arXiv:1305.6935v2 [hep-ph] 17 Jun 2013

On the Origin of R-parity Violation in Supersymmetry^∗

Pavel Fileviez Pérez

Particle and Astro-Particle Physics Division Max Planck Institute for Nuclear Physics (MPIK) Saupfercheckweg 1, 69117 Heidelberg, Germany

The fate of R-parity in supersymmetric theories is discussed in detail. We make a strong case for R-parity violation showing that the simplest theories based on the local B-L symmetry predict the spontaneous breaking of R-parity at the SUSY scale. The possible implications for the searches at the Large Hadron Collider are discussed.

I. INTRODUCTION

The experimental collaborations at the Large Hadron Collider could discover Supersymmetry (SUSY) in the next years if this idea is realized at the TeV scale. Unfortunately, the simplest supersymmetric extension of the Standard Model (MSSM) cannot predict the masses of the supersymmetric particles and very often the so-called R-parity discrete symmetry is assumed to be conserved. As is well-known the collider signatures of the MSSM depends of the violation or conservation of R-parity. Therefore, one can say that the fate of R-parity plays a major role in the discovery of SUSY at the LHC.

In the context of the MSSM there are interactions violating the baryon or lepton numbers at the renormalizable level

W ⊃ ϵL̂Ĥ_u + λL̂L̂ê^c + λ^′Q̂L̂d̂^c + λ^{′′}û^cd̂^cd̂^c. (1)

Here the first three interactions violate the total lepton number while the last term breaks the baryon number. When we combine the last two terms one gets the dimension four contributions to proton decay [1]. If these couplings, λ^′ and λ^{′′} , are of order one and we assume low scale SUSY, where the mass of the squarks are at the TeV scale, we get a very small lifetime for the proton, τ_p ∼ 10^{−20} years. It is important to mention that the current experimental bounds on the proton decay lifetime are very strong, i.e. τ^{exp}_p > 10^{32−34} years. This critical issue has motivated different solutions: a) One can impose a discrete symmetry defined as M = (−1)^{3(B−L)}, which forbid all the interactions above. M is called matter-parity and is related to R-parity by the relation M = (−1)^{2S}R. In our notation, B and L are the baryon and lepton numbers, while S is the spin of the particle. This solution is maybe too conservative because to avoid fast proton decay one does not need to forbid all the above couplings. b) One can assume that these couplings are very small, λ^′ λ^{′′} < 10^{−26}, or c) Assume very

∗Plenary talk given at 20th International Conference on Supersymmetry and Unification of Fundamental Interactions (SUSY2012), August 13-18, 2012, Beijing, China.

large squark masses as in the case of split SUSY. Here we will discuss the possibility to understand dynamically the origin of these interactions and the possible predictions for the LHC searches.

The simplest way to understand the origin of the B and L violating interactions in the MSSM is to consider a theory where B − L is inside the algebra. The relation between M parity and B − L has been investigated by many groups [2–9]. It is important to say that most of the people in the SUSY community assume the conservation of matter parity because the lightest neutralino can describe the cold dark matter of the Universe. However, this is just one possibility and as I mentioned above, once you impose matter parity you just overkill the MSSM.

The main aim of this talk is to prove that

The simplest theories based on local B − L predict that R-parity MUST be spontaneously broken !

The main results presented here were found first in the context of a left-right symmetric theory [10] and later investigated in the context of the minimal B−L extension of the MSSM [11].

II. THE THEORY OF R-PARITY

The simplest theory where one can understand the origin of the baryon and lepton number violating interactions in the MSSM at the renormalizable level is based on the gauge group [11]

G_{B−L} = SU(3)_C ⊗ SU(2)_L ⊗ U(1)_Y ⊗ U(1)_{B−L}.

The matter sector is composed of the MSSM chiral superfields Q̂ ∼ (3, 2, 1/6, 1/3), û^c ∼ (¯3, 1, −2/3, −1/3), d̂^c ∼ (¯3, 1, −1/3, −1/3), L̂ ∼ (1, 2, −1/2, −1), ê^c ∼ (1, 1, −1, 1), and ν̂^c ∼ (1, 1, 0, 1).

Here, the right-handed neutrino superfields are needed to define an anomaly free theory. They cancel the anomalies U(1)_{B−L} and U(1)^3_{B−L}.

The Higgs superfields are the same as in the MSSM,

Ĥ_u ∼ (1, 2, 1/2, 0), and Ĥ_d ∼ (1, 2, −1/2, 0).

Therefore, one should worry about how to break the gauge symmetry G_{B−L} to the SM symmetry.

The only way to generate mass for the B − L gauge boson in the minimal model is to generate a vacuum expectation value for the right-handed sneutrinos, i.e. ⟨ν̃^c⟩ ≠ 0. Then, one can say that the minimal B − L model predicts the spontaneous breaking of R-parity and one should expect lepton number violation at the Large Hadron Collider if low energy supersymmetry is realized in nature.

The superpotential of this theory is quite simple

W_{B−L} = Y_uQ̂Ĥ_uû^c + Y_dQ̂Ĥ_dd̂^c + Y_eL̂Ĥ_dê^c + Y_νL̂Ĥ_uν̂^c + μĤ_uĤ_d. (2)

Making use of the new B − L contribution to the Dterms and the soft terms, one can prove that the vacuum expectation value (VEV) for the right-handed sneutrino is given by [11] ⟨ν̃^c⟩ = √ −4M^2_{ν̃}c g^2_{BL} . (3)

Here g_{BL} is the B − L gauge coupling and M_{ν̃}c is the soft mass for the ν̃^c field. Notice that in order to have a consistent symmetry breaking mechanism we need a negative M^2_{ν̃}c . The same is assumed for the Higgs in the Standard Model. As one expects the R-parity and B − L breaking scales are determined by the SUSY breaking scale.

After symmetry breaking one predicts the existence of lepton number violating couplings at the renormalizable level, while the baryon number violating terms are generated at the non-renormalizable level [12]. Therefore, assuming a large cutoff or the great desert, one can satisfy the bounds on the proton decay lifetime. The same has to be assumed for the allowed dimension five operators Q̂Q̂Q̂L̂/Λ. See Ref. [1] for the study of these operators.

There are two simple ways to explain dynamically the negative mass squared of the right-handed sneutrinos. Assuming that the soft masses for the right-handed sneutrinos of each generation are different at the grand unified scale, it is possible to generate a negative mass squared for one of them at the low scale. For details see Refs. [13–15]. The second possibility is to go beyond the minimal model and assume that the right-handed neutrinos couple to a new Higgs with a large coupling [16, 17].

How do we test the predictions coming from this theory?

As in any gauge extension of the SM one has new gauge bosons. In this case the mass of the new B − L gauge boson is predicted by the SUSY scale. At the same time since R-parity and lepton number is broken after symmetry breaking one should expect some exotic signals at the LHC. We have investigated this issue in Ref. [12] and proposed the channels with multileptons as possible signals coming from this theory. In the case when the lightest neutralino is the lightest supersymmetric particle one can think about the pair slepton production through the photon, the Z and the B − L gauge boson Z_{B−L},

p p → γ, Z, Z_{B−L} → ẽ^∗_i ẽ_i → e^+_i e^−_i χ̃^0_1χ̃^0_1 → e^+_i e^−_i e^±_j e^±_k W^∓W^∓ → e^+_i e^−_i e^±_j e^±_k 4j.

Therefore, one can have channels with four leptons, three of them with the same electric charge, and in order to look for lepton number violation one should use the jets from the W decays. The numerical predictions for the cross section and branching ratios have been investigated in Ref. [12]. Since the background for these exotic signatures is suppressed one can hope to discover or set strong bounds on the masses of these particles. It is important to mention that in this context the gravitino can be the dark matter candidate or one can use the idea proposed in Ref. [18], where the dark matter sector is supersymmetric.

We have mentioned that the main idea discussed here was pointed out for the first time in the context of leftright symmetric theories [19–22]. In Ref. [10] we have shown that in the minimal supersymmetric left-right symmetric theory based on SU(2)_L ⊗ SU(2)_R ⊗ U(1)_{B−L}, one must have the spontaneous breaking of R-parity. In this context the leptonic superfields are given by

L̂ = ( ν̂ ê ) ∼ (2, 1, −1), and L̂^c = ( ν̂^c ê^c ) ∼ (1, 2, 1). (4)

Since the Higgs present in the minimal model is the bidoublet, Φ̂ ∼ (2, 2, 0), the only way to break the SU(2)_R ⊗ U(1)_{B−L} symmetry is to give a vacuum expectation value to the right-handed leptonic double L̂^c. Here the VEV of the right-handed sneutrino is given by

v_R = √ −8M^2_{L̃c} g^2_{BL} + g^2_R

. (5)

The coupling g_R is the gauge coupling associated to SU(2)_R and M_{L̃}c is the soft mass for the leptonic doublet L̃^c. We should mention that in order to achieve the symmetry breaking in this context, we need to assume that the soft terms in the leptonic sector break the left-right discrete symmetry. As one can appreciate here, we can get a similar result as in the minimal B − L model discussed above. If we stick to the minimal supersymmetric left-right model R-parity must be spontaneously broken.

What about R-parity conservation?

If the minimal B − L theory predicts R-parity violation, we need to go beyond the simple model to explain dynamically the conservation of R-parity. Therefore, we need to add extra Higgses with even number of B − L [7] or use the Stueckelberg mechanism [23] to generate mass for the new gauge boson. In both cases one needs to do more model building.

This issue has been discussed in the context of left-right models. In order to achieve the conservation of R-parity you need to add many Higgses, see Refs. [24, 25]. In the context of SU(5) we cannot explain the conservation of R-parity, while in SO(10) you need to assume a very involved Higgs sector [9]. Since these theories are not very appealing, I do not understand why the people in the SUSY community always assume R-parity conservation. This scenario can be simple but not very well-motivated from the theoretical point of view.

Finally, I would like to mention a more radical scenario where there is no need to assume the existence of a great desert to suppress the dimension five operators mediating nucleon decay. One can define a simple theory where B and L are local symmetries that are spontaneously broken at the low scale. We have shown in Refs. [26, 27] the different possibilities. The details of this discussion are beyond the scope of this talk.

III. SUMMARY

In this talk I have discussed that the minimal theories based on the B − L gauge group predict that R-parity must be spontaneously broken and one expects lepton number violating signatures at the LHC. It is important to emphasize that there are no simple grand unified theories defined in four dimensions which predict the conservation of R-parity in Supersymmetry. Therefore, one can say that there is a lack of theoretical motivations for R-parity conservation. In summary, I would like to repeat that the spontaneous breaking of R-parity is well motivated and could be crucial for the discovery of Supersymmetry at the LHC. I hope that these results will motivate more experimental studies for R-parity violating signatures at the Large Hadron Collider.

Acknowledgments: I thank the organizers of SUSY2012 for the invitation, the warm hospitality and an excellent conference. I am grateful to my collaborators Vernon Barger, Pran Nath, Sogee Spinner, and Mark B. Wise for many discussions and great collaborations.

[1] P. Nath and P. Fileviez Pérez, “Proton stability in grand unified theories, in strings and in branes,” Phys. Rept. 441 (2007) 191 [hep-ph/0601023].

[2] C. S. Aulakh and R. N. Mohapatra, “Neutrino as the Supersymmetric Partner of the Majoron,” Phys. Lett. B 119 (1982) 136.

[3] M. J. Hayashi and A. Murayama, “Radiative breaking of SU(2)R ⊗ U(1)B−L gauge symmetry induced by broken N = 1 supergravity in a left-right symmetric model,” Phys. Lett. B 153 (1985) 251.

[4] R. N. Mohapatra, “Mechanism for understanding small neutrino mass in superstring theories,” Phys. Rev. Lett. 56 (1986) 561.

[5] L. M. Krauss and F. Wilczek, “Discrete Gauge Symmetry in Continuum Theories,” Phys. Rev. Lett. 62 (1989) 1221.

[6] A. Font, L. E. Ibanez and F. Quevedo, “Does Proton Stability Imply the Existence of an Extra Z0?,” Phys. Lett. B 228 (1989) 79.

[7] S. P. Martin, “Some simple criteria for gauged R-parity,” Phys. Rev. D 46 (1992) 2769 [hep-ph/9207218].

[8] A. Masiero and J. W. F. Valle, “A Model For Spontaneous R Parity Breaking,” Phys. Lett. B 251 (1990) 273.

[9] C. S. Aulakh, B. Bajc, A. Melfo, A. Rasin and G. Senjanović, “SO(10) theory of R-parity and neutrino mass,” Nucl. Phys. B 597 (2001) 89 [hep-ph/0004031].

[10] P. Fileviez Pérez and S. Spinner, “Spontaneous R-Parity Breaking and Left-Right Symmetry,” Phys. Lett. B 673 (2009) 251 [arXiv:0811.3424 [hep-ph]].

[11] V. Barger, P. Fileviez Pérez and S. Spinner, “Minimal gauged U(1)(B-L) model with spontaneous Rparity violation,” Phys. Rev. Lett. 102 (2009) 181802 [arXiv:0812.3661 [hep-ph]].

[12] P. Fileviez Pérez and S. Spinner, “The Minimal Theory for R-parity Violation at the LHC,” JHEP 1204 (2012) 118 [arXiv:1201.5923 [hep-ph]].

[13] M. Ambroso and B. Ovrut, “The B-L/Electroweak Hierarchy in Heterotic String and M-Theory,” JHEP 0910 (2009) 011 [arXiv:0904.4509 [hep-th]].

[14] M. Ambroso and B. A. Ovrut, “The Mass Spectra, Hierarchy and Cosmology of B-L MSSM Heterotic Compactifications,” Int. J. Mod. Phys. A 26 (2011) 1569 [arXiv:1005.5392 [hep-th]].

[15] B. A. Ovrut, A. Purves and S. Spinner, “Wilson Lines and a Canonical Basis of SU(4) Heterotic Standard Models,” JHEP 1211 (2012) 026 [arXiv:1203.1325 [hep-th]].

[16] P. Fileviez Pérez and S. Spinner, “The Fate of R-Parity,” Phys. Rev. D 83 (2011) 035004 [arXiv:1005.4930 [hepph]].

[17] J. E. Camargo-Molina, B. O’Leary, W. Porod and F. Staub, “The Stability Of R-Parity In Supersymmetric Models Extended By U(1)B−L,” arXiv:1212.4146 [hepph].

[18] J. M. Arnold, P. Fileviez Pérez and B. Fornal, “Supersymmetric Dark Matter Sectors,” Phys. Lett. B 718 (2012) 75 [arXiv:1207.2529 [hep-ph]].

[19] J. C. Pati and A. Salam, “Lepton Number As The Fourth Color,” Phys. Rev. D 10 (1974) 275 [Erratum-ibid. D 11 (1975) 703].

[20] R. N. Mohapatra and J. C. Pati, “A Natural Left-Right Symmetry,” Phys. Rev. D 11 (1975) 2558.

[21] G. Senjanović and R. N. Mohapatra, “Exact Left-Right Symmetry And Spontaneous Violation Of Parity,” Phys. Rev. D 12 (1975) 1502.

[22] G. Senjanović, “Spontaneous Breakdown of Parity in a Class of Gauge Theories,” Nucl. Phys. B 153 (1979) 334.

[23] D. Feldman, P. Fileviez Pérez and P. Nath, “R-parity Conservation via the Stueckelberg Mechanism: LHC and Dark Matter Signals,” JHEP 1201 (2012) 038 [arXiv:1109.2901 [hep-ph]].

[24] C. S. Aulakh, A. Melfo, A. Rasin and G. Senjanović, “Seesaw and supersymmetry or exact R-parity,” Phys. Lett. B 459 (1999) 557 [hep-ph/9902409].

[25] K. S. Babu and R. N. Mohapatra, “Minimal Supersymmetric Left-Right Model,” Phys. Lett. B 668 (2008) 404 [arXiv:0807.0481 [hep-ph]].

[26] P. Fileviez Pérez and M. B. Wise, “Breaking Local Baryon and Lepton Number at the TeV Scale,” JHEP 1108 (2011) 068 [arXiv:1106.0343 [hep-ph]].

[27] M. Duerr, P. Fileviez Pérez and M. B. Wise, “Gauge Theory for Baryon and Lepton Numbers with Leptoquarks,” Phys. Rev. Lett. 110 (2013) 231801 [arXiv:1304.0576 [hep-ph]].