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Introduction
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Why CP Violation?

✏ Sizable CP-violation, CP-violation in Higgs sector: sign of physics beyond the Standard Model 
 
✏ Sizable CP-violation required for Electroweak Baryogenesis
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Why extended Higgs sectors? 

* many new physics models require extended Higgs models  

* fermion/gauge sectors not minimal - why should the Higgs sector be minimal?  

* extended Higgs sectors: 
 

- provide DM candidate 
 

- new sources of CP-violation 
 

- alleviate metastability 
 

- allow for strong first-order phase transition 
 

- change di-Higgs cross section 
 

- enlarged Higgs spectrum -> interesting phenomenology
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Higgs Spin and CP Quantum Numbers
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❖ Quantum numbers of the Higgs boson: 

✽ 𝝲𝝲→H or H→𝝲𝝲  ~> J ≠ 1

❖ CP properties:  
 
✽ SM Higgs JCP = 0++; beyond the SM (BSM): 
     
    ◦more than one spin-0 particle possible 
    ◦CP-even, CP-odd, CP-violating Higgs states 
 
✽ Study of CP properties ~> insights in beyond-SM (BSM) physics 
 
✽ existing and future colliders: 
   establish CP properties, determine amount of CP-mixing

We must  determine its spin and CP quantum  numbers
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Determination of Higgs Quantum Numbers
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✏ Quantum numbers of the Higgs boson: 
 

    ➢ angular correlations in production: Hjj in vector boson fusion 
 

                                                               gluon gluon fusion

[Plehn,Rainwater,Zeppenfeld; 
 Hankele,Klämke,Zeppenfeld]
[Odagiri; Klänge,Zeppenfeld;  
 Campanario eal; 
 Del Duca eal; Andersen eal]

➢ Higgs decays into W and Z pairs [Dell’Aquila,Nelson; Barger eal; Kramer,Kühn,Stong,Zerwas; Skjold,Osland; 
 Choi,Kalinowski,Liao,Zerwas; Miller,MM,Zerwas; Bluj; Dova eal; Buszello, 
 Fleck,Marquard,van der Bij; Gao eal; Englert eal; Sancti eal]

➢ gamma gamma collisions [Grzadkowski,Gunion; Asakawa,Choi,Hagiwara;  
 Godbole,Rindani,Singh; Godbole,Kraml,Rindani,Singh]

✏ CP-Violation: 
 

    ➢ angular or other CP-sensitive observables
[Gunion,He; Chang eal; Skjold,Osland; Choi eal; Niezurawski, 
 Zarnecki,Krawczyk; Godbole,Kraml; Rindani,Singh; Godbole, 
 Miller,MM, De Rujula eal]

➢ Combination of three decays into bosons
[Grzadkowski,Gunion,PLB350(1995)218]

[Fontes,Romao,Santos,Silva,Phys.Rev.D92(2015)5,055014]

➢ „2-guise CP“: CP-odd and CP-even decays 
    at the same time

[Fontes,Romao,Santos,Silva,JHEP06(2015)060]

[Abouabid, Arhrib,Azevedo,El Falaki, Ferreira, MM,Santos,´21]

[Fontes,MM,Romao,Santos,Silva,Wittbrodt,JHEP 02 (2018) 073]
[Biekötter,Fontes,MM,Romao,Santos,Silva, JHEP 05 (2024) 127]



M.M. Mühlleitner, KIT                     Extended Scalar Sectors From All Angles, Oct 2024

Extraction of Higgs Quantum Numbers
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[Adapted from Choi,Miller,MM,Zerwas,´03] [Adapted from Choi,Miller,MM,Zerwas,´03]

CP-even or CP-odd                                                   Spin 0 or Spin 2

❖ Higgs Decay into Z boson pair: 
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Experiment: Hypothesis Test
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Observed (expected) values: vertical solid (dashed) lines; shaded areas  integrals of the  
expected distributions to compute the p-values for the rejection of each hypothesis. 

=̂

[ATLAS,1506.05669]

The expectation for the SM Higgs boson is represented by the yellow  
histogram on the right and the alternative JP hypothesis by the blue 
 histogram on the left. The red arrow indicates the observed q value.

[CMS,PhysRevD.92.012004(2015)]
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Vast New Physics Landscape 

10

Special Offer: BSM Models
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Sample Benchmark Model: The C2HDM
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The CP-Violating 2HDM (C2HDM)

12

V = m2
11Φ

†
1Φ1 + m2

22Φ
†
2Φ2 − (m2

12Φ
†
1Φ2 + h . c . ) +

λ1

2 (Φ†
1Φ1)

2
+

λ2

2 (Φ†
2Φ2)

2

+λ3(Φ†
1Φ1)(Φ†

2Φ2) + λ4(Φ†
1Φ2)(Φ†

2Φ1) + [ λ5

2 (Φ†
1Φ2)

2
+ h . c . ]

All parameters are real except for  and : m2
12 λ5 m2

12 = |m2
12 |eiϕ(m2

12) , λ5 = |λ5 |eiϕ(λ5)

❖ C2HDM Higgs potential: w/ softly broken  symmetry ( )ℤ2 Φ1 → Φ1, Φ2 → − Φ2

The two complex phases are not independent of each other

[Ginzburg,Krawczyk,Osland,’02]

Ensure explicit CP violation (both phases cannot be removed simultaneously) by choosing:

allows for a decoupling limit

* For CP violation in the 3HDM, cf.  
talk by M. Rebelo Monday afternoon.

* For CP violation in BSM w/ natural alignment,  
  cf. talk by A. Pilaftsis, Tuesday afternoon.
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The CP-Violating 2HDM (C2HDM)
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❖ Mass spectrum and mixing:

Diagonalize obtained mass matrix with

Insert in Higgs potential, collect bilinear field terms

Leads to mass eigenstates Hi, i=1,2,3, with  

(ρ3 = − sβη1 + cβη2)

only two masses are independent:

DM: inert doublet model (IDM)v2 = 0 ⇝
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The CP-Violating 2HDM (C2HDM)

14

❖ Mass spectrum: CP violation ~> neutral formerly CP-even (h,H) and CP-odd (A)  
  states mix to mass eigenstates  with indefinite CP quantum number.Hi (i = 1,2,3)
Charged Higgs sector is unchanged.

❖ Allowed amount of CP violation: stringently constrained by EDM measurements

3 neutral CP-mixed Higgs bosons: ,  
with  
2 charged Higgs bosons: 

H1, H2, H3

mH1
≤ mH2

≤ mH3

H+, H−
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Couplings of the SM-Like Higgs Boson

15

❖ C2HDM case with: SM-like Higgs boson H1 ≡ h , mh = 125 GeV

❖ Couplings to gauge bosons:

ghVV
2HDM = sin(β − α)ghVV

SM

ghVV
C2HDM = cos α2 ghVV

2HDM

Higgs couplings to gauge bosons have the same Lorentz structure;  
they are simply multiplied by a numerical factor

C2HDM

„pseudoscalar“  
component

 pure scalar 
 pure pseudoscalar

|sin α2 | = 0 ⇝ h1
|sin α2 | = 1 ⇝ h1
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Couplings of the SM-Like Higgs Boson

16

❖ Yukawa sector: avoid flavour-changing-neutral couplings (FCNCs) by transferring  
                             symmetry to Yukawa sector  four 2HDM types ℤ2 ⇝

❖ Yukawa coupling modifiers  :Y2HDM ≡ κ

Type I:  κ I
U = κ I

D = κ I
L =

cos α
sin β Type II:  κ II

U =
cos α
sin β

, κ II
D = κ II

L = −
sin α
cos β

Type F(Y):  κF
U = κF

L =
cos α
sin β

, κF
D = −

sin α
cos β

Type LS(X):  κLS
U = κLS

D =
cos α
sin β

, κLS
L = −

sin α
cos β

❖ Higgs Yukawa coupling in the C2HDM: 

YC2HDM = cos α2Y2HDM ± iγ5 sin α2 tan β(1/tan β)
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Higgs Couplings in Scalar Extensions

17

❖ Yukawa ❖ Gauge ❖ Scalar 

YBSM = fY(αi)YSM ± iγ5gY(αi)

 and  are numbers 
functions of mixing angles and  
(maybe) other parameters 
CP-conserving limit:  and  

 not simultaneously non-zero

fY(αi) gY(αi)

fY(αi)
gY(αi)

gBSM = fg(αi)gSM λBSM = fλ(αi)λSM

 is a number 
function of mixing angles and  
(maybe) other parameters; 

 for pseusodscalar 
in CP-conserving limit

fg(αi)

fg(αi) = 0

Like for the couplings  
with gauge bosons:  
existence of combined 
terms shows that CP  
is broken

❖ Alignment limit: limit where all couplings of the SM-like Higgs are exactly the SM ones; e.g.

ghVV
2HDM = sin(β − α)ghVV

SM sin(β − α) = 1 ghVV
2HDM = ghVV

SM

*adapted from Rui Santos
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Measurements  
of CP-Violation
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Combination of Decays
❖ Combination of three decays: 

forbidden in exact alignment limit

Away from alignment limit: many other combinations possible

❖ Combinations involving three Higgs bosons: 

h1 → ZZ ⇐ CP(h1) = 1 h3 → h2h1 ⇒ CP(h3) = CP(h2)

[Fontes,Romao,Santos,Silva,PRD92(2015)5,055014]

hSM → ZZ CP(hSM) = 1 h2 → ZZ CP(h2) = 1 h2 → h1Z CP(h2) = − CP(h1)

⇝

* For test through loops, cf. talk by Rui Santos on Monday morning. 
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Example Benchmark C2HDM

✦ CP-violating 2HDM (C2HDM): BSM CP violation required in electroweak baryogenesis

✦ Example C2HDM T1: H1=SM-like Higgs CP-even, mH3 = 267 GeV

[Abouabid, Arhrib,Azevedo,El Falaki, Ferreira, MM,Santos,´21]

Benchmark point compatible w/ all relevant theor. & exp. constraints (also di-Higgs constraints)
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Example Benchmark C2HDM

✦ CP-violating 2HDM (C2HDM): BSM CP violation required in electroweak baryogenesis

✦ Example C2HDM T1: H1=SM-like Higgs CP-even, mH3 = 267 GeV 

CP-even

[Abouabid, Arhrib,Azevedo,El Falaki, Ferreira, MM,Santos,´21]
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Example Benchmark C2HDM

✦ CP-violating 2HDM (C2HDM): BSM CP violation required in electroweak baryogenesis

✦ Example C2HDM T1: H1=SM-like Higgs CP-even, mH3 = 267 GeV 

CP-even CP-odd

[Abouabid, Arhrib,Azevedo,El Falaki, Ferreira, MM,Santos,´21]
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Example Benchmark C2HDM

✦ CP-violating 2HDM (C2HDM): BSM CP violation required in electroweak baryogenesis

✦ Example C2HDM T1: H1=SM-like Higgs CP-even, mH3 = 267 GeV 

CP-even

[Abouabid, Arhrib,Azevedo,El Falaki, Ferreira, MM,Santos,´21]
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Example Benchmark C2HDM

✦ CP-violating 2HDM (C2HDM): BSM CP violation required in electroweak baryogenesis

✦ Example C2HDM T1: H1=SM-like Higgs CP-even, mH3 = 267 GeV 

CP-even CP-odd

[Abouabid, Arhrib,Azevedo,El Falaki, Ferreira, MM,Santos,´21]



M.M. Mühlleitner, KIT                     Extended Scalar Sectors From All Angles, Oct 2024 25

Asymmetries & Kinematic Distributions

CP violation: (a ≠ 0 and/or b ≠ 0) and c ≠ 0

[Godbole,Miller,MM,JHEP 12 (2007) 031]❖ Higgs Decay : (spin-0 assumed for H)H → ZZ(*) → ( f1 f̄1)( f2 f̄2)

❖ CP-sensitive asymmetry: sensitive to Im(c)

normalized distribution
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Asymmetries & Kinematic Distributions

CP violation: (a ≠ 0 and/or b ≠ ) and c ≠ 0

[Godbole,Miller,MM,JHEP 12 (2007) 031]❖ Higgs Decay : (spin-0 assumed for H)H → ZZ(*) → ( f1 f̄1)( f2 f̄2)

❖ Angular distribution in :ϕ

normalized distribution

effect washed out for large MH

Caveat: degenerate CP-even +  
CP-odd Higgs in CP-conserving  

theory could mimic effect
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Another Caveat

cf. e.g. [Arhrib,Benbrik,El Falaki,Sampaio, 
Santos,Phys.Rev.D 99 (2019) 3, 035043]

A
t

t̄

t

t̄

Z

Z

hihi

Z

Z

If tree-level coupling hiZZ coupling 
is very small, of the order of the 

loop induced coupling  
impossible to distinguish the models

⇝

❖ CP-conserving theory: pseudoscalar A (tree-level  forbidden)A → ZZ

A

❖ CP-violating theory: CP-mixing state hi

To unambiguously identify CP-violation 
combine as many CP-sensitive  

measurements as possible
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CP-Violation in the Higgs Yukawa Coupling

28

✦ Allowed region based on rates: 

CP-conserving Yukawa  rate∼ a ⇒ |a |2 <  meas.

ψ̄(a + ibγ5)ψϕ

CP-violating Yukawa ∼ (a + ibγ5) ⇒ |a |2 + |b |2 <  meas. rate

b

a

CP-odd axis

CP-even axis

The allowed region is a ring 
In the CP-odd/CP-even plane.  
This is based only on rates.

✦ Directly accessible in Higgs coupling to fermions: 
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CP-Violation in the Higgs Yukawa Coupling

29

✦ Allowed region based on rates: 

CP-conserving Yukawa  rate∼ a ⇒ |a |2 <  meas.

ψ̄(a + ibγ5)ψϕ

CP-violating Yukawa ∼ (a + ibγ5) ⇒ |a |2 + |b |2 <  meas. rate

b

a

CP-odd axis

CP-even axis

The allowed region is a ring 
In the CP-odd/CP-even plane.  
This is based only on rates.

✦ Directly accessible in Higgs coupling to fermions: 

To resolve the ring, we need  
to look into each particular  

Yukawa at a time



M.M. Mühlleitner, KIT                     Extended Scalar Sectors From All Angles, Oct 2024

Experimental Constraints

30

✦ Top Yukawa Coupling: Probe vertex in production 

Consistent with the SM.  Pure CP-odd coupling  
excluded at 3.9σ, and | | > 43°  excluded at 95% CL.α

 ℒCPV
tt̄h = −

yt

2
t̄(κt + iκ̃tγ5)th

 κt = κ cos α
 κ̃t = κ sin α

 pp → (h → γγ)t̄t

✦ Tau Yukawa Coupling: Probe vertex in Higgs decay 

Measurement of the  
CP-violating mixing angle   

 
CMS: -1±19º (0±21º) obs(exp) at 68% C.L.                                 

         ±41º   (±49)º   obs(exp) at 99.7% C.L.                                              
 

ATLAS: 9±16º (0±28º) obs(exp) at 68% C.L.  
             ±34º  (+75-70º) obs(exp) at 95% C.L.

Φττ

 pp → h → τ+τ−

[CMS JHEP06(2022)012] [ATLAS,Eur.Phys.J.C83(2023)563]
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2-Guise Yukawa Couplings in CP-Violating Models

31

 ū (au + ibuγ5) uh bu ≈ 0 ⇝ au ūuh scalar

pseudoscalar

✦ Same Higgs boson couples once scalar-like, once pseudoscalar-like:

 d̄ (ad + ibdγ5) adh ad ≈ 0 ⇝ ibd d̄γ5dh

✦ Possible in C2HDM: couplings of  ( ) for h h =̂ HSM α1 = π/2

ghVV
C2HDM = cos α2 cos(β − α1)ghVV

SM

ghuu
C2HDM = (cos α2

sin α1

sin β
− i

sin α2

tan β
γ5 ) ghff

SM

ghbb
C2HDM = (cos α2

cos α1

cos β
− i sin α2 tan β γ5 ) ghff

SM

ghVV
C2HDM = cos α2 sin β ghVV

SM

ghuu
C2HDM = ( cos α2

sin β
− i

sin α2

tan β
γ5 ) ghff

SM

ghbb
C2HDM = (−i sin α2 tan β γ5 ) ghff

SM

close to 1

small

can be large

✦ Experiment tells us: 
sin α2

tan β
≪ 1 sin α2 tan β = 𝒪(1)but
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Impact of New Experimental Data on the C2HDM

32

✏ 125 GeV Higgs signal strengths from the combination of ATLAS and CMS collected at 7 and 8 TeV 
✏ HiggsBounds 4.3.1 for constraints from searches for additional scalars 
✏ Electron EDM (eEDM) limit of 8.7x10-29 e.cm 
 

✏ Lower bound of 580 GeV on the charged Higgs mass from B-meson decays in type II & Flipped models

✏ 125 GeV Higgs signal strengths from ATLAS and CMS w/ all run 2 data collected at 13 TeV 
✏ HiggsBounds 5.7.1 for constraints from searches for additional scalars w/ all available LHC data 
✏ Electron EDM (eEDM) limit of 1.1x10-29 e.cm (ACME) and 4.1x10-30 e.cm (JILA) 
 

✏ Updated bounds on the charged Higgs mass from B-meson decays 
✏ Impact of direct searches, in particular the one using angular correlations in decay planes of the 
    tau-lepton in  setting an upper limit on the pseudoscalar component of the tau Yukawa 
     strong impact on the analysis

h125 → τ+τ−

⇝

✦ C2HDM Analysis 2017:

✦ C2HDM Analysis 2024:

[Fontes,MM,Romao,Santos,Silva,Wittbrodt, JHEP 02 (2018) 073]

[Biekötter,Fontes,MM,Romao,Santos,Silva, JHEP 05 (2024) 127]

* For C2HDM facing future EDM and collider tests, cf. talk by Y. Mao Tuesday afternoon. 
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2-Guise Yukawa-Couplings: hhb Coupling

33

[Biekötter,Fontes,MM,Romao,Santos,Silva, JHEP 05 (2024) 127]

 consider 2HDM type II with h2 being SM-like Higgs⇝

❖ Most 2-guise scenarios already excluded 2017: [Fontes,MM,Romao,Santos,Silva,Wittbrodt, JHEP 02 (2018) 073]
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Figure 1. CP-odd vs. CP-even component in the h125bb̄ coupling of allowed parameter points in
Type-II, assuming h2 = h125. Left panel: LHC 2017 data on h125 and constraints from beyond-SM
(BSM) scalar searches at 7 and 8TeV using HB-4.3.1. Right panel: LHC 2022 data on h125 and
constraints from BSM scalars including 13TeV data using HT-1.1.3. The light green points are
consistent with the old eEDM of 8.7 × 10−29 e.cm [45, 76], the dark green points with the more
recent ACME result 1.1 × 10−29 e.cm [60]. The dark red points obey the currently strongest limit
on the eEDM 4.1 × 10−30 e.cm reported by JILA [61]. The fermion masses in the loops of diagrams
contributing to the eEDM were taken as pole masses. The limit αhττ < 41◦ [54] from searches for
CP-violation in angular correlations of τ leptons in h125 → τ τ̄ decays has not been applied in either
of the plots in this figure.

So far, we have not yet applied the recent direct bound on a CP-odd coupling component1

from the angular correlations of τ leptons in h125 → τ τ̄ decays [54, 55]. In the Type-II model,2

the down-type quarks are coupled to the neutral scalars in the same way as the charged3

leptons, such that ce,ob = ce,oτ . It follows that, in this type, the recent bound αhττ < 41◦4

has to be taken into account in the study of the CP properties of h125bb̄. The limit on5

αhττ has not been applied in either of the plots in figure 1. Requiring that αhbb < 41◦,6

with αhbb = tan−1 |cob |/|ceb| = αhττ , excludes the possibility of |cob | ≫ |ceb| in the right panel7

of figure 1. Nevertheless, the interesting possibility that |cob | ≃ |ceb| (and therefore also8

|coτ | ≃ |ceτ |) would still be allowed.9

The above conclusions in the Type-II crucially depend on a significant fine-tuning of the10

model parameters in order to be compatible with the stringent experimental upper bounds11

on the eEDM. These limits can be evaded only as a result of a cancellation between different12

contributions to the eEDM at two-loop level in the perturbative expansion (as discussed in13

more detail below). This cancellation gives rise to a strong dependence of the predicted eEDM14

on the model parameters, including the values for the masses of the fermions that appear as15

virtual particles in the loops of Barr-Zee type diagrams [94]. The corresponding amplitudes are16

proportional to the mass of the fermion appearing in the loop. Consequently, the numerically17

relevant contributions stem from diagrams with an internal top quark, bottom quark, or τ18

lepton. At the two-loop level, it is formally consistent to choose different renomalization19

– 8 –

h125 LHC2017     new scalar searches LHC7/8TeV 
old eEDM (light green) recent ACME (dark green)

h125 LHC2024     new scalar searches LHC13TeV 
JILA (dark red)

⇒

2017 2024

No constraints 
included from  
h125 → τ+τ−

LHC 
eEDM

Update

*OS top/tau  
 masses and 
   in  
  eEDM loops 
mb(mb)

* *
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Impact eEDM Scale Choice & Extra Scalar Searches

34

[Biekötter,Fontes,MM,Romao,Santos,Silva, JHEP 05 (2024) 127]
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Figure 2. CP-odd vs. CP-even component in the h125bb̄ coupling of allowed parameter points in
Type-II, assuming h2 = h125. All points obey the current experimental limit on the eEDM [61], where
here the masses of the fermions in the loops of diagrams contributing to the eEDM were taken to be
the running masses at the MZ scale (see text for details). Also applied are the constraints from the
h125 cross section measurements using LHC 2022 data collected at 13TeV. The left panel does not
include the LHC constraints on the extra scalars while in the right panel these constraints are applied
including the most recent searches at 13TeV using HT-1.1.3.

prescriptions for the fermion masses [95], and different approaches have been applied in the1

literature. The two most common choices have been to use either MS running masses at2

the scale MZ (mt(MZ),mb(MZ),mτ (MZ)), see e.g. refs. [16, 33, 96], or pole masses for top3

quark and τ lepton in combination with the running bottom-quark mass at the scale mb4

(mt,mb(mb),mτ ), see e.g. refs. [26, 27, 35, 40, 52]. In the analysis discussed above, we have5

used the latter possibility for the eEDM predictions. In the following, we will discuss the6

modifications resulting from choosing the running masses at the scale MZ .7

To this end, we generated a new set of parameter points in the Type-II which all satisfy8

the current experimental limit on the eEDM with the eEDM computed using the running9

masses at MZ . Moreover, the parameter points fulfill the other experimental and theoretical10

constraints discussed in section 2.2, with the exception of the constraints from BSM scalar11

searches at the LHC and from direct searches for CP-violation in h125 → τ τ̄ decays. The12

resulting parameter points are shown in the plane of CP-odd vs. CP-even components of the13

h125bb̄ coupling in the left plot of figure 2. One can see that, before the cross-section limits14

from the LHC searches are applied, the results are very similar to the case shown in the right15

plot of figure 1, where the eEDM was computed using the on-shell (OS) prescription for the16

top-quark and τ -lepton masses in combination with mb(mb). However, after applying the17

LHC constraints from searches for additional scalars (see the discussion below for details),18

the only still viable parameter points are situated very close to the alignment limit, as is19

shown in the right plot of figure 2. Hence, if the eEDM is computed using the running masses20

at the scale MZ , we find that it is incompatible to have both sizable CP-odd components in21

the h125bb̄ coupling and agreement with the experimental upper limit on the eEDM and with22

– 9 –

❖ Impact of the eEDMs:  
 

    - Results crucially depend on significant fine-tuning of model parameters to achieve compatibility  
      with stringent eEDM bounds 
     
    - Limits can be evaded only as a result of a cancellation between different contributions to the  
      eEDM at 2-loop level in the perturbative expansion

2024 2024

no limits from searches for extra scalars including limits from searches for extra scalars

running masses in eEDM loops at MZ running masses in eEDM loops at MZ

- Cancellation  strong dependence of predicted eEDM on model parameters, including mass values 
   of virtual fermions in the loops of the Barr-Zee type diagrams

⇝

⇒
from extra 

scalar 
searches

w/ limits
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[Biekötter,Fontes,MM,Romao,Santos,Silva, JHEP 05 (2024) 127]
❖ 2HDM type LS with h1 being SM-like Higgs  
 

2024 2024

LHC (direct) experiments give us information beyond EDMs! 
 

not allowed any more, but  still possible|co
τ | ≫ |ce

τ | |co
τ | ≈ |ce

τ |

h125 LHC2024     new scalar searches LHC13TeV h125 LHC2024     new scalar searches LHC13TeV

Without  datah → τ̄ τ With  data: h → τ̄ τ αhττ < 41∘

⇒
αhττ < 41∘
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❖ Situation 2017: [Fontes,MM,Romao,Santos,Silva,Wittbrodt, JHEP 02 (2018) 073]

❖ Situation 2024: Can we still find large CP-odd Yukawa couplings?

 Crosses :                   not possible to have a large CP-odd component; 

 Notation :                  exclusion comes from the direct searches for CP-violation in ; 

 Underlined crosses : refer to scenarios that were previously allowed. 
 

×
τ h → τ+τ−

×

✓ large CP-odd  
component possible

 large CP-odd  
component not possible

×
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✦ C2HDM with H1 SM-like: 
(eEDM@2017 included)

[Gröber,MM,Spira,’17]

H1 SM-like

mH2 as function of 𝛂2 drops below  threshold 

 main decay channel into H1H1  large resonant enhancement

tt̄
⇝ ⇝

SM reference value 
(NLO QCD heavy top-limit): 

38.2 fb

NLO QCD corrections 
in heavy top-limit 

included
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✦ C2HDM with H1 SM-like: 
(eEDM@2017 included)

[Gröber,MM,Spira,’17]

H1

H1

H1 SM-like

mH2 as function of 𝛂2 drops below  threshold 

 main decay channel into H1H1  large resonant enhancement

tt̄
⇝ ⇝

SM reference value 
(NLO QCD heavy top-limit): 

38.2 fb

NLO QCD corrections 
in heavy top-limit 

included
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❖ Maximum SM-like Higgs pair production from resonant heavy Higgs production: after applying  
    all relevant theoretical and experimental constraints (including di-Higgs constraints)

in fb

SM Cross Section (NLO QCD, heavy top limit): 38 fb 
max. enhancement (R2HDM-I): non-resonant: 1.2, resonant: 10.2

* For NLO QCD corrections w/ full mtop,  
  cf. talk by M. Spira Wednesday afternoon.

<- SM-like Higgs

[Abouabid,Arhrib,Azevedo,El Falaki,Ferreira,MM,Santos,´21]
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❖ Minimal Supersymmetric Extension (MSSM): two complex Higgs doublets (type II 2HDM) 
 

    Minimum condition precludes CP-violating phase in the tree-level Higgs sector*

❖ Next-to-Minimal Supersymmetric Extension (NMSSM): two complex Higgs doublets + complex singlet 
 

    Tree-level CP-violation in Higgs sector possible

*While tree-level CP-violation in the Higgs sector is not possible, there is radiatively induced CP-violation which impacts  
  the Higgs (and other) observables. 
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✦ The Higgs spectrum: two doublets Hu,Hd plus complex singlet S  after EWSB⇝

CP-conserving (CPC):    3 CP-even Higgs bosons Hi (i=1,2,3),  
                                    2 CP-odd Higgs boson Aj (j=1,2),  
                                    2 charged H+,H-  

 

CP-violating (CPV):       5 CP-mixing Higgs bosons Hk (k=1,…,5),  
                                    2 charged Higgs bosons H+, H-

✦ Tree-Level CP-Violating Phase: 

CP-violating mixing in the Higgs mass matrix is proportional to sin φy

✦ Higher-Order Corrections to Higgs Masses: required to shift SM-like mass to 125 GeV

CP-violating phases independent of each other, CP-violating phases from all other sectors  
(electroweakino, sfermion) enter
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Web page: https://www.itp.kit.edu/~maggie/NMSSMCALC/
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H1 SM-like Higgs; loop-corrected Higgs self-coupling 
as a function of 𝞅At of At = |At| exp(i 𝞅At)

[Borschenschky,Dao,Gabelmann,MM,Rzehak,’22]

Note: no constraints from EDMs included here

dashed: tree-level 
full: one-loop

tree-level dependence on 𝞅x (x=𝛍,At,M2):  
𝞅x-dependent HO corrections to mH1 

𝛅𝛤: size of relative 1-loop correction
[Dao,MM,Patel,Sakurai,’20]

* For precision predictions of , cf.  
  talk by M. Gabelmann Friday afternoon.

λ3H
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* For viable model for 𝛎, DM & EWBG, cf. 
  talk by S.Kanemura Tuesday afternoon.
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✦ Next-to-Minimal 2-Higgs Doublet Model: 
one exact ℤ2 symmetry:                                                                                                 

✦ General vacuum structure at T≠0:                                                                                 

electroweak VEVs: 𝟂1,𝟂2 , CP-violating VEV: 𝟂CP  

charge-breaking VEV: 𝟂CB (unphysical; found to be zero for all of our scan points) 

Z2-symmetry breaking VEV: 𝟂S

✦ General vacuum structure at T=0: no VEVs for 3 particles in the dark sectorΦ2, ΦS ⇝

𝟂1|T=0 GeV = v1 ≡ v = 246.22 GeV

[Azevedo,Ferreira,MM,Patel,Santos,Wittbrodt,’18]

CP-violating  
portal term

CP-conserving  
portal terms
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CP-conserving  
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The Model „CP in the Dark“
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✦ Next-to-Minimal 2-Higgs Doublet Model: 
one exact ℤ2 symmetry:                                                                                                 

✦ General vacuum structure at T≠0:                                                                                 

electroweak VEVs: 𝟂1,𝟂2 , CP-violating VEV: 𝟂CP  

charge-breaking VEV: 𝟂CB (unphysical; found to be zero for all of our scan points) 

Z2-symmetry breaking VEV: 𝟂S

✦ General vacuum structure at T=0: no VEVs for 3 DM candidatesΦ2, Φ3 ⇝

𝟂1|T=0 GeV = v1 ≡ v = 246.22 GeV

[Azevedo,Ferreira,MM,Patel,Santos,Wittbrodt,’18]

CP violation purely in the dark sector  
 not constrained  

by electric dipole moment
⇝

CP-violating  
portal term
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[Biermann,MM,Müller,’22] [Biermann,MM,Santos,Viana,’24]

- possibility of SFOEWPT & spontaneous  
CP violation (CPV) 

- spontaneous  violation also possible 
=> non-standard CPV transferred to 
visible sector 

- interesting for EWBG!

ℤ2

CP-Violation in Dark Sector: at T=0 unconstrained by EDMs!

* For spontaneous CPV by a scalar singlet,  
  cf. talk by F. Joaquim Tuesday afternoon.

at Tc

VEV vc

vc
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✦ Sizable CP-Violation:  
  - clear sign of BSM physics; required for EWBG  

✦ Measuring CP-Violation in the Higgs sector: 
  - Combination of Higgs-to-Scalar Decays 
  - Angular distributions, CP-sensitive observables in Higgs production/decay 
  - Measurement of CP-violating Yukawa couplings 
  - Caveat: Combination of measurements required to unambiguously identify  
    CP-violation (2-guise Yukawa couplings, misidentification of CPV/CPC) 

✦ CP-Violation in supersymmetry: 
  - Large number of CP-violating phases 
  - NMSSM allows for tree-level CP-violation in the Higgs sectors 
  - Masses/trilinear couplings affected by CP-violation (tree-level, radiatively induced) 

✦ CP-Violation and EWBG 
 - Sizable CP-violation required, conflict w/ EDMs 
 - Nice way out: CP-violation in Dark Sector

CP-Violation appears in many different guises 
 Creativity required both on Exp and Th side 

to identify unambiguously CP-violation
⇝



Thank you for 
your attention!
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CP-Violation in Loops

❖ Another possibility to detect P-even CP-violating signals: through loops

❖ Remember detection through combination of decays: 

h2 → h1Z CP(h2) = − CP(h1)

h3 → h1Z CP(h3) = − CP(h1)

h3 → h2Z CP(h3) = − CP(h2)

In case of no access to decays: 
build Feynman diagram with the 
same vertices:

Z

Z

Z

h1

h2

h3

And see if it is possible to extract 
information from the measurement 
of the triple ZZZ anomalous coupling:

Can we build such a model?
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✦ How can we test CP violation? Look at the vertex ZZZ <- CP-violation from C-violation inside loops                                                                                   

[Gaemers,Gounaris,’79;Hagiwara,Peccei, 
 Zeppenfeld,Hikasa,’87;Grzadkowski, 
 Ogreid,Osland,’16]

[CMS Collaboration, EPJC78 (2018) 165]

[ATLAS Collaboration, PRD97 (2018) 032005]

[CMS Collaboration, EPJC81 (2021) 200]

−1.2 × 10−3 < fZ
4 < 1.0 × 10−3

−1.5 × 10−3 < fZ
4 < 1.5 × 10−3
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✦ How can we test CP violation? Look at the vertex ZZZ <- CP-violation from C-violation inside loops                                                                                   

[Gaemers,Gounaris,’79;Hagiwara,Peccei, 
 Zeppenfeld,Hikasa,’87;Grzadkowski, 
 Ogreid,Osland,’16]

[Belusca-Maito,Falkowski,Fontes,Romao,Silva, 
 JHEP04 (2018) 002]
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Figure 6. Scatter plots showing the absolute value of the CP violating form factor fZ

4 (q2) for two
values of

p
q2 for points in the parameter space of the type-1 C2HDM satisfying theoretical (unitar-

ity, bounded from below) and experimental (LHC Higgs, electric dipole moments, and electroweak
precision measurements) constraints.

mitigated in the C2HDM because of a combination of two facts. First, we know from the

h125 ! ZZ measurements that the corresponding coupling in the C2HDM lies very close to

the SM value (the so-called alignment limit). Second, the sum rule in eq. (3.24) guarantees

that any heavier scalar will have a very small coupling to ZZ. Nevertheless, once statistics

improve at LHC, a precise constraint on fZ

4
can best be achieved by a detailed simulation

of the C2HDM within the experimental analysis of the collaborations, which is beyond the

scope of this work. Our results for the maximum of |fZ

4
| are slightly below those reported in

Ref. [26]. This is mainly due to the e↵ect of including in our scan the bound on the electron

EDM [52]. The sign di↵erence that we have found does not a↵ect much the absolute value,

because the diagram where it occurs is typically the dominant one (in the gauge ⇠ = 1) [26].

For future reference, we also give the final form of the Z3 vertex before evaluating the

– 12 –
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FIG. 4: The CP-violating fZ
4 (p21) form factor, normalized to f123, for mh1 = 80.5 GeV, mh2 = 162.9 GeV and mh3 = 256.9

GeV, as a function of the squared o↵-shell Z boson 4-momentum p21, normalized to m2
Z .

which implies that the 3⇥ 3 matrix R should approximately have the form of one diagonal element with value close
to 1, the corresponding row and column with elements very small and a 2⇥ 2 matrix mixing the other eigenstates4.
Within our model, however, the three neutral dark fields can mix as much or as little as possible.

In Fig. 4 we show, for a random combination of dark scalar masses (mh1 ' 80.5 GeV, mh2 ' 162.9 GeV and
mh3 ' 256.9 GeV) the evolution of fZ

4 normalized to f123
5 with p

2
1, the 4-momentum of the o↵-shell Z boson. This

can be compared with Fig. 2 of Ref. [34], where we see similar (if a bit larger) magnitudes for the real and imaginary
parts of f

Z

4 , despite the di↵erences in masses for the three neutral scalars in both situations (in that figure, the
masses taken for h1 and h3 were, respectively, 125 and 400 GeV, and several values for the h2 mass were considered).
As can be inferred from Fig. 4, f

Z

4 is at most of the order of ⇠ 10�5. For the parameter scan described in the
previous section, we obtain, for the imaginary part of fZ

4 , the values shown in Fig. 5. We considered two values of
p
2
1 (corresponding to two possible collision energies for a future linear collider). The imaginary part of fZ

4 (which,
as we will see, contributes directly to CP-violating observables such as asymmetries) is presented as a function of
the overall coupling f123 defined in Eq. (19). We in fact present results as a function of f123/(1/

p
3)3, to illustrate

that indeed the model perfectly allows maximum mixing between the neutral, dark scalars. Fig. 5 shows that the
maximum values for |Im(fZ

4 )| are reached for the maximum mixing scenarios. We also highlight in red the points
for which the dark neutral scalars hi have masses smaller than 200 GeV. The loop functions in the definition of fZ

4 ,
Eq. (17), have a complicated dependence on masses (and external momentum p1) so that an analytical demonstration
is not possible, but the plots of Fig. 5 strongly imply that choosing all dark scalar masses small yields smaller values
for |Im(fZ

4 )|. Larger masses, and larger mass splittings, seem to be required for larger |Im(fZ

4 )|. A reduction on the
maximum values of |Im(fZ

4 )| (and |Re(fZ

4 )|) with increasing external momentum is observed (though that variation is
not linear, as can be appreciated from Fig. 4). A reduction of the maximum values of |Im(fZ

4 )| (and |Re(fZ

4 )|) when
the external momentum tends to infinity is also observed.

The smaller values for |Im(fZ

4 )| for the red points can be understood in analogy with the 2HDM. The authors of
Ref. [34] argue that the occurrence of CPV in the model implies a non-zero value for the basis-invariant quantities
introduced in Refs. [60, 61], in particular for the imaginary part of the J2 quantity introduced therein. Since Im(J2)
is proportional to the product of the di↵erences in mass squared of all neutral scalars, having all those scalars with
lower masses and lower mass splittings reduces Im(J2) and therefore the amount of CPV in the model. Now, in our
model the CPV basis invariants will certainly be di↵erent from those of the 2HDM, but we can adapt the argument to

4
Meaning, a neutral scalar mixing very similar to the CP-conserving 2HDM, where h and H mix via a 2⇥ 2 matrix but A does not mix

with the CP-even states.
5
For this specific parameter space point, we have f123 ' �0.1835.

[Azevedo,Ferreira,MM,Patel,Santos, 
 Wittbrodt,JHEP11(2018)091]

C2HDM T1 CP in the Dark
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✦ How can we test CP violation? Look at the vertex ZZZ <- CP-violation from C-violation inside loops                                                                                   

[Gaemers,Gounaris,’79;Hagiwara,Peccei, 
 Zeppenfeld,Hikasa,’87;Grzadkowski, 
 Ogreid,Osland,’16]

[Belusca-Maito,Falkowski,Fontes,Romao,Silva, 
 JHEP04 (2018) 002]
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Figure 6. Scatter plots showing the absolute value of the CP violating form factor fZ

4 (q2) for two
values of

p
q2 for points in the parameter space of the type-1 C2HDM satisfying theoretical (unitar-

ity, bounded from below) and experimental (LHC Higgs, electric dipole moments, and electroweak
precision measurements) constraints.

mitigated in the C2HDM because of a combination of two facts. First, we know from the

h125 ! ZZ measurements that the corresponding coupling in the C2HDM lies very close to

the SM value (the so-called alignment limit). Second, the sum rule in eq. (3.24) guarantees

that any heavier scalar will have a very small coupling to ZZ. Nevertheless, once statistics

improve at LHC, a precise constraint on fZ

4
can best be achieved by a detailed simulation

of the C2HDM within the experimental analysis of the collaborations, which is beyond the

scope of this work. Our results for the maximum of |fZ

4
| are slightly below those reported in

Ref. [26]. This is mainly due to the e↵ect of including in our scan the bound on the electron

EDM [52]. The sign di↵erence that we have found does not a↵ect much the absolute value,

because the diagram where it occurs is typically the dominant one (in the gauge ⇠ = 1) [26].

For future reference, we also give the final form of the Z3 vertex before evaluating the
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GeV, as a function of the squared o↵-shell Z boson 4-momentum p21, normalized to m2
Z .

which implies that the 3⇥ 3 matrix R should approximately have the form of one diagonal element with value close
to 1, the corresponding row and column with elements very small and a 2⇥ 2 matrix mixing the other eigenstates4.
Within our model, however, the three neutral dark fields can mix as much or as little as possible.

In Fig. 4 we show, for a random combination of dark scalar masses (mh1 ' 80.5 GeV, mh2 ' 162.9 GeV and
mh3 ' 256.9 GeV) the evolution of fZ

4 normalized to f123
5 with p

2
1, the 4-momentum of the o↵-shell Z boson. This

can be compared with Fig. 2 of Ref. [34], where we see similar (if a bit larger) magnitudes for the real and imaginary
parts of f

Z

4 , despite the di↵erences in masses for the three neutral scalars in both situations (in that figure, the
masses taken for h1 and h3 were, respectively, 125 and 400 GeV, and several values for the h2 mass were considered).
As can be inferred from Fig. 4, f

Z

4 is at most of the order of ⇠ 10�5. For the parameter scan described in the
previous section, we obtain, for the imaginary part of fZ

4 , the values shown in Fig. 5. We considered two values of
p
2
1 (corresponding to two possible collision energies for a future linear collider). The imaginary part of fZ

4 (which,
as we will see, contributes directly to CP-violating observables such as asymmetries) is presented as a function of
the overall coupling f123 defined in Eq. (19). We in fact present results as a function of f123/(1/

p
3)3, to illustrate

that indeed the model perfectly allows maximum mixing between the neutral, dark scalars. Fig. 5 shows that the
maximum values for |Im(fZ

4 )| are reached for the maximum mixing scenarios. We also highlight in red the points
for which the dark neutral scalars hi have masses smaller than 200 GeV. The loop functions in the definition of fZ

4 ,
Eq. (17), have a complicated dependence on masses (and external momentum p1) so that an analytical demonstration
is not possible, but the plots of Fig. 5 strongly imply that choosing all dark scalar masses small yields smaller values
for |Im(fZ

4 )|. Larger masses, and larger mass splittings, seem to be required for larger |Im(fZ

4 )|. A reduction on the
maximum values of |Im(fZ

4 )| (and |Re(fZ

4 )|) with increasing external momentum is observed (though that variation is
not linear, as can be appreciated from Fig. 4). A reduction of the maximum values of |Im(fZ

4 )| (and |Re(fZ

4 )|) when
the external momentum tends to infinity is also observed.

The smaller values for |Im(fZ

4 )| for the red points can be understood in analogy with the 2HDM. The authors of
Ref. [34] argue that the occurrence of CPV in the model implies a non-zero value for the basis-invariant quantities
introduced in Refs. [60, 61], in particular for the imaginary part of the J2 quantity introduced therein. Since Im(J2)
is proportional to the product of the di↵erences in mass squared of all neutral scalars, having all those scalars with
lower masses and lower mass splittings reduces Im(J2) and therefore the amount of CPV in the model. Now, in our
model the CPV basis invariants will certainly be di↵erent from those of the 2HDM, but we can adapt the argument to

4
Meaning, a neutral scalar mixing very similar to the CP-conserving 2HDM, where h and H mix via a 2⇥ 2 matrix but A does not mix

with the CP-even states.
5
For this specific parameter space point, we have f123 ' �0.1835.

[Azevedo,Ferreira,MM,Patel,Santos, 
 Wittbrodt,JHEP11(2018)091]

C2HDM T1 CP in the Dark

The typical maximal value  
for f4 seems to be below 10-4
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Higgs-to-Invisible Decay
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[Biermann,MM,Müller,’22]

- SFOEWPT points scattered across allowed ScannerS parameter space 
- BR(h->inv) strongly correlated w/ 𝛍VV (V=W±,Z): for 𝛍VV->1 SM-like Higgs  

BRs converge to SM values ⤳ BR(h->inv) forbidden => 
- future increased precision in BR(h->inv) and 𝛍VV constrain parameter space, 

however, no further insights in strength of EWPT gained
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[Biermann,MM,Santos,Viana]
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- Viable GW points (SNR(LISA-3yrs)>1 - colored points):  
   compatible w/ relic density (<𝛺h2) 
   above neutrino floor 
   testable at future direct detection experiments
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Further Backup Slides

60
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C2HDM Higgs Pair Production - Cascade Decays

61

❖ C2HDM contains three neutral CP-mixing Higgs bosons Hi (I=1,2,3), :  
 

     Interesting possibility of Higgs-to-Higgs cascade decays

mH3
≥ mH2

≥ mH1

⇝

H3 → H2H2 → (H1H1)(H1H1)

 Spectacular production of four Higgs bosons!⇝
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C2HDM Higgs Pair Production - Mass Distribution

62

C2HDM type IIC2HDM type I

N2HDM type I N2HDM type II

❖ Heavy Higgs mass spectrum for H1 SM-like (red points): rather compressed for  
    no Higgs-to-Higgs cascade decays  in contrast to e.g. N2HDM, NMSSM

m↓ ≥ 250 GeV ⇝
H↑ → H↓H↓ → (H1H1)(H1H1)

[Abouabid,Arhrib,Azevedo,El Falaki,Ferreira,MM,Santos,´21]

Constraints from  
[Misiak eal]

b → sγ
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Di-Higgs Peaks and Top Valleys

63

✦ C2HDM type II: [Basler,Dawson,Englert,MM,’21]

H1

H1

degenerate mass spectrum!

heavy Higgs production  
w/ subsequent decay into tt 

destructive interference effects 
between signal and SM background

heavy Higgs production  
w/ subsequent decay into SM-like hh 

constructive signal-signal (H2-H3)  
interference effects

* For interference effects in simplified model,  
  cf. talk by R. Kumar Thursday afternoon.



[Basler,Dawson,Englert,MM’21]
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The CP-Violating NMSSM Higgs Sector

65

✦ Tree-level Higgs potential: (neglecting D-term contributions)                                                                                          

✦ CP violation in the Higgs sector: 𝛌, 𝛋, A𝛌, A𝛋 can be complex

✦ Higgs fields after electroweak symmetry breaking (EWSB):

effective 𝜇 parameter:
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What about EDM Constraints?

66

✦ Computation of EDMs: included in NMSSMCALC

✦ Tree-level CP-violation in the Higgs sector: 

φy = φ2 − φ1 φ1 = φλ + φs + φu

φ2 = φκ + 3φs

MSSM-like

NMSSM-like

Due to cancellation of diagrams contributing to EDM: rather larger CP-violating NMSSM-like  phase 
still possible 

φ2

Full (empty) circles: allowed (forbidden) by EDMsNote: these are EDM constraints of 2015

[King,MM,Nevzorov,Walz,Nucl.Phys.B 901 (2015) 526]



✦ C2HDM type 1 ✦ C2HDM type 2

Total CP-violating angle at the phase transition

[Basler,MM,Wittbrodt,’17]
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Strong-First-Order Phase Transitions (SFOPT) and 
Gravitational Waves

68
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Generated Baryon Asymmetry in the C2HDM

69

✦ C2HDM Type I+II baryon asymmetry calculated in FH approach normalized to observed value:  
bubble wall velocity fixed to vW=0.1, LW: bubble wall length, Tc: critical temperature at degenerate  
vacua V(vc≠0)=V(v=0), ξc=vc/Tc phase transition strength, θt CP-violating phase of mt  (                                              )

[Basler,Biermann,Müller,’21]

 average  
non-SM-like 

Higgs mass scale

m

See also [Bahl,Fuchs,Heinemeyer,Katzy,Menen,Peters,Saimpert,Weiglein,’22] for impact of tau-lepton CP-violating 
phase in „VIA“ approach; caveat, however: VIA approach overestimated [Postma,van de Vis,White,’22]
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Spontaneous CP Violation

70
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[Biermann,MM,Müller,’22] [Biermann,MM,Santos,Viana,’24]

- possibility of SFOEWPT & spontaneous  
CP violation (CPV) 

- spontaneous  violation also possible 
=> non-standard CPV transferred to 
visible sector 

- interesting for EWBG!

ℤ2

- SNR(LISA-3yrs)>1 (colored) for max. 
|𝟂CP|=O(10-1) 

- spontaneous  violation leads to  
plasma friction w/ (former) DM  
direction => 

- spontaneous CPV may escape run-away

ℤ2

CP-Violation in Dark Sector: at T=0 unconstrained by EDMs!
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Example for Spin and CP Determination

71

❖ Higgs Decay into Z boson pair: 

❖ Angular distributions for particle w/ arbitrary 
   spin and parity:  
   helicity analyses & operator expansion 

SM Double polar angle distribution

SM Azimuthal angular distribution

✏ Azimuthal angular distribution differs for scalar and pseudoscalar particle:

✏ Threshold behavior allows to determine the spin of the particle: 
 

spin 0: linear rise w/ β 
spin 1 (2) particle ~ β3 (~ β5)
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Other Spectrum Calculators

72

- FlexibleSUSY [Athron,Bach,Harries,Kotlarski,Kwasnitza,Park,Stöckinger,Voigt,Ziebell]: DR, FO & hybrid,  
      through FlexibleEFTHiggs 

- NMSSMCALC [Baglio,Dao,Gröber,MM,Rzehak,Spira,Streicher,Walz]: FO, real & complex NMSSM, DR and  
      mixed OS-DR  
- NMSSMTools [Ellwanger,Gunion,Hugonie]: FO, DR scheme 
- SOFTSUSY [Allanach,Athron,Bednyakov,Tunstall,Voig,RuizdeAustri,Williams]: FO, DR scheme 

- SPheno [Porod,Staub]: FO, DR scheme                                                                               

Remarks: 
- comparison of codes in DR scheme: [Staub,Athron,Ellwanger,Gröber,MM,Slavich,Voigt,’15] 
  FlexibleSUSY, NMSSMCALC, NMSSMTools, SOFTSUSY, SPheno 

- comparison of codes in mixed OS-DR scheme: [Drechsel,Gröber,Heinemeyer,MM,Rzehak,Weiglein,’16] 
  FeynHiggs, NMSSMCALC 
- solution of Goldstone boson catastrophe [Staub,Athron,Ellwanger,Gröber,MM,Slavich,Voigt,’15] 
- advances in FeynHiggs: [Drechsel,Galeta,Heinemeyer,Hollik,Liebler,Moortgat-Pick,Paßehr,Weiglein]  

- OS masses CP-violating NMSSM, consistent description production/decay [Domingo,Drechsel,Paßehr] 

- Review on Higgs mass predictions in the MSSM and beyond [Slavich eal,´20] 

- Higgs mass predictions w/ heavy BSM particles [Bagnaschi,Goodsell,Slavich,’22]
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Recap Standard Model

73

❖ Recap SM Higgs Sector:

ℒ = (DμΦ)(DμΦ)† − (μ2Φ†Φ + λ(Φ†Φ)2) μ2 < 0, λ > 0

Φ =
ϕ+

1

2
(v + ρ + iη

m2
h = 2λv2 , λhhh =

3m2
h

v
, λhhhh =

3m2
h

v2

Spectrum: Physical Higgs boson + 3 Goldstone bosons; potential does not allow for C or P violation 
(neither explicit nor spontaneous)

Parametrization of the complex Higgs doublet:

v =
|μ |2

λ
= 246 GeV

Minimum of the potential is at: 

Mass and trilinear couplings (uniquely determined in terms of mh!): 


