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The potential for the general C2HDM
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❐ We consider a model with two Higgs doublets, φ1 and φ2, with the Z2

symmetry φ1 → φ1, φ2 → −φ2 violated softly.

VH =m2
11|φ1|2 +m2

22|φ2|2 −m2
12 φ

†
1φ2 − (m2

12)
∗ φ

†
2φ1

+
λ1

2
|φ1|4 +

λ2

2
|φ2|4 + λ3|φ1|2|φ2|2 + λ4 (φ

†
1φ2) (φ

†
2φ1)

+
λ5

2
(φ†1φ2)

2 +
λ∗5
2
(φ†2φ1)

2

❐ Hermiticity implies that all couplings are real, except m2
12 and λ5. If

arg(λ5) 6= 2 arg(m2

12
), then the phases cannot be removed. This is

known as the complex two Higgs doublet model, C2HDM

❐ If arg(λ5) = 2 arg(m2

12
), then we can choose a basis where m2

12 and
λ5 become real and, if the vacuum expectation values (vev) of φ1 and
φ2 are also real, we talk about the real 2HDM

❐ The potential has 9 independent parameters. We trade these for v and

for the 8 input parameters β, mH± , α1, α2, α3, m1, m2,Re(m
2
12)



Couplings in the real 2HDM and C2HDM
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❐ The relevant couplings are defined in the Lagrangian

LY = −
(√

2Gµ

)1/2
mf ψ̄ (ai + ibiγ5)ψ hi,

LhH+H− = λ̂i v hiH
+H−,

LhV V = Ci

[

g mWW
+
µ W

µ− +
g

2cW
mZZµZ

µ

]

hi,

where ai, bi, and Ci are real, cW = cos θW , and θW is the Weinberg
angle. In the limit, a1=C1=1, and b1= λ̂1=0, we obtain the SM

❐ In the Real 2HDM we have for the couplings to h1

C1 =sin(β − α), λ̂1 = −2m2
H±

v2
(g1 + g2 + g3) with

g1 =sin (β − α)

(

1− m2
h

2m2
H±

)

, g2 =
cos (β + α)

sin (2β)

m2
h

m2
H±

g3 =− 2 cos (β + α)

sin2 (2β)

m2
12

m2
H±



Couplings in the C2HDM · · ·
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❐ In the C2HDM we have

Ci =cβRi1 + sβRi2

−λ̂i =cβ
[
s2βλ145 + c2βλ3

]
Ri1 + sβ

[
c2βλ245 + s2βλ3

]
Ri2 + sβcβ Im(λ5)Ri3

❐ Here λ145 = λ1 − λ4 − Re(λ5) and λ245 = λ2 − λ4 − Re(λ5) with
R11 = c1c2, R12 = s1c2, R13 = s2

❐ For fermions in the C2HDM (without FCNC) we have

Type I Type II Lepton Flipped
Specific

Up Ri2

sβ
− icβ

Ri3

sβ
γ5

Ri2

sβ
− icβ

Ri3

sβ
γ5

Ri2

sβ
− icβ

Ri3

sβ
γ5

Ri2

sβ
− icβ

Ri3

sβ
γ5

Down Ri2

sβ
+ icβ

Ri3

sβ
γ5

Ri1

cβ
− isβ

Ri3

cβ
γ5

Ri2

sβ
+ icβ

Ri3

sβ
γ5

Ri1

cβ
− isβ

Ri3

cβ
γ5

Leptons Ri2

sβ
+ icβ

Ri3

sβ
γ5

Ri1

cβ
− isβ

Ri3

cβ
γ5

Ri1

cβ
− isβ

Ri3

cβ
γ5

Ri2

sβ
+ icβ

Ri3

sβ
γ5

❐ In the limit of the real 2HDM:
R11 → − sinα, R12 → cosα, R13 → 0



Amplitudes for h → γγ and h → Zγ
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❐ We write the general form for the amplitudes (V =Z, γ; i=F,W,H±)

M
V γ
i ≡ e2g

mW

1

16π2

[

(q1 · q2 ǫ1 · ǫ2−q1 · ǫ2 q2 · ǫ1)XV γ
i +ǫµναβ q

µ
1 q

ν
2 ǫ

α
1 ǫ

β
2 Y

V γ
i

]

❐ We get for the widths

Γ(h→ γγ) =
GFα

2m3
h

128
√
2π3

(
|Xγγ

F +X
γγ
W +X

γγ
H |2 + |Y γγ

F |2
)

Γ(h→ Zγ) =
GFα

2m3
h

64
√
2π3

(

1−m2
Z

m2
h

)3(

|XZγ
F +X

Zγ
W +X

Zγ
H |2 + |Y Zγ

F |2
)

❐ Important points

◆ All results finite and gauge invariant (verified with FeynCalc)

◆ No interference between the scalar and pseudoscalar components of
the Higgs boson even in the case of the decay h→ Zγ

◆ We will show how the current limits on h→WW,ZZ constrains
possible large values for h→ Zγ (and also h→ γγ)



Simulation Procedure

Outline

The C2HDM

•Potential

•Couplings

•Amplitudes

•Simulation

•Type I

•Type II

•Flipped

•Angles

•Couplings F

CP Violation

Invisible Higgs

Conclusions

Jorge C. Romão Planck2016 – 8

❐ We generate points in parameter space with m1 = 125 GeV, the angles
α, α1,2,3 within the usual intervals, 1 ≤ tanβ ≤ 30,
m1 ≤ m2 ≤ 900GeV, −(900GeV)2 ≤ m2

12 ≤ (900GeV)2, and
480 (100)GeV ≤ mH± ≤ 900GeV (T2, Fli) or (T1, LS)

❐ Finally for each final state f , we compute the signal strengths

µf =
σ2HDM(pp→ h)

σSM(pp→ h)
︸ ︷︷ ︸

RP

Γ2HDM[h→ f ]

ΓSM[h→ f ]
︸ ︷︷ ︸

RD

ΓSM[h→ all]

Γ2HDM[h→ all]
︸ ︷︷ ︸

RTW

❐ We then compare with the latest experimental results at 2-σ
channel ATLAS CMS ATLAS+CMS

µγγ 1.18+0.33
−0.29 1.03+0.30

−0.26 1.13+0.24
−0.21

µWW 1.26+0.29
−0.25 0.85+0.25

−0.22 1.08+0.22
−0.19

µZZ 1.54+0.44
−0.36 1.00+0.33

−0.27 1.29+0.29
−0.25

µττ 1.50+0.66
−0.49 1.07+0.35

−0.28 1.12+0.25
−0.23

µbb 0.67+0.58
−0.42 0.64+0.54

−0.36 0.65+0.37
−0.28



Results for Type I C2HDM: |s2| = 0 (scalar), = 1 (pseudoscalar)
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1-σ

2-σ

s2 = sinα2 : |s2| < 0.1 (green), 0.45 < |s2| < 0.55 (blue), |s2| > 0.85 (red)



Results for Type II C2HDM: |s2| = 0 (scalar), = 1 (pseudo)
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s2 = sinα2 : |s2| < 0.1 (green), 0.45 < |s2| < 0.55 (blue), |s2| > 0.85 (red)



Results for Flipped C2HDM: |s2| = 0 (scalar), = 1 (pseudo)
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❐ In the Flipped C2HDM the µτ+τ− could be very large.

❐ We superimpose the combined 1-σ and 2-σ limits from LHC

❐ On the right panel, we show that even with µV V at 5% (cyan) µτ+τ−

could be as large as 7. However the present limits on µτ+τ− and µγγ
exclude this possibility

❐ A pure pseudoscalar, |s2| = 1, in Flipped C2HDM is excluded at 1-σ

s2 = sinα2 : |s2| < 0.1 (green), 0.45 < |s2| < 0.55 (blue), |s2| > 0.85 (red)



Status of the CP violating angles
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Figure 1: α2 vs. α1 for Type I (left) and Type II (right). The rates are taken
to be within 20% of the SM predictions. The colours are superimposed with
cyan/light-grey for µV V , blue/black for µττ and finally red/dark-grey for µγγ
with a center of mass energy of 8 TeV.

The CP-conserving limit: sinα2 = 0



Fermion Couplings in the C2HDM (Type II)
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Figure 2: Left: sgn(C) bD = sgn(C) bL as a function of sgn(C) aD = sgn(C)
aL for Type II with all rates at 10% (blue), 5% (red), and 1% (cyan). Right:
same, but for sgn(C) bU as a function of sgn(C) aU .



Higgs Decays in CP Conserving 2HDM
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❐ In the real 2HDM there are the scalars h,H and the pseudo-scalar A,
like in the MSSM

❐ The following decays are forbidden in the CP conserving 2HDM

H → A+ h, A→ h+ h, A→ H + h

H → h+ Z, A→ Z + Z

❐ Therefore as in the C2HDM, the three scalars are mixtures of CP even
and CP odd components, we can look for decays that, if they exist
would signal CP violation in the scalar sector

❐ We define classes of decays that will signal this CP violation



CP Violation in Higgs Decays at LHC
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❐ Decays into ZZ or hiZ

Classes C1 C2 C3 C4 C5

h3 → h2Z h2 → h1Z h3 → h1Z h3 → h2Z h3 → ZZ

Decays h2 → h1Z h1 → ZZ h1 → ZZ h2 → ZZ h2 → ZZ

h3 → h1Z h2 → ZZ h3 → ZZ h3 → ZZ h1 → ZZ

Table 1: Classes of combined measurements guaranteed to probe CP-
violation in 2HDMs.

❐ Decays including hihj

Classes C6 C7

h3 → h2h1 h2,3 → h1h1

Decays h3 → h2Z h2,3 → h1Z

h1 → ZZ h1 → ZZ

Table 2: Classes of combined measurements guaranteed to probe CP-
violation.



CP Violation in Higgs Decays at LHC: Benchmarks (YR4)
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BP-DRSS-1 BP-DRSS-2 BP-DRSS-3

α1 0.98564 -1.34914 -1.35251

α2 -0.00816 -0.00065 -0.00687

α3 0.00594 0.77152 0.83148

β 1.02847 1.29139 1.34051

tanβ 1.65948 3.48545 4.26533

m1 (GeV) 125.00 125.00 125.00

m2 (GeV) 280.98 441.72 278.21

m3 (GeV) 444.79 446.35 475.34

mH± (GeV) 481.39 483.58 482.87

Re(m2

12
) (GeV)2 0.1207E+05 0.4853E+05 0.3442E+05

bD1
0.01354 0.00228 0.02931

bL1
0.01354 0.00228 -0.00161

C1[1] σ3×BR(h3 → h2Z → bb̄ll̄) 56.493 [fb] 0.000 [fb] 1.404 [fb]

C1[2] σ2×BR(h2 → h1Z → bb̄ll̄) 0.814 [fb] 8.678 [fb] 12.076 [fb]

C1[3] σ3×BR(h3 → h1Z → bb̄ll̄) 0.764 [fb] 9.072 [fb] 2.663 [fb]

C2[1] σ2×BR(h2 → h1Z → bb̄ll̄) 0.814 [fb] 8.678 [fb] 12.076 [fb]

C2[2] σ1×BR(h1 → ZZ → ll̄ll̄) 4.400 [fb] 5.776 [fb] 4.813 [fb]

C2[3] σ2×BR(h2 → ZZ → ll̄ll̄) 2.767 [fb] 0.705 [fb] 1.211 [fb]

C3[1] σ3×BR(h3 → h1Z → bb̄ll̄) 0.764 [fb] 9.072 [fb] 2.663 [fb]

C3[2] σ1×BR(h1 → ZZ → ll̄ll̄) 4.400 [fb] 5.776 [fb] 4.813 [fb]

C3[3] σ3×BR(h3 → ZZ → ll̄ll̄) 0.002 [fb] 0.663 [fb] 0.226 [fb]

C4[1] σ3×BR(h3 → h2Z → bb̄ll̄) 56.493 [fb] 0.000 [fb] 1.404 [fb]

C4[2] σ2×BR(h2 → ZZ → ll̄ll̄) 2.767 [fb] 0.705 [fb] 1.211 [fb]

C4[3] σ3×BR(h3 → ZZ → ll̄ll̄) 0.002 [fb] 0.663 [fb] 0.226 [fb]

C5[1] σ3×BR(h3 → ZZ → ll̄ll̄) 0.002 [fb] 0.663 [fb] 0.226 [fb]

C5[2] σ2×BR(h2 → ZZ → ll̄ll̄) 2.767 [fb] 0.705 [fb] 1.211 [fb]

C5[3] σ1×BR(h1 → ZZ → ll̄ll̄) 4.400 [fb] 5.776 [fb] 4.813 [fb]

Table 3: Benchmark points. DRSS-1 and DRSS-2 for Type 2. DRSS-3 for Flipped, for LHC at
√
s = 13 TeV. All

Z bosons decay leptonically which corresponds to a factor of 0.06732 for each Z decay.

At LHC expected 100 fb−1
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❐ Current LHC data indicates that boson discovered with a mass
m = 125 GeV is the SM Higgs boson. But why only one?

❐ Here we focus on neutrino masses. If lepton number is broken through
a SU(3)c ⊗ SU(2)L ⊗U(1)Y singlet vacuum expectation value there is

a physical pseudoscalar Nambu-Goldstone boson — the Majoron

❐ All majoron couplings to SM particles are very small except, perhaps,
those with the Higgs boson. This leads to sizeable “invisible” decays

h→ JJ

❐ Invisible Higgs boson decays appear most naturally in low-scale models
of neutrino mass generation. In these models neutrino masses arise
from the spontaneous breaking of an additional U(1) global symmetry
associated to lepton number in the SU(3)c ⊗ SU(2)L ⊗U(1)Y theory

❐ The LHC data places restrictions on the extended Higgs sector
providing neutrino masses.



Symmetry breaking in the 12-model
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❐ The simplest way to model spontaneous lepton number violation
contains, in addition to the usual SM Higgs doublet φ ,

φ =

[

φ0

φ−

]

a complex lepton-number-carrying scalar singlet σ that acquires a
non-zero vev 〈σ〉 that breaks the global U(1)L symmetry

❐ This scalar gives Majorana mass to right-handed neutrinos, while φ
couples to SM fermions.

❐ The scalar potential, symmetric under the global U(1)L, is given by

V = µ21σ
†σ + µ22φ

†φ+ λ1
(
σ†σ

)2
+ λ2

(
φ†φ

)2
+ λ12

(
σ†σ

) (
φ†φ

)

The singlet σ and the neutral component of the doublet φ acquire
vacuum expectation values v1 and v2, respectively



Symmetry breaking in the 12-model
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❐ Therefore we shift the fields as

σ =
v1√
2
+
R1 + i I1√

2
φ0 =

v2√
2
+
R2 + i I2√

2

❐ In the basis (R1, R2) and (I1, I2), the CP-even and CP-odd mass
matrices, M2

R and M2
I read

M2
R =




2λ1v

2
1 λ12v1v2

λ12v1v2 2λ2v
2
2



 , M2
I =




0 0

0 0





❐ The CP-odd mass matrix has two zero eigenvalues. One corresponds
to the would-be Goldstone boson which becomes the longitudinal
component of the Z. The other is the Goldstone boson resulting from
the breaking of the global symmetry, namely the majoron J ,

J = I1, G0 = I2



Higgs couplings and decay widths
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❐ The couplings of the Higgs boson to Standard Model particles get
modified according to the substitution rule

h→ sinαH1 + cosαH2

where α is the angle that diagonalizes the CP-even Higgs bosons

❐ In addition to these, there are two new important couplings coming
from the extended Higgs sector

gH2H1H1
=

1

2v cosβ
(2m2

H1
+m2

H2
) sin 2α (cotβ sinα− cosα) ,

gHiJJ =
tanβ

v
m2

Hi
ORi1 , tanβ =

v2

v1
, v2 =

2mW

g

❐ The last coupling is the one responsible for the invisible Higgs decays

Hi → JJ and H2 → H1H1 → 4J
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❐ Theoretical

◆ The unbounded from below constraint reads

λ1 > 0, λ2 > 0, λ12 + 2
√

λ1λ2 > 0

◆ For perturbative unitarity we take a simplified approach: λi <
√
4π

❐ Experimental

We focus on the case where mH2
= 125GeV, while mH1

< mH2
.

◆ LEP

For the channel e+e− → ZH → Zbb̄ we have

σhZ→bb̄Z =σSMHZ ×RHZ ×BR(H → bb̄) = σSMHZ × C2
Z(H→bb̄) ,

where RSM
hZ = 1 and for our model we have RH1Z = sin2 α

◆ LHC

From LHC we have constraints on invisible decays (not very strong)
and from the signal strengths discussed before: 0.8 ≤ µV V ≤ 1.2



Results: LEP and LHC Constraints
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❐ We use the results from the DELPHI collaboration that give upper
bounds for the coefficients C2

Z(H→bb̄)
corresponding to a lightest

CP-even Higgs boson mass in the range from [15− 100] GeV. The
region excluded by the LEP results corresponds to the blue region

❐ The limit imposed by µV V implies, in this model (red region),

an upper bound on the invisible Higgs decay of around 20% , which is
therefore more stringent that the one presented by ATLAS

LEP

LHC

LEP
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LEP

LHC

LEP

LHC

LEP LHC

LEP

LHC



A more complex example: Type II Seesaw
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❐ The previous model was illustrative but too simple because there is
essentially only one parameter left, the angle α, after we fix the two
Higgs boson masses.

❐ Our basic framework is the “123” seesaw scheme originally proposed
by Schechter and Valle (1981) whose Higgs sector contains, in addition
to the SU(3)c ⊗ SU(2)L ⊗U(1)Y scalar doublet Φ, two scalars with

lepton number: a complex singlet σ and a triplet ∆

❐ Amongst its other characteristic features are:

◆ The presence of doubly charged scalar bosons

◆ Compressed mass spectra of heavy scalars dictated by stability and
perturbativity (Valle, Bonilla and Fonseca)

◆ The presence of“invisible” decays of Higgs bosons to the
Nambu-Goldstone boson associated to spontaneous lepton number
violation and neutrino mass generation



The Scalar Potential and Yukawa Lagrangian
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❐ V =µ21σ
∗σ + µ22Φ

†Φ+ µ23tr(∆
†∆) + λ1(Φ

†Φ)2 + λ2[tr(∆
†∆)]2

+ λ3Φ
†Φtr(∆†∆) + λ4tr(∆

†∆∆†∆) + λ5(Φ
†∆†∆Φ) + β1(σ

∗σ)2

+ β2(Φ
†Φ)(σ∗σ) + β3tr(∆

†∆)(σ∗σ)− κ(ΦT∆Φσ + h.c.)

❐ The SU(3)c ⊗ SU(2)L ⊗U(1)Y ⊗ U(1)L invariant Yukawa Lagrangian

LY = ydijQiuRj
Φ+ yuijQidRj

Φ̃ + yℓijLiℓRj
Φ+ yνijL

T
i C∆Lj + h.c.

❐ In this model the neutrino mass is given by,

mν = yνκ v1
v22
m2

∆

where v1 and v2 are the vevs of the singlet and the doublet, and κ is a
dimensionless parameter that describes the interaction amongst the
three scalar fields, and m∆ is the mass of the scalar triplet ∆.
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❐ Theoretical Bounded from below and perturbativity unitarity

❐ Experimental We take mH1
< mH2

< mH3

◆ Astrophysics Supernova cooling (see below)

◆ LEP , if mH1
< 115GeV

◆ LHC

■ Signal strengths µf

■ Limits on the heavy neutral and single and doubly charged Higgs

◆ Oblique parameters

These are satisfied because we have a compressed spectra (Valle,
Bonilla and Fonseca) we take the masses mH3

, mA, mH+ and m∆++

are nearly degenerate
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❐ First of all the SU(2) triplet’s vev 〈∆〉 = v3 is constrained to be smaller
than a few GeVs due to the ρ parameter (ρ = 1.0004± 0.00024)

❐ There is a more stringent constraint on v3 coming from astrophysics,
due to supernova cooling. If the majoron is a strict Goldstone boson
one has an upper bound for the Majoron-electron coupling

|gJee| <∼ 10−13,

The shaded region corre-
sponds to the allowed re-
gion of v3 as function of v1
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❐ We have taken the isotriplet vev v3 = 10−5 GeV, safe from the
constraints stemming from astrophysics and the ρ parameter.

❐ We consider the following mass spectrum

◆ Analysis (i)

mH1
= [15, 115] GeV, mH2

= 125 GeV, mH3
≃ mA ≃

mH± ≃ m∆±± = 500GeV

◆ Analysis (ii)

mH1
= 125GeV, mH2

= [150, 500] GeV, mH3
≃ mA ≃ mH± ≃

m∆±± = 600GeV

❐ Varied the other parameters as

v1 ∈ [100, 2500] GeV, α12 ∈ [0, π] and α13,23 = δα (π − δα)

where 0 ≤ δα < 0.1.
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❐ The blue region corresponds to the LEP exclusion region and the
green (red) one is the LHC allowed (exclusion) region provided by
the signal strengths 0.8 < µXX < 1.2.

❐ Qualitatively similar to the 12-model

LEP

LHC



Top: (i), mH2
= 125GeV, Bottom: (ii), mH1

= 125GeV
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LEP

LEP

LHC LHC
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❐ We have done a full calculation of the decay of a mixed scalar/pseu-
doscalar boson in Zγ (also γγ) in the full C2HDM and we have performed
a full update of the bounds on all types of C2HDM

❐ Concerning the wrong sign solutions for the C2HDM, we found that even
measurements at 5% would not exclude points with sgn(C)aD < 0

❐ We have shown that it is possible to observe CP violation by looking at
different scalar decays at the LHC

❐ We have shown that the Invisible Higgs decays that appear in models for
neutrino masses withw ith spontaneous breaking of lepton number are
still compatible with the latest LHC data

❐ In short we have discussed how the neutrino mass generation scenario not
only suggests the need to reconsider the physics of electroweak symmetry
breaking from a new perspective, but also provides a new theoretically
consistent and experimentally viable paradigm
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❐ As in the real 2HDM trigonometry has a strong influence on the
parameters

❐ On left panel we take µV V at 20% and plot in the x-axis
sgn(C) sin(α1−π

2 ) that reduces to sinα in the real 2HDM limit. In cyan
all points, in blue |s2|, |s3| < 0.1 and in red in blue |s2|, |s3| < 0.05.

❐ This should be compared with the result in the real 2HDM on the right



Scalar boson mass sum rules
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❐ The smallness of the neutrino mass implies that the parameters κ and
v3 are very small one can write to a good approximation

M2
R ∼






⋆ ⋆ 0

⋆ ⋆ 0

0 0 ⋆




 so that OR ∼






c12 s12 0

−s12 c12 0

0 0 1




 ,

❐ This implies

m2
A ∼ κ

v22v1

2v3
.

As a result, the H3 and the A are almost degenerate,

mH3
= (M2

R)33 ≈ m2
A.

❐ In the same way one can derive the following mass relations,

m2
H+ −m2

∆++ ≈ m2
A −m2

H+ ≈ λ5v
2
2

4
.
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❐ Boundedness Conditions

Using κ≪ 1 we obtain,

λ1 > 0, β1 > 0, λ24 > 0, λ̂ ≡ β2 + 2
√

β1λ1 > 0,

λ̃ ≡ β3 + 2
√

β1λ24 > 0, λ̄ ≡ λ3 + θ(−λ5)λ5 + 2
√

λ1λ24 > 0, and
√

β1λ1λ24 + [λ3 + θ(−λ5)λ5]
√

β1 + β2
√

λ24 + β3
√

λ1 +
√

λ̂λ̃λ̄ > 0,

where λ24 ≡ λ2 + λ4.

❐ Perturbative Unitarity

In addition all the dimensionless parameters in the scalar potential are
required to be less than

√
4π in order to fulfill the perturbativity

condition.
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