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A viable minimal model with spontaneous CP violation in the framework of Two Higgs Doublet
Models is proposed. The model is based on a generalised Branco-Grimus-Lavoura model with a
flavoured Z2 symmetry, under which two of the quark families are even and the third one is odd.
The lagrangian respects CP invariance, but the vacuum has a CP violating phase, which is able to
generate a complex CKM matrix, with the strength of CP violation compatible with experiment.
In this model, the presence of scalar mediated flavour changing neutral couplings is deeply con-
nected to the generation of a complex CKM matrix from the vacuum phase. Concerning the scalar
sector, the most relevant aspect is that the new scalar particles are necessarily lighter than 1 TeV.
A complete analysis of the model including the most relevant constraints is performed, showing
that it is viable and that it has definite implications for the observation of New Physics signals in,
for example, flavour changing Higgs decays or the discovery of the new scalars at the LHC. We
give special emphasis to processes like t → hc,hu, as well as h→ bs,bd, which are relevant for
the LHC and the ILC.
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1. A 2HDM with SCPV and Scalar FCNC

We refer the interested reader to [1] for further details on the motivations for the study of
Spontaneous CP Violation in Two Higgs Doublet models, originally introduced by T.D. Lee in [2].
Concerning controlled FCNC, Branco-Grimus-Lavoura models – which have SFCNC controlled
by the CKM matrix itself – were introduced in [3], and their phenomenology explored in [4, 5];
more general symmetry controlled scenarios have been explored in [6, 7].

1.1 Scalar Sector

We consider a 2HDM with symmetry under the Z2 transformation Φ1 7→ Φ1, Φ2 7→ −Φ2,
softly broken by Φ

†
1Φ2, Φ

†
2Φ1 terms. In addition, we impose CP invariance of the lagrangian.

These two requirements are satisfied by the scalar potential

V (Φ1,Φ2) = µ
2
11Φ

†
1Φ1 + µ

2
22Φ

†
2Φ2 + µ

2
12(Φ

†
1Φ2 +Φ

†
2Φ1)+λ1(Φ†

1Φ1)
2 +λ2(Φ†

2Φ2)
2

+2λ3(Φ†
1Φ1)(Φ

†
2Φ2)+2λ4(Φ†

1Φ2)(Φ
†
2Φ1)+λ5[(Φ†

1Φ2)
2 +(Φ†

2Φ1)
2] , (1.1)

with all parameters real. Electroweak symmetry is spontaneously broken by the vacuum expecta-
tion values

〈Φ1〉=

(
0

eiθ1v1/
√

2

)
, 〈Φ2〉=

(
0

eiθ2v2/
√

2

)
. (1.2)

As usual, we use θ = θ2−θ1, v2 = v2
1 + v2

2, cβ = cosβ ≡ v1/v, sβ = sinβ ≡ v2/v and tβ ≡ tanβ ,

with v1 ≥ 0, v2 ≥ 0. From the minimization conditions one obtains cosθ = −µ2
12

2λ5v1v2
; furthermore,

one can trade µ2
11, µ2

22 and µ2
12 for other parameters and choose v2

1 + v2
2 = v2 = (246 GeV)2 for

appropriate electroweak symmetry breaking without loss of generality. One is left with a candidate
minimum characterised by the values of θ and tanβ = v2/v1, which, together with the remaining
free parameters in the scalar sector, atre subject to requirements such as boundedness from below
of the scalar potential or perturbative unitarity bounds on high energy scattering of scalars. In a
“Higgs basis” {H1,H2} only H1 acquires a vacuum expectation value

〈H1〉=
v√
2

(
0
1

)
, 〈H2〉=

(
0
0

)
. (1.3)

Expansion of the fields around the vacuum gives the physical scalars h, H, A (neutral) and H±; it is
assumed that h is the lightest scalar, the 125 GeV “Higgs-like” scalar. Identification of the physical
neutral scalars involves an orthogonal 3× 3 mixing matrix R, relevant for the final form of the
Yukawa couplings of the quarks (see [1] for details).

1.2 Yukawa couplings and Flavour Structure

The flavour structure of the model is defined by requiring invariance of the Yukawa lagrangian

LY =−Q̄0
L(Γ1Φ1 +Γ2Φ2)d

0
R− Q̄0

L(∆1Φ̃1 +∆2Φ̃2)u
0
R +H.c. , (1.4)

under the Z2 transformations

Φ1 7→Φ1, Φ2 7→ −Φ2, Q0
L3 7→ −Q0

L3, Q0
L j 7→ Q0

L j, j = 1,2,

d0
Rk 7→ d0

Rk, u0
Rk 7→ u0

Rk, k = 1,2,3.
(1.5)
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Apart from Φ2, only one left-handed doublet, Q0
L3, has a non-trivial transformation. Invariance

under eq. (1.5) imposes the following general form of the Yukawa coupling matrices:

Γ1 =

× × ×× × ×
0 0 0

 , Γ2 =

0 0 0
0 0 0
× × ×

 , ∆1 =

× × ×× × ×
0 0 0

 , ∆2 =

0 0 0
0 0 0
× × ×

 . (1.6)

The symmetry assignment in eq. (1.5) and the Yukawa matrices in eq. (1.6) correspond to the gen-
eralised BGL models introduced in [6]. Furthermore, in order to impose CP invariance at the
Lagrangian level, we also require the Yukawa couplings to be real Γ∗j = Γ j, ∆∗j = ∆ j. In the Higgs
basis,

LY =−
√

2
v

Q̄0
L(M

0
d H1 +N0

d H2)d0
R−
√

2
v

Q̄0
L(M

0
u H̃1 +N0

u H̃2)u0
R +H.c. , (1.7)

which allows the identification of the quark mass matrices M0
d , M0

u . The matrices in eq. (1.7) read

M0
d =

veiθ1

√
2

(cβ Γ1 + eiθ sβ Γ2) , N0
d =

veiθ1

√
2

(−sβ Γ1 + eiθ cβ Γ2) , (1.8)

M0
u =

ve−iθ1

√
2

(cβ ∆1 + e−iθ sβ ∆2) , N0
u =

ve−iθ1

√
2

(−sβ ∆1 + e−iθ cβ ∆2) . (1.9)

We set, without loss of generality, θ1 = 0 for simplicity. Following the “row structure” in eq. (1.6),
we can write:

M0
d =

1 0 0
0 1 0
0 0 eiθ

M̂0
d , M0

u =

1 0 0
0 1 0
0 0 e−iθ

M̂0
u , (1.10)

with M̂0
d and M̂0

u real. Then, the bi-diagonalisation of M0
d and M0

u gives the following CKM matrix
V ≡U u†

L U d
L ,

V = OuT
L

1 0 0
0 1 0
0 0 ei2θ

Od
L , Od

L ,Ou
L ∈ O(3). (1.11)

For generic Ou
L and Od

L , if ei2θ 6= ±1, V in eq. (1.11) incorporates an irremovable source of CP
violation, that is, the model has spontaneous CP violation as desired. The presence of Scalar
FCNC is encoded in the matrices Nd , Nu matrices; they have the following form

[Nd ]i j = tβ δi jmdi− (tβ + t−1
β

)n̂∗[d]in̂[d] jmd j , (1.12)

[Nu ]i j = tβ δi jmui− (tβ + t−1
β

)n̂∗[u]in̂[u] jmu j , (1.13)

where n̂[d] and n̂[u] are complex unitary vectors, not independent but related through

n̂[d]i = n̂[u] jVji , n̂[u]i = V ∗i jn̂[d] j . (1.14)

With these ingredients, the Yukawa couplings of the neutral and charged scalars are completely
specified (see, again, [1] for further details). Introducing the hermitian and antihermitian combina-
tions

Hq ≡
Nq +N†

q

2
, Aq ≡

Nq −N†
q

2
, (1.15)
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we have

LSq̄q =− S
v

{
d̄
[
R1sMd +R2sHd + iR3sAd

]
d + d̄ [R2sAd + iR3sHd ]γ5d

}
− S

v

{
ū
[
R1sMu +R2sHu− iR3sAu

]
u+ ū [R2sAu− iR3sHu]γ5u

}
, (1.16)

with s = 1,2,3 for S = h,H,A, respectively, and

LH±q̄q =−
√

2H+

v

[
ūLV Nd dR− ūRN†

uV dL

]
−
√

2H−

v

[
d̄RN†

dV †uL− d̄LV †Nu uR

]
. (1.17)

With eqs. (1.12)–(1.13), [Hq]i j and [Aq]i j in eq. (1.15) read

[Hq]i j = tβ δi jmqi− (tβ + t−1
β

)n̂∗[q]in̂[q] j
mqi +mq j

2
, [Aq]i j = (tβ + t−1

β
)n̂∗[q]in̂[q] j

mqi−mq j

2
. (1.18)

1.3 Phenomenology

After the outline of the model in the previous section, a short summary of the full phenomeno-
logical study included in [1] is presented. The main constraints imposed the analysis are the fol-
lowing: CKM matrix: moduli |Vi j| in the first and second rows and phase γ in agreement with data;
scalar sector verifying boundedness, perturbative unitarity, oblique parameter constraints and mH,
mA, mH± > 150 GeV; production × decay signal strengths of the 125 GeV Higgs-like scalar h;
neutral meson mixings; Br(B→ Xsγ); rare top decays t→ hq.
The analysis has two main goals: (1) to establish that the model is viable after a reasonable set
of constraints is imposed; (2) to explore the prospects for the observation of some definite non-
SM signal. We concentrate in particular on flavour changing decays t → hc,hu and h→ bs,bd,
of interest, respectively, for the LHC and the ILC. We also consider a representative low energy
observable, the time dependent CP violating asymmetry in Bs→ J/ΨΦ, ACP

J/ΨΦ
, for which the SM

prediction is ACP
J/ΨΦ

' −0.04, while current results give −0.030±0.033, leaving significant room
for New Physics contributions. Further implications for the phenomenology of H, A and H±, in
particular for the observation of these new scalars at the LHC, vary significantly between allowed
regions in the parameter space of the model and can also depend on details of the lepton sector
(which are not considered here), and thus we do not address these additional implications further.
A selection of results is shown in Figure 1.
Figures 1(a), 1(b) and 1(c) illustrate straightforwardly the absence of a decoupling regime in
this model. Figures 1(d) and 1(e) illustrate the prospects for some definite deviations with re-
spect to SM expectations in different flavour changing neutral transitions. Figure 1(d) shows
Br(h→ bs) ≡ Br(h→ b̄s + bs̄) vs. ACP

J/ΨΦ
; it is interesting to notice that: (i) Br(h→ bs) can

reach values as large as 10−2, relevant for searches at the ILC, and (ii) significant deviations of the
SM expectation ACP

J/ΨΦ
' −0.036 can arise. Finally, Figure 1(e) shows the most relevant flavour

decays involving h, h→ bs in the down quark sector and t → hc in the up quark sector: it is clear
that there is sufficient available parameter space for the model to have both decays within exper-
imental reach, although, obviously, having both rates in that interesting region is not compulsory.
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(a) mA vs. mH± .
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(e) t→ hc vs. h→ bs.

Figure 1: Region allowed at 99% C.L. by the requirements of the full analysis.

Conclusions

A 2HDM where CP Violation has a spontaneous origin, which also generates a realistic CKM
matrix, and where Scalar Flavour Changing Neutral Couplings are present with controlled inten-
sity, has been discussed. Among the relevant phenomenological consequences of the model, the
existence of new scalars with masses below 1 TeV, and the possibility of having flavour changing
processes such as t→ hc or h→ bs within experimental reach, have been explored.
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