arXiv:0902.2325v3 [hep-ph] 20 Mar 2009

UWThPh-2009-1

Type II seesaw mechanism for Higgs doublets and the scale of new physics

W. Grimus,^{(1)∗} L. Lavoura^{(2)†} and B. Radovčić^{(1,3)‡}

(1) University of Vienna, Faculty of Physics

Boltzmanngasse 5, A–1090 Vienna, Austria

(2) Technical University of Lisbon

Centre for Theoretical Particle Physics, 1049-001 Lisbon, Portugal

(3) University of Zagreb, Faculty of Science, Department of Physics

P.O.B. 331, HR–10002 Zagreb, Croatia

10 March 2009

Abstract

We elaborate on an earlier proposal by Ernest Ma of a type II seesaw mechanism for suppressing the vacuum expectation values of some Higgs doublets. We emphasize that, by nesting this form of seesaw mechanism into various other seesaw mechanisms, one may obtain light neutrino masses in such a way that the newphysics scale present in the seesaw mechanism—the masses of scalar gauge-SU(2) triplets, scalar SU(2) doublets, or right-handed neutrinos—does not need to be higher than a few 10 TeV. We also investigate other usages of the type II seesaw mechanism for Higgs doublets. For instance, the suppression of the vacuum expectation values of Higgs doublets may realize Froggatt–Nielsen suppression factors in some entries of the fermion mass matrices.

∗E-mail: walter.grimus@univie.ac.at †E-mail: balio@cftp.ist.utl.pt ‡E-mail: bradov@phy.hr

1 Introduction

The type I seesaw mechanism [1] is a favourite with high-energy physicists for explaining why the neutrino masses are so tiny. Unfortunately, in the usual realization of that mechanism the scale m_R of the Majorana masses of the right-handed neutrinos ν_R should be 10^{13} GeV (assuming that the natural scale of the neutrino Dirac mass matrix is the electroweak scale). As a consequence, the possibility of direct tests of the seesaw mechanism seems very remote. Lowering m_R to the TeV scale, although desirable from the point of view of experimental tests of the type I seesaw mechanism, apparently contradicts the aim with which it was invented, since it would require artificially suppressing the Yukawa couplings of the ν_R to values of order 10^{−5}.

Another mechanism for explaining the smallness of the neutrino masses is the type II seesaw mechanism [2], which suppresses the vacuum expectation values (VEVs) of the neutral components of scalar gauge-SU(2) triplets, in such a way that the left-handed neutrinos ν_L, which acquire Majorana masses from their Yukawa couplings to those neutral components, are extremely light. Just like the type I seesaw mechanism, the type II seesaw mechanism requires a very high mass scale, which now occurs in the mass terms of the scalar triplets. Those large mass terms make the scalar triplets extremely heavy and therefore the type II seesaw mechanism, like the type I seesaw mechanism, is very difficult to test experimentally.

In the general case, for instance in Grand Unified Theories based on the gauge group SO(10), both type I and type II seesaw mechanisms are present [3].

Several proposals have been made to bring the high mass scale of the seesaw mechanism(s) down to the TeV range, so that they might be experimentally testable, for instance at the Large Hadron Collider at CERN. The most straightforward possibility is to have cancellations within the type I seesaw mechanism such that m_R may be relatively low without the need to excessively suppress the Yukawa couplings [4]; the general conditions for this to happen were given in [5]. Cancellations between the type I and type II seesaw contributions to the neutrino masses have also been considered [6]. In the “inverse seesaw mechanism” [7] there is both a high scale in the TeV range and a low scale in the keV range. Other proposals include radiative neutrino masses generated by three-loop diagrams [8] or a specific type of mirror fermions [9].

In this letter we develop a proposal originally made in [10]. We elaborate on its two separate ideas:

i. A type II seesaw mechanism suppresses the VEVs of some Higgs doublets.

ii. A nesting of that type II seesaw mechanism inside some other seesaw mechanism (which may be of any type) allows one to lower the high mass scale of that seesaw mechanism.

The aim of this letter is to generalize the proposal of [10] in several directions:

• We describe (in section 2) the general mechanism for suppressing Higgs-doublet VEVs and give several examples thereof.

• We show (in section 3) that this “type II seesaw mechanism for Higgs doublets” may be nested inside various seesaw mechanisms.^1 We propose in particular a type II seesaw mechanism for Higgs doublets inside the usual type II seesaw mechanism for scalar triplets.

• We develop (in section 4) a multiply nested type II seesaw mechanism for many Higgs doublets which may mimic the Froggatt–Nielsen mechanism [12]. This suggests new ways of explaining the relative smallness of some charged-fermion masses—without the need for new heavy fermions as in the seesaw mechanism for Dirac fermions [13].

In summary, the message that we want to convey in this letter is that, by using the nesting of seesaw mechanisms, a heavy mass scale m_H many orders of magnitude larger than the electroweak scale m_{ew} ∼ 100 GeV is not compelling; an m_H just two or three orders of magnitude above m_{ew} may suffice.

2 Type II seesaw mechanism for Higgs doublets

Consider a model with several Higgs doublets ϕ_j = (ϕ^+_j , ϕ^0_j )^T , j = 1, . . . , n_h. The VEVs of the Higgs doublets are of the form

⟨ϕ_j⟩_0 = ( 0 v_j ) . (1)

We assume that |v_1| ∼ m_{ew}. Our aim is to produce a seesaw mechanism to suppress |v_2|. We write the scalar potential as V = n_h∑

j=1 μ^2_j ϕ^†_jϕ_j + ( V_l + V^†_l ) + V_r. (2)

We assume that μ^2_1 < 0 and that |μ^2_1| ∼ m^2_{ew} in order to generate a spontaneous symmetry breaking leading to |v_1| ∼ m_{ew}. On the other hand, we assume that μ^2 > 0 and that μ^2 = m^2_H ≫ m^2_{ew}. In equation (2) V_l represents some terms linear in ϕ_2 which we assume to be present in V . All the remainder of V , i.e. everything but the mass terms for the Higgs doublets and the terms V_l and V^†_l linear in ϕ_2 and ϕ^†_2, respectively, is denoted V_r; in the simplest cases V_r will consist only of quartic terms.

Inserting the VEVs into the potential one has

⟨V ⟩_0 = n_h∑

j=1 μ^2_j |v_j |^2 + Av_2 + A^∗v^∗_2 + ⟨V_r⟩_0 , (3)

where A has the dimension of the cube of a mass. Then, despite the positiveness of μ^2, a non-vanishing VEV v_2 is induced, approximately given by

v_2 ≈ − A^∗ μ^2

. (4)

1The original proposal [10] was a type II seesaw mechanism for Higgs doublets within a type I seesaw mechanism. A later suggestion [11] was a type II seesaw mechanism for Higgs doublets within a type III seesaw mechanism.

The quantity A depends on the specific model. It has to contain at least one v_j ≠ v_2 and this v_j will in general be of order m_{ew}. If we assume that μ^2 is the only parameter in the scalar potential of order m^2_H , then we expect |A| ∼ m^3_{ew}. In this case |v_2| ∼ m^3_{ew}/m^2_H is suppressed by two powers of m_{ew} over m_H , where m_H is the scale of new physics.

Two Higgs doublets and a softly broken symmetry: In the original proposal [10] of the type II seesaw mechanism for Higgs doublets there were only two Higgs doublets and no other scalar multiplets.^2 A U(1) symmetry

ϕ_2 → e^{iα}ϕ_2 (5)

was softly broken in the scalar potential by

V_l = μ^2ϕ^†_1ϕ_2. (6)

Then,

v_2 ≈ − μ^{2∗}v_1 μ^2

. (7)

The VEV v_1 alone must produce the W^± and Z^0 masses, therefore |v_1| ≈ 174 GeV ∼ m_{ew}. We assume that μ^2 = m^2_H ≫ m^2_{ew} and that |μ^2| ≲ m^2_H , where the symbol ≲ means “not much larger than”. We may assume that |μ^2| ∼ m^2_{ew} and then v_2 is suppressed by two powers of m_{ew}/m_H relative to v_1.^3

General two-Higgs-doublet model: Actually, one could dispense with any symmetry and consider the general two-Higgs-doublet model, employing the same assumptions as in the previous paragraph. Then in V_l not only the term of equation (6) is present but also ( ϕ^†_1ϕ_1 ) ( ϕ^†_1ϕ_2 ) . (8)

Therefore, one has two sources which induce a non-zero v_2. As discussed in [15], one obtains a suppression factor of v_2 of the same order of magnitude as before.

Two Higgs doublets and a scalar singlet: If we dislike soft symmetry breaking the simplest alternative is to introduce into the theory a complex scalar gauge singlet χ with VEV v_χ. The U(1) symmetry (5) becomes ϕ_2 → e^{iα}ϕ_2, χ → e^{−iα}χ. (9) Then,

V_l = mϕ^†_1ϕ_2χ, (10)

v_2 ≈ − m^∗v^∗_χv_1 μ^2

. (11)

There is a large degree of arbitrariness in the orders of magnitude of |m| and of the VEV of χ, but we may conservatively assume them to be of order m_{ew}. Then once again |v_2/v_1| ∼ (m_{ew}/m_H )^2.

2A related scenario with the assumption μ^2_1 = 0 was proposed in [14].

3As a matter of fact, since V_l in this case breaks softly the symmetry (5), it would be technically natural to assume | |μ2 | | ≪ m2_{ew}, as was done in [10], and then |v_2| would be even smaller.

Symmetry Z_2 instead of U(1): Instead of the U(1) symmetry (5) originally used in [10] one may employ the weaker symmetry ϕ_2 → −ϕ_2, χ → −χ. (12) In this case χ may as a matter of fact be a real field. The symmetry (12) allows for a richer scalar potential, with extra terms (ϕ^†_1ϕ_2)^2 and χ^4 and their Hermitian conjugates.

Three Higgs doublets: A more complicated model has three Higgs doublets and a symmetry.

Z_4 : ϕ_2 → −ϕ_2, ϕ_3 → iϕ_3. (13)

Note that we now assume μ^2_j < 0 and | |μ2_j | | ∼ m2_{ew} for both j = 1, 3. Then

V_l = λ ( ϕ^†_3ϕ_2 ) ( ϕ^†_3ϕ_1 ) , (14)

V_r = λ^′ ( ϕ^†_1ϕ_2

)_2

+ · · · , (15)

v_2 ≈ − λ^∗v^∗_1 v^2_3

μ^2

. (16)

In this case |v_1| and |v_3| are necessarily of order m_{ew} (or smaller) and one needs no extra assumption to conclude that |v_2| ∼ m^3_{ew}/m^2_H .

Before we proceed to investigate the nesting of seesaw mechanisms, we want to mention some simple applications of a seesaw mechanism for Higgs doublets. Suppose that ϕ_2 has Yukawa couplings only to the ν_R, and ϕ_1 to all charged fermionic gauge-SU(2) singlets. Then with the small VEV v_2 we have the option of a seesaw mechanism for Dirac neutrinos, if we dispense with a ν_R Majorana mass term. We would then use |v_2| ∼ m^3_{ew}/m^2_H ∼ 1 eV, where we assume 1 eV to be the scale of the light-neutrino masses, obtaining the estimate m_H ∼ √ 10^{33} eV = 10^{7.5} GeV. We could also try to “explain” the smallness of the down-type-quark masses as compared to the up-type-quark masses by enforcing the coupling of ϕ_1 to the up-quark singlets and ϕ_2 to the down-quark singlets in the Yukawa couplings. Assuming | | |v^2 v_1 | | | ∼ m^b m_t ∼ ( m_{ew} m_H )_2 , (17)

we find for the mass of the heavy Higgs doublet m_H ∼ 6 m_{ew}.

3 Nesting of seesaw mechanisms

3.1 Type I seesaw mechanism

The type I seesaw formula is [1]

M_ν = −M^T_D M^{−1}_R M_D, (18) where M_ν is the effective ν_L Majorana mass matrix, M_R is the Majorana mass matrix of the ν_R and M_D is the Dirac mass matrix connecting the ν_R to the ν_L. This Dirac mass matrix is generated by Yukawa couplings

L_{Yukawa} = ν̄_Rϕ̃^†_2Y D_L + H.c., (19)

where Y is a matrix (in flavour space) of Yukawa coupling constants, D_L = (ν_L, ℓ_L)^T are SU(2) doublets of left-handed leptons, ϕ_2 is the Higgs doublet whose VEV is suppressed by a type II seesaw mechanism and ϕ̃_2 ≡ iτ_2ϕ^∗_2.

In order for the Yukawa couplings of the ν_R in equation (19) to involve only the Higgs doublet ϕ_2, one needs to suitably extend the symmetries U(1), Z_2 or Z_4 of the previous section. In the case of the U(1) symmetry, one must add D_L → e^{−iα}D_L and ℓ_R → e^{−iα}ℓ_R to the assignment (9) (the ℓ_R are the right-handed charged-lepton singlets) [10]. In the case of the Z_2 or Z_4 symmetries, one must add ν_R → −ν_R to the assignments (12) and (13), respectively.

It follows from equation (19) that M_D = v_2Y , hence M_ν = −v^2 Y^T M^{−1}_R Y . As before, we assume the matrix elements of M_ν to be of order eV. If we allowed the VEV v_2 to be of order the electroweak scale m_{ew} ∼ 100 GeV, and assuming the Yukawa coupling constants to be of order unity, we would find the scale m_R of M_R to be of order 10^{13} GeV, as advertised in the introduction. Lowering m_R to the TeV scale while keeping v_2 ∼ m_{ew} requires (assuming no cancellation mechanism) the Yukawa couplings to be of order 10^{−5}, as also advertised in the introduction. But if v_2 ∼ m^3_{ew}/m^2_H is suppressed by a type II seesaw mechanism for Higgs doublets, as first proposed in [10], then 1 eV ∼ m^6_{ew}/ (m_Rm^4_H ) even with Yukawa coupling constants of order unity. This represents a fivefold suppression of the neutrino masses. Assuming for simplicity m_R = m_H , one obtains

m_H ∼^5 √ 10^{66} eV ≈ 16 TeV. (20)

3.2 Type II seesaw mechanism

In the type II seesaw mechanism [2], a scalar gauge-SU(2) triplet Δ = ( δ^+/ √ 2 δ^{++} δ^0 −δ^+/ √ 2 ) (21)

is introduced such that the ν_L acquire Majorana masses through the VEV of the neutral component of the scalar triplet:

⟨Δ⟩_0 = ( 0 0 v_Δ 0 ) . (22)

This VEV is induced by the term linear in Δ in the scalar potential and is suppressed by the high mass of the scalar triplet.

In order for the terms linear in Δ to involve only the Higgs doublet ϕ_2 whose VEV is suppressed by the type II seesaw mechanism discussed in section 2, we introduce a Z_4 symmetry^4:

ϕ_2 → iϕ_2, Δ → −Δ. (23)

We write the scalar potential as V = 2∑ j=1 μ^2_j ϕ^†_jϕ_j + μ^2_ΔTr ( Δ^†Δ ) + ( μ^2ϕ^†_1ϕ_2 + H.c. ) + ( μ^′ϕ^†_2Δϕ̃_2 + H.c. ) + V_q, (24)

where V_q consists only of quartic terms. The Z_4 symmetry is softly broken by operators of dimension two. Instead of a softly broken symmetry for the type II seesaw mechanism for the VEV of ϕ_2, one could employ one of the alternatives given in section 2. In order to have a Dirac mass term for charged leptons and a Majorana mass term for ν_L generated by VEVs of ϕ_1 and Δ, respectively, one needs to extend the Z_4 symmetry in equation (23) to D_L → iD_L and ℓ_R → iℓ_R.

Now we proceed according to section 2. On the one hand, we assume that μ^2_1 < 0 and that |μ^2_1| ∼ m^2_{ew} in order to generate a spontaneous symmetry breaking with |v_1| ∼ m_{ew}. On the other hand, we require

μ^2 > 0, μ^2_Δ > 0 and μ^2 ∼ μ^2_Δ ∼ m^2_H ≫ m^2_{ew}. (25)

The terms linear in ϕ_2 and Δ in equation (24) generate non-vanishing VEVs v_2 and v_Δ, respectively. Using the result for v_2 of equation (7), the VEV of Δ is given by

v_Δ ≈ − μ^{′∗}v^2 μ^2_Δ ≈ − μ^{′∗} ( μ^{2∗} )_2 v^2_1 μ^4_2 μ^2_Δ

. (26)

As before, there is a degree of arbitrariness in the orders of magnitude of |μ| and |μ^′|, but we may assume them to be of order m_{ew}. Then v_Δ is suppressed by six powers of m_{ew}/m_H relative to v_1. Keeping the Yukawa coupling constants of order unity, this represents a sixfold suppression of the neutrino masses. Assuming again the matrix elements of M_ν to be of order eV which amounts to v_Δ ∼ 1 eV, with equation (25) we estimate

m_H ∼^6 √ 10^{77} eV ≈ 7 TeV. (27)

By raising the mass of the ϕ_2 to 20 TeV, one shifts μ_Δ below 1 TeV, and the δ^{++}, whose mass is just μ_Δ, could possibly be within reach of the LHC—see for instance [17] and the references therein.

4 Multiple nesting of type II seesaw mechanisms for Higgs doublets

In this section we show that a multiple nesting of successive type II seesaw mechanisms for several Higgs doublets is able to realize Froggatt–Nielsen [12] suppression factors by using only Higgs doublets and renormalizable interactions.

4In [16] a softly broken U(1) symmetry has been used instead, together with assumptions on the soft-breaking parameters in the scalar potential.

As an example, we consider the hierarchy of charged-fermion masses: m_t ∼ m_{ew} m_b, m_c, m_τ ∼ 2 GeV, m_s, m_μ ∼ 0.1 GeV, m_u, m_d ∼ 0.005 GeV, m_e ∼ 0.0005 GeV.

(28)

This hierarchy suggests that the charged-fermion mass matrices may involve a suppression factor ϵ ∼ 1/20 according to the pattern

M_u ∼ 1 ϵ ϵ^3 1 ϵ ϵ^3 1 ϵ ϵ^3 , Md ∼ ϵ ϵ^2 ϵ^3 ϵ ϵ^2 ϵ^3 ϵ ϵ^2 ϵ^3 , Mℓ ∼ ϵ ϵ^2 ϵ^4 ϵ ϵ^2 ϵ^4 ϵ ϵ^2 ϵ^4 . (29) The suppression factors in the various elements of these mass matrices may be explained à la Froggatt–Nielsen [12] as the result of a spontaneously broken horizontal symmetry. We suggest to view them instead as the product of a nested type II seesaw mechanism for Higgs doublets.^5

We postulate the existence of six Higgs doublets ϕ_{1,...,6}, where ϕ_1 and ϕ_2 have VEVs of order m_{ew} and Yukawa couplings which generate the first column of M_u, ϕ_3 has VEV of order ϵm_{ew} and generates the second column of M_u and the first columns of M_d and M_ℓ, ϕ_4 has VEV of order ϵ^2m_{ew} and its Yukawa couplings yield the second columns of M_d and M_ℓ, and so on.

We implement the hierarchy of VEVs in the following way. The scalar potential is of the form V = 6∑ j=1 ( μ^2_j + λ_j 2 ϕ^†_jϕ_j ) ϕ^†_jϕ_j + ∑ j<k ( λ^′_{jk}ϕ^†_jϕ_j ϕ^†_kϕ_k + λ^{′′}_{jk}ϕ^†_jϕ_kϕ^†_kϕ_j ) + V_t + V^†_t . (30)

We assume that μ^2_1 and μ^2 are both negative and of order m^2_{ew}, while μ^2_{3,...,6} are positive and of order m^2_H , with (m_{ew}/m_H )^2 ∼ ϵ.^6 The VEV of ϕ_3 is induced out of the VEVs of ϕ_1 and ϕ_2 via a term κ_1ϕ^†_1ϕ_2ϕ^†_1ϕ_3 (31) in V_t. This leads to v_3 ≈ −κ^∗_1v^2_1 v^∗_2 /μ^2_3. Since the coupling constant |κ_1| ≲ 1, |v_3| is of order m^3_{ew}/m^2_H . Afterwards the VEV of ϕ_4 is induced by a further term in V_t, κ_2ϕ^†_2ϕ_3ϕ^†_2ϕ_4. (32) This leads to v_4 ≈ −κ^∗_2v^2 v^∗_3 /μ^2_4 ∼ m^5_{ew}/m^4_H . The VEVs v_5 and v_6 are successively induced by terms κ_3ϕ^†_1ϕ_4ϕ^†_1ϕ_5, (33) κ_4ϕ^†_2ϕ_5ϕ^†_2ϕ_6, (34)

5A similar idea was already put forward in [18] and subsequently combined with the leptonic model of [10] in a supersymmetric way [19].

6With ϵ ∼ 1/20 this produces only a slight difference between m_{ew} and m_H . This certainly constitutes a drawback of the present model.

respectively, in V_t.^7

In order to make sure that there are in V_t no other terms which might induce larger (unsuppressed) VEVs, we must impose a symmetry S on the theory. For simplicity we assume that symmetry to be Abelian:

S : ϕ_j → σ_j ϕ_j, (35)

with |σ_j | = 1 for j = 1, . . . , 6. We assume, of course, the six factors σ_{1,...,6} to be all different. In order for the four terms (31)–(34) to be allowed, we must assume

σ^2_1 = σ_2σ_3, σ^2 = σ_3σ_4, σ^2_1 = σ_4σ_5, σ^2 = σ_5σ_6. (36)

Therefore, σ_3 = σ^2_1 σ_2

, σ_4 = σ^3_2 σ^2_1

, σ_5 = σ^4_1 σ^3_2

, σ_6 = σ^5_2 σ^4_1

. (37)

It follows that the bilinears ϕ^†_jϕ_k (j < k) transform as

ϕ^†_1ϕ_2 :

σ_2 σ_1 , ϕ^†_1ϕ_3 :

σ_1 σ_2

, ϕ^†_2ϕ_3 :

σ^2_1 σ^2 , ϕ^†_1ϕ_4 :

σ^3_2 σ^3_1

, ϕ^†_2ϕ_4 :

σ^2 σ^2_1

, ϕ^†_3ϕ_4 :

σ^4_2 σ^4_1 , ϕ^†_1ϕ_5 :

σ^3_1 σ^3_2

, ϕ^†_2ϕ_5 :

σ^4_1 σ^4_2

, ϕ^†_3ϕ_5 :

σ^2_1 σ^2

, ϕ^†_4ϕ_5 :

σ^6_1 σ^6_2 , ϕ^†_1ϕ_6 :

σ^5_2 σ^5_1

, ϕ^†_2ϕ_6 :

σ^4_2 σ^4_1

, ϕ^†_3ϕ_6 :

σ^6_2 σ^6_1

, ϕ^†_4ϕ_6 :

σ^2 σ^2_1

, ϕ^†_5ϕ_6 :

σ^8_2 σ^8_1 .

(38)

We assume that all the factors in this list are different from unity—else there would be (at least) two Higgs doublets transforming identically under S—and also different from each other—so that there are as few terms as possible in V_t. This requires

σ^p_1 ≠ σ^p_2 for p = 1, 2, . . . , 14. (39)

Therefore we must choose for S a group Z_n with n > 14. It is enough to choose S = Z_{15} with

ϕ_1 → ωϕ_1, ϕ_2 → ω^2ϕ_2, ϕ_3 → ϕ_3, ϕ_4 → ω^4ϕ_4, ϕ_5 → ω^{13}ϕ_5, ϕ_6 → ω^6ϕ_6, (40)

where ω ≡ exp (2iπ/15). From the list (38) we learn that the full V_t is

V_t = κ_1ϕ^†_1ϕ_2ϕ^†_1ϕ_3 + κ_2ϕ^†_2ϕ_3ϕ^†_2ϕ_4 + κ_3ϕ^†_1ϕ_4ϕ^†_1ϕ_5 + κ_4ϕ^†_2ϕ_5ϕ^†_2ϕ_6 +κ_5ϕ^†_3ϕ_2ϕ^†_3ϕ_5 + κ_6ϕ^†_4ϕ_2ϕ^†_4ϕ_6 + κ_7ϕ^†_3ϕ_6ϕ^†_4ϕ_5 + κ^′_7ϕ^†_3ϕ_5ϕ^†_4ϕ_6 +κ_8ϕ^†_2ϕ_6ϕ^†_4ϕ_3 + κ^′_8ϕ^†_2ϕ_3ϕ^†_4ϕ_6 + κ_9ϕ^†_2ϕ_5ϕ^†_3ϕ_4 + κ^′_9ϕ^†_2ϕ_4ϕ^†_3ϕ_5. (41)

7Instead of the terms (31)–(34) we might imagine other possibilities. The present text thus constitutes only a proof of the viability of the mechanism.

It is easy to check that with this V_t VEVs with the right powers of the suppression factor ϵ ∼ (m_{ew}/m_H )^2 are generated. One obtains

v_3 ≈ −κ^∗_1 v^2_1 v^∗_2 μ^2_3

, (42)

v_4 ≈ −κ^∗_2 v^2 v^∗_3 μ^2_4

, (43)

v_5 ≈ −κ^∗_3 v^2_1 v^∗_4 μ^2_5 − κ^∗_5 v^2_3 v^∗_2 μ^2_5

, (44)

v_6 ≈ −κ^∗_4 v^2 v^∗_5 μ^2_6 − ( κ^∗_8 + κ^′_8^∗

) v_2v_4v^∗_3 μ^2_6

. (45)

The other terms in V_t generate subdominant (in terms of ϵ) contributions to the VEVs.

5 Conclusions

The main point in this letter is the observation that the VEVs of some Higgs doublets may be suppressed by a type II seesaw mechanism in the same way as the VEVs of scalar gauge triplets. We have furthermore emphasized that this Higgs-doublet type II seesaw mechanism may be combined with other seesaw mechanisms of any type—I, II, III or even with itself in a multiply nested way. If there are only two mass scales at our disposal, the electroweak scale m_{ew} and a heavy scale m_H ≫ m_{ew}, one may through this procedure suppress some mass terms by a factor (m_{ew}/m_H )^p, where the power p can be considerably larger than 1 as in the standard type I seesaw case. While the standard seesaw mechanisms are applied to Majorana neutrinos, the type II seesaw mechanism for Higgs doublets, whether in its simple or in its multiply nested form, is able to suppress any Dirac-fermion masses without one having to introduce any new fermionic degrees of freedom in the theory.

Our aim was not to promote a specific type of seesaw mechanism, rather to point out the wealth of possible scenarios. It is also beyond the scope of this letter to check the compatibility of each particular scenario with the experimental data, for instance with electroweak precision tests. Thus, in individual cases the parameter space may have to be restricted or the scenario modified.

A seesaw mechanism always involves the ad hoc introduction of a heavy scale m_H . The usual belief is that either the new physics at m_H is not directly accessible by experiment because that scale is too high, or contrived cancellation mechanisms are needed to lower m_H . The main message of this letter is that neither of the two conclusions is compelling. As originally demonstrated in a specific case [10] and generalized in this letter, the nesting of the type II seesaw mechanism for Higgs doublets with other seesaw mechanisms, or with itself, provides a very simple method to lower m_H . This method requires an extension of the scalar sector and, therefore, leads to new physics at the scale m_H .

Acknowledgements: W.G. and L.L. acknowledge support from the European Union through the network programme MRTN-CT-2006-035505. The work of L.L. was supported by the Portuguese Fundação para a Ciência e a Tecnologia through the project

U777–Plurianual. The work of B.R. is supported by the Croatian Ministry of Science, Education and Sport under the contract No. 119-0982930-1016. B.R. gratefully acknowledges the support of the University of Vienna within the Human Resources Development Programme for the selected SEE Universities and the hospitality offered at the Faculty of Physics.

References

[1] P. Minkowski, μ → eγ at a rate of one out of 10^9 muon decays?, Phys. Lett. 67B (1977) 421;

T. Yanagida, Horizontal gauge symmetry and masses of neutrinos, in Proceedings of the workshop on unified theory and baryon number in the universe (Tsukuba, Japan, 1979), O. Sawata and A. Sugamoto eds., KEK report 79-18 (Tsukuba, Japan, 1979); S.L. Glashow, The future of elementary particle physics, in Quarks and leptons, proceedings of the advanced study institute (Cargèse, Corsica, 1979), M. Lévy et al. eds. (Plenum Press, New York, U.S.A., 1980);

M. Gell-Mann, P. Ramond and R. Slansky, Complex spinors and unified theories, in Supergravity, D.Z. Freedman and F. van Nieuwenhuizen eds. (North Holland, Amsterdam, The Netherlands, 1979);

R.N. Mohapatra and G. Senjanović, Neutrino mass and spontaneous parity violation, Phys. Rev. Lett. 44 (1980) 912.

[2] M. Magg and C. Wetterich, Neutrino mass problem and gauge hierarchy, Phys. Lett.

94B (1980) 61;

G. Lazarides, Q. Shafi and C. Wetterich, Proton lifetime and fermion masses in an SO(10) model, Nucl. Phys. B 181 (1981) 287;

R.N. Mohapatra and G. Senjanović, Neutrino masses and mixings in gauge models with spontaneous parity violation, Phys. Rev. D 23 (1981) 165; R.N. Mohapatra and P. Pal, Massive neutrinos in physics and astrophysics (World Scientific, Singapore, 1991), p. 127;

E. Ma and U. Sarkar, Neutrino masses and leptogenesis with heavy Higgs triplets, Phys. Rev. Lett. 80 (1998) 5716 [hep-ph/9802445].

[3] J. Schechter and J.W.F. Valle, Neutrino masses in SU(2)×U(1) theories, Phys. Rev.

D 22 (1980) 2227;

T.P. Cheng and L.F. Li, Neutrino masses, mixings, and oscillations in SU(2) × U(1) models of electroweak interactions, Phys. Rev. D 22 (1980) 2860; S.M. Bilenky, J. Hošek and S.T. Petcov, On oscillations of neutrinos with Dirac and Majorana masses, Phys. Lett. 94B (1980) 495;

I.Yu. Kobzarev, B.V. Martemyanov, L.B. Okun and M.G. Shchepkin, The phenomenology of neutrino oscillations, Yad. Fiz. 32 (1980) 1590 [Sov. J. Nucl. Phys. 32 (1981) 823].

[4] A. Pilaftsis, Resonant τ leptogenesis with observable lepton number violation, Phys.

Rev. Lett. 95 (2005) 081602 [hep-ph/0408103];

A. Pilaftsis and T.E.J. Underwood, Electroweak-scale resonant leptogenesis, Phys. Rev. D 72 (2005) 113001 [hep-ph/0506107];

A. de Gouvêa, GeV seesaw, accidentally small neutrino masses, and Higgs decays to neutrinos, arXiv:0706.1732.

[5] J. Kersten and A.Yu. Smirnov, Right-handed neutrinos at LHC and the mechanism of neutrino mass generation, Phys. Rev. D 76 (2007) 073005 [arXiv:0705.3221].

[6] W. Chao, S. Luo, Z.Z. Xing and S. Shou, A compromise between neutrino masses and collider signatures in the type II seesaw model, Phys. Rev. D 77 (2008) 016001 [arXiv:0709.1069];

M.J. Luo and Q.Y. Liu, Small neutrino masses from structural cancellation in leftright symmetric models, J. High Energy Phys. 12 (2008) 061 [arXiv:0812.3453].

[7] M.C. Gonzalez-Garcia and J.W.F. Valle, Fast decaying neutrinos and observable flavour violations in a new class of Majoron models, Phys. Lett. B 216 (1989) 360; F. Deppisch and J.W.F. Valle, Enhanced lepton flavour violation in the supersymmetric inverse seesaw model, Phys. Rev. D 72 (2005) 036001 [hep-ph/0406040].

[8] L.M. Krauss, S. Nasri and M. Trodden, A model for neutrino masses and dark matter, Phys. Rev. D 67 (2003) 085002 [hep-ph/0210389];

M. Aoki, S. Kanemura and O. Seto, Neutrino mass, dark matter and baryon asymmetry via TeV-scale physics without fine-tuning, Phys. Rev. Lett. 102 (2009) 051805 [arXiv:0807.0361];

M. Aoki, S. Kanemura and O. Seto, A TeV-scale model for neutrino mass, DM and baryon asymmetry, arXiv:0901.0849.

[9] P.Q. Hung, A model of electroweak-scale right-handed neutrino mass, Phys. Lett.

B 649 (2007) 275 [hep-ph/0612004].

[10] E. Ma, Naturally small seesaw neutrino mass with no new physics beyond the TeV scale, Phys. Rev. Lett. 86 (2001) 2502 [hep-ph/0011121].

[11] E. Ma and D.P. Roy, Heavy triplet leptons and new gauge boson, Nucl. Phys. B 644 (2002) 290 [hep-ph/0206150].

[12] C.D. Froggatt and H.B. Nielsen, Hierarchy of quark masses, Cabibbo angles and CP violation, Nucl. Phys. B 147 (1979) 277.

[13] Z.G. Berezhiani, The weak mixing angles in gauge models with horizontal symmetry— a new approach to quark and lepton masses, Phys. Lett. 129B (1983) 99; A. Davidson and K.C. Wali, Universal seesaw mechanism?, Phys. Rev. Lett. 59 (1987) 393;

S. Rajpoot, Seesaw masses for quarks and leptons, Phys. Rev. D 36 (1987) 1479; see also Y. Koide and H. Fusaoka, A unified description of quark and lepton mass matrices in a universal seesaw model, Phys. Rev. D 66 (2002) 113004 [hep-ph/0209148], and the references therein.

[14] X. Calmet, Seesaw induced Higgs mechanism, Eur. Phys. J. C 28 (2003) 451 [hep-ph/0206091];

X. Calmet and J.F. Oliver, A seesaw mechanism in the Higgs sector, Europhys. Lett. 77 (2007) 51002 [hep-ph/0606209].

[15] S. Mantry, M. Trott and M.B. Wise, The Higgs decay width in multi-scalar doublet models, Phys. Rev. D 77 (2008) 013006 [arXiv:0709.1505];

L. Randall, Two Higgs models for large tan β and heavy second Higgs, J. High Energy Phys. 02 (2008) 084 [arXiv:0711.4360].

[16] E. Ma, Neutrino mass from triplet and doublet scalars at the TeV scale, Phys. Rev.

D 66 (2002) 037301 [hep-ph/0204013].

[17] J. Garayoa and T. Schwetz, Neutrino mass hierarchy and Majorana CP phases with the Higgs triplet model at the LHC, J. High Energy Phys. 03 (2008) 009 [arXiv:0712.1453];

F. del Aguila and J.A. Aguilar-Saavedra, Distinguishing seesaw models at LHC with multi-lepton signals, Nucl. Phys. B 813 (2009) 22 [arXiv:0808.2468].

[18] E. Ma, Quark mass matrices from a softly broken U(1) symmetry, Phys. Lett. B 516 (2001) 165 [hep-ph/0104181].

[19] E. Ma, Neutrino, lepton, and quark masses in supersymmetry, Phys. Rev. D 64 (2001) 097302 [hep-ph/0107177].