpm + Vs

2 ot m%z 2 M ca A3 2 t

)\//
+ 73(5T5)2 + STSIN @) 4+ Ndldo] + [S2(N Iy + AidId,) + h.c]
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2HDMS potential-Z) symmetric case

Vonpms = Vorpm + Vs

Vs

m/2 /\// )\//
m2STS + [2552 + h.c.] - {2254 - h.c.] + [62(525T5) + h.c.

_|_

)\//
73(5T5)2 + STSIN @) 4+ Ndldo] + [S2(N Iy + AidId,) + h.c]

+

MePId2STS + h.c] + [Ny I 0,52 + h.c] + [Pl 52 + h.c]



2HDMS potential-Z; symmetric case
Vanubms = Vanpwm + Vs

2 ot m%z 2 M ca A3 2 t

A//
+ 73(5T5)2 + STSIN @) 4+ Ndldo] + [S2(N Iy + AidId,) + h.c]
+  [PIdaSTS + hic] + [N dT 9252 + h.c] + [Ng®h b1 5% + h.c]

o Altough mgz, A AS AL AE, Ag and AL, are all in principle complex, only
Im(AG), Im(A%) and Im(Ag) can introduce mixing between scalar and
pseudoscalars, due to the presence of CDICDZ 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 need
S = vs + hs + ias ie. at least one of the component fields acquire zero vev
and two separate Z; symmetry should be imposed on the two fields.

Two separate Z, on the two component fields of S can easily be imposed
when the coefficients are real.

Real coefficients are sufficient to get dark matter, not necessary.

The necessary conditions are A, \;, m? are real, Re[\;] = Re[\;], Im[\;] =
-Im[Ag], Im[A]] = -2xIm[\]].

In that case we will be left with three independent phases, of \j, A} and \f.
In addition, to be in the alignment limit, one needs Re[A]] = -2xRe[A}].



Minimization of the potential in the Higgs basis :

G* H*
&, = . , Dy = .
1 Z5(v + h) +iG°) 2 Z5(hy + ihg)

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 )\Il I A”
Im[mlsz] = ( m£21 ] m[6 2 ]) vé + Im[Aj]V?

Dark Matter mass

1
mpy = —2Re[mS] — ZvE(Re[\] + Re[A7]) — 2v*Re[;])
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Mass-matrix and CP-mixing in the scalar sector
In the Higgs-basis

mi1 0 0 0
0 | myp 0 mx
M2 = 0 0 ms33 Mazy
0
0

o O OO

Maa  M34  Myg
0 0 0 Msg

m1 = AV’ =my; my = 125GeV
A} + Re[\f A3 + A4 + Re[X
my = —m§2+< 2 [5]>v§+< 3 i [5]>v2
2 2
my = wsRe[Ag +2)\]]
A} + Re[Af A As — Re[A
m = 4 (22 e[As] 2y (Rt elrsl 2
2 2
m3, = vvslm[Aé + 2)\;] — Mixing in the scalar sector
1
my = gvg(Re[A;'] + 4Re[\)] + 3Re[A}])

Re[A}] + Re[A}]

mss = 72Re[m/52]7< 3

) vg — 2Re[A2]v2 = m2DM



Yukawa sector

In terms of fermion mass eigenstates,

3
- - ([ Ms -
Lyukawa = - Z fiMefr + Z fL <Vfl<cjf> fRI‘IJO + h.c.
f=u,d,e j=1
V2

v

/{”—{‘ = 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.

@ In both cases the Yukawa couplings of the H? does not contain any
CP-violating phases and therefore SM-like.

{—Culir(M] Verm)dy + Cali(VekmMa)dr + (el Meer } HT + h.c.
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Electric Dipole Moments

|

Heom = —df = - E

%N

Under the time reversal transformation:

T(S) = —S and T(E) = +E the sign of this term Hgpw is flipped. CP symmetry
is broken.
In EFT language,

dr - .
Lepm = —?ffcr“”(lfys)fFW

The most recent bounds on electron EDM

|de| < 1.1 x 10~ *e.cm(ThO) ACME collaboration, nature 562, 355 (2018)
|d| < 4.1 x 10" *e.cm(HfFT) T.S. Roussy et. al., Science 381, 46 (2023)
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Bar-Zee diagrams

dr = dr(fermion) + dr(Higgs) + dr(gauge)
Each contribution d¢(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 scalar boson loops contribute at equivalent strength.

@ One loop contribution is suppressed by at least 4-5 orders of magnitude.
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Figure: mp, = 280GeV, my, = my+ = 230 GeV.
2HDMS scenario.

Next we chose [0,,60] = [5,5] — d.

(left):s. Kanemura, M Kubota and K. Yagyu (Amiv-2004.03043 Yukawa-aligned 2HDM scenario, (right)

—12.7 x 107%° e.cm.

=




For the chosen bechmark, calculated EDM for 2HDMS scenario, constrained
2HDMS parameters.

Figure: Orange : mj,=200 GeV, Maroon : mp,=95 GeV

| chose the benchmark in Yukawa-aligned 2HDM scenario with
[0u,607) = [5,5], mn, = 280GeV, mp, = myz = 230 GeV.

_ —1 [ Im[Ae+2)7]
Os7 = tan (Re[Ag+2/\§]
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Summary

@ Hard breaking of Z5-symmetry of 2HDM in the alignment limit is necessary
for CP-violation. This statement holds even in complex-singlet extension
(Z5-symmetric) of 2HDM.

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

@ The fine-tuned cancellations required to satisfy EDM bounds in
Yukawa-aligned 2HDM can be alleviated in 2HDMS.
Further things to do

e Comparison with the Z3 symmetric (NMSSM-like) complex singlet sector

@ Imposing existing experimental contraints on the parameter space, DM
constraints.

@ Constucting CP-odd observables to probe CP-violating effects, eg. azimuthal
angles, asymmetries, impact of beam polarization in lepton colliders.

@ Can the amount of allowed CP-violation in this model, be sufficient for
baryogenesis?
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Thank You
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Back-Up

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

)\1 Re[)\ﬁ] —Im[)\e]
Re[As] ™ + 1(As + M + Re[Xs]) —Lim[\s]
2
—Im[Xs] —1Im[Xs] Y+ 2(As + Aa — Re[Xs])

Alignment condition for h; implies Ag is 0. One can take Im[As] = 0 by using the
phase redefinition, (®1d,) — e A8sl/2(dld,)

and we also redefine the other complex parameters as

H:?;ef%\rg[/\sl/2 N ugv)\ﬁefArg[As]ﬂ — g and N\ye~A8lsl/2 _y )\-
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