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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).]
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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.
(Hy) = (0, v,e)" (Hay = (vge'#,0)7 (S) = se
— 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 7 = 0 [Comelli et al. (1994)].
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@ Superpotential:

Wimssm = A€ SH, - Hy + 5483
— B, QLY + Hy - QuIYaIDS + By - B[V, 1ES
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Phase-counting (Z3-symmetric NMSSM)

@ Superpotential: Wamssm = Ae“8H, - Hy + Lt 53
—H, - QulY U, + Hy - Qu1Y DG + Hy - Li[Y.1ES
@ Soft terms: —Loon 3 =M1 bb — Mae' 2V, 0y — M3€'": 884

+AA € SH, - Hy + 5A.e'9%S?
-H, - QL[YL,AL,]UC +Hy - QuIY,ANDS + Hy - Li[Y.AJES + hec.
+05 [m3101 + Uy [m% U + D' [m3 D% + LY [m? 1Ly, + Eg ' [m?1Eg
@ Higgs ve.v.’s: (H,)) = (0,v,*)T (H;) = (vze¥,0)T (S) =se*




CP-phases

Phase-counting (Z3-symmetric NMSSM)

@ Superpotential: Wamssm = Ae“8H, - Hy + Lt 53
—H, - QulY U, + Hy - Qu1Y DG + Hy - Li[Y.1ES
@ Soft terms: —Loon 3 =M1 bb — Mae' 2V, 0y — M3€'": 884

+AA € SH, - Hy + 5A.e'9%S?
-H, - QL[YL,AL,]UC +Hy - QrlYeAdlDy + Hy - LL[Y A JEG + h.c.
+05 [m3101 + Uy [m% U + D' [m3 D% + LY [m? 1Ly, + Eg ' [m?1Eg
@ Higgs ve.v.’s: (H,)) = (0,v,*)T (H;) = (vze¥,0)T (S) =se*
@ 3 ‘new’ minimization conditions w.r.t. Im[H"], Im[Hg], Im[S].




CP-phases

Phase-counting (Z3-symmetric NMSSM)

@ Superpotential: Wamssm = Ae“8H, - Hy + Lt 53
—H, - QulY U, + Hy - Qu1Y DG + Hy - Li[Y.1ES
@ Soft terms: —Loon 3 =M1 bb — Mae' 2V, 0y — M3€'": 884

+AA € SH, - Hy + 5A.e'9%S?
-H, - QL[YL,AL,]UC +Hy - QrlYeAdlDy + Hy - LL[Y A JEG + h.c.
+05 [m3101 + Uy [m% U + D' [m3 D% + LY [m? 1Ly, + Eg ' [m?1Eg
@ Higgs ve.v.’s: (H,)) = (0,v,*)T (H;) = (vze¥,0)T (S) =se*
@ 2 ‘new’ minimization conditions w.r.t. Im[Hg], Im[S].

@ Symmetry: (H, — e“H, H; — eH,, etc.) — only 2 min. cond.




CP-phases
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Phase-counting (Z3-symmetric NMSSM)

@ Superpotential: WaMssM = e {/ISI:IL, “Hy + ge’¢(’§3
= Hy - QuIY. UG + Hy - QLY ADG + Hy - L[ 1Eg)
Soft terms: — Loy 3 €791 — M €1 bb — My "2 vg vy — M3 3,34
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+05 [m3101 + Ug ' [m% U + D' [m3 D% + LY [m? 1Ly, + Eg' [m1Eg
Higgs ve.v’s:  (H,) = (0,v,)" (Hy) = 5,07 (S)=s
2 ‘new’ minimization conditions w.r.t. Im[Hg], Im[S].

Symmetry: {H, — ¢¥H,, H; — e"$Hy, etc.} — only 2 min. cond.
Higgs field re-def.: {S‘ — e"“’lS‘, I:Iu,d - e"%-dI:Iu,d} + ¢ ¢, (etc.)

Global phase: intervenes only at the topological level.
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Phase-counting (Z3-symmetric NMSSM)

@ Superpotential: Wamssm = €9 { ASH, - H, + Keubosﬁ
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—H, - Q1YuA e U + Hy - QrYaAge ¥ Dl + Hy - LY, A e Eg + hc.
+QZmZQQL + U, TmUU‘ + DCTmDD‘ +L] mzLL + ECTmEE‘
@ Higgsvev’s: (H,) =(0,v,)T (Hy)=wg,07 (S)y=s
2 ‘new’ minimization conditions w.r.t. Im[Hg], Im[S].

Symmetry: {I:Iu = e"/’f{l,,ﬁld — e"Wﬁd, etc.} — only 2 min. cond.
Higgs field re-def.: {3‘ e 8, I:Im — e"¢"~1’151,,,d} + ¢ ¢, (etc.)
Global phase: intervenes only at the topological level.

SM fermion field redefinition: {QL - (UL Vi, lA)LVZ')T, etc.}

Minimal flavor violation: [sz’U’D’L,E], [A,q.] diagonal.

Minimization conditions: ¢4,, ¢4, are not free.
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Phase-counting (Z3-symmetric NMSSM)

@ Superpotential: Wamssm = €9 {,13‘13[u CHy+ ge"”OSG

+AUL— HE DLV 1Y, U+ IASDL — H ULV 1YaD + Hy LY E)
@ Softterms: —Lq > e"‘ﬁ‘{ — M, e"1 Db — M€ V0o Wo — M35 3,3,
+AA e SH,, - Hy + £A,e'¥ S
—H, - QLY A Ug+ Hy - QLYqAqe 4Dy + Hy - LY A €9 EG) + h.c.
+QZméQL + U;Tm%j Ug + D;Tm%)Dfe + LZmzLL + E;TmiEfe
@ Higgs ve.v.’s: (H,) = 0,v)T (H) = vg,00T (S)=s
@ 2 ‘new’ minimization conditions w.r.t. Im[Hg], Im[S].

Aftermath:
@ 1 singlet phase from the superpotential: ¢g;
@ 3 gaugino phases: ¢y, , ©m,, Puss
® up to 9 sfermion phases (under MFV assumption): ¢a,, ., $a.,» PA,..-
+ 2 implicit Higgs phases @4, ¢4,;
+ global phases o, arg{det([Y,], [Y4], [Y.])}, etc.
— the NMSSM has 1 additional phase w.r.t. the MSSM.




CP-phases

CP-phases and RGE’s

Phases from the superpotential

No running (at least up to two-loop order): dlo g =0
— The RGE’s of 4, «, Y, 4. 1s unchanged w.r.t. CP- conservatlon.

y

Soft phases

dey,
) log(#) = O(2L)

@ the gaugino phases do not run at 1L:

dga;
dlog(u)

@ the phases from trilinear couplings run at 1L: = 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
=2 = = oM;
L>M;e"ig.8, = MGG 5 Ga=-172 g,
However the phase re-appears in the couplings:
L>31g F*Ti“fga + h.c. = —e"%g,- F*Tl.“féa + h.c.
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Gaugino phases
=2 = ~ oM;
-E E] Miel%w’gaga = _Migaga 5 ga = -1 enga
However the phase re-appears in the couplings:
L>31g F*Ti“fga + h.c. = —e"%g,- F*Tl.“féa + h.c.

v

Singlino phase
L3> -2keS55 = —2kShihy, , hy= ¢33
However the phase re-appears in the couplings:
L3 AHF; — HORON5 + hc. = Ae™ 3 [Hf by — HORO by + hc.
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Consequences for the spectrum — SUSY fermions

Gaugino phases
L3> Miel%w’gaga = _Migaéa P ga = -l elm%ga
However the phase re-appears in the couplings:
L31g F*Tf g, + he. = —e"%g,- F*Tl.“féa + h.c.
Singlino phase
L3> -2keS55 = —2kShihy, , hy= ¢33
However the phase re-appears in the couplings:
~ ~ [ ~ ~ ~
L3 AH 7 — HORO5 + hee. = de™ 3 [HY b — HOWO) s + hec.

Charginos and neutralinos

A

o X7 = Vig(=tW*) + Vi it mys € R*
X; = Up(=07) + Uidfz; U,V are unitary (complex).
® ¥V = Niy(=1b) + Niyy(—1#°) + Nigh + Ny hl + N;§ my € 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

Hermitic mass matrix (¢4, in off-diagonal terms)
— F; = U F + ULFS UF unitary.
— ¢4, appear in couplings to Higgs bosons;

+ in couplings to SM-fermions/chargino-neutralinos (through U By,
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Consequences for the spectrum — Scalars

Sfermions

Hermitic mass matrix (¢4, in off-diagonal terms)
— F; = U F + ULFS UF unitary.
— ¢4, appear in couplings to Higgs bosons;

+ in couplings to SM-fermions/chargino-neutralinos (through ub).

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).
— ¢o = singlet-singlet + singlet-doublet CP-mixing.
— doublet-doublet mixing at the radiative level.
= Higgs mass-matrix 5 X 5 symmetric.
Mass-states are superpositions of CP-even + CP-odd components.
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Consequences for the spectrum — Higgs-mixing

mg (GeV) X,H;u+ Xf’é’2+ X{"’?’Z [F D. (2015)]
e o v A=068 ~=01 tang=2
= 55 50 fos = 635 GeV My =15 TeV
0.6 - A, =10 GeV
1o o 2My = My = M3/3 = 0.5 TeV
S0 ‘ sy my gz = 0.5 TeV
— — - _— my.p s = 1.5 TeV
006 -004 -002 000 002 004 0064 005 -0.04 tUUJ 0.00 UA;J/ 0.040.06 @ Appr = —0.1TeV
BR(S° —bb) Ag= 10GeV  BR(S’ —ct)
1.0 0.05
SO
g 0 2
- 7/),.3 ~—__ SL B 0.04 5?
08 ] —
\.\ / 50 —
0.7 52 ‘\({ 02 / 2 S?
0.6 0.§1 //

-0.06 -0.04 -002 000 002 004 Dae(pK -0.06 -0.04 -0.02 0.00 002 004 006¢) -006 -0.04 -002 000 002 004 006
K K

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)

om0 [Drechsel,F. D., Palehr(2017)]

1005 s [F. D.,Heinemeyer, Pafiehr,
3 1w o Weiglein (2018)]
5 o0 A =02 |k] = 0.6 tan 3 = 25
" mys = 1TeV et = 200 GeV
i A, = —T50GeV  2M; = My = 0.5TeV
F— e umg, s = 15TV A, = Ay = —25 TeV

o
DN .
N XryYsS >

Tor ¥ o« R op 1 0 f 3 % a4

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

-




Electric Dipole Moments

Lepm = _édf F#Vfo-yvyif

E ~ <X , A
E, <my dy Sm| e
Sensitive to imaginary parts f f

of couplings.

Experimental limits

@ Thallium EDM: dt, ~ 585dF

df, <1072 ecm (90% CL) [Regan et al. (2002)]
@ Neutron EDM: dE ~ (dE€, dg’c, dtc,..)

df <3-107% ecm (90% CL) [Baker et al. (2006)]
@ Mercury EDM: df, ~ (dE, dy,d7c, )

df, <3.1-107% ecm (95% CL) [Griffith et al. (2009)]
@ Thorium monoxide: dbo ~(dE, .. )

df < 10728 ecm (90% CL) [Baron et al. (2013)]

— No evidence for EDMs of elementary particles.

v
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NMSSM contributions to the EDMs

8 X
@ oy, and ¢Ae,u,zl‘.\ generate deE uC d,s at 1—100p.
@ Large Bar-Zee contributions at 2-loop:

— sensitive to phases in the Higgs sector (¢o, ¢4,)
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Constraining New Physics contributions to EDMs — Caveat

@ Connection between deE’uC ,» and experimental results interpreted by

atomic/nuclear models: — are they reliable?
[For instance, the transition SM — chiral for s — d operators fails.]
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g:X
@ ¢y, and ¢4, ,, generate df’ucd , at 1-loop.
@ Large Bar-Zee contributions at 2-loop:

— sensitive to phases in the Higgs sector (¢o, ¢4,)

Constraining New Physics contributions to EDMs — Caveat

@ Connection between deE’uC ,» 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 = £ = 9% GZVGa uv
— 6 contributes to d£ [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?




EDM constraints on soft phases

K Imax max c
1k . (}5 (ﬁ | omax
Ay TAg Ay M1y {’Dmn.\'
Mg
o I0EX
Pry
0.100¢
0.010}
0.001¢
2000 4000 6000 8000 10000

M A, Msysy (GeV)
Small phases favored for light spectra. ~ — A sign that Mgysy large?
— Or new fine-tuning?
In fact, comparable to the SUSY Flavor problem:
maybe the SUSY breaking mechanism does not generate new phases.




EDMs and the singlet phase

@ ¢ induces CPV mixing in the Higgs sector. ga (9)
@ Bar-Zee graph sensitive to Higgs CPV. <.
@ CPV related to singlet-doublet mixing. "')?if b,

@ EDMs mostly involve doublet Higgs.

Weak constraints
— if singlets decouple (1 — 0).
— if singlets far from doublet states.
— if BSM Higgs heavy.

Example 1: 1 = 0.7,k = 0.1, tang =2
My, (GeV) 1O CP-even composition \IZE /(IEXP

Hg

— Th()

/ ~a? -




EDMs and the singlet phase (continued)

Example 2: 1 = 0.4, x = 0.3, tan3 = 10
M, (GeV) _~Hg, CP-even composition |d® /‘h(lEX],\

0
~hg

1000 /U 08 o
v o _Tho
/f’ = Hg
\_/ L N / T1

~Hou \\ P

Example 3: 1 = 0.1,k =0.1, tanB = 10
M, (GeV) _CP-even composition |a® /,flgxp‘

J | l | <N \///T%(g




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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