arXiv:1212.6208v2 [hep-ph] 4 Apr 2013

Multi high charged scalars in the LHC searches and Majorana neutrino mass generations

Chian-Shu Chen^{1a}, Chao-Qiang Geng^{1,2,3b}, Da Huang^{2c} and Lu-Hsing Tsai^{2d} 1Physics Division, National Center for Theoretical Sciences, Hsinchu, Taiwan 300 2Department of Physics, National Tsing Hua University, Hsinchu, Taiwan 300 3College of Mathematics & Physics, Chongqing University of Posts & Telecommunications, Chongqing, 400065, China (Dated: Draft April 5, 2013)

Abstract

One natural way to understand the excess of the measured H → γγ rate over the standard model (SM) expectation at the Large Hadron Collider (LHC) is to have charged scalar bosons, existing in most of the SM extensions. Motivated by this LHC result, we explore if it also sheds light on solving the small neutrino mass generation problem. We concentrate on a class of models with high dimensional representations of scalars to realize Majorana neutrino masses at two-loop level without imposing any new symmetry. In these models, multi scalars with the electric charges higher than two are naturally expected, which not only enhance the H → γγ rate, but provide more searching grounds at the LHC. In particular, the rate of H → Zγ also changes similar to that of the diphoton channel.

a chianshu@phys.sinica.edu.tw b geng@phys.nthu.edu.tw c dahuang@phys.nthu.edu.tw d lhtsai@phys.nthu.edu.tw

Introduction— The Higgs doublet (H) not only breaks the electroweak gauge symmetries SU(2)_L × U(1)_Y to U(1)_Q but also gives masses to the charged fermions in the standard model (SM). The main goals of the Large Hadron Collider (LHC) are the search of the Higgs boson (H) and the investigation of the electroweak symmetry breaking mechanism. Recently, a boson with its mass around 125 GeV has been discovered by both ALTAS [1] and CMS [2] collaborations, and its spin-parity property is further identified to be 0^+ based on the LHC full 2011+2012 dataset [3]. The scalar is most likely the Higgs particle as its properties are consistent with the SM predictions except the possible large production rate of H → γγ. In 2012, the excess of the rate in both experiments is around 2σ deviation from the SM prediction. Currently, the measured signal strength of Higgs to diphoton by the ATLAS collaboration is μ = 1.6^{+0.3}_{−0.3} [4], whereas the corresponding one by the CMS collaboration goes down to μ = 0.78^{+0.28}_{−0.26} [5]. In other words, the excess still survives in the ATLAS data but disappears in the CMS measurement. The elimination of the inconsistency between the two collaborations will rely on the future data accumulation and analysis in the LHC phase-II. In this study, we consider the possibility that some of the excess is sustained. Clearly, in such a case, it is still a call for new physics. One of natural mechanisms is to include new charged particles in the SM [6, 7], which would enhance the decay rate due to the new charged loop contributions.

On the other hand, neutrino oscillations observed by the solar, atmospheric, and reactor neutrino experiments reveal that neutrinos are massive but tiny and mix with each other, implying the need of new physics as there is no renormalizable Yakawa interaction for neutrinos related to H in the SM. Theoretical studies on model buildings to understand the small neutrino masses are enormously varied if it is allowed to freely invent new particles, scalars and/or fermions, beyond the SM ones. Without a new fermion, the only possibility of having non-zero neutrino masses is that neutrinos are Majorana fermions with the accidental global lepton symmetry in the SM either explicitly or spontaneously broken. Apart from the seesaw mechanism [8], models with tiny Majorana neutrino masses arising from quantum corrections have been proposed [9, 10]. It is clear that this type of theories is usually incorporated with some extension of the scalar sector in the SM. In particular, singly and doubly charged scalars are required in the radiative neutrino mass generation mechanisms at one and two-loop levels, respectively. As a result, the existence of new charged particles is a generic feature of the radiative neutrino models. These charged scalars in turn would help for resolving the excess of the H → γγ rate at the LHC as discussed in the literature [11]. However, in most of the above radiative models, since only SU(2)_L singlet scalars are introduced, new physics effects are limited in the lepton sector, whereas those involving hadrons, such as the neutrinoless double beta decays believed as a benchmark of the Majorana nature of neutrinos, do not show up.

In Ref. [12], an unconventional neutrino mass generation model with a triplet scalar was proposed, leading to two doubly charged scalars with the neutrinoless double beta decays dominated by the short distance contribution. However, this type of models needs adding some ad hoc discrete symmetry to forbid the neutrino mass term at tree level [13], which makes these models less appealing. In this study, we examine the most general cases with arbitrary SU(2)_L representations for scalars to avoid the tree level neutrino mass generation without imposing any new symmetry. It turns out that a class of models with high odd-dimensional scalars, which generate neutrino masses at two-loop level, exists naturally. Consequently, multi scalar bosons with the electric charges higher than 2-unit appear. These multi charged scalars clearly ensure us some rich phenomenologies at the LHC. We will explore them along with the lepton number violating processes.

Multi scalars— For all non-Higgs like scalars with non-trivial SU(2)_L × U(1)_Y quantum numbers [14], there are only three possible renormalizable Yukawa interactions, given by

f_{ab}L̄^c_aL_bs , y_{ab}ℓ̄^c_{Ra} ℓ_{Rb} Φ , and g_{ab}L̄^c_aL_bT , (1)

where L (ℓ_R) stands for the left-handed (right-handed) lepton, a or b denotes e, μ and τ, c represents the charged conjugation, s and Φ are SU(2)_L singlet scalar fields with Y = 2 and Y = 4, and T is an SU(2)_L triplet with the hypercharge Y = 2, respectively [15]. Note that the triplet scalar T can generate neutrino masses at tree level after developing its vacuum expectation value (VEV), known as the Type-II seesaw mechanism [16], while s and Φ are used in Zee [9] and Zee-Babu [10] models, respectively.

In Eq. (1), the third Yukawa interaction is the most troublesome as it generates neutrino masses at tree level with an extreme small value of the VEV or Yukawa couplings, which is obviously un-natural. Without introducing the triplet T , the interactions in Eq. (1) are precisely given by the Zee-Babu model [10], which has been extensively studied in the literature, in particular its phenomenology of the doubly charged scalar at the LHC. In this work, we consider a new class of models by adding a scalar field ξ with Y = 2 and a nontrivial SU(2)_L representation n. To minimize our models, we disregard the singlet scalar s and keep the other singlet Φ so that only the second Yukawa interaction in Eq. (1) can exist at tree level.

The general scalar potential reads

V (H, ξ, Φ^{±±}) = −μ^2_H |H|^2 + λ_H |H|^4 + μ^2_ξ |ξ|^2 + λ^α_ξ |ξ|^4_α + μ^2_Φ|Φ|^2 + λ_Φ|Φ|^4 + λ^β_{Hξ}(|H|^2|ξ|^2)_β + λ_{HΦ}|H|^2|Φ|^2 + λ_{ξΦ}|ξ|^2|Φ|^2 + [μξξΦ + h.c.], (2)

where α, β are the short-handed notations denoting the possible invariant terms for higher representations in general. Also notice that all terms in the potential are self-hermitian except the last μ-term, which is related to the dynamics of the lepton number breaking to be discussed later. For the even dimensional representations, i.e. n = 2, 4, 6 · · ·, the products ξξ vanish since ξξ = ϵ_{ii}′ ϵ_{jj}′ ϵ_{kk}′ · · · ξ_{ijk...}ξ_i′_j′_k′_{...} = −ϵ_i′_iϵ_j′_j ϵ_k′_k · · · ξ_{ijk...}ξ_i′_j′_k′_{...} = 0 , (3) due to the anti-symmetric matrix of ϵ_{ij} (i, j = 1,2). Subsequently, we only need to consider the odd dimensional representations of ξ, i.e. n = 3, 5, 7 · · ·. Since the triplet has been dropped out, the next minimal choice is n = 5. From now on, we concentrate on this minimal one, the quintuplet, with ξ = (ξ^{+++}, ξ^{++}, ξ^+, ξ^0, ξ^−)^T . One shall bear in mind that the results can be easily extended to those with higher representations of ξ [17, 18]. In these cases, there are three and two irreducible terms for |ξ|^4 and |H|^2|ξ|^2 respectively.

We now move to the lepton number (L) violation. In general, U(1)_L can be either global or gauge symmetry. If the lepton number indeed comes from a global symmetry as that in the SM, the spontaneous symmetry breaking will generate a Nambu-Goldstone (NG) boson, usually called Majoron. In this model, the VEV of v_ξ/ √ 2 = ⟨ξ^0⟩ breaks U(1)_L spontaneously [19]. Since ξ is an SU(2) multiplet, its corresponding Majoron has a direct coupling to the Z boson, which is strongly constrained by the LEP measurement of the invisible Z decay width. To resurrect it, we illustrate here by adding another SU(2)_L triplet (3) scalar field Δ = (Δ^+, Δ^0, Δ^−)^T with Y = 0 to the model, which results in one additional non-hermitian term ΔξH^∗H^∗. It is easy to see that the coexistences of ℓ̄^c_Rℓ_RΦ , μξξΦ and ΔξH^∗H^∗ break the lepton number explicitly. Since v_ξ is constrained to be less than around

FIG. 1. Two-loop contributions to neutrino masses.

1 GeV by the ρ parameter [19, 20], it can be shown that the mixing angle between the neutral scalar components of ξ and H is of O(v_ξ/v). In practice, it is safe to ignore the mixing and treat the neutral component from the doublet field H as the SM-like Higgs. In addition, as ξ does not couple to the SM fermions directly, the single production of ξ^0 via the gluon-gluon fusion process as well as its W^+W^− fusion and W-associated productions are all suppressed by a factor of (v_ξ/v)^2 ⩽ 10^{−4}.

Neutrino masses— In the Zee-Babu model, neutrino masses are generated from the twoloop diagrams due to the couplings of s^±s^±Φ^{∓∓}. whereas in our model without s^±, they can be induced from similar two-loop diagrams with Φ^{±±} coupling to W^∓W^∓ though the mixing of ξ as shown in Fig. 1. In this mechanism, neutrino masses are calculable, given by m_{νab} ≃ g^4 √ 2(4π)^4 m_am_bv_ξy_{ab} sin 2θ × [ 1 M^2_{P1} log^2 ( M^2_W M^2_{P1} ) − 1 M^2_{P2} log^2 ( M^2_W M^2_{P2} )] , (4)

where m_{a,b} correspond to charged lepton masses; P_1 and P_2 are the mass eigenstates of doubly charged scalars with θ representing their mixing angle and M_{Pi} > M_W assumed. Note that the neutrino masses are suppressed by the two-loop factor, SU(2)_L gauge coupling, charged lepton masses, mixing angle θ, and VEV of ξ, respectively, without fine-tuning Yukawa couplings y_{ab}. The model predicts the neutrino mass spectrum to be a normal hierarchy if one requires the perturbative bound on y_{ab}. Consequently, the neutrino mass matrix is given by

m_{νab} = U_{PMNS}m_{νdiag} U^T_{PMNS} ∝ y_{ab} , (5)

where m_{νdiag} = diag(m_{ν1} , √ m^2_{ν1} + Δm^2_{sol}, √ m^2_{ν1} + Δm^2_{atm}) with m_{ν1} the lightest ν mass.

From the neutrino oscillation data, one is able to pin down the neutrino parameters via the

FIG. 2. R_{τ μ} versus m_{ν1} , where the blue, red and green curves correspond to δ_{CP} = 0, 180^∘ and 300^∘, respectively, with the global χ^2 analysis in Ref. [21], while the dashed black line represents the lower bound set by cosmology.

FIG. 3. Contributions to H → γγ from charged scalar exchanges in the loops.

leptonic processes governed by y_{ab}. For example, the ratio R_{τ μ} ≡^{Br(τ →eγ)∗}_{Br(μ→eγ)} [22] is related to the lightest neutrino mass, m_{ν1} , as illustrated in Fig. 2, with the use of the latest neutrino oscillation data [21]. In principle, many variants of this quantity can be also defined from the leptonic rare decays or same-sign dilepton decays of Φ^{±±}. Hence, our model provides a complementary way to determine neutrino parameters. Due to the indirect couplings between Φ^{±±} and W^∓W^∓, our model reveals a mechanism for possible large neutrinoless double β decays which do not directly involve the small Majorana neutrino masses unlike the Zee-Babu model.

LHC searches— In our minimal model with n = 5, apart from one SM-like Higgs scalar with m^2_H = 2λ_H v^2, there are one pseudo-scalar, three singly charged, two doubly charged, and one triply charged scalars with masses all around a few hundred GeV, which all satisfy the current experimental bounds [20]. Since ξ does not directly interact with the SM fermions, the Higgs production is not expected to be modified. However, as promised, the

FIG. 4. R_{γγ} ≡ Γ(H → γγ)/Γ(H → γγ)_{SM} and R_{Zγ} ≡ Γ(H → Zγ)/Γ(H → Zγ)_{SM} as functions of the degenerate mass factor m_s of the multi charged scalar states with n = 5 and the universal trilinear coupling to Higgs, μ_s = -100 GeV.

decay rate of H → γγ receives extra contributions from the new charged scalars in the loops as shown in Fig. 3, given by Γ(H → γγ) = G_F α^2m^3_H 128 √ 2π^3 | ∑ f N^c_f Q^2_f A 1_2 (τ_f ) + A_1(τ_W ) + ∑ I_3

(I_3 + 1)^2 v 2 μ_s m^2_s

A_0(τ_s)|^2 , (6)

where the third term corresponds to those from the multi charged components of the dimension-n scalar multiplet ξ with their electric charges (I_3 + 1), I_3 runs from −(n − 1)/2 to (n − 1)/2, and μ_s is the trilinear coupling to the SM Higgs. The amplitudes A_{0,} 1_{2 ,1} and the mass ratios τ_{f,W,s} are defined in Ref. [23]. Here, for simplicity, we have taken the same trilinear coupling μ_s and charged scalar mass m_s. The new contributions from the multi charged scalars interfere constructively with that of the SM if μ_s < 0. As an illustration, we plot the ratio of R_{γγ} ≡ Γ(H → γγ)/Γ(H → γγ)_{SM} in Fig. 4 with a typical value of μ_s = −100 GeV. It is clear that the excess for the diphoton decay rate reported by ATLAS can be easily explained by these multi charged scalars. Furthermore, the partial width of H → Zγ also receives new contributions from the multi charged scalar fields in our model. In Fig. 4, we plot R_{Zγ} ≡ Γ(H → Zγ)/Γ(H → Zγ)_{SM} with n = 5. Like the diphoton channel, Γ(H → Zγ) also gets enhanced [24] due to the new charged fields in comparison with the SM prediction. The simultaneous observations of γγ and Zγ modes would help for discriminating the possible new physics beyond the SM [7].

The scalar multiplet components can be pair produced via qq̄ → γ/Z^∗ → ξξ^∗(Φ^{++}Φ^{−−}) m_ξ (GeV) Signal [fb] Signal [fb] 2ℓ^+2ℓ^− + /E_T ℓ^+2l^−2j + /E_T 100 5.2 × 10^{−1} 3.3 200 8.2 × 10^{−2} 5.2 × 10^{−1} 300 2.1 × 10^{−2} 1.3 × 10^{−1} 400 6.7 × 10^{−3} 4.2 × 10^{−2} 500 2.5 × 10^{−3} 1.6 × 10^{−2} Backgrounds [fb] Backgrounds [fb] 2W^+2W^− W^+W^−Z tt̄W^− 2W^−W^+2j W^−Z2j 2.2 × 10^{−4} 6.6 × 10^{−2} 3.6 × 10^{−1} 6.7 × 10^{−2} 17.8

TABLE I. Cross sections of the ξ^{++}ξ^{−−}-pair productions and the corresponding SM backgrounds with √ s = 8 TeV, where ℓ = e or μ.

or qq̄^′ → W^∗ → ξ^{+++}ξ^{−−}(ξ^{++}ξ^−, ξ^+ξ^0) at the LHC. Similar processes for the triplet Higgs productions have been investigated in the Type-II seesaw mechanism [25]. The ξ^{++}ξ^{−−}-pair production rate varies with m_ξ from 1 to 10^{−3} pb for m_ξ = 100 to 600 GeV with √ s = 8 TeV. The lower mass limit of ξ^{±±} has been set by CMS [26] and ATLAS [27] to be (382, 391, 395) and (409, 375, 398) GeV by assuming 100% branching ratio of (e^±e^±, e^±μ^±, μ^±μ^±) final states, respectively. The bounds, of course, will reduce significantly if more leptonic modes are opened. One noticeable feature of our model is that there are two doubly charged states, ξ^{±±} and Φ^{±±}, which decay almost 100% into W^±W^± and l^±_R l^±_R , respectively. In particular, the channels of ξ^{±±} → ξ^±ξ^± are kinematically forbidden. Therefore, the previous experimental bounds can be directly applied to Φ^{±±}. For the ξ^{++}ξ^{−−}-pair productions, in Table I we list the cross sections of the signals with m_ξ = 100 − 500 GeV and the corresponding SM backgrounds, where we only consider the final lepton state to be e or μ due to the low tagging efficiency of τ. From the table, we see that there is only less than one signal event based on the current luminosity of about 20 fb^{−1} at the LHC if m_ξ is heavier than 200 GeV for four charged lepton modes. For the signals with more jets, we expect higher SM backgrounds although the kinematical cuts are usually used to enhance the signal significance. A detailed collider analysis is beyond the scope of this brief report. Furthermore, if we take R_{γγ} ≃ 1.2 of the combined result from ATLAS and CMS collaborations, the m_ξ is about 300 GeV.

The signals of the triply charged component in the quintuplet scalar are distinct and its production rate is about two times larger than the doubly charged one according to their coupling strengths. The triply charged scalar ξ^{+++} decays into three W bosons with the width

Γ(ξ^{+++} → 3W^+) ≃

3g^6_W v^2_ξ m^5_ξ 512π^3m^6_W

, (7)

which subsequently go into the final states with six fermions, where we have ignored the phase space suppression. Note that in the degenerate limit, all W bosons can be on-shell. In addition to the multiplet ξ, the doubly charged scalars Φ^{±±} also make the signals of our model more distinct at the LHC. If m_ξ+++ > m_Φ++ , the channel ξ^{+++} → Φ^{++} + W^{∗+} opens up for the triply charged scalar through the mixings, which can be distinguished from the 3W^{∗+} one as Φ^{±±} only decay to the same sign right-handed charged leptons with large center masses. By tagging the taus produced from Φ or W one can pin down the chirality of τ from its subsequent pion distribution spectrum [28]. Finally, we remark that the above results can be easily applied to other models with higher charged scalars.

Summary— We have proposed a common origin for the excess of the H → γγ rate measured by the LHC and small neutrino masses based on models with some multi high charged scalars. We have shown that due to the charged scalars, both rates of H → γγ and H → Zγ can be enhanced, while small Majorana neutrino masses are realized radiatively through the two-loop diagrams. Our models predict a normal hierarchy for the neutrino mass spectrum and allow a large rate for the neutrinoless double β decay. We have demonstrated that the multi high charged scalars provide many interesting searching grounds at the LHC.

Acknowledgement

This work was supported in part by National Center for Theoretical Sciences, National Tsing-Hua University (101N1087E1) and National Science Council (NSC-98-2112-M-007- 008-MY3 and NSC-101-2112-M- 007-006-MY3), Taiwan, R.O.C.

[1] G. Aad et al. [ATLAS Collaboration], Phys. Lett. B 716, 1 (2012).

[2] S. Chatrchyan et al. [CMS Collaboration], Phys. Lett. B 716, 30 (2012). [3] see the website, https://indico.in2p3.fr/conferenceDisplay.py?confId=7411. [4] The ATLAS Collaboration, ”Combined coupling measurements of the Higgs-like boson with the ATLAS detector using up to 25 fb^{−1} of proton-proton collision data”, ATLAS-CONF- 2013-034.

[5] see website, http://moriond.in2p3.fr/QCD/2013/qcd.html. [6] B. Batell, S. Gori and L. T. Wang, JHEP 1206, 172 (2012). [7] M. Carena, I. Low and C. E. M. Wagner, JHEP 1208, 060 (2012).

[8] P. Minkowski, Phys. Lett. B 67, 421 (1977); M. Gell-Mann, P. Ramond, and R Slansky, Proceedings of the Supergravity Stony Brook Workshop, New York, 1979; T. Yanagida, Proceedings of the Workshop on the Baryon Number of the Universe and Unified Theories, Tsukuba, Japan, 1979; R. N. Mohapatra and G. Senjanovic, Phys. Rev. Lett. 44, 912 (1980).

[9] A. Zee, Phys. Lett. B 93, 389 (1980) [Erratum-ibid. B 95, 461 (1980)]. [10] A. Zee, Nucl. Phys. B 264, 99 (1986); K. S. Babu, Phys. Lett. B 203, 132 (1988). [11] A. Arhrib, R. Benbrik, M. Chabab, G. Moultaka and L. Rahili, JHEP 1204, 136 (2012), A. G. Akeroyd and S. Moretti, Phys. Rev. D 86, 035015 (2012), E. J. Chun, H. M. Lee and P. Sharma, JHEP 1211, 106 (2012), S. Baek, P. Ko and E. Senaha, arXiv:1209.1685 [hep-ph], I. Picek and B. Radovcic, arXiv:1210.6449 [hep-ph], G. n. Li, G. Guo, B. Ren, Y. J. Zheng and X. G. He, arXiv:1212.5528 [hep-ph].

[12] C. S. Chen, C. Q. Geng and J. N. Ng, Phys. Rev. D 75, 053004 (2007); C. S. Chen, C. Q. Geng, J. N. Ng and J. M. S. Wu, JHEP 0708, 022 (2007).

[13] C. S. Chen and C. Q. Geng, Phys. Rev. D 82, 105004 (2010). [14] We assume that scalars carry no color. [15] We use the convention of Q = I_3 + Y/2.

[16] M. Magg and C. Wetterich, Phys. Lett. B 94, 61 (1980); J. Schechter and J. W. F. Valle, Phys. Rev. D 22, 2227 (1980); T. P. Cheng and L. F. Li, Phys. Rev. D 22, 2860 (1980); G. B. Gelmini and M. Roncadelli, Phys. Lett. B 99, 411 (1981); G. Lazarides, Q. Shafi and C. Wetterich, Nucl. Phys. B 181, 287 (1981); R. N. Mohapatra and G. Senjanovic, Phys. Rev. D 23, 165 (1981); J. Schechter and J. W. F. Valle, Phys. Rev. D 25, 774 (1982).

[17] The renormalization group running will drive the SU(2)_L gauge coupling to violate perturbativity for ξ > 8 [18].

[18] M. Cirelli, N. Fornengo and A. Strumia, Nucl. Phys. B 753, 178 (2006). [19] For ξ being a triplet or higher representation, it will contribute to the ρ parameter. The experimental value of ρ = 1.0004^{+0.0003}_{−0.0004} [20] leads to a constraint of ⟨ξ^0⟩ ⩽ O(1) GeV.

[20] J. Beringer et al. (Particle Data Group), Phys. Rev. D86, 010001 (2012). [21] M. C. Gonzalez-Garcia et al. arXiv:1209.3023 [hep-ph]. [22] Here, we have used Br(τ → eγ)^∗ ≡ Γ(τ → eγ)/Γ(τ → eν̄_eν_τ ). [23] A. Djouadi, Phys. Rept. 457, 1 (2008) and Phys. Rept. 459, 1 (2008). [24] C. S. Chen, C. Q. Geng, D. Huang and H. H. Tsai, arXiv:1301.4694 [hep-ph]; arXiv:1302.0502 [hep-ph].

[25] A. G. Akeroyd and M. Aoki, Phys. Rev. D 72, 035011 (2005). [26] S. Chatrchyan et al. [CMS Collaboration], Eur. Phys. J. C 72, 2189 (2012). [27] G. Aad et al. [ATLAS Collaboration], arXiv:1210.5070 [hep-ex].

[28] Y. S. Tsai, Phys. Rev. D 4, 2821 (1971) [Erratum-ibid. D 13, 771 (1976)]; K. Hagiwara, A. D. Martin and D. Zeppenfeld, Phys. Lett. B 235, 198 (1990); B. K. Bullock, K. Hagiwara and A. D. Martin, Phys. Rev. Lett. 67, 3055 (1991) and Nucl. Phys. B 395, 499 (1993); H. Sugiyama, K. Tsumura and H. Yokoya, Phys. Lett. B 717, 229 (2012).