arXiv:1303.4573v1 [hep-ph] 19 Mar 2013

March 2013

Minimal Tree-Level Seesaws with a Heavy Intermediate Fermion

Kristian L. McDonald

ARC Centre of Excellence for Particle Physics at the Terascale, School of Physics, The University of Sydney, NSW 2006, Australia

klmcd@physics.usyd.edu.au

Abstract

There exists a generic minimal tree-level diagram, with two external scalars and a heavy intermediate fermion, that can generate naturally small neutrino masses via a seesaw. This diagram has a mass insertion on the internal fermion line, and the set of such diagrams can be partitioned according to whether lepton number violation occurs at the mass insertion or through a Yukawa coupling. We show that, once subjected to the demands of naturalness (i.e. precluding small scalar vacuum expectation values that require fine-tuning), this set is finite, and contains a relatively small number of elements. Some of the corresponding models have appeared in the literature. We present the remaining original models, thus generalizing the Type-I and Type-III seesaws, and apparently exhausting the list of their minimal non-tuned variants.

1 Introduction

There exists a generic minimal tree-level diagram, with two external scalars and a heavy intermediate fermion, that can generate naturally suppressed Standard Model (SM) neutrino masses; see Figure 1. This diagram has a single mass insertion on the fermion line, and lepton number symmetry is violated at either the mass insertion or one of the Yukawa couplings. The minimal (and best known) models that give rise to this diagram are the Type-I [1] and Type-III [2] seesaws, where the SM is augmented by an SU(2)_L singlet/triplet fermion with zero hypercharge. In these cases, lepton number symmetry is broken by the (Majorana) mass insertion. However, the underlying mechanism is more general, and more involved extensions of the SM can realize the basic diagram in a number of ways.

The set of these minimal tree-level diagrams can be partitioned according to the nature of lepton number violation.^1 Any given representative diagram of the distinct subsets has a number of properties that can be determined without recourse to a specific model. These properties can, in turn, be used to guide one in the search for viable realizations of these minimal seesaws.

In this work we aim to catalogue the minimal models that produce small neutrino masses via one of these tree-level diagrams. To achieve this goal we reverse-engineer the models. In the process we “rediscover” some models that have already appeared in the literature, and discover a number of additional models which, to the best of our knowledge, have not previously appeared.

As one moves beyond the minimal realizations of Figure 1, the models typically require additional fields to be added to the SM. Thus, it naively appears that the tree-level diagram can be realized in a large number of ways. However, as we will see, if one restricts their attention to natural models, in which no tuning is needed to achieve small vacuum expectation values (VEVs), the list of candidate models is finite and quite short. We provide a comprehensive version of this list, apparently exhausting the variant seesaws of this type. Interestingly a number of the corresponding models only realize viable seesaws when the new physics occurs near the TeV scale, and are therefore largely amenable to discovery (or exclusion) at the LHC.

Before proceeding we note that some models described in this paper employ scalars in non-fundamental representations of SU(2)_L. The demands of perturbative unitarity place general upper bounds on the quantum numbers of larger scalar multiplets [3] (also see [4]). However, all multiplets appearing here are consistent with these constraints. Bounds from flavor changing processes in models with large multiplets can also be found in Ref. [5].

The plan of this paper is as follows. In Section 2 we consider diagrams with a lepton number violating mass insertion. Section 3 considers diagrams in which a Yukawa coupling breaks lepton number symmetry. Loop effects are briefly discussed in Section 4, and we

1The partition is formally defined by introducing a relation, such that two diagrams are related when lepton number symmetry is violated in the same way in each diagram; i.e. either at the mass insertion or at a vertex. This relation has the necessary properties (reflexive, symmetric and transitive) to define an equivalence relation and thus uniquely partitions the set.

Figure 1: Generic tree-level diagram for small neutrino mass from heavy fermion exchange.

conclude in Section 5. In an Appendix we provide details for some non-minimal cases with a Majorana mass insertion. The “busy” reader is advised that our main results are contained in the two tables presented in the text. Readers interested primarily in the particle content of the models can refer to these tables; the minimal natural models when lepton number symmetry is broken by a mass insertion (Yukawa coupling) are the first three (five) entries in Table 1 (Table 2).

2 Lepton Number Violation by the Mass Insertion

In the generic tree-level diagram of Figure 1, lepton number symmetry can be violated by the mass insertion, or by a Yukawa coupling. In this section we discuss models with lepton number violation at the mass insertion. For this case, the generic tree-level diagram for neutrino masses takes the form shown in Figure 2.

Inspection of the figure reveals the following features:

• The internal fermion transforms as F_R ∼ (1, R_F , 0) under the SM gauge symmetry;

that is, F_R should form a real representation of SU(3)_c × SU(2)_L × U(1)_Y .

• The multiplet F_R should contain an electrically neutral component, constraining R_F to be an odd number.

• The two external scalars can be distinct. However, minimal models occur when they have the same quantum numbers: S_1 = S_2 ∼ (1, R_S , Y_S).

• The quantum numbers of the scalars must satisfy the following conditions:

Y_S = −Y_L = 1 and R_S ⊗ R_F ⊃ 2. (1)

Figure 2: Generic tree-level diagram for small neutrino mass from heavy fermion exchange when lepton-number symmetry is broken by the (Majorana) mass insertion. The simplest realizations are the Type-I and Type-III seesaws, with F_R ∼ (1, 1, 0) and F_R ∼ (1, 3, 0), respectively, and with S_1 = S_2 = H ∼ (1, 2, 1).

We focus on the minimal case with S_1 = S_2 here, but comment on the more general case at the end of the section.

The first condition ensures that a lepton-number violating Majorana mass appears in the Lagrangian, while the last condition ensures that the requisite Yukawa couplings appear:

L ⊃ λ_S F_R S_1 L + M_F 2 F_R F^c_R + H.c. , (2)

where L ∼ (1, 2, −1) denotes a SM lepton doublet. Integrating out the heavy fermions, and inserting the scalar VEVs, gives the generic form for the seesaw-suppressed SM neutrino masses in these models:

m_ν ≃ λ^2_S

⟨S_1⟩^2 M_F . (3)

This mass has the familiar seesaw form, and for good reason; the simplest models that realize Figure 2 occur when S_1 = S_2 = H ∼ (1, 2, 1) is the SM scalar. In this case, one can have F_R ∼ (1, 1, 0) or F_R ∼ (1, 3, 0), corresponding to the well known Type-I [1] and Type-III [2] seesaw mechanisms, respectively. These give rise to the famous d = 5 Weinberg operator [6] in the low-energy effective theory (see e.g. [7]).

It should be clear that the basic mechanism for generating seesaw suppressed neutrino masses is more generic than the Type-I and Type-III seesaws. Indeed, on the basis of the above-mentioned conditions, it seems that one can select any odd value of R_F , and then choose an appropriate S_1 to obtain suppressed neutrino masses via Figure 2. However, there are additional considerations when one moves away from the simplest cases.

In models with S_1 ≠ H, one has R_F ≥ 5 and R_S > 2, so S_1 forms a non-trivial representation of SU(2)_L. Thus, when symmetry breaking occurs, the VEV of S_1 contributes to the W and Z boson masses. This modifies the tree-level value of the ρ-parameter away from the SM value of ρ = 1, leading to a bound on the VEV of roughly ⟨S_1⟩ ≲ O(1) GeV [8]. Direct searches, on the other hand, typically constrain the mass of scalars with non-trivial SU(2)_L quantum numbers to satisfy M_S ≳ O(100) GeV. Therefore S_1 is expected to be a heavy scalar with a small VEV: ⟨S_1⟩/M_S ≪ 1.

There are two ways in which one can add a heavy scalar to the SM and obtain a small tree-level VEV. In the first approach, one must tune the parameters in the scalar potential, to ensure that multiple dimensionful quantities that are ≳ O(100) GeV conspire to deliver (⟨S_1⟩/GeV) ≲ O(1). This approach has limited appeal.

In the second approach, the quantum numbers of S_1 are such that the scalar potential contains a term that is linear in S_1. We denote this term as −μ^3S_1 ⊂ V (H, S_1), where μ denotes generic dimensionful quantities (field operators or constants). Then S_1 develops a nonzero VEV of the form ⟨S_1⟩ = μ^3/M^2_S . Thus, provided M_S ≫ μ, the VEV ⟨S_1⟩ can be naturally suppressed, ensuring that the constraints from the ρ-parameter are satisfied without fine tuning.^2

The second approach is clearly more desirable. We therefore restrict our attention to models in which the small VEV of any new scalar is naturally suppressed without finetuning. These models achieve a natural tree-level seesaw via heavy fermion exchange (with lepton number violation at the mass insertion, in the present case).

To find candidate models that meet this constraint, one can consider the direct product of n SM scalars, namely H^n⊗. Here H denotes a generic SM scalar, including hermitianor charge-conjugate fields, and the integer n satisfies n ≤ 3. A viable model is found if the direct product contains a term (1, R_n, −1) ⊂ H^n⊗ for some n ≤ 3, provided a scalar field with the quantum numbers (1, R_n, 1) contains an electrically neutral component. This fixes the quantum numbers of the new scalar, S_1 ∼ (1, R_n, 1), and determines a new model with a natural tree-level seesaw.

The demand of naturalness, in the sense defined above, turns out to be a rather stringent constraint. A comprehensive study of the aforementioned direct products reveals a single candidate; namely

H̃ ⊗ H^† ⊗ H ⊃ (1, 4, −1), (4)

where H̃ is the charge conjugate field. Thus, if we add the scalar field S_1 ∼ (1, 4, 1) to the SM, and also add a real fermion F_R with quantum numbers F_R ∼ (1, R_F , 0) such that R_F ⊗ 4 ⊃ 2, we obtain a natural tree-level seesaw. There are two candidates for the new fermion field, namely F_R ∼ (1, 3, 0) and F_R ∼ (1, 5, 0). The former case is non-minimal as the standard Type-III seesaw is also present. Absent hierarchical Yukawa couplings of a conspiratorial nature, the Type-III term is expected to dominate the neutrino mass matrix (we will return to this matter below).

2This VEV suppression is analogous to what happens in the Type-II seesaw [9], where the scalar potential has the term −μHT H ⊂ V (H, T ) and the triplet T ∼ (1, 3, 2) obtains the VEV ⟨T ⟩ = μ⟨H⟩^2/M^2_T . We restrict our attention to models possessing a generalized version of this natural VEV suppression.

We therefore conclude that one can extend the SM by adding the fields

S_1 ∼ (1, 4, 1) and F_R ∼ (1, 5, 0), (5)

to arrive at a new seesaw model that is distinct from the standard Type-I and Type-III seesaws. Actually, this model was recently proposed in Ref. [11], where it was shown to provide a viable model of naturally suppressed seesaw neutrino masses. The Lagrangian contains the terms

L ⊃ λ_S F_R S_1 L + M_F 2 F_R F^c_R + λ H^3 S_1 , (6)

where the last term ensures that S_1 develops a naturally suppressed VEV: ⟨S_1⟩ ≃ λ ⟨H⟩^3 M^2_S

. (7)

Putting all the pieces together, one arrives at the final expression for the seesaw suppressed neutrino masses:

m_ν ≃ λ^2_S

⟨S_1⟩^2 M_F ∼ ⟨H⟩^6 M_F M^4_S

, (8)

where, for simplicity, we consider dimensionless couplings of O(1) in the last expression. The first expression has the standard seesaw form, m_ν ∼ ⟨S_1⟩^2/M_F , bearing testament to the relation between this model and the more familiar seesaws. Denoting M_S ∼ M_F ≡ M as an approximate common scale for the new physics, the second expression gives m_ν ∼ ⟨H⟩^6/M^5. Thus, in this model, the tree-level diagram in Figure 2 produces an effective lowenergy operator^3 with mass-dimension d = 9, namely: O_ν = L^2H^6/M^5. The new fields can therefore be relatively light; dimensionless couplings of order O(0.1) allow M to be as low as O(100) GeV [11]. The scale of new physics is thus expected to be significantly smaller than that found in the minimal realizations of Figure 2, namely the Type-I and Type-III seesaws. The payoff for the extra complexity, it seems, is that interesting regions of parameter space for the resulting model can be explored at the LHC, and there is a realistic chance that the full parameter space of the model can be probed in the “not-too-distant” future.

This exhausts the list of minimal models that produce natural seesaw neutrino masses via Figure 2. The natural models of this type are the Type-I and Type-III seesaws, and the model with a quintuplet fermion introduced in Ref. [11]. These models are minimal, in the sense that they comprise minimal extensions of the SM, and that there is only one type of tree-level diagram generating neutrino masses. There are additional models with a lepton number violating mass insertion that are less minimal. These models generate diagrams with S_1 ≠ S_2. In what follows we briefly discuss an example to illustrate some of the differences. Additional general analysis for these models appears in Appendix A.

Return to the case where the SM is extended to include the scalar S_1 ∼ (1, 4, 1). Instead of considering the minimal scenario with F_R ∼ (1, 5, 0), let us now take F_R ∼ (1, 3, 0). Then

3The uniqueness of neutrino mass operators with d > 5 is studied in Ref. [10].

there are three distinct tree-level diagrams that contribute to light neutrino masses. The first of these has two external SM scalars, the second has two external scalars S_1, and the third has one external S_1 and one external SM scalar. The light neutrino mass has multiple contributions, which can be written as

m_ν ≃ λ^2_H ⟨H⟩^2 M_F + 2λ_H λ_S ⟨S_1⟩⟨H⟩ M_F + λ^2_S

⟨S_1⟩^2 M_F . (9)

The first piece here is the usual Type-III seesaw term. If all dimensionless couplings are of a similar order of magnitude, this Type-III term is expected to dominate the “pure S_1” term and the mixing term, due to the relation ⟨H⟩ ≫ ⟨S_1⟩; see the Appendix. Another way to say this, is that the three terms in Eq. (9) correspond to low-energy operators with mass dimension d = 5, d = 7 and d = 9, respectively. Given that all three operators arise from tree-level diagrams, one would normally expect the operator with the lowest mass dimension to dominate. The model is therefore a more complicated version of the Type-III seesaw, with additional subdominant contributions to the neutrino mass matrix.

Strictly speaking, one can imagine that for some reason the coupling λ_H is much smaller than the coupling λ_S, so the hierarchy in VEVs is overcome. In this case the mixing term and the Type-III term can be subdominant to the pure S_1 piece, giving m_ν ∼ ⟨S_1⟩^2/M_F , with additional subdominant Type-III (and mixed) contributions. This region of parameter space produces a seesaw that is distinct from the aforementioned minimal variants, and the model can be studied as a viable theory of neutrino masses. Of course, the need for hierarchical Yukawa couplings runs counter to the spirit of the seesaw mechanism. However, the model does have a certain benefit, as the phenomenology of the new scalar can be distinct, and there is a better chance of the new physics being experimentally accessible than in the pure Type-III seesaw [12].

There is one other natural non-minimal model, which is obtained by adding the field^4 S_2 ∼ (1, 6, 1) to the model with S_1 ∼ (1, 4, 1) and F_R ∼ (1, 5, 0). As with the preceding example, absent parameter hierarchies the neutrino mass matrix is expected to be dominated by the S_1-term found in Eq. (8). However, Yukawa coupling hierarchies can allow the “pure S_2” piece to dominate. This second example exhausts the natural non-minimal models of this type, as we explain in Appendix A.

To conclude this section, we note that we have considered the generic tree-level seesaw with two external scalars and a heavy intermediate fermion, in the case where lepton number symmetry is broken by a Majorana mass insertion. Naively it appears that many variants of this seesaw are possible. However, if one restricts their attention to natural models, in which small VEVs are obtained without fine-tuning, it appears that only five models are possible. The minimal models are the Type-I and Type-III seesaws, and the model proposed recently in Ref. [11], which employs a real quintuplet of fermions. The two non-minimal natural models are the variant of the Type-III seesaw discussed in Ref. [12], and the variant of the quintuplet fermion model described in the previous paragraph. We summarize these results in Table 1, where the question mark indicates that, to the best of our knowledge, the

4The in-built mechanism that triggers a naturally suppressed VEV for S_2 ∼ (1, 6, 1) is discussed in the Appendix; related discussion appears in the next section.

t

Model S_1 F_R S_2 [O_ν ] Ref.

(a) (1, 2, 1) (1, 1, 0) − d = 5 Type-I seesaw

(b) (1, 2, 1) (1, 3, 0) − d = 5 Type-III seesaw

(c) (1, 4, 1) (1, 5, 0) − d = 9 [11]

(d) (1, 2, 1) (1, 3, 0) (1, 4, 1) d = 5, 7, 9 [12]

(e) (1, 4, 1) (1, 5, 0) (1, 6, 1) d = 9, 11, 13 ?

Table 1: Natural Seesaw Models with a Lepton Number Violating Mass Insertion.

model is original.

3 Lepton Number Violation by a Yukawa Coupling

In addition to the models presented in the preceding section, the class of models with seesaws described by the generic tree-level diagram in Figure 1 includes models where lepton number violation occurs at one of the Yukawa couplings. More accurately, an arbitrary convention, regarding the definition of lepton number symmetry, can be chosen such that lepton number violation occurs at a Yukawa coupling. To illustrate our meaning here, consider the familiar Type-II seesaw model, where the triplet T ∼ (1, 3, 2) is added to the SM. Lepton number symmetry is broken by the terms λL^cT L+μHT H ⊂ L, but is conserved in either of the limits μ → 0 or λ → 0. An arbitrary convention can be specified for lepton number symmetry, with either L_T = −2 or L_T = 0. The former convention is normally adopted, in which case the symmetry is considered to be broken in the scalar potential. The latter convention is equally valid, however, and results in the symmetry being broken by the Yukawa coupling. Of course, the Type-II seesaw is not a model of the type we are interested in here, but this way of thinking is useful for our purposes, and a similar freedom exists in all the models we consider.

The generic diagram for models in which lepton number symmetry is broken by a Yukawa coupling is given in Figure 3. The figure reveals the following generic features for models of this type:

• The intermediate fermion is vector-like: F_{L,R} ∼ (1, R_F , Y_F ).

• The scalars S_{1,2} are necessarily distinct, with quantum numbers S_{1,2} ∼ (1, R_{1,2}, Y_{1,2}).

• Consideration of the Yukawa couplings leads to the following relations:

2 Y_L = Y_1 + Y_2 , R_F ⊂ R_L ⊗ R_1 , R_F ⊂ R_L ⊗ R_2 , (10)

where R_L = 2 is the SM value for the lepton doublet L.

• As a result of the above relations, and the fact that R_H = R_L, one deduces the following:

(R_H ⊗ R_1) ⊗ (R_H ⊗ R_2) ⊃ 1 . (11)

The last point is important; when combined with the hypercharge relations, it tells that, in addition to the Yukawa couplings needed to generate the seesaw in Figure 3, the model automatically contains a renormalizable term of the form H^2S_1S_2 in the scalar potential. Thus, we know the Lagrangian contains the following terms

L ⊃ λ_1 L S_1 F_R + λ_2 L S_2 F^c_L + M_F F_LF_R + λ H^2S_1S_2. (12)

Evaluating the leading order seesaw contribution to the neutrino mass matrix, one finds

m_ν ≃ λ_1λ_2 ⟨S_1⟩⟨S_2⟩ M_F . (13)

Modulo the dependence on the two distinct VEVs, this is of the standard seesaw form.

The comments made thus far are completely generic; they apply to all models of this type, without any consideration given to the specific quantum numbers of the fields S_{1,2} and F. Ideally, we would like to now specify the viable realizations of this type of tree-level seesaw.

The most obvious case to consider is the minimal one, obtained by choosing S_1 = H ∼ (1, 2, 1). This model turns out to be uniquely specified and, in addition to the fermion F, only one new (beyond SM) scalar is required. The quantum numbers for the fermion are fixed by the term LHF_R to be F ∼ (1, 3, −2), which then fixes the quantum numbers of the other scalar as S_2 ∼ (1, 4, −3). This model was recently proposed in Ref. [13], while various phenomenological aspects of the fermion triplet F ∼ (1, 3, −2) were studied in Ref. [14]. Note that ⟨S_2⟩ ≠ 0 contributes to electroweak symmetry breaking and, given that R_2 > 2, this VEV is constrained by ρ-parameter measurements: it must satisfy ⟨S_2⟩ ≲ O(1) GeV. Thus, in this model one requires a heavy new scalar with a small VEV. However, the model has an inbuilt feature which renders this demand harmless, in the sense that no fine tuning is required. The last term in Eq. (12) now becomes S_1S_2H^2 → H^3S_2. This term ensures that

Figure 3: Generic tree-level diagram for small neutrino mass from heavy fermion exchange when lepton-number symmetry is broken by a Yukawa coupling. In the simplest realization, one of the scalars is the SM doublet, S_1 = H ∼ (1, 2, 1), and the quantum numbers for the new fields are uniquely determined, with F_{L,R} ∼ (1, 3, −2), and S_2 ∼ (1, 4, 3).

S_2 develops an induced VEV once electroweak symmetry breaking is triggered by ⟨H⟩ ≠ 0. The VEV takes the form: ⟨S_1⟩ ≃ λ ⟨H⟩^3 M^2_S

, (14)

which is naturally suppressed for M_S ≫ ⟨H⟩. Denoting a common scale for the new physics as M_S ∼ M_F ≡ M, one has m_ν ∼ ⟨H⟩^4/M^3, and neutrino masses arise from the d = 7 operator O_ν = L^2H^4/M^3. The model is therefore completely natural and provides a viable alternative to the more traditional Type-I and Type-III seesaws.

Moving away from this minimal model, the more general case has both S_1 and S_2 as beyond SM fields. Naively, it again appears that the list of viable combinations for S_{1,2} and F is large. However, all new scalars in such models form SU(2)_L representations with R_{1,2} > 2, and the VEVs ⟨S_{1,2}⟩ are therefore subject to the constraints from the ρ-parameter. Thus, we expect such models to require heavy new scalars with small VEVs.

As with the analysis in Section 2, we can limit the scope of our study by restricting our attention to natural models, in which the small VEVs arise without any fine-tuning in the scalar potential. We can then ask “What are the necessary conditions for naturally small VEVs to occur?” Eq. (12) shows that the scalar potential in these models always contains a term that is linear in both S_1 and S_2 (the “λ-term”). Indeed, in the minimal case with S_1 = H, this term is precisely responsible for ensuring that S_2 acquires a naturally suppressed VEV. A consideration of the general scalar potential shows that this term is not sufficient to ensure that both VEVs ⟨S_{1,2}⟩ are naturally suppressed in the general case. However, provided one of the fields, S_i, obtains a naturally suppressed VEV due to terms in the potential V (H, S_i) ⊂ V (H, S_1, S_2) (i = 1, 2), the λ-term ensures that S_j also acquires a naturally suppressed VEV: ⟨S_j⟩ ≃ λ ⟨S_i⟩⟨H⟩^2 M^2_j for i ≠ j . (15)

This generalizes the result found in Ref. [13], and is a generic feature of models that contain the tree-level diagram with a lepton number violating Yukawa coupling (Figure 3). Note that if, in a particular model, the potential V (H, S_i) ⊂ V (H, S_1, S_2) contains a term linear in S_i for both i = 1 and i = 2, a small value of ⟨S_i⟩ ≠ 0 can be generated for each S_i via the interactions with H in V (H, S_i). However, due to Eq. (15) only one scalar is required to have a linear term in V (H, S_i) to arrive at a natural model.

The strategy for determining the general set of natural models is now apparent. One is after a scalar S_i with quantum numbers S_i ∼ (1, R_i, Y_i), such that the potential V (H, S_i) contains a term that is linear in S_i. This ensures that S_i has a naturally suppressed VEV, and Eq. (15) then ensures a naturally small VEV for S_j. Once a suitable scalar S_i is found, the viable sets of quantum numbers for F and S_j are determined by the Yukawa couplings. One must therefore consider the direct product of n SM scalars, namely H^n⊗, where H denotes a generic SM scalar, including hermitian- or charge-conjugate fields, and the integer n satisfies n ≤ 3. A viable model is found if the direct product contains a term H^n⊗ ⊃ (1, R_i, −Y_i) for some n ≤ 3, provided a scalar field with the quantum numbers (1, R_i, Y_i) contains an electrically neutral component.

As in Section 2, the list of viable candidates for S_i is rather short, though the fact that the hypercharge value is not fixed to be Y = 1 provides some additional freedom in the present case. We find the following candidates: • H^† ⊗ H̃ ⊃ (1, 3, −2), • H^† ⊗ H ⊃ (1, 3, 0), • H̃ ⊗ H^† ⊗ H ⊃ (1, 4, −1), • H̃ ⊗ H^† ⊗ H̃ ⊃ (1, 4, −3), The first candidate can be excluded because the triplet T ∼ (1, 3, 2) leads to a Type-II seesaw, which is expected to dominate the diagram with an intermediate fermion. For this reason we exclude any models that require a triplet T .^5 The remaining three cases can be systematically explored to determine the viable models.

To see how the above information is used to obtain complete models, consider the second case on the list, which gives S_1 ∼ (1, 3, 0). Inspection of the Yukawa coupling LS_1F_R reveals that either F_R ∼ (1, 2, −1) or F_R ∼ (1, 4, −1). However, the first case requires S_2 = T , which we exclude, so that only F_R ∼ (1, 4, −1) is viable. The second Yukawa coupling requires either S_2 = T or S_2 ∼ (1, 5, −2). Excluding the first case, we arrive at a new model

5We do not include the singlet (1, 1, 0) in the above list precisely because it requires the second scalar to be the triplet T .

Figure 4: A new tree-level seesaw involving the real scalar triplet S_1 ∼ (1, 3, 0), the fermion quadruplet F ∼ (1, 4, −1), and the scalar quintuplet S_2 ∼ (1, 5, −2).

with a natural tree-level seesaw by extending the SM to include the fields S_1 ∼ (1, 3, 0), F_R ∼ (1, 4, −1) and S_2 ∼ (1, 5, −2). To the best of our knowledge this is an original seesaw model.^6

Let us consider neutrino masses in this model. By construction, the potential V (H, S_1) ⊂ V (H, S_1, S_2) contains the term −μH^†S_1H, which induces a naturally suppressed VEV for the real triplet: ⟨S_1⟩ ≃ μ ⟨H⟩^2 M^2_1

. (16)

As should be clear from the above discussion, the full scalar potential automatically contains the requisite terms to induce a suppressed VEV for S_2, giving ⟨S_2⟩ ≃ λ ⟨S_1⟩⟨H⟩^2 M^2_2

. (17)

The seesaw suppressed neutrino mass is m_ν ∼ ⟨S_1⟩⟨S_2⟩ M_F ∼ ⟨S_1⟩^2⟨H⟩^2 M_F M^2_2 ∼ μ^2 M_F ⟨H⟩^6 M^4_1 M^2_2

. (18)

The first form for m_ν demonstrates the relation to the more familiar seesaw expressions. If the dimensionful parameters M_F , M_{1,2}, and μ are denoted by an approximate common scale M, the final expression gives m_ν ∼ ⟨H⟩^6/M^5. Neutrino masses are therefore produced by an effective operator in the low-energy theory with mass dimension d = 9, namely O_ν = L^2H^6/M^5. It is clear that the new fields can have masses of O(TeV), and we again see the payoff for the additional complexity in these models; though less minimal, they have the advantage of being experimentally testable. For completeness we present the tree-level diagram showing the d = 9 nature of this model in Figure 4.

6The phenomenology of the real triplet was studied in Ref. [16] (and see references therein).

Model S_1 F_R S_2 [O_ν ] Ref.

(A) (1, 4, −3) (1, 3, 2) (1, 2, 1) d = 7 [13]

(B) (1, 3, 0) (1, 4, −1) (1, 5, −2) d = 9 ?

(C) (1, 4, −3) (1, 5, 2) (1, 4, 1) d = 9 [15]

(D) (1, 4, −3) (1, 5, 2) (1, 6, 1) d = 11 ?

(E) (1, 6, −3) (1, 5, 2) (1, 4, 1) d = 11 ?

(F ) (1, 4, −3) (1, 3, 2) (1, 4, 1) d = 7, 9 ?

Table 2: Natural Seesaws with a Lepton Number Violating Yukawa Coupling.

This example shows how realistic seesaw models are constructed with the above information. We will not present the process for the other cases but instead simply list the results in Table 2. Of these six models, model (A) is the aforementioned minimal variant [13], and model (C) was presented in Ref. [15]. The four remaining models are, to the best of our knowledge, presented here for the first time. Note that one of these models [(F)] is non-minimal, as neutrino mass is generated by two distinct tree-level diagrams, though the particle content is no more elaborate. This model gives rise to a d = 9 diagram due to the particle content listed but also generates the tree-level diagram of model (A).^7

4 Comments on Loops

Before concluding, we note that, in addition to the tree-level diagrams in the models we have described, there will also be loop processes that contribute to the light neutrino masses. Generally speaking, one expects loop effects to be subdominant to the tree level results. However, one must be careful to account for the details of the given model. In the present class of models, there always exists a coupling λS_1S_2H^2 ⊂ V (H, S_1, S_2), where S_{1,2} can

7Additional non-minimal models can be obtained by combining the particle content in models (C) and (D), or models (D) and (E). We do not include these in the table as they are “more non-minimal,” requiring more than three distinct beyond-SM multiplets.

Figure 5: A loop diagram obtained by joining the two external scalars in the tree-level diagram with a Majorana mass insertion.

denote the SM scalar. Consequently one expects that the two external scalars (S_{1,2}) can be joined together to form a one-loop diagram with two external SM scalars; see Figure 5. This one-loop diagram generates an effective operator in the low-energy theory with mass dimension d = 5, i.e. the Weinberg operator. Many of the tree-level diagrams presented here produce low-energy operators with mass dimension d > 5. For these models there will be regions of parameter space in which the tree-level diagram is not the dominant effect.

For example, Ref. [11] finds regions of parameter space in which the loop-diagram dominates the tree-diagram for model (c) in Table 1. One expects that similar effects are possible in the models presented here when [O_ν ] ≥ 7. In general both tree-level and loop effects will be present, with the loop-effects dominating for larger values of the beyond- SM masses. If the loop-effect dominates the tree-level mass in a given model, one obtains radiative neutrino masses with sub-dominant tree-level corrections. Our interest is in treelevel seesaw masses and one can crudely estimate the parameter space for which the tree-level diagram is dominant as follows. In a model with [O_ν ] = d, the tree-level mass is roughly m_{tree} ∼ ⟨H⟩^{d−3}/M^{d−4}, while the loop-mass is m_{loop} ∼ (1/16π^2)⟨H⟩^2/M. Demanding that the former exceeds the latter gives M ≲ (16π^2)^{1d−5} ⟨H⟩, so that M ≲ {2, 0.6, 0.4} TeV for d = {7, 9, 11}. The region of parameter space for which the tree-level mass dominates is therefore eminently testable for models with d = 9. While tree-level dominance in models with d = 11 is, at best, marginally permitted, and may already be excluded. Certainly the LHC should definitively determine whether the tree-level masses are viable for models (D) and (E), and likely for models (B) and (C) also. Meaningful regions of parameter space will also be probed for model (A). Let us emphasize, however, that this rough estimate should only be used as a guide.

5 Conclusion

There is a generic minimal tree-level diagram, with two external scalars and a heavy intermediate fermion, that can naturally achieve small neutrino masses via a seesaw. The diagram has a single mass insertion on the fermion line, and the set of such diagrams can be partitioned according to whether lepton number symmetry is broken at the mass insertion or at a Yukawa coupling. We have shown that, upon demanding that small VEVs are naturally suppressed, this set is finite, and amenable to a systematic description. We have undertaken this task, and found a number of original seesaw models in the process.

Our results show that there are only three minimal models with a lepton-symmetry breaking (Majorana) mass insertion; namely the Type-I and Type-III seesaws, and the quintuplet seesaw of Ref. [11]. Five additional minimal models, in which lepton number symmetry is broken by a Yukawa coupling, also exist; these are the d = 7 model of Ref. [13], two models with d = 9 (one of which was presented in Ref. [15]), and two further models with d = 11. Our work appears to exhaust the list of these minimal non-tuned tree-level seesaws.

In a partner paper we will present similar generalizations of the inverse seesaw mechanism [17]. A more detailed discussion of the new d = 9 model, and a discussion of dark matter candidates in the class of models discussed here, will appear elsewhere.

Acknowledgments

The author thanks S. S. C. Law. This work was supported by the Australian Research Council.

A Next-To-Minimal Models with a Mass Insertion

Models that generate neutrino mass by the seesaw diagram in Figure 2 with S_1 ≠ S_2 also generate diagrams with two external S_1 VEVs and two external S_2 VEVs. These models are therefore non-minimal, in the sense that there are distinct tree-level diagrams contributing to the neutrino masses. One can always remove one of the scalars from the model and yet retain a viable theory of seesaw neutrino masses.

In these models the intermediate fermion must be real, F_R ∼ (1, R_F , 0), with odd R_F . The quantum numbers of the scalars are fixed as S_{1,2} ∼ (1, R_F ∓ 1, 1). Thus, to ensure that R_1 = R_F − 1 ≥ 2, only models with R_F ≥ 3 can have two scalars with distinct quantum numbers. For these models one always has (1, R_F , 0) ⊂ H̃ ⊗ S_1 and (1, R_F , 0) ⊂ H̃ ⊗ S_2, so the term λH̃^2S_1S_2 ⊂ V (H, S_1, S_2) is always allowed. Provided one of the scalars obtains a naturally suppressed VEV via its couplings with the SM scalar H in V (H, S_i) ⊂ V (H, S_1, S_2), the other scalar S_j can acquire a naturally suppressed VEV via this quartic coupling.

For the case of R_F = 3 one has the model of Ref. [12], while for R_F = 5 one has S_{1,2} ∼ (1, 5 ∓ 1, 1), and S_1 has suitable quantum numbers to allow λS_1H^3 ⊂ V (H, S_2). Both S_1 and S_2 therefore develop naturally suppressed VEVs. For R_F > 5 no coupling linear in S_i ∼ (1, R_F ∓ 1, 1) can appear in V (H, S_i), so one cannot be assured of generating naturally suppressed VEVs for the beyond-SM scalars [which form larger representations of SU(2)_L]. The list of natural non-minimal models of this type is therefore exhausted by the last two entries in Table 1.

References

[1] P. Minkowski, Phys. Lett. B 67, 421 (1977); T. Yanagida, in Workshop on Unified Theories, KEK report 79-18 p.95 (1979); M. Gell-Mann, P. Ramond, R. Slansky, in Supergravity (North Holland, Amsterdam, 1979) eds. P. van Nieuwenhuizen, D. Freedman, p.315.; S. L. Glashow, in 1979 Cargese Summer Institute on Quarks and Leptons (Plenum Press, New York, 1980) eds. M. Levy, J.-L. Basdevant, D. Speiser, J. Weyers, R. Gastmans and M. Jacobs, p.687; R. Barbieri, D. V. Nanopoulos, G. Morchio and F. Strocchi, Phys. Lett. B 90, 91 (1980); R. N. Mohapatra and G. Senjanovic, Phys. Rev. Lett. 44, 912 (1980).

[2] R. Foot, H. Lew, X. G. He and G. C. Joshi, Z. Phys. C 44, 441 (1989).

[3] K. Hally, H. E. Logan and T. Pilkington, Phys. Rev. D 85, 095017 (2012) [arXiv:1202.5073 [hep-ph]].

[4] K. Earl, K. Hartling, H. E. Logan and T. Pilkington, arXiv:1303.1244 [hep-ph].

[5] Y. Liao, G. -Z. Ning and L. Ren, Phys. Rev. D 82, 113003 (2010) [arXiv:1008.0117 [hep-ph]].

[6] S. Weinberg, Phys. Rev. Lett. 43, 1566 (1979).

[7] E. Ma, Phys. Rev. Lett. 81, 1171 (1998) [hep-ph/9805219].

[8] K. Nakamura et al. [Particle Data Group Collaboration], J. Phys. G 37, 075021 (2010).

[9] W. Konetschny and W. Kummer, Phys. Lett. B 70, 433 (1977); T. P. Cheng and L. F. Li, Phys. Rev. D 22, 2860 (1980); M. Magg and C. Wetterich, Phys. Lett. B 94, 61 (1980); J. Schechter and J. W. F. Valle, Phys. Rev. D 22, 2227 (1980); G. Lazarides, Q. Shafi and C. Wetterich, Nucl. Phys. B 181, 287 (1981); C. Wetterich, Nucl. Phys. B 187, 343 (1981); R. N. Mohapatra and G. Senjanovic, Phys. Rev. D 23, 165 (1981).

[10] Y. Liao, Phys. Lett. B 694, 346 (2011) [arXiv:1009.1692 [hep-ph]].

[11] K. Kumericki, I. Picek and B. Radovcic, Phys. Rev. D 86, 013006 (2012) [arXiv:1204.6599 [hep-ph]]; I. Picek and B. Radovcic, Phys. Lett. B 719, 404 (2013) [arXiv:1210.6449 [hep-ph]].

[12] B. Ren, K. Tsumura and X. -G. He, Phys. Rev. D 84, 073004 (2011) [arXiv:1107.5879 [hep-ph]].

[13] K. S. Babu, S. Nandi and Z. Tavartkiladze, Phys. Rev. D 80, 071702 (2009) [arXiv:0905.2710 [hep-ph]].

[14] E. Del Nobile, R. Franceschini, D. Pappadopulo and A. Strumia, Nucl. Phys. B 826, 217 (2010); [arXiv:0908.1567 [hep-ph]]. C. -K. Chua and S. S. C. Law, Phys. Rev. D 83, 055010 (2011) [arXiv:1011.4730 [hep-ph]]; A. Delgado, C. Garcia Cely, T. Han and Z. Wang, Phys. Rev. D 84, 073007 (2011) [arXiv:1105.5417 [hep-ph]]; S. S. C. Law and K. L. McDonald, Phys. Lett. B 713, 490 (2012) [arXiv:1204.2529 [hep-ph]].

[15] I. Picek and B. Radovcic, Phys. Lett. B 687, 338 (2010) [arXiv:0911.1374 [hep-ph]];

K. Kumericki, I. Picek and B. Radovcic, Phys. Rev. D 84, 093002 (2011) [arXiv:1106.1069 [hep-ph]].

[16] P. Fileviez Perez, H. H. Patel, M. .J. Ramsey-Musolf and K. Wang, Phys. Rev. D 79, 055024 (2009) [arXiv:0811.3957 [hep-ph]].

[17] S. S. C. Law and K. L. McDonald, to appear.