arXiv:1302.6266v1 [hep-ph] 25 Feb 2013

UCRHEP-T525 UMISS-HEP-2013-03 February 2013

Radiative Scaling Neutrino Mass with A_4 Symmetry

Subhaditya Bhattacharya^1, Ernest Ma^1, Alexander Natale^1, and Ahmed Rashed^{2,3}

1 Department of Physics and Astronomy, University of California, Riverside, California 92521, USA

2 Department of Physics and Astronomy, University of Mississippi, Oxford, Mississippi 38677, USA

3 Department of Physics, Faculty of Science, Ain Shams University, Cairo, 11566, Egypt

Abstract

A new idea for neutrino mass was proposed recently, where its smallness is not due to the seesaw mechanism, i.e. not inversely proportional to some large mass scale. It comes from a one-loop mechanism with dark matter in the loop consisting of singlet Majorana fermions N_i with masses of order 10 keV and neutrino masses are scaled down from them by factors of about 10^{−5}. We discuss how this model may be implemented with the non-Abelian discrete symmetry A_4 for neutrino mixing, and consider the phenomenology of N_i as well as the extra scalar doublet (η^+, η^0).

The origin of neutrino mass is the topic of many theoretical discussions. The consensus is that its smallness is due to some mass scale larger than the electroweak breaking scale of about 100 GeV. If there are no particles beyond those of the standard model (SM) lighter than this scale, then the well-known unique dimension-five opeartor [1]

L_5 = −f_{ij} 2Λ (ν_iϕ^0 − l_iϕ^+)(ν_jϕ^0 − l_j ϕ^+) + H.c. (1)

induces Majorana neutrino masses as the Higgs scalar ϕ^0 acquires a nonzero vacuum expectation value ⟨ϕ^0⟩ = v, so that (M_ν )_{ij} = f_{ij} v^2 Λ . (2) This shows that neutrino mass is seesaw in character, i.e. it is inversely proportional to some large scale Λ. The ultraviolet completion of this effective operator may be accomplished in three ways at tree level [2] using (I) heavy Majorana fermion singlets N_i, (II) a heavy scalar triplet (ξ^{++}, ξ^+, ξ^0), or (III) heavy Majorana fermion triplets (Σ^+, Σ^0, Σ^0)_i, commonly referred to as Type I, Type II, or Type III seesaw. There are also three one-particle-irreducible (1PI) one-loop realizations [2]. Recently the one-particle-reducible (1PR) diagrams have also been considered [3].

If there are new particles with masses below the elctroweak scale, such as fermion singlets ν_S with mass m_S , then neutrinos may acquire mass through their mixing with ν_S . However, this mechanism is still seesaw because m_ν is still inversely proportional to m_S . There is however an exception. It has been pointed out recently [4] that in the scotogenic model of radiative neutrino mass [5], it is possible to have m_ν directly proportional to m_S , and there is no mixing between m_ν and m_S .

This model was proposed [5] in 2006 to connect neutrino mass with dark matter. The idea is very simple. Assume three neutral fermion singlets N_i as in the usual Type I seesaw [6], but let them be odd under a new Z_2 symmetry, so that there is no (ν_iϕ^0 − l_iϕ^+)N_j coupling and the effective operator of Eq. (1) is not realized. At this stage, N_i may have Majorana masses M_i, but ν_i is massless. However, they can be linked through the interaction h_{ij} (ν_iη^0 − l_iη^+)N_j where (η^+, η^0) is a new scalar doublet which is also odd under the aforementioned Z_2 [7]. Hence Majorana neutrino masses are generated in one loop as shown in Fig. 1. This mechanism has been called “scotogenic”, from the Greek “scotos” meaning darkness.

ν ν N N η^0 η^0 ⟨ϕ^0⟩ ⟨ϕ^0⟩

× Figure 1: One-loop generation of scotogenic Majorana neutrino mass.

Because of the allowed (λ_5/2)(Φ^†η)^2 + H.c. interaction, η^0 = (η_R + iη_I )/ √ 2 is split so that m_R ≠ m_I . The diagram of Fig. 1 can be computed exactly [5], i.e.

(M_ν )_{ij} = ∑ k h_{ik}h_{jk}M_k 16π^2 [ m^2_R m^2_R − M^2_k ln m^2_R M^2_k − m^2_I m^2_I − M^2_k ln m^2_I M^2_k ] . (3)

A good dark-matter candidate is η_R as first pointed out in Ref. [5]. It was subsequently proposed by itself in Ref. [8] and studied in detail in Ref. [9]. The η doublet has become known as the “inert” Higgs doublet, but it does have gauge and scalar interactions even if it is the sole addition to the standard model.

The usual assumption for neutrino mass in Eq. (1) is

m^2_I − m^2_R << m^2_I + m^2_R << M^2_k , (4)

in which case (M_ν )_{ij} = λ_5v^2 8π^2 ∑ k h_{ik}h_{jk} M_k [ ln M^2_k m^2_0 − 1 ] , (5) where m^2_0 = (m^2_I + m^2_R)/2 and m^2_R − m^2_I = 2λ_5v^2 (v = ⟨ϕ^0⟩). This scenario is often referred to as the radiative seesaw. What was not realized in most applications of this model since 2006 is that there is another very interesting scenario, i.e.

M^2_k << m^2_R, m^2_I . (6)

Neutrino masses are then given by [4]

(M_ν )_{ij} = ln(m^2_R/m^2_I ) 16π^2 ∑ k h_{ik}h_{jk}M_k. (7) This simple expression is actually very extraordinary, because neutrino mass is now not inversely proportional to some large scale. In that case, how do we understand the smallness of m_ν ? The answer is lepton number. In this model, (ν, l)_i have lepton number L = 1 and N_k have L = −1, and L is conserved in all interactions except for the Majorana mass terms M_k which break L to (−1)^L. We may thus argue that M_k should be small compared to all other mass terms which conserve L, the smallest of which is the electron mass, m_e = 0.511 MeV. It is thus reasonable to have M_k ∼ 10 keV, in which case m_ν ∼ 0.1 eV is obtained if h^2 ∼ 10^{−3} in Eq. (7). Each neutrino mass is then simply proportional to a linear combination of M_k according to Eq. (7). Their ratio is just a scale factor and small neutrino masses are due to this “scaling” mechanism. Note that the interesting special case where only M_1 is small has been considered previously [10, 11]. Note also that if |m^2_I − m^2_R| = 2|λ_5|v^2 << |m^2_I + m^2_R|, then ln(m^2_R/m^2_I ) would be strongly suppressed, but this is not compulsory. For example, let m_R = 240 GeV, m_I = 150 GeV, then |λ_5| = 0.58 and ln(m^2_R/m^2_I ) = 0.94.

The scotogenic model [5] with large M_k, i.e. Eq. (5), has been extended recently [12] to include the well-known non-Abelian discrete symmetry A_4 [13, 14, 15]. Here we consider the case of Eq. (7). This assumption changes the phenomenology of N_k as well as (η^+, η^0) and may render this model to be more easily verifiable at the Large Hadron Collider (LHC). We let (η^+, η^0) be a singlet under A_4 and both (ν_i, l_i) and N_k to be triplets. In that case, h_{ik} = hδ_{ik}, (8) and M_ν = ζM_N , (9) where ζ = h^2 ln(m^2_R/m^2_I )/16π^2 is the scale factor. The soft breaking of A_4 which shapes M_N is then directly transmitted to M_ν .

One immediate consequence of this restricted scaling mechanism for neutrino mass is that if M_{1,2,3} are all of order 10 keV, then the three neutrino masses are all of order 0.1 eV, i.e. a quasidegenerate scenario. For example, if m_1 = 0.1 eV and is the lightest, then for M_1 = 10 keV, M_3 = 10^5(m_1 + √ Δm^2_{31}) = 14.85 keV. Another immediate consequence is that the interactions of N_{1,2,3} with the charged leptons through η^+ depend only on h and the mismatch between the charged-lepton mass matrix and the neutrino mass matrix, i.e. the experimentally determined neutrino mixing matrix U_{lν} . Hence μ → eγ is highly suppressed because the leading term of its amplitude is proportional to ∑ k h_{μk}h^∗_{ek} = |h|^2 ∑ k U_{μk}U^∗_{ek} = 0.

The next term ∑ k U_{μk}U^∗_{ek}M^2_k /m^2_η+ is nonzero but is negligibly small. This means that there is no useful bound on the η^+ mass from μ → eγ. Note that A_4 may be replaced by any other flavor symmetry as long as it is possible to have Eq. (8) using the singlet and triplet representations of that symmetry. As for the muon anomalous magnetic moment, it is given by [16] Δa_μ = − m^2_μ|h|^2 96π^2m^2_η+

= −1.18 × 10^{−12} ( |h|^2 10^{−3} ) ( 100 GeV

m_η+

)_2

. (10) Since the experimental uncertaintly is 6 × 10^{−10}, this also does not give any useful bound on the η^+ mass.

If η^±, η_R, η_I are of order 10^2 GeV, the interactions of N_k with the neutrinos and charged leptons are weaker than the usual weak interaction, hence N_k may be considered “sterile” and become excellent warm dark-matter candidates [17, 18]. However, unlike the usual sterile neutrinos [19] which mix with the active neutrinos, the lightest N_k here is absolutely stable. This removes one of the most stringent astrophysical constraints on warm dark matter, i.e. the absence of galactic X-ray emission from its decay, which would put an upper bound of perhaps 2.2 keV on its mass [20], whereas Lyman-α forest observations (which still apply in this case) impose a lower bound of perhaps 5.6 keV [21]. Such a stable sterile neutrino (called a “scotino”) is also possible in an unusual left-right extension [22] of the standard model. Conventional left-right models where the SU(2)_R neutrinos mix with the SU(2)_L neutrinos have also been studied [23, 24, 25].

Since N_k are assumed light, muon decay proceeds at tree level through η^+ exchange, i.e. μ → N_μeN̄_e. The inclusive rate is easily calculated to be

Γ(μ → N_μeN̄_e) = |h|^4m^5_μ 6144π^3m^4_η+

. (11)

Since N_μ and N̄_e are invisible just as ν_μ and ν̄_e are invisible in the dominant decay μ → ν_μeν̄_e (with rate G^2_F m^5_μ/192π^3), this would change the experimental value of G_F . Using the experimental uncertainty of 10^{−5} in the determination of G_F , we find

m_η+ > 70 GeV (12)

for |h|^2 = 10^{−3}. This is a useful bound on the η^+ mass, but it is also small enough so that η^+ may be observable at the LHC. The phenomenological bound on m_η+ from e^+e^− production at LEPII has been estimated [26] to be 70 – 90 GeV. A bound of 80 GeV was used in a previous study [27] of this model.

Whereas the lightest scotino, say N_1, is absolutely stable, N_{2,3} will decay into N_1 through η_R and η_I . The decay rate of N_3 → N_1ν̄_1ν_3 is given by

Γ(N_3 → N_1ν̄_1ν_3) = |h|^4 256π^3M_3 ( 1 m^2_R + 1 m^2_I

)_2

× ( M^6_3 96 − M^2_1 M^4_3 12 + M^6_1 12 − M^8_1 96M^2_3 + M^4_1 M^2_3 8 ln M^2_3 M^2_1 ) . (13)

Let M_1 = 10 keV, M_3 = 14.85 keV, |h|^2 = 10^{−3}, m_R = 240 GeV, m_I = 150 GeV, then this

rate is 1.0×10^{−46} GeV, corresponding to a lifetime of 2.1×10^{14} y, which is much longer than the age of the Universe of 13.75 ± 0.11 × 10^9 y. The lifetime of N_2 is even longer because Δm^2_1 << Δm^2_{31}. Hence both N_2 and N_3 are stable enough to be components of warm dark matter. However, N_{2,3} → N_1γ are negligible for the same reason that μ → eγ is negligible,

so they again have no galactic X-ray signatures.

m_η± (GeV) E̸_T > 0 GeV E̸_T > 25 GeV E̸_T > 50 GeV E̸_T > 100 GeV 80 33.2 27.9 18.3 2.88 90 22.7 19.8 14.4 3.10 100 15.7 14.0 10.6 3.08 110 11.4 10.3 8.13 3.03 120 8.72 7.99 6.54 2.91 130 6.45 5.98 5.05 2.57 140 4.97 4.64 3.96 2.21 150 3.84 3.62 3.16 1.89 SM Background 626.45 453.3 205.8 8.6

Table 1: Cross sections (fb) for signal and dominant SM background at LHC with E_{CM} = 8 TeV. For the signal, pp → η^±η^∓ → e^±μ^∓N_1N_2 (fb) with various E̸_T cuts and different m_η (GeV) are specified. For SM background, W^+W^− production and decays to e^±μ^∓+ E̸_T with the same cuts are specified.

Since η^+ may be as light as 70 GeV, it may be observable at the LHC. Assuming that the recently observed particle [28, 29] at the LHC is the Higgs boson H coming from (ϕ^+, ϕ^0),

the decay H → η^+η^− is not allowed for m_H = 126 GeV. However, η^± will contribute to the H → γγ rate, as already pointed out [30, 31, 32, 33]. What sets our model apart is the inclusive decay of η^± → l^±N_{1,2,3}, which is of universal strength. At the LHC, the pair production of η^+η^− will then lead to l^+_i l^−_j final states with equal probability for each flavor combination. For example, e^+μ^− and μ^+e^− will each occur 1/9 of the time. This signature together with the large missing energy of N_{1,2,3} may allow it to be observed at the LHC. However, these events also come from W^+W^− production and their subsequent leptonic decays. As shown in Table 1, the cross sections for the signal events are smaller than the dominant W^+W^− background even after a large E̸_T cut. This is because both the signal and background events have similar missing energy distributions, but the W^+W^− production is much larger. If data show an excess of such events [34] over the SM prediction, it could be due to η^+η^−, but it may also simply come from an incorrect scale factor used in the SM calculation. Hence it is difficult to draw any conclusion for the case at hand. We generated the signal events using Calchep [35] and interfacing them to the event generator Pythia [36]. Background events were generated with Pythia and an appropriate K−factor was applied to match the NLO cross-section for W^+W^− at 8 TeV for the LHC, which is 57.3 pb [34]. We used CTEQ6L [37] parton distribution functions for both signal and background events. The basic p_T > 10 GeV and |η| < 2.5 cuts are applied for leptons.

In the supersymmetric SU(5) completion [38] of this model, there are exotic quarks which may be produced abundantly. Their decays into η^± would have four leptons of different flavor in the final state. This may be a better signature of this model. Details will be given elsewhere.

In conclusion, the scotogenic model [5] of neutrino mass with a solution [4] where there is no seesaw mechanism and N_{1,2,3} have masses of order 10 keV has been implemented with the non-Abelian discrete symmetry A_4. The scotinos N_{1,2,3} are good warm dark-matter candidates which can explain the structure of the Universe at all scales [17, 18]. Since N_1 is absolutely stable and the decays N_{2,3} → N_1γ are negligible, the galactic X-ray upper bound of perhaps 2.2 keV on its mass [20] is avoided. It will also not be detected in terrestrial experiments. On the other hand, since this model requires an extra scalar doublet, and η^± may be as light as 70 GeV, it may be tested at the LHC, especially if it is the decay product of an exotic quark.

Acknowledgment : This work is supported in part by the U. S. Department of Energy under Grant No. DE-AC02-06CH11357. The work of A. Rashed is supported in part by the National Science Foundation under Grant No. NSF PHY-1068052 and in part by the Graduate Student Council Research Grant Award 2012-2013.

References

[1] S. Weinberg, Phys. Rev. Lett. 43, 1566 (1979). [2] E. Ma, Phys. Rev. Lett. 81, 1171 (1998).

[3] F. Bonnet, M. Hirsch, T. Ota, and W. Winter, JHEP 1207, 153 (2012). [4] E. Ma, Phys. Lett. B717, 235 (2012). [5] E. Ma, Phys. Rev. D73, 077301 (2006).

[6] T. Yanagida, in Proc. of the Workshop on Unified Theories and Baryon Number in the Universe (KEK, Tsukuba, 1979), edited by O. Sawada and A. Sugamoto, p. 95; M. Gell- Mann, P. Ramond, and R. Slansky, in Supergravity, edited by P. van Nieuwenhuizen and D. Z. Freedman (North-Holland, Amsterdam, 1979), p. 315; R. N. Mohapatra and G. Senjanovic, Phys. Rev. Lett. 44, 912 (1980); P. Minkowski, Phys. Lett. 67B, 421 (1977).

[7] N. G. Deshpande and E. Ma, Phys. Rev. D18, 2574 (1978). [8] R. Barbieri, L. J. Hall, and V. S. Rychkov, Phys. Rev. D74, 015007 (2006). [9] L. Lopez Honorez, E. Nezri, J. F. Oliver, and M. H. G. Tytgat, JCAP 0702, 028 (2007).

[10] D. Aristizabal Sierra et al., Phys. Rev. D79, 013011 (2009).

[11] G. B. Gelmini, E. Osoba, and S. Palomares-Ruiz, Phys. Rev. D81, 063529 (2010). [12] E. Ma, A. Natale, and A. Rashed, Int. J. Mod. Phys. A27, 1250134 (2012). [13] E. Ma and G. Rajasekaran, Phys. Rev. D64, 113012 (2001). [14] E. Ma, Mod. Phys. Lett. A17, 2361 (2002).

[15] K. S. Babu, E. Ma, and J. W. F. Valle, Phys. Lett. B552, 207 (2003). [16] E. Ma and M. Raidal, Phys. Rev. Lett. 87, 011802 (2001); Erratum: ibid. 87, 159901(E) (2001).

[17] H. J. de Vega and N. G. Sanchez, arXiv:1109.3187 [astro-ph.CO]. [18] H. J. de Vega, M. C. Falvella, and N. G. Sanchez, arXiv:1203.3562 [astro-ph.CO]. [19] For a recent review, see for example K. N. Abazajian et al., arXiv:1204.5379 [hep-ph]. [20] C. R. Watson, Z. Li, and N. K. Polley, JCAP 1203, 018 (2012). [21] M. Viel, G. D. Becker, J. S. Bolton, M. G. Haehnelt, M. Rauch, and W. L. W. Sargent, Phys. Rev. Lett. 100, 041304 (2008).

[22] E. Ma, Phys. Rev. D85, 091701(R) (2012).

[23] F. Bezrukov, H. Hettmansperger, and M. Lindner, Phys. Rev. D81, 085032 (2010). [24] F. Bezrukov, A. Kartavstsev, and M. Lindner, arXiv:1204.5477 [hep-ph]. [25] M. Nemevsek, G. Senjanovic, and Y. Zhang, JCAP 1207, 006 (2012). [26] A. Pierce and J. Thaler, JHEP 0708, 026 (2007).

[27] E. Dolle, X. Miao, S. Su, and B. Thomas, Phys. Rev. D81, 035003 (2010). [28] ATLAS Collaboration, G. Aad et al., Phys. Lett. B716, 1 (2012). [29] CMS Collaboration, S. Chatrchyan et al., Phys. Lett. B716, 30 (2012). [30] P. Posch, Phys. Lett. B696, 447 (2011).

[31] A. Arhrib, R. Benbrik, and N. Gaur, Phys. Rev. D85, 095021 (2012). [32] J. Chang, K. Cheung, P.-Y. Tseng, and T.-C. Yuan, Int. J. Mod. Phys. A27, 1230030 (2012).

[33] B. Swiezewska and M. Krawczyk, arXiv:1212.4100 [hep-ph]. [34] CMS Collaboration, Physics Analysis Summary: CMS PAS SMP-12-013. [35] A. Belyaev, N. D. Christensen and A. Pukhov, arXiv:1207.6082 [hep-ph]. [36] T. Sjostrand, S. Mrenna and P. Skands, JHEP 0605, 026 (2006). [37] H. L. Lai et al. [CTEQ Collaboration], Eur. Phys. J. C 12, 375 (2000). [38] E. Ma, Phys. Lett. B659, 885 (2008).