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CP-phases CPV-spectrum EDMs

Sources of CP-violation in the NMSSM
Why should we consider CP-violation?

Model builder’s perspective: CP-phases are possible + CP is broken
⇒ No reason for discarding CP-phases.

[SM: CP is violated at the first opportunity (CKM).]
Phenomenological motivation: Sources of CP-violation beyond the SM
are required in order to explain the Baryogenesis.
Other: explain occasional tensions in flavor observables.

Origin of CP-phases
Explicit CP-violation at high energy→ complex input parameters.
Spontaneous CP-violation: minimization of the Higgs potential
induces complex Higgs v.e.v.’s.
〈Hu〉 = (0, vueıϕu )T 〈Hd〉 = (vdeıϕd , 0)T 〈S〉 = s eıϕs

→ Forbidden at tree-level in the Z3-cons. NMSSM [Romao (1986)].
→ Difficult at the radiative level in the Z3-cons. NMSSM.
→ Possible in the ‘general’ NMSSM.

CP-violation at non-zero temperature: possible, provided at least one
small phase at T = 0 [Comelli et al. (1994)].
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Phase-counting (Z3-symmetric NMSSM)
Superpotential: WNMSSM = λeıφλ ŜĤu · Ĥd + κ

3 eıφκ Ŝ3

− Ĥu · Q̂L[Yu]Ûc
R + Ĥd · Q̂L[Yd]D̂c

R + Ĥd · L̂L[Ye]Êc
R

Soft terms: −Lsoft 3 −M1eıφM1 b̃b̃ −M2eıφM2 w̃αw̃α −M3eıφM3 g̃ag̃a

+λAλeıφAλ SHu · Hd + κ
3 AκeıφAκ S3

−Hu · QL[YuAu]Uc
R + Hd · QL[YdAd]Dc

R + Hd · LL[YeAe]Ec
R + h.c.

+Q†L[m2
Q]QL + Uc †

R [m2
U]Uc

R + Dc †
R [m2

D]Dc
R + L†L[m2

L]LL + Ec †
R [m2

E]Ec
R

Higgs v.e.v.’s: 〈Hu〉 = (0, vueıϕu )T 〈Hd〉 = (vdeıϕd , 0)T 〈S〉 = s eıϕs

‘new’ minimization conditions w.r.t. Im[H0
u], Im[H0

d], Im[S].

Symmetry: {Ĥu 7→ eıϕĤu, Ĥd 7→ e−ıϕĤd, etc.} → only 2 min. cond.

Higgs field re-def.: {Ŝ 7→ e−ıϕs Ŝ, Ĥu,d 7→ e−ıϕu,d Ĥu,d} + φλ 7→ φ̃λ (etc.)

Global phase: intervenes only at the topological level.

SM fermion field redefinition: {Q̂L 7→ (ÛL Vu
L , D̂LVd

L )T , etc.}

Minimal flavor violation: [m2
Q,U,D,L,E], [Au,d,e] diagonal.

Minimization conditions: ϕAλ , ϕAκ are not free.
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R + Ĥd · Q̂L[Yd]D̂c
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dD̂L−Ĥ−d ÛLV∗CKM]YdD̂c
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Minimization conditions: ϕAλ , ϕAκ are not free.
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Phase-counting (Z3-symmetric NMSSM)
Superpotential: WNMSSM = eıφ̃λ

{
λŜĤu · Ĥd + κ

3 eıφ0 Ŝ3

+[Ĥ0
uÛL−Ĥ+

u D̂LVT
CKM]YuÛc

R + [Ĥ0
dD̂L−Ĥ−d ÛLV∗CKM]YdD̂c

R +Ĥd · L̂LYeÊc
R

}
Soft terms: −Lsoft 3 e−ıφ̃λ

{
−M1eıϕM1 b̃b̃−M2eıϕM2 w̃αw̃α −M3eıϕM3 g̃ag̃a

+λAλeıϕAλ SHu · Hd + κ
3 AκeıϕAκ S3

−Hu ·QLYuAueıφAu Uc
R + Hd ·QLYdAdeıφAd Dc

R + Hd · LLYeAeeıφAe Ec
R}+ h.c.

+Q†Lm2
QQL + Uc †

R m2
UUc

R + Dc †
R m2

DDc
R + L†Lm2

LLL + Ec †
R m2

EEc
R

Higgs v.e.v.’s: 〈Hu〉 = (0, vu)T 〈Hd〉 = (vd, 0)T 〈S〉 = s
2 ‘new’ minimization conditions w.r.t. Im[H0

d], Im[S].

Aftermath:
1 singlet phase from the superpotential: φ0;

3 gaugino phases: ϕM1 , ϕM2 , ϕM3 ;

up to 9 sfermion phases (under MFV assumption): φAt,b,τ , φAc,s,µ , φAu,d,e .

+ 2 implicit Higgs phases ϕAλ , ϕAκ ;
+ global phases φ̃λ, arg{det([Yu], [Yd], [Ye])}, etc.

→ the NMSSM has 1 additional phase w.r.t. the MSSM.
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CP-phases and RGE’s

Phases from the superpotential

No running (at least up to two-loop order): dφ0
d log(µ) = 0

→ The RGE’s of λ, κ, Yu,d,e is unchanged w.r.t. CP-conservation.

Soft phases

the gaugino phases do not run at 1L:
dϕMi

d log(µ) = O(2L)

the phases from trilinear couplings run at 1L:
dφAi

d log(µ) = O(1L)

→ A CP-phase at high-energy will propagate among the soft-terms.
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Consequences for the spectrum – SUSY fermions
Gaugino phases

L 3 MieıϕMi g̃ag̃a = −MiG̃aG̃a , G̃a ≡ −ı eı
ϕMi

2 g̃a

However the phase re-appears in the couplings:
L 3 ı gi F̃∗Ta

i f g̃a + h.c. = −e−ı
ϕMi

2 gi F̃∗Ta
i f G̃a + h.c.

Singlino phase

L 3 −2κeıφ0 S s̃s̃ = −2κS h̃sh̃s , h̃s ≡ eı
φ0
2 s̃

However the phase re-appears in the couplings:
L 3 λ[H+

u h̃−d − H0
u h̃0

d] s̃ + h.c. = λe−ı
φ0
2 [H+

u h̃−d − H0
u h̃0

d] h̃s + h.c.

Charginos and neutralinosχ+
i = Viw(−ıw̃+) + Viuh̃+

u mχ±i
∈ R+

χ−i = Uiw(−ıw̃−) + Uidh̃−d U,V are unitary (complex).

χ0
i = Nib(−ıb̃) + Niw(−ıw̃0) + Nidh̃0

d + Niuh̃0
u + Niss̃ mχ0

i
∈ R+

N complex orthogonal.

→ The complex phases appear in the couplings to
Higgs / Sfermions / fermions (via U,V ,N).
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Consequences for the spectrum – Scalars

Sfermions
Hermitic mass matrix (φAf in off-diagonal terms)

→ F̃i = UF̃
iLF̃L + UF̃

iRF̃c ∗
R UF̃ unitary.

→ φAf appear in couplings to Higgs bosons;
+ in couplings to SM-fermions/chargino-neutralinos (through UF̃).

Higgs sector
No phase in the charged-Higgs sector (gauge invariance).

Mixing of CP-even and CP-odd neutral components.
→ No CP-mixing in the doublet sector at tree-level (= MSSM).
→ φ0 ⇒ singlet-singlet + singlet-doublet CP-mixing.
→ doublet-doublet mixing at the radiative level.

⇒ Higgs mass-matrix 5 × 5 symmetric.
Mass-states are superpositions of CP-even + CP-odd components.
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Consequences for the spectrum – Higgs-mixing

Mixing of the CP-odd singlet with the SM-like Higgs:
→ Uplift of the mass of the SM-like state.
→ Possible ‘CP-even’ signature of the singlet.
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Consequences for the spectrum – Higgs-mixing
(continued)

Mixing of the CP-even singlet with the heavy CP-even and odd doublets.
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Electric Dipole Moments

LEDM = − ı
2 dE

f Fµν f̄σµνγ5f
Eγ � mf

Sensitive to imaginary parts
of couplings.

Experimental limits

Thallium EDM: dE
Tl ∼ 585dE

e
dE

Tl ≤ 10−24 e cm (90% CL) [Regan et al. (2002)]

Neutron EDM: dE
n ∼ (dE,C

u , dE,C
d , dE,C

s , . . .)
dE

n ≤ 3 · 10−26 e cm (90% CL) [Baker et al. (2006)]

Mercury EDM: dE
Hg ∼ (dE

e , d
E,C
u , dE,C

d , . . .)
dE

Hg ≤ 3.1 · 10−29 e cm (95% CL) [Griffith et al. (2009)]

Thorium monoxide: dE
ThO ∼ (dE

e , . . .)
dE

e ≤ 10−28 e cm (90% CL) [Baron et al. (2013)]
→ No evidence for EDMs of elementary particles.
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NMSSM contributions to the EDMs

ϕMi and φAe,u,d,s generate dE,C
e,u,d,s at 1-loop.

Large Bar-Zee contributions at 2-loop:
→ sensitive to phases in the Higgs sector (φ0, φAt ).

Constraining New Physics contributions to EDMs – Caveat

Connection between dE,C
e,u,d,s and experimental results interpreted by

atomic/nuclear models: → are they reliable?
[For instance, the transition SM→ chiral for s→ d operators fails.]

What about the “Old Physics” contributions to the EDMs?
→ Phase shifts of any QCD-charged fermion⇒Lθ = θ αs

8πGµν
a G̃a µν

→ θ contributes to dE
n [Baluni (1979), Crewther et al. (1979)]

⇒ Does it make sense to take EDMs into account without introducing
(low-energy) new-physics addressing the strong CP-problem?
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EDM constraints on soft phases

Small phases favored for light spectra. → A sign that MSUSY large?
→ Or new fine-tuning?

In fact, comparable to the SUSY Flavor problem:
maybe the SUSY breaking mechanism does not generate new phases.
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EDMs and the singlet phase

φ0 induces CPV mixing in the Higgs sector.
Bar-Zee graph sensitive to Higgs CPV.
CPV related to singlet-doublet mixing.
EDMs mostly involve doublet Higgs.

Weak constraints
→ if singlets decouple (λ→ 0).
→ if singlets far from doublet states.
→ if BSM Higgs heavy.

Example 1: λ = 0.7, κ = 0.1, tan β = 2
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EDMs and the singlet phase (continued)

Example 2: λ = 0.4, κ = 0.3, tan β = 10

Example 3: λ = 0.1, κ = 0.1, tan β = 10
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Conclusions

CP-violation can enter the NMSSM at the level of
→ soft terms (MSSM-like);
→ the superpotential (singlet).

It is motivated by considerations of fine-tuning + Baryogenesis.

It opens the possibility to CP-even / CP-odd mixing.

EDMs place strong constraints at low-mass / for large mixing.
→ However, the strong CP-problem may suggest the need for physics

beyond the (NMS)SM.
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