arXiv:1104.2465v2 [hep-ph] 2 May 2012

DO-TH-10/14 TUM-HEP-798/11

Fourth Generation Majorana Neutrinos

Alexander Lenz^∗ Physik Department, Technische Universität München, D-85748 Garching, Germany

Heinrich Päs^† and Dario Schalla^‡ Department of Physics, Technische Universtät Dortmund, D-44221 Dortmund, Germany (Dated: May 2, 2012)

We investigate the possibility of a fourth sequential generation in the lepton sector. Assuming neutrinos to be Majorana particles and starting from a recent – albeit weak – hint for a nonzero admixture of a fourth generation neutrino from fits to weak lepton and meson decays, we discuss constraints from neutrinoless double beta decay, radiative lepton decay, and like-sign dilepton production at hadron colliders. Also, an idea for fourth generation neutrino mass model building is briefly outlined. Here we soften the large hierarchy of the neutrino masses within an extradimensional model that locates each generation on different lepton number violating branes without large hierarchies.

PACS numbers: 12.60.-i, 13.85.Rm, 14.80.-j

I. INTRODUCTION

Adding another family of fermions to the three known generations has become a popular extension of the standard model (SM3); see e.g. [1, 2] for reviews. It is now common knowledge that a fourth family is not excluded by electroweak precision constraints [3–11] or by flavor constraints [12–17]. Moreover, this extension (SM4) of the standard model also offers several desired features:

• The SM4 can weaken the tension between direct and indirect bounds on the Higgs mass [7, 8, 18– 20].

• The SM4 can lead to a sizable enhancement of the measure of CP violation [21, 22] and therefore help to solve the problem of baryogenesis. In addition, the strength of the phase transition might also be increased [23–25].

• If problems with arising Landau poles can be cured, the SM4 might also help to achieve a unification of couplings [26].

• Large Yukawa couplings might lead to new, interesting, strong dynamic effects [27, 28] including also dynamical symmetry breaking [29–41].

• Despite the enormous success of the Cabibbo- Kobayashi-Maskawa picture [42, 43], the assumption that both B_d and B_s mixing are described by the SM3 alone is excluded by 3.8 standard deviations [44]. Some of these problems in flavor physics might be cured by the SM4; see [45–50] for some recent work and e.g. [51, 52] for some early work

∗Electronic address: alexander.lenz@cern.ch †Electronic address: heinrich.paes@uni-dortmund.de ‡Electronic address: dario.schalla@tu-dortmund.de

on fourth generation effects on flavor physics. This topic gained a lot of interest recently due to the measurement of the dimuon asymmetry from the D0 Collaboration [53, 54] which was a factor of 42 larger than the SM3 result [55, 56] - with a statistical significance of 3.2 standard deviations. The SM4 can also enhance the dimuon asymmetry considerably, albeit not by a factor of 42.

Besides all these promising facts there is one property of the SM4 which is typically considered to be very : the masses of the neutrinos of the first three families are below O(1 eV), while the mass of the fourth neutrino has to be above O(100 GeV). In this work we try to shed some light on this gap of at least 11 orders of magnitude.

The particle content of the SM4 model is as follows:

1st family : (_u d ) L , u_R, d_R, (_{νe} e^− ) L , e^−_R, ν_{e,R} 2nd family : (_c s ) L , c_R, s_R, (_{νμ} μ^− ) L , μ^−_R, ν_{μ,R} 3rd family : (_t b ) L , t_R, b_R, (_{ντ} τ^− ) L , τ^−_R , ν_{τ,R} 4th family : (_{t′} b^′ ) L , t^′_R, b^′_R, (_{ν4} l^−_4 ) L , l^−_{4,R}, ν_{4,R}

Recent work in the leptonic sector can be found in [57– 65].

The Dirac mass of the ith generation neutrino is denoted by m_{Di}, while the Majorana mass is denoted by M_{Ri}. The light neutrino mass eigenstate is m_i, and the heavy mass eigenstate is M_i. We use the following experimental bounds from direct searches [66]:

m_4 > 80.5...101.5 GeV , (1) m_{l4} > 100.8 GeV , (2)

These mass bounds depend on the type of neutrino (Dirac or Majorana) and whether one considers a coupling of the heavy neutrino to e^−, μ^−, or τ^−. An investigation [10] of the oblique electroweak parameters [67, 68] gives

|m_{l4} − m_4| < 140 GeV. (3)

As the light neutrino mass eigenvalues are bounded from above by the Dirac masses – at least in a typical seesaw model – this provides a bound on the Dirac-type mass m_{D4} as well. Assuming perturbativity of the fourth generation neutrino Yukawa couplings, the Dirac-type neutrino mass is approximately constrained to the interval

45 GeV ≤ m_{D4} ≤ 1000 GeV (4)

where the lower bound arises from the invisible Z decay width that fixes the number of neutrino generations to three for neutrino masses less than half the mass of the Z boson [69].

Finally, a recent partial Pontecorvo-Maki-Nakagawa- Sakata (PMNS) fit to a set of experimental data in the SM4 framework has provided a hint for a nonzero admixture of a fourth generation neutrino (2σ limits), resulting in a PMNS matrix [70]. Note that these bounds have changed due to new experimental data since the original publication [70]. In particular, the matrix element U_{e4} is now compatible with zero at the 2σ level [71]. The central value is at U_{e4} = 0.044 with 0.015 < U_{e4} < 0.060 at the 1σ level. This article studies implications of a nonvanishing matrix element in terms of order of magnitude estimations. As these new bounds are not published, we use the results of [70] as given in Eq. (5). The assumptions remain well motivated, and the resulting estimations and analyses do not vary significantly with the precise values of U_{e4}.

U = ∗ ∗ ∗^{<0.089}_{>0.021} ∗ ∗ ∗ < 0.029 ∗ ∗ ∗ < 0.085 < 0.115 < 0.115 < 0.115^{<0.9998}_{>0.9934} . (5)

In principle, a fourth generation neutrino can induce radiative contributions to the light neutrino mass eigenstates which may exceed the neutrino mass bounds obtained from cosmology, Tritium beta decay and neutrinoless double beta decay. At present, the cosmological bound on the two-loop contributions gives a more stringent bound than the bound from neutrinoless double beta decay discussed here. However, as cosmological bounds suffer from large systematic uncertainties, we restrict ourselves here to the discussion of neutrinoless double beta decay. For a discussion of fourth generation induced loop effects on light neutrinos, we refer to [72, 73] and the recent papers [65, 74]. However, the findings of this article in the context of neutrinoless double beta decay remain valid on their own.

II. NEUTRINOLESS DOUBLE BETA DECAY

The most sensitive probe for neutrino Majorana masses is generally neutrinoless double beta decay (0νββ). 0νββ

FIG. 1: Feynman diagram of 0νββ induced by the exchange of a heavy fourth generation Majorana neutrino.

FIG. 2: Contribution of heavy neutrinos on a 0νββ halflife (thin lines) within the mixing region given by Eq. (5) and IGEX lower bound (thick line). The gray area indicates the allowed region.

decay can be realized by the exchange of a Majorana neutrino (see Fig. 1). In the presence of additional heavy neutrino states the usual effective Majorana mass ⟨m_ν ⟩ has to be complemented by an effective heavy neutrino mass ⟨m_N ⟩^{−1}: ⟨m_ν ⟩ = ∑ α U^2_{eα}m^ν_α ⟨m_N ⟩^{−1} = ∑ β U^2_{eβ} (m^N_β )^{−1}, (6) where m^ν_α (m^N_β ) are neutrino mass eigenstates lighter (heavier) than O(100 MeV). The half-life of the decay is then given by [75] [ T^{0νββ}_{1/2} ]_{−1} = ( ⟨m_ν ⟩ m_e )_2 C^{LL}_{mm} + ( m_p ⟨m_N ⟩ )_2 C^{NN}_{mm} + ( ⟨m_ν ⟩ m_e ) ( m_p ⟨m_N ⟩ ) C^{NL}_{mm}, (7) where the C_{mm} factors include phase space factors and nuclear matrix elements [76, 77] and m_p (m_e) is the proton (electron) mass. Considering only the heavy neutrino contribution and using the PMNS matrix given in Eq. (5), one obtains stringent bounds on the allowed mass range from the current experimental lower half-life bound

T^{Ge}_{1/2} > 1.57 · 10^{25} years [78]. The allowed region is shown in Fig. 2.

This leads to the following mass bounds for a single fourth generation Majorana neutrino

U^{max}_{e4} = 0.089 ⇒ m_4 ≥ 6.8 · 10^5 GeV (8) U^{min}_{e4} = 0.021 ⇒ m_4 ≥ 3.8 · 10^4 GeV, (9)

which are far above the perturbativity constraint of Eq. (4).

Relative phases between light and heavy contributions, introduced by

⟨m_ν ⟩ ⇒ e^{iα} ⟨m_ν ⟩ (10)

⟨m_N ⟩^{−1} ⇒ e^{iβ} ⟨m_N ⟩^{−1} , (11)

may cancel each other and thus loosen this bound. The most effective cancellation is possible if the light neutrinos are quasidegenerate with masses at the upper bound consistent with the large scale structure of the Universe [79], ∑ m_ν < 0.66 eV. (12)

With this assumption and using mass splittings obtained from neutrino oscillation analyses [80], the mass region of the heavy neutrino can be lowered compared to Eqs. (8) and (9),

m_4 ≥ 2.50 · 10^4 GeV (4.49 · 10^5 GeV) (13)

for U^{min}_{e4} (U^{max}_{e4} ), respectively, which remains several orders of magnitude above the desired range (4).

In principle there are three different ways to save the possibility of a heavy fourth generation neutrino:

1. neutrinos are Dirac particles and therefore 0νββ is forbidden, which would come at the cost of seesaw neutrino mass suppression and leptogenesis as a successful way to generate the baryon asymmetry of the Universe;

2. some other physics beyond the standard model is involved and cancels the heavy neutrino contribution, which would require fine-tuning;

3. the fourth generation neutrinos are pseudo-Dirac particles.

In the following, we will focus on the latter alternative, which may provide useful guidance for future model building.

Pseudo-Dirac neutrinos arise when the Majorana mass is small compared to the Dirac mass. The two resulting mass eigenstates (m_4, M_4) are nearly degenerate with tiny mass splitting δm, and the active and sterile components exhibit practically maximal mixing:

tan 2θ ≈ 2m_{D4} m_4 − M_4

. (14)

FIG. 3: Maximal mass splitting for heavy pseudo-Dirac neutrinos. The upper (lower) curve corresponds to the lower (upper) bound on Ue4 according to Eq. (5). The shaded area represents the allowed parameter space.

Because of their opposite creation phases, the contributions of the two individual fourth generation neutrinos to 0νββ cancel each other and only the arbitrary small mass difference contributes to the effective mass. This has already been introduced as a mechanism to hide light neutrinos in 0νββ [81]. We use this idea to hide a fourth generation Majorana neutrino with a mass of the order of the electroweak scale.

The 0νββ half-life of a heavy pseudo-Dirac neutrino reads [ T^{0νββ}_{1/2} ]_{−1} = 1 4 ( m_p ⟨m_4⟩ − m_p ⟨M_4⟩ )_2 C^{NN}_{mm} . (15) Hence the maximal allowed mass splitting

δm = M_4 − m_4 (16)

has to be small enough to compensate the large contribution of each individual neutrino.

The required maximal mass splittings are shown in Fig. 3.

The limits for U^{min}_{e4} imply δm ≤ 107 MeV(56 GeV) for m_4 = 45 GeV(1000 GeV), respectively.

The ratio of the mass difference and absolute mass scale δm/m_4 is thus of the order of 10^{−3} − 10^{−2}.

III. RADIATIVE LEPTON DECAYS

The analysis on neutrino mixing carried out in [70] is dominated by the radiative lepton flavor violating decays of charged leptons.

The processes (see Fig. 4) and their experimental bounds [82, 83] are

BR(μ → eγ) < 2.4 · 10^{−12} (17) BR(τ → μγ) < 4.4 · 10^{−8} (18) BR(τ → eγ) < 3.3 · 10^{−8}. (19)

FIG. 4: Feynman diagram of the radiative decay of a lepton.

In general, the amplitudes are given by [84] T_α = U_{ℓα}U_ℓ′_αF ( m^2_α m^2_W ) (20)

where, defining x_α ≡^{m2α}_{m2W} , F (x_α) is

F (x_α) = 2(x_α + 2)I^{(3)}(x_α) − 2(2x_α − 1)I^{(2)}(x_α)

+ 2x_αI^{(1)}(x_α) + 1 (21)

with

I^{(n)}(x_α) =

∫_1 0 z. z^n z + (1 − z)x_α . (22)

Thus the decay width can be written as

Γ_{ℓ→ℓ}′_γ = 1 2 G^2_F m^5_ℓ (32π^2)^2 α_W ∑ α |U_{ℓα}U_ℓ′_α|^2 F^2_{ef f} (x_α) (23)

with F_{ef f} (x_α) = F (x_α) − F (0) due to the unitarity cancellation ∑ α U_{ℓα}U_ℓ′_α of the constant term.

Here we shortly reconsider the bound for the case of pseudo-Dirac neutrinos with masses in the 100 GeV range.

It is easy to see that the analysis holds for a pseudo- Dirac neutrino as well. As the fourth generation active and sterile states mix maximally and the masses are close to degenerate, F (x) does not change considerably compared to the pure Dirac case. As can be seen from Fig. 5, the decay rate is suppressed by the tiny masses for the first three generations, while the contribution of a fourth heavy generation has to be suppressed due to small mixing.

In the analysis of [70] the neutrino mass was fixed to 45 GeV. While a mass dependent study is encouraged, the conclusions of this work will remain unchanged, as the size of the allowed region is anticipated to vary only slightly for different neutrino masses. As it is obvious from (23), only the product |U_{ℓα}U_ℓ′_α|^2 is constrained, not one of the individual quantities alone. Since no lower bound on U_{μ4} exists, larger masses m_4 corresponding to larger rates for μ → eγ do not result in a more stringent bound on U_{e4} (see Figs. 5 and 6).

The decays of the τ lepton do not provide further information as the experimental constraints in this channel are much weaker.

FIG. 5: F^2_{ef f} as a function of the mass of the exchanged neutrino.

FIG. 6: Constraint on the Uμ4 − Ue4 parameter space obtained from the bound on the branching ratio for μ → eγ. The lower left is the allowed region. The boundaries of the intervals plotted are given by the allowed values Uμ4 − Ue4 with m4 = 45 GeV according to Eq. (5).

IV. LIKE-SIGN DILEPTON PRODUCTION

Finally, a process very similar to 0νββ is the production of two charged leptons of the same charge at hadron colliders:

pp → ℓ^+_1 ℓ^+_2 X. (24)

As shown in Fig. 7, a heavy Majorana neutrino exchange drives the process whose cross section is [85]: σ_{single} ( pp → ℓ^+_1 ℓ^+_2 X ) = G^4_F m^6_W

8π^5 ( 1 − 1 2 δ_{ℓ1ℓ2} )

× |U_{ℓ14}U_{ℓ24}|^2 F (E, m_4) , (25)

where F (E, m_4) is a function of beam energy and neutrino mass. To describe the exchange of a pseudo-Dirac

FIG. 7: Feynman diagrams of like-sign dilepton production

neutrino, the cross section has to be modified to include the contributions of the two almost degenerate mass eigenstates in the neutrino propagator. In contrast to 0νββ where the typical momentum of the neutrino is given by the average nuclear momentum which is smaller than m_4, resulting in the inverse mass dependence of Eq. (15), the momentum at hadron colliders exceeds m_4, leading to a neutrino propagator proportional to the neutrino mass. This was also shown in the relevant subprocess W^+W^+ → ℓ^+ℓ^{′+} [86] that is included in Eq. (25). To obtain the cross section σ for a pseudo- Dirac neutrino, we now have to introduce the correction factor Δ_{pD} defined by σ = Δ_{pD} · σ_{single} ( pp → ℓ^+_1 ℓ^+_2 X ) . (26)

Obviously, by comparison of the propagators, this factor is given by

Δ_{pD} = 1 4 1 m^2_4

(M_4 − m_4)^2 = 1 4 ( δm m_4

)_2

. (27)

Here the mass splitting δm follows from the 0νββ constraint and results in a suppression of the mass dependent cross section. For example, the unsuppressed dielectron production cross section shown in Fig. 8 is several orders of magnitude larger than the suppressed cross section of a pseudo-Dirac neutrino fulfilling the 0νββ constraints shown in Fig. 9.

The cross section depends on the flavors of the ℓ_i leptons via the factor ( 1 − 1 2 δ_{ℓ1ℓ2} ) |U_{ℓ14}U_{ℓ24}|^2 . (28)

The unsuppressed cross section shown in Fig. 10 is reduced by this factor. The upper bounds of this factor for

FIG. 8: Cross section for like-sign dielectron production by an electroweak scale Majorana neutrino without 0νββ constraints. The shaded area corresponds to the allowed values of Ue4 according to Eq. (5).

FIG. 9: Upper bound on the cross section for like-sign dielectron production triggered by electroweak scale pseudo-Dirac neutrino fulfilling 0νββ constraints.

different final flavor states calculated from Eq. (5) are listed in Table I. The cross section (25) neglects charged lepton mass effects, but as √ s = 7 TeV ≫ m_{l4} it is also applicable to fourth generation charged lepton production providing a reasonable upper bound of the cross section.

It is obvious that will decay predominantly into the fourth generation charged leptons. As the fourth generation neutrino mixing to the muon has the smallest upper bound, this channel has the smallest upper bound on the cross section. However, all resulting cross sections are far too small to be observed at the expected LHC luminosities.

V. MASS MODEL

An argument often given against a fourth fermion generation is the large mass hierarchy between the first three

FIG. 10: Cross section for like-sign dilepton production triggered by an electroweak scale pseudo-Dirac neutrino fulfilling the 0νββ constraint (28). To obtain the cross section for specific flavors of the final state leptons, the curve has to be scaled according to the factors given in Table I. The lines show the upper bound on the two extreme channels l4l4 and μμ.

Final state Flavor factor [10^{−5} ] l4l4 49960 el4 791.78 τ l4 722.21 μl4 84.07 eτ 5.72 ee 3.14 τ τ 2.61 eμ 0.67 μτ 0.61 μμ 0.04

TABLE I: Flavor dependent scaling factor (28) of the likesign dilepton production cross section shown in Fig. 10. The states are sorted by their flavor factor.

generations and the fourth generation, in particular, in the neutrino sector. The large scale structure of the Universe implies sub-eV masses for the known light neutrinos, whereas the electroweak observables call for a fourth generation neutrino mass eigenstate of several hundreds GeV, thus creating a tension of about 12 orders of magnitude.

The simplest way to account for small neutrino masses arises from the Lagrangian, − L = 1 2 ( ν_L N^C_L ) ( 0 m_D m^T_D M_R ) ( ν^C_R N_R ) , (29)

where m_D is the Dirac mass matrix and M_R the Majorana mass matrix.

For a single generation i the resulting mass eigenstates are m_i = 1 2 (√ 4m^2_{Di} + M^2_{Ri} − M_{Ri} ) (30)

M_i = 1 2 (√ 4m^2_{Di} + M^2_{Ri} + M_{Ri} ) . (31)

The Dirac mass is given by the Yukawa coupling y_i as m_{Di} = y_iv with v ≈ 246 GeV the vacuum expecation value of the Higgs field.

The type-I seesaw model generates small neutrino masses by introducing large Majorana masses (M_{Ri} ≫ m_{Di}), leading to the mass eigenstates m_i ≈ m^2_{Di} M_{Ri} M_i ≈ M_{Ri}. (32)

Then, again, for the fourth generation pseudo-Dirac neutrino the Majorana mass M_{R4} is constrained to roughly the MeV scale (see Fig. 3):

δm = M_4 − m_4 = M_{R4}. (33)

Thus, to satisfy all neutrino generations one has to introduce large hierarchies of either the Yukawa couplings or the Majorana masses. As the Majorana masses are not affected by electroweak symmetry breaking, it is more natural to assume the generation of the hierarchy in this sector rather than in the Yukawa sector.

The hierarchy reaches from MeV scale of the fourth generation up to the grand unification scale (∼ 10^{16} GeV) needed for the light neutrinos when assuming similar Yukawa couplings for all generations.

This hierarchy can be considerably softened in the context of extra spatial dimensions. It is known that approximate symmetries on our SM brane can be broken at a different brane located at some distance in the extra dimension y [87]. Also, lepton number violation (LNV) can be maximally broken at a scale Λ_{LNV} on a LNV brane in the extra dimension. Following the scenario as described in [88], the information of this breaking is transmitted by a bulk field χ that decreases exponentially as the distance to the LNV brane rises: < χ >∝ e^{−mr} (34) where m is the mass of the messenger field and r its distance to the LNV brane.

We now locate the right-handed neutrino of each generation on a different brane along the extra dimension. The overlap of the neutrino wave function and the messenger field is different for each generation such that each generation sees a different amount of LNV. This setup is sketched in Fig. 11.

The information of LNV is given by the Majorana mass terms of the four neutrino generations, and thus an exponential ansatz for the Majorana masses along the extra dimension is chosen:

M_R(y) = Λ_{LNV} e^{−y}, (35)

where y is the axis along the extra dimension.

The effective Majorana mass for the neutrino of generation i is

M_{Ri} = Λ_{LNV} e^{−αi} . (36)

FIG. 11: Evolution of the Majorana mass from the LNV brane to the SM brane along the extradimensional bulk and the four branes where the four neutrino generations are localized.

We choose the Yukawa couplings y_i equally distributed for each generation,

y_4 − y_3 = y_3 − y_2 = y_2 − y_1 = 0.25 (37)

with y_4 = 1.

The Majorana masses are then constrained by neutrino oscillation data (Δm^2_{12} and Δm^2_{13}) for the first three generations and by Fig. 3 for the fourth generation:

δm = M_4 − m_4 = M_{R4}. (38)

The localizations of the neutrino branes are listed in Table II.

i αi mi [GeV] Mi [GeV] 4 ∼ 43.7 246 247 3 9.6 5.0 · 10^{−11} 6.7 · 10^{14} 2 8.7 9.1 · 10^{−12} 1.7 · 10^{15} 1 ≤ 7.9 ≤ 4.1 · 10^{−12} ≥ 3.7 · 10^{15}

TABLE II: Localizations of the neutrino branes in the extradimensional bulk and corresponding mass eigenvalues for ΛLNV = 10^{19} GeV.

The positions of the neutrino branes soften the hierarchy of the neutrino masses in a significant way. Thus, in an extradimensional framework the huge gap between the first three and the fourth generation is considerably smaller.

VI. SUMMARY

We have revisited bounds on additional Majorana neutrinos with the assumption of finite mixing to the electron neutrino, in order to provide a useful guide for fourth generation neutrino model building. We have shown that a fourth generation Majorana neutrino is not yet excluded if it has a mass of several hundred GeV and the Majorana states pair up to form a pseudo-Dirac state. The mixing of such a neutrino is dominantly constrained by the radiative decay of the muon. Because of the pseudo-Dirac nature, lepton number violating processes like like-sign dilepton production turn out to be strongly suppressed. Besides being potentially observable in next generation 0νββ experiments, the pseudo-Dirac neutrinos could be directly produced at the LHC, as discussed in [89]. In this paper a 5 σ discovery reach for heavy neutrino masses up to 100 GeV was advocated with 30 fb^{−1}. While for larger masses the production cross section would decrease, new decay channels open up once the heavy neutrino mass exceeds the Higgs mass, which would require a detailed simulation. Finally we have shown that the large mass hierarchy can be softened within extradimensional models.

ACKNOWLEDGEMENTS

We thank J. Herrero-Garcia, A. Aparici, N. Rius, and A. Santamaria for pointing out an error in the first draft of this manuscript [90] and Paul Langacker for valuable discussions.

[1] P. H. Frampton, P. Q. Hung, and M. Sher, Phys. Rept.

330, 263 (2000), hep-ph/9903387.

[2] B. Holdom et al., PMC Phys. A3, 4 (2009), 0904.4698. [3] B. Holdom, Phys. Rev. D54, R721 (1996), hep-ph/9602248.

[4] M. Maltoni, V. A. Novikov, L. B. Okun, A. N. Rozanov, and M. I. Vysotsky, Phys. Lett. B476, 107 (2000), hep-ph/9911535.

[5] H.-J. He, N. Polonsky, and S.-f. Su, Phys. Rev. D64, 053004 (2001), hep-ph/0102144.

[6] V. A. Novikov, L. B. Okun, A. N. Rozanov, and M. I. Vysotsky, Phys. Lett. B529, 111 (2002), hep-ph/0111028.

[7] G. D. Kribs, T. Plehn, M. Spannowsky, and T. M. P.

Tait, Phys. Rev. D76, 075016 (2007), 0706.3718. [8] V. A. Novikov, A. N. Rozanov, and M. I. Vysotsky, Phys.

Atom. Nucl. 73, 636 (2010), 0904.4570.

[9] J. Erler and P. Langacker, Phys. Rev. Lett. 105, 031801 (2010), 1003.3211.

[10] O. Eberhardt, A. Lenz, and J. Rohrwild, Phys. Rev.

D82, 095006 (2010), 1005.3505.

[11] M. S. Chanowitz, Phys. Rev. D82, 035018 (2010), 1007.0043.

[12] M. Bobrowski, A. Lenz, J. Riedl, and J. Rohrwild, Phys.

Rev. D79, 113006 (2009), 0902.4883.

[13] A. Soni, A. K. Alok, A. Giri, R. Mohanta, and S. Nandi, Phys. Rev. D82, 033009 (2010), 1002.0595.

[14] A. J. Buras et al., JHEP 09, 106 (2010), 1002.2126. [15] W.-S. Hou and C.-Y. Ma, Phys. Rev. D82, 036002 (2010), 1004.2186.

[16] S. Nandi and A. Soni, (2010), 1011.6091.

[17] A. K. Alok, A. Dighe, and D. London, (2010), 1011.2634. [18] V. A. Novikov, L. B. Okun, A. N. Rozanov, and M. I.

Vysotsky, JETP Lett. 76, 127 (2002), hep-ph/0203132. [19] J. M. Frere, A. N. Rozanov, and M. I. Vysotsky, Phys.

Atom. Nucl. 69, 355 (2006), hep-ph/0412080.

[20] M. Hashimoto, Phys. Rev. D81, 075023 (2010), 1001.4335.

[21] W.-S. Hou, Chin. J. Phys. 47, 134 (2009), 0803.1234. [22] W.-S. Hou, Y.-Y. Mao, and C.-H. Shen, Phys. Rev. D82, 036005 (2010), 1003.4361.

[23] M. S. Carena, A. Megevand, M. Quiros, and C. E. M.

Wagner, Nucl. Phys. B716, 319 (2005), hep-ph/0410352. [24] R. Fok and G. D. Kribs, Phys. Rev. D78, 075023 (2008), 0803.4207.

[25] Y. Kikukawa, M. Kohda, and J. Yasuda, Prog. Theor.

Phys. 122, 401 (2009), 0901.1962.

[26] P. Q. Hung, Phys. Rev. Lett. 80, 3000 (1998), hep-ph/9712338.

[27] P. Q. Hung and C. Xiong, Nucl. Phys. B847, 160 (2011), 0911.3890.

[28] P. Q. Hung and C. Xiong, Phys. Lett. B694, 430 (2011), 0911.3892.

[29] B. Holdom, Phys. Rev. Lett. 57, 2496 (1986). [30] J. Carpenter, R. Norton, S. Siegemund-Broka, and A. Soni, Phys. Rev. Lett. 65, 153 (1990).

[31] S. F. King, Phys. Lett. B234, 108 (1990). [32] C. T. Hill, M. A. Luty, and E. A. Paschos, Phys. Rev.

D43, 3011 (1991).

[33] P. Q. Hung and G. Isidori, Phys. Lett. B402, 122 (1997), hep-ph/9609518.

[34] B. Holdom, JHEP 08, 076 (2006), hep-ph/0606146. [35] G. Burdman, L. Da Rold, O. Eboli, and R. D. Matheus, Phys. Rev. D79, 075026 (2009), 0812.0368.

[36] M. Hashimoto and V. A. Miransky, Phys. Rev. D81, 055014 (2010), 0912.4453.

[37] O. Antipin, M. Heikinheimo, and K. Tuominen, JHEP 07, 052 (2010), 1002.1872.

[38] D. Delepine, M. Napsuciale, and C. A. Vaquera-Araujo, (2010), 1003.3267.

[39] Y. A. Simonov, (2010), 1004.2672.

[40] H. S. Fukano and K. Tuominen, (2011), 1102.1254. [41] P. Q. Hung and C. Xiong, (2010), 1012.4479. [42] N. Cabibbo, Phys. Rev. Lett. 10, 531 (1963). [43] M. Kobayashi and T. Maskawa, Prog. Theor. Phys. 49, 652 (1973).

[44] A. Lenz et al., Phys. Rev. D83, 036004 (2011), 1008.1593.

[45] A. Soni, (2009), 0907.2057.

[46] A. Soni, A. K. Alok, A. Giri, R. Mohanta, and S. Nandi, Phys. Lett. B683, 302 (2010), 0807.1971.

[47] W.-S. Hou, M. Nagashima, and A. Soddu, Phys. Rev.

D76, 016004 (2007), hep-ph/0610385.

[48] A. Arhrib and W.-S. Hou, JHEP 07, 009 (2006), hep-ph/0602035.

[49] W.-S. Hou, M. Nagashima, and A. Soddu, Phys. Rev.

Lett. 95, 141601 (2005), hep-ph/0503072.

[50] D. Choudhury and D. K. Ghosh, JHEP 02, 033 (2011),

1006.2171.

[51] W.-S. Hou, R. S. Willey, and A. Soni, Phys. Rev. Lett.

58, 1608 (1987).

[52] W.-S. Hou, A. Soni, and H. Steger, Phys. Rev. Lett. 59, 1521 (1987).

[53] D0 Collaboration, V. M. Abazov et al., Phys. Rev. D82, 032001 (2010), 1005.2757.

[54] D0 Collaboration, V. M. Abazov et al., Phys. Rev. Lett.

105, 081801 (2010), 1007.0395.

[55] A. Lenz and U. Nierste, JHEP 06, 072 (2007), hep-ph/0612167.

[56] U. Nierste and A. Lenz, (2011), 1102.4274. [57] L. M. Carpenter, (2010), 1010.5502.

[58] A. J. Buras, B. Duling, T. Feldmann, T. Heidsieck, and C. Promberger, JHEP 09, 104 (2010), 1006.5356.

[59] G. Burdman, L. Da Rold, and R. D. Matheus, Phys.

Rev. D82, 055015 (2010), 0912.5219.

[60] M. Blennow, E. Fernandez-Martinez, J. Lopez-Pavon, and J. Menendez, JHEP 07, 096 (2010), 1005.3240.

[61] S. Antusch, J. P. Baumann, and E. Fernandez-Martinez, Nucl. Phys. B810, 369 (2009), 0807.1003.

[62] S. Antusch, C. Biggio, E. Fernandez-Martinez, M. B.

Gavela, and J. Lopez-Pavon, JHEP 10, 084 (2006), hep-ph/0607020.

[63] M. T. Frandsen, I. Masina, and F. Sannino, Phys. Rev.

D81, 035010 (2010), 0905.1331.

[64] S. K. Garg and S. K. Vempati, (2011), 1103.1011. [65] A. Aparici, J. Herrero-Garcia, N. Rius, and A. Santamaria, (2011), 1104.4068.

[66] Particle Data Group, C. Amsler et al., Phys. Lett. B667, 1 (2008).

[67] M. E. Peskin and T. Takeuchi, Phys. Rev. D46, 381 (1992).

[68] M. E. Peskin and T. Takeuchi, Phys. Rev. Lett. 65, 964 (1990).

[69] ALEPH Collaboration, Phys. Rept. 427, 257 (2006), hep-ex/0509008.

[70] H. Lacker and A. Menzel, JHEP 07, 006 (2010), 1003.4532.

[71] A. Menzel et al., Simultaneously Extracting GF and Constraining the PMNS Matrix in SM4, Presented at the ”Flavor and the Fourth Family” workshop, Durham, UK, 2011 (unpublished).

[72] S. T. Petcov and S. T. Toshev, Phys. Lett. B143, 175 (1984).

[73] K. S. Babu and E. Ma, Phys. Rev. Lett. 61, 674 (1988). [74] M. A. Schmidt and A. Y. Smirnov, Nucl.Phys. B857, 1 (2012), 1110.0874.

[75] M. Hirsch, H. V. Klapdor-Kleingrothaus, and O. Panella, Phys. Lett. B374, 7 (1996), hep-ph/9602306.

[76] M. Hirsch and H. V. Klapdor-Kleingrothaus, Proceedings of the International Workshop on Neutrinoless Double Beta Decay and Related Topics, Trento, Italy, 1995 (World Scientific, Singapore, 1996) [77] K. Muto and H. V. Klapdor, IN KLAPDOR, H.V. (ED.):

NEUTRINOS (Springer, Berlin, 1989), p.183.

[78] IGEX Collaboration, C. E. Aalseth et al., Phys. Rev.

D65, 092007 (2002), hep-ex/0202026.

[79] WMAP Collaboration, D. N. Spergel et al., Astrophys.

J. Suppl. 170, 377 (2007), astro-ph/0603449.

[80] M. C. Gonzalez-Garcia, M. Maltoni, and J. Salvado, (2010), 1001.4524.

[81] J. F. Beacom et al., Phys. Rev. Lett. 92, 011101 (2004), hep-ph/0307151.

[82] MEG Collaboration, J. Adam et al., Phys.Rev.Lett. 107, 171801 (2011), 1107.5547.

[83] BABAR Collaboration, B. Aubert et al., Phys. Rev. Lett.

104, 021802 (2010), 0908.2381.

[84] T. P. Cheng and L.-F. Li, Phys. Rev. Lett. 45, 1908 (1980).

[85] A. Ali, A. V. Borisov, and N. B. Zamorin, Eur. Phys. J.

C21, 123 (2001), hep-ph/0104123.

[86] G. Belanger, F. Boudjema, D. London, and H. Nadeau, Phys. Rev. D53, 6292 (1996), hep-ph/9508317.

[87] N. Arkani-Hamed and S. Dimopoulos, Phys. Rev. D65, 052003 (2002), hep-ph/9811353.

[88] N. Arkani-Hamed, S. Dimopoulos, G. R. Dvali, and J. March-Russell, Phys. Rev. D65, 024032 (2001), hep-ph/9811448.

[89] F. del Aguila and J. A. Aguilar-Saavedra, Phys. Lett.

B672, 158 (2009), 0809.2096.

[90] A. Lenz, H. Pas, and D. Schalla, J. Phys. Conf. Ser. 259, 012096 (2010), 1010.3883.