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The Higgs Boson

> Spin and parity of the Higgs
boson have been probed
shortly after its discovery.

> The C and CP nature have
only been established
assuming that h125 is a CP
eigenstate.

with increasing fqq̄. For large values of fqq̄, the | cos ✓⇤|
distributions associated with the spin-0 and spin-2 sig-
nals become very similar. In the case of the H ! ZZ⇤
channel, a separation slightly above one standard devi-
ation is expected between the JP = 0+ and JP = 2+
hypotheses, with little dependence on the production
mechanism. The H ! WW⇤ channel has the opposite
behaviour to the H! �� one, with the best expected re-
jection achieved for large values of fqq̄, as illustrated in
Table 4. The results for the H ! WW⇤ channel are also
in agreement with the JP = 0+ hypothesis. The JP = 2+
hypothesis is excluded with a CL above 95%. The data
are in better agreement with the JP = 0+ hypothesis
over the full range of fqq̄.

Figure 8: Expected (blue triangles/dashed line) and observed (black
circles/solid line) confidence levels, CLs(JP = 2+), of the JP = 2+
hypothesis as a function of the fraction fqq̄ (see text) for the spin-2
particle. The green bands represent the 68% expected exclusion range
for a signal with assumed JP = 0+. On the right y-axis, the corre-
sponding numbers of Gaussian standard deviations are given, using
the one-sided convention.

Table 5 shows the expected and observed p0-values
for both the JP = 0+ and JP = 2+ hypotheses for the
combination of the H! ��, H ! ZZ⇤ and H ! WW⇤
channels. The test statistics calculated on data are com-
pared to the corresponding expectations obtained from
pseudo-experiments, as a function of fqq̄. The data are

in good agreement with the Standard Model JP = 0+
hypothesis over the full fqq̄ range. Figure 8 shows the
comparison of the expected and observed CLs values for
the JP = 2+ rejection as a function of fqq̄. The observed
exclusion of the JP = 2+ hypothesis in favour of the
Standard Model JP = 0+ hypothesis exceeds 99.9% CL
for all values of fqq̄.
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Figure 9: Expected (blue triangles/dashed lines) and observed (black
circles/solid lines) confidence level CLs for alternative spin–parity hy-
potheses assuming a JP = 0+ signal. The green band represents the
68% CLs(JP

alt) expected exclusion range for a signal with assumed
JP = 0+. For the spin-2 hypothesis, the results for the specific 2+m
model, discussed in Section 2, are shown. On the right y-axis, the cor-
responding numbers of Gaussian standard deviations are given, using
the one-sided convention.

7.6. Summary
The observed and expected CLs values for the exclu-

sion of the di↵erent spin–parity hypotheses are sum-
marised in Fig. 9. For the spin-2 hypothesis, the CLs
value for the specific 2+m model, discussed in Section 2,
is displayed.

8. Conclusions

The Standard Model JP = 0+ hypothesis for the
Higgs boson has been compared to alternative spin–

11

[1307.1432, ATLAS]
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Quantifying CP-Violation – Experiment



Differential Distributions

> Current limits on CP violating couplings to gauge bosons.
[1707.00541, CMS]

These are ∼ 0 in simple CP-violating BSM models.

h125 = RHH + RAA ⇒ c(h125VV ) = RHc(hSMVV ) + NLO

> This could be adressed by using the H → τ τ̄ channel.
[1510.03850, Berge et.al.]

c(h125τ τ̄) = a(RH) + iγ5b(RA)
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Electric Dipole Moments

(a) (b) (c) (d)

Figure 1: Barr-Zee diagrams, which contribute to fermionic EDMs at two-loop level.

measurements in discrimination of 2HDMs, and also prospects of future experiments. Sec. 6 is
devoted to conclusions and discussion. Notations and details of the calculation are given in the
Appendices.

2 Models

We briefly review the models discussed in this paper. We have two Higgs doublets, H1 and H2,
and they have the vacuum expectation values (VEVs). The Higgs doublets are parametrized as
follows,

Hi =

(
π+i

1√
2

(
vi + σi − iπ3i

)
)

, (i = 1, 2). (2.1)

In order to avoid the dangerous FCNC problems, we introduce the Z2 symmetry. The Z2 symmetry
is assumed to be softly broken so that the domain-wall formation in the early universe is suppressed.
Under this symmetry, the Higgs doublets are translated into H1 → +H1 and H2 → −H2, and the
Higgs potential is given as

V =m2
1H

†
1H1 +m2

2H
†
2H2 −

((
Rem2

3 + iImm2
3

)
H†

1H2 + (h.c.)
)

+
1

2
λ1(H

†
1H1)

2 +
1

2
λ2(H

†
2H2)

2 + λ3(H
†
1H1)(H

†
2H2) + λ4(H

†
1H2)(H

†
2H1)

+
(
λ5e

i2φ(H†
1H2)

2 + (h.c.)
)
. (2.2)

The third and last terms in this potential contain complex parameters. While one of them can
be eliminated by redefinition of Higgs fields, another phase is physical so that CP symmetry is
broken. In this paper we take the Higgs VEVs, v1 and v2, real using the gauge symmetry and also
redefinition of a Higgs field. In this basis, two phases in the potential are related to each others by
the stationary condition of the potential, V ′ = 0. In this paper we choose φ as an input parameter
for CP violation.

We also use the following variables for convenience in this paper,

cos β =
v1
v
, sin β =

v2
v
, (2.3)

M2 ≡
v21 + v22
v1v2

Rem2
3. (2.4)

2

> Electric Dipole Moments (EDMs) of fermions are CP-violating
quantities.

> Good limits on the electron EDM [1310.7534, ACME]

de = 8.7× 10−29 e cm

and reliable theoretical prediction [1311.4704, Abe et.al].
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Coexisting Decay Modes

If a second Higgs boson was discovered, the simultaneous
observation of certain decays could establish CP-violation using
only inclusive measurements. [1506.06755, Fontes et.al.]

i.e. H1 → ZZ & H2 → ZZ & H2 → H1Z
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Coexisting Decay Modes

If a second Higgs boson was discovered, the simultaneous
observation of certain decays could establish CP-violation using
only inclusive measurements. [1506.06755, Fontes et.al.]

i.e. h125 → ZZ & H2 → ZZ & H2 → h125Z

J. Wittbrodt | DESY Theory Workshop 2017 | 27.09.2017 | Page 5



Quantifications of CP-Violation

Experiment

> direct limits from differential distributions
current: h125 → ZZ∗ → 4l
future: h125 → ττ

> fermionic EDMs
> decays of a second Higgs boson
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Quantifying CP-Violation – Theory



The Complex 2HDM

The C2HDM is a minimal model with a CP-violating Higgs sector.
Two parameters can be complex:

V (h) = m2
11(Φ

†
1Φ1) + m2

22(Φ
†
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.)

but only one of them is independent

Im(m2
12) = Im(λ5)v1v2 .

⇒ Im(λ5) or arg(λ5) as a measure of CP-violation

J. Wittbrodt | DESY Theory Workshop 2017 | 27.09.2017 | Page 7



Pseudoscalar Admixture

In the C2HDM the two neutral CP-even doublet states ρ1,2 mix
with the non-Goldstone pseudoscalar A asH1

H2

H3

 = R

 ρ1
ρ2

ρ3 = A

 .

Construct quantifications of CP-violation out of R
(and tanβ = v2/v1)?
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Jarlskogg-like Invariants – Gauge Sector

The simplest variable is [Mendez, Pomoral, 1991]

ξV = 27

3∏
i=1

c(HiVV )2 with c(HiVV ) = Ri1cβ + Ri2sβ

which quantifies CP-violation in the Higgs-gauge-sector.
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Jarlskogg-like Invariants – Fermion Sector

The top Yukawa coupling is:

c(Hitt̄) = 1

sβ

(
Ri2 − iγ5

Ri3
cβ

)
which is CP-violating if Ri2Ri3 6= 0.
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Jarlskogg-like Invariants in the C2HDM

This gives us 3 invariants normalized ∈ [0, 1]:

ξV = 27
∏

i
c(HiVV )2 ,

γt = 1024
∏

i
(Ri2Ri3)

2 ,

γb = 1024
∏

i
(Ri1Ri3)

2 .

These quantify CP-violation in the gauge, u-type and
d-type/lepton sector, respectively (for a type II Yukawa).
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Quantifications of CP-Violation

Experimental

> direct limits from differential distributions
current: H → ZZ∗ → 4l
future: H → ττ

> fermionic EDMs: de

> decays of a second Higgs boson: H↓ → ZZ , H↓ → Zh125

Theory

> phases of the Lagrangian: argλ5, Im(λ5)

> Jarlskogg-like invariants: ξV , γt , γb
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Phenomenology of CP-Violation



Parameter Scan in the C2HDM

Search for allowed C2HDM parameter points using ScannerS
[1703.07750, Mühlleitner, JW et.al.]

> bounded and absolutely stable tree-level vacuum
> perturbative unitarity
> electroweak precision constraints (STU)
> B physics constraints
> Higgs search exclusion bounds (HiggsBounds)
> Higgs boson signal strengths
> electron EDM
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Constraints from EDMs – Type II
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Coexisting Decay Modes – Type II

10−3 10−2 10−1 100

10−4 10−3 10−2 10−1 100

pp→ H↓ → ZZ [pb]

10−4

10−3

10−2

10−1

100

pp
→

H
↓
→

Z
h

1
2
5

[p
b

]

J. Wittbrodt et.al. 171x.xxxx

ξV

10−4 10−3 10−2 10−1 100

pp→ H↓ → ZZ [pb]

J. Wittbrodt et.al. 171x.xxxx

γt

J. Wittbrodt | DESY Theory Workshop 2017 | 27.09.2017 | Page 15



Large Pseudoscalar Yukawas – Type II
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H1 = h125

H2 = h125

c(h125f f̄ ) = ce(h125f f̄ ) + iγ5co(h125f f̄ )
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Conclusion

> Even in a minimal model, different CP-violating quantities are
not necessarily strongly correlated.

> Measurements of the Higgs couplings and constraints on EDMs
provide the strongest bounds on CP-violating Higgs sectors.

> Large pseudoscalar couplings of h125 might be observable at
LHC.

Outlook

> CP-violation in Type II Yukawa sectors is more strongly
constrained than in the other types. [171x.xxxx, Fontes, JW et.al.]

> The C2HDM can provide an O(π/2) CP-phase for
EW-Baryogenesis. [171x.xxxx, Basler, JW et.al.]
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Thanks for your attention.



C2HDM Yukawa couplings

u-type d-type leptons

type I Ri2
sβ − i Ri3

tβ γ5
Ri2
sβ + i Ri3

tβ γ5
Ri2
sβ + i Ri3

tβ γ5

type II Ri2
sβ − i Ri3

tβ γ5
Ri1
cβ − itβRi3γ5

Ri1
cβ − itβRi3γ5

lepton-specific Ri2
sβ − i Ri3

tβ γ5
Ri2
sβ + i Ri3

tβ γ5
Ri1
cβ − itβRi3γ5

flipped Ri2
sβ − i Ri3

tβ γ5
Ri1
cβ − itβRi3γ5

Ri2
sβ + i Ri3

tβ γ5
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