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Introduction: the interplay between 0νββ and the high energy frontier

Due to implications for the Majorana nature of neutrinos, grand unification, and the universe’s
cosmological history, searches for lepton number violation (LNV) remain one of the top priorities
in particle physics [1, 2]. To this end, the neutrinoless double beta decay (0νββ) process is one of
the most sensitive and robust probes of LNV. Current experimental limits on 0νββ half lives are at
the level of 1026 years [3–7] and next-generation, ton-scale experiments aim for one or two order-
of-magnitudes improvements [8–17]. Although the measurement of a positive signal in upcoming
experiments would be a major breakthrough, showing that neutrinos are Majorana particles [18–20]
and that LN is not conserved, it would not necessarily pinpoint the source (or sources) of LNV
nor the underlying cause(s) for suppressed neutrino masses. In fact, disentangling all possible
mechanisms using 0νββ observables alone would be a very challenging, if at all possible, task [21],
making it important to consider LNV signatures in other experimental probes alongside 0νββ.

Although other probes are unlikely to be sensitive enough if 0νββ is generated by a Seesaw
mechanism originating at a high scale, say Λ ∼ 1015 GeV, there are observables that become
complementary to 0νββ when LNV occurs at scales as low as Λ ∼ 1 − 100 TeV or even the
electroweak scale. Numerous scenarios of beyond-the-standard-model (BSM) physics exist that
introduce LNV at such low scales, in which case it becomes possible to see signals in energy-
frontier experiments, such as colliders and beam dump facilities [22,23]. Any observation of LNV at
colliders would greatly aid in determining the fundamental origin of LNV. It is therefore important
to consider the complementarity of 0νββ and energy-frontier experiments.

In the case of 0νββ, sources of LNV are most conveniently described in an effective field theory
(EFT) framework in which the Standard Model (SM) is supplemented by gauge-invariant, higher
dimensional operators. As long as all new fields are heavy compared to the electroweak scale, this
framework allows one to determine in a semi-model-independent way the impact of LNV in BSM
scenarios at low energies. Such a framework in the context of the SMEFT has been developed in
Refs. [24–27], which has been extended to include light sterile neutrinos (here light means any mass
below the electroweak scale) [28]. On the other hand, for TeV-scale LNV, collider analyses usually
consider specific BSM models as an EFT description breaks down for

√
s ∼ Λ ∼ TeV.

To bridge the gap between these approaches we will consider several well-motivated simplified
models of neutrino masses and LNV, and, by using the framework of [25–28], assess their impact on
the 0νββ process. Although numerous analyses combining 0νββ and collider probes exist, see for
example Refs. [22,29–33], the description of 0νββ can be improved. We intend to take advantage of
the systematic EFT approach to provide a survey of simplified models that can readily be imbedded
in ultraviolet-complete scenarios, such as extended gauge and grand unified theories. In this Letter
of Interest for the 2021 Snowmass process, we briefly review the EFT framework of Refs. [25–28]
and discuss some of the simplified models as well as their connection to high-energy experiments.

An effective field theory framework for low-energy 0νββ decay

The EFT framework [25–28] starts at the LNV scale, Λ � mW , where heavy BSM fields can be
integrated out and parametrized by LNV operators of dimension d = 5, 7, and 9 that contain SM
fields and possibly sterile neutrinos. These operators are evolved to the electroweak scale, where
heavy SM fields are integrated out, and then to the QCD scale, Λχ ∼ 1 GeV. Here the quark-
level theory is matched onto Chiral EFT, extended to include hadronic LNV interactions. The
resulting chiral Lagrangian is used to derive a LNV potential between nucleons, which provides the
starting point for nuclear many-body computations of nuclear 0νββ matrix elements (MEs). The
end product is an expression for the 0νββ decay rate in terms of Wilson coefficients at the scale
Λ, hadronic MEs, and nuclear MEs. The MEs come with significant theoretical uncertainties. The
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framework allows one to estimate the impact of these uncertainties. The main goal of the proposed
work is to perform the above mentioned matching and evolution for several simplified BSM models.

Simplified models with LNV and their collider tests

The canonical, high-scale Type I Seesaw mechanism [34–40], which is characterized by the existence
of right-handed (RH) neutrinos with GUT-scale, RH Majorana masses, is a leading, well-motivated
explanation for the lightness of active neutrinos. At the same time, there exist scenarios of com-
parable or simpler complexity [41], including scenarios without sterile neutrinos [40, 42–45], and
more so with increasing complexity [46]. Due to the lack of guidance from both data and theory,
it is important to take a broad approach to potential LNV in nature. We consider the following
simplified models with TeV-scale states that are testable at energy-frontier experiments.
Phenomenological Type I Seesaw Model: Like the canonical Type I Seesaw mechanism, this
model is characterized by at least two RH neutrinos with RH Majorana masses. However, in order
to minimize any flavor-model dependence, the masses and mixing of active and sterile neutrinos
are decoupled. As a benefit, manifestations of the Inverse and Linear Type I Seesaws [47–52] are
possible. Extensive searches at collider experiments have been conducted focusing particularly on
the same-sign dilepton `±i `

±
j and trilepton `i`j`k signatures [53–55].

Minimal Left-Right Symmetric Model: Nature’s distinction between LH and RH fields may be
due to the spontaneous breaking of an exact parity symmetry at high energy scales, a scenario known
as the Left-Right Symmetric Model (LRSM) [56–60]. The LRSM extends the SM by an SU(2)R
gauge symmetry and predicts new gauge bosons, fermions, and scalars that may be accessible at
the TeV-scale. Direct searches at colliders generally rule out lighter masses [61–64]. A common
phenomenological limit, known as the minimal LRSM (mLRSM), decouples the theory’s scalar
sector, leaving behind only the new gauge fields and heavy Majorana neutrinos that can couple
directly to the new bosons.
Type I+II Seesaw Model: The LRSM contains an enlarged gauge sector that reduces to the
SM gauge sector after the spontaneous breaking of left-right symmetry. During this process, LH
Majorana masses for LH neutrinos and RH Majorana masses for RH neutrinos are generated. This
in turn triggers the so-called Type I+II Seesaw mechanism [34–40,40,42–45], which is characterized
by heavy Majorana neutrinos (Type I) and exotically charged Higgs bosons (Type II). Direct
searches for doubly charged Higgs bosons rule out masses below a few hundred GeV [65, 66]. In
contrast to the mLRSM, it is possible to decouple the gauge fields, leaving behind only those fields
that are responsible for light neutrino masses.
Type I+III Seesaw Model: Whether or not the SM forces ultimately come together under a
grand unified theory (GUT) remains an open question in particle physics. Despite their potential,
the viability of GUTs has historically been challenged by the absence of proton decay. More
recently, however, it has been shown [67–69] that such limitations can be naturally resolved by
extending the minimal SU(5) GUT by a new lepton multiplet charged under SU(2)L. In doing
so, the Type I+III Seesaw mechanism, which is characterized by heavy Majorana neutrinos (Type
I) and charged and neutral vector-like leptons (Type III), is triggered. Despite this motivation,
searches for such leptons rule out masses below 800 GeV [70,71].
Leptoquarks: Leptoquarks are hypothetical particles that couple quarks to leptons. They appear
in various extensions of the SM, and recently gained renewed interest in the context of the tension
between the SM and experiment in semileptonic B decays [72, 73]. In addition, leptoquarks could
be responsible for the generation of the Majorana masses of the neutrinos [74, 75], which, in some
cases, can be achieved at the same time as addressing the B anomalies [76–78]. We will therefore
consider simplified leptoquark models that involve one type of leptoquark along with left-handed
Majorana masses and sterile neutrinos.

3



References

[1] R. K. Ellis et al., [arXiv:1910.11775 [hep-ex]].

[2] 2020 Update of the European Strategy for Particle Physics. CERN Council, Geneva, 2020.

[3] A. Gando et al. [KamLAND-Zen Collaboration], Phys. Rev. Lett. 117, 082503 (2016),
[arXiv:1605.02889 [hep-ex]], [Addendum: Phys.Rev.Lett. 117, 109903 (2016)].

[4] M. Agostini et al. [GERDA Collaboration], Science 365, 1445 (2019),
[arXiv:1909.02726 [hep-ex]].

[5] G. Anton et al. [EXO-200 Collaboration], Phys. Rev. Lett. 123, 161802 (2019),
[arXiv:1906.02723 [hep-ex]].

[6] D. Adams et al. [CUORE Collaboration], Phys. Rev. Lett. 124, 122501 (2020),
[arXiv:1912.10966 [nucl-ex]].

[7] K. Tetsuno et al. [CANDLES, low temperature group Collaboration], J. Phys. Conf. Ser.
1468, 012132 (2020).

[8] T. Iida et al., Nucl. Part. Phys. Proc. 273-275, 2633 (2016).

[9] N. Abgrall et al. [LEGEND Collaboration], AIP Conf. Proc. 1894, 020027 (2017),
[arXiv:1709.01980 [physics.ins-det]].

[10] C. Patrick and F. Xie, “Status of the SuperNEMO 0νββ experiment,” in Prospects in
Neutrino Physics. 4, 2017. arXiv:1704.06670 [physics.ins-det].

[11] A. Salvio and F. Sannino, eds., From the Fermi Scale to Cosmology. Frontiers, 2019.

[12] [CUORE Collaboration], D. Adams et al., “Update on the recent progress of the CUORE
experiment,” in 28th International Conference on Neutrino Physics and Astrophysics. 8,
2018. arXiv:1808.10342 [nucl-ex].

[13] [SNO+ Collaboration], J. Paton, “Neutrinoless Double Beta Decay in the SNO+
Experiment,” in Prospects in Neutrino Physics. 3, 2019. arXiv:1904.01418 [hep-ex].

[14] J. Albert et al. [nEXO Collaboration], Phys. Rev. C 97, 065503 (2018),
[arXiv:1710.05075 [nucl-ex]].

[15] J. Gomez-Cadenas, “Status and prospects of the NEXT experiment for neutrinoless double
beta decay searches,” in 54th Rencontres de Moriond on Electroweak Interactions and Unified
Theories, pp. 201–206. 2019. arXiv:1906.01743 [hep-ex].

[16] K. Han [PandaX-III Collaboration], J. Phys. Conf. Ser. 1342, 012095 (2020),
[arXiv:1710.08908 [physics.ins-det]].

[17] W. Armstrong et al. [CUPID Collaboration], [arXiv:1907.09376 [physics.ins-det]].

[18] J. Schechter and J. Valle, Phys. Rev. D 25, 2951 (1982).

[19] M. Hirsch, S. Kovalenko, and I. Schmidt, Phys. Lett. B 642, 106 (2006),
[arXiv:hep-ph/0608207].

4

https://arxiv.org/abs/1910.11775
http://dx.doi.org/10.17181/ESU2020
https://arxiv.org/abs/1605.02889
https://arxiv.org/abs/1909.02726
https://arxiv.org/abs/1906.02723
https://arxiv.org/abs/1912.10966
https://arxiv.org/abs/1709.01980
https://arxiv.org/abs/1704.06670
http://dx.doi.org/10.3389/978-2-88963-205-3
https://arxiv.org/abs/1808.10342
https://arxiv.org/abs/1904.01418
https://arxiv.org/abs/1710.05075
https://arxiv.org/abs/1906.01743
https://arxiv.org/abs/1710.08908
https://arxiv.org/abs/1907.09376
https://arxiv.org/abs/hep-ph/0608207


[20] M. Duerr, M. Lindner, and A. Merle, JHEP 06, 091 (2011), [arXiv:1105.0901 [hep-ph]].

[21] V. Cirigliano, W. Dekens, J. de Vries, M. Graesser, and E. Mereghetti, JHEP 12, 082 (2017),
[arXiv:1708.09390 [hep-ph]].

[22] F. F. Deppisch, P. Bhupal Dev, and A. Pilaftsis, New J. Phys. 17, 075019 (2015),
[arXiv:1502.06541 [hep-ph]].

[23] Y. Cai, T. Han, T. Li, and R. Ruiz, Front. in Phys. 6, 40 (2018), [arXiv:1711.02180 [hep-ph]].

[24] G. Prezeau, M. Ramsey-Musolf, and P. Vogel, Phys. Rev. D 68, 034016 (2003),
[arXiv:hep-ph/0303205].

[25] M. L. Graesser, JHEP 08, 099 (2017), [arXiv:1606.04549 [hep-ph]].

[26] V. Cirigliano, W. Dekens, J. de Vries, M. Graesser, and E. Mereghetti, JHEP 12, 097 (2018),
[arXiv:1806.02780 [hep-ph]].

[27] Phys. Rev. C 97, 065501 (2018), [arXiv:1710.01729 [hep-ph]], [Erratum: Phys.Rev.C 100,
019903 (2019)].

[28] W. Dekens, J. de Vries, K. Fuyuto, E. Mereghetti, and G. Zhou, JHEP 06, 097 (2020),
[arXiv:2002.07182 [hep-ph]].

[29] V. Tello, M. Nemevsek, F. Nesti, G. Senjanovic, and F. Vissani, Phys. Rev. Lett. 106,
151801 (2011), [arXiv:1011.3522 [hep-ph]].

[30] M. Nemevsek, F. Nesti, G. Senjanovic, and V. Tello, [arXiv:1112.3061 [hep-ph]].

[31] V. Tello, PhD thesis, SISSA, Trieste (2012).

[32] T. Peng, M. J. Ramsey-Musolf, and P. Winslow, Phys. Rev. D 93, 093002 (2016),
[arXiv:1508.04444 [hep-ph]].

[33] M. Lindner, F. S. Queiroz, and W. Rodejohann, Phys. Lett. B 762, 190 (2016),
[arXiv:1604.07419 [hep-ph]].

[34] P. Minkowski, Phys. Lett. B 67, 421 (1977).

[35] T. Yanagida, Conf. Proc. C 7902131, 95 (1979).

[36] M. Gell-Mann, P. Ramond, and R. Slansky, Conf. Proc. C 790927, 315 (1979),
[arXiv:1306.4669 [hep-th]].

[37] S. Glashow, NATO Sci. Ser. B 61, 687 (1980).

[38] R. N. Mohapatra and G. Senjanovic, Phys. Rev. Lett. 44, 912 (1980).

[39] R. E. Shrock, Phys. Rev. D 24, 1232 (1981).

[40] J. Schechter and J. Valle, Phys. Rev. D 22, 2227 (1980).

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

[42] W. Konetschny and W. Kummer, Phys. Lett. B 70, 433 (1977).

5

https://arxiv.org/abs/1105.0901
https://arxiv.org/abs/1708.09390
https://arxiv.org/abs/1502.06541
https://arxiv.org/abs/1711.02180
https://arxiv.org/abs/hep-ph/0303205
https://arxiv.org/abs/1606.04549
https://arxiv.org/abs/1806.02780
https://arxiv.org/abs/1710.01729
https://arxiv.org/abs/2002.07182
https://arxiv.org/abs/1011.3522
https://arxiv.org/abs/1112.3061
https://arxiv.org/abs/1508.04444
https://arxiv.org/abs/1604.07419
https://arxiv.org/abs/1306.4669
https://arxiv.org/abs/hep-ph/9805219


[43] T. Cheng and L.-F. Li, Phys. Rev. D 22, 2860 (1980).

[44] G. Lazarides, Q. Shafi, and C. Wetterich, Nucl. Phys. B 181, 287 (1981).

[45] R. N. Mohapatra and G. Senjanovic, Phys. Rev. D 23, 165 (1981).

[46] Front. in Phys. 5, 63 (2017), [arXiv:1706.08524 [hep-ph]].

[47] R. Mohapatra, Phys. Rev. Lett. 56, 561 (1986).

[48] R. Mohapatra and J. Valle, Phys. Rev. D 34, 1642 (1986).

[49] J. Bernabeu, A. Santamaria, J. Vidal, A. Mendez, and J. Valle, Phys. Lett. B 187, 303
(1987).

[50] M. Gavela, T. Hambye, D. Hernandez, and P. Hernandez, JHEP 09, 038 (2009),
[arXiv:0906.1461 [hep-ph]].

[51] E. K. Akhmedov, M. Lindner, E. Schnapka, and J. Valle, Phys. Lett. B 368, 270 (1996),
[arXiv:hep-ph/9507275].

[52] E. K. Akhmedov, M. Lindner, E. Schnapka, and J. Valle, Phys. Rev. D 53, 2752 (1996),
[arXiv:hep-ph/9509255].

[53] A. M. Sirunyan et al. [CMS Collaboration], Phys. Rev. Lett. 120, 221801 (2018),
[arXiv:1802.02965 [hep-ex]].

[54] A. M. Sirunyan et al. [CMS Collaboration], JHEP 01, 122 (2019),
[arXiv:1806.10905 [hep-ex]].

[55] G. Aad et al. [ATLAS Collaboration], JHEP 10, 265 (2019), [arXiv:1905.09787 [hep-ex]].

[56] J. C. Pati and A. Salam, Phys. Rev. D 10, 275 (1974), [Erratum: Phys.Rev.D 11, 703–703
(1975)].

[57] R. N. Mohapatra and J. C. Pati, Phys. Rev. D 11, 566 (1975).

[58] R. Mohapatra and J. C. Pati, Phys. Rev. D 11, 2558 (1975).

[59] G. Senjanovic and R. N. Mohapatra, Phys. Rev. D 12, 1502 (1975).

[60] G. Senjanovic, other thesis (1979).

[61] A. M. Sirunyan et al. [CMS Collaboration], JHEP 05, 148 (2018),
[arXiv:1803.11116 [hep-ex]].

[62] M. Aaboud et al. [ATLAS Collaboration], JHEP 01, 016 (2019), [arXiv:1809.11105 [hep-ex]].

[63] M. Aaboud et al. [ATLAS Collaboration], Phys. Lett. B 798, 134942 (2019),
[arXiv:1904.12679 [hep-ex]].

[64] A. M. Sirunyan et al. [CMS Collaboration], JHEP 05, 033 (2020),
[arXiv:1911.03947 [hep-ex]].

[65] S. Chatrchyan et al. [CMS Collaboration], Eur. Phys. J. C 72, 2189 (2012),
[arXiv:1207.2666 [hep-ex]].

6

https://arxiv.org/abs/1706.08524
https://arxiv.org/abs/0906.1461
https://arxiv.org/abs/hep-ph/9507275
https://arxiv.org/abs/hep-ph/9509255
https://arxiv.org/abs/1802.02965
https://arxiv.org/abs/1806.10905
https://arxiv.org/abs/1905.09787
https://arxiv.org/abs/1803.11116
https://arxiv.org/abs/1809.11105
https://arxiv.org/abs/1904.12679
https://arxiv.org/abs/1911.03947
https://arxiv.org/abs/1207.2666


[66] M. Aaboud et al. [ATLAS Collaboration], Eur. Phys. J. C 79, 58 (2019),
[arXiv:1808.01899 [hep-ex]].

[67] B. Bajc and G. Senjanovic, Phys. Lett. B 648, 365 (2007), [arXiv:hep-ph/0611308].

[68] B. Bajc and G. Senjanovic, JHEP 08, 014 (2007), [arXiv:hep-ph/0612029].

[69] A. Arhrib, B. Bajc, D. K. Ghosh, T. Han, G.-Y. Huang, I. Puljak, and G. Senjanovic, Phys.
Rev. D 82, 053004 (2010), [arXiv:0904.2390 [hep-ph]].

[70] A. M. Sirunyan et al. [CMS Collaboration], Phys. Rev. Lett. 119, 221802 (2017),
[arXiv:1708.07962 [hep-ex]].

[71] G. Aad et al. [ATLAS Collaboration], [arXiv:2008.07949 [hep-ex]].

[72] D. Buttazzo, A. Greljo, G. Isidori, and D. Marzocca, JHEP 11, 044 (2017),
[arXiv:1706.07808 [hep-ph]].

[73] S. Fajfer, J. F. Kamenik, I. Nisandzic, and J. Zupan, Phys. Rev. Lett. 109, 161801 (2012),
[arXiv:1206.1872 [hep-ph]].

[74] C.-K. Chua, X.-G. He, and W.-Y. Hwang, Phys. Lett. B 479, 224 (2000),
[arXiv:hep-ph/9905340].

[75] U. Mahanta, Phys. Rev. D 62, 073009 (2000), [arXiv:hep-ph/9909518].

[76] Y. Cai, J. Gargalionis, M. A. Schmidt, and R. R. Volkas, JHEP 10, 047 (2017),
[arXiv:1704.05849 [hep-ph]].

[77] P. B. Dev, R. Mohanta, S. Patra, and S. Sahoo, [arXiv:2004.09464 [hep-ph]].

[78] F. Deppisch, S. Kulkarni, H. Päs, and E. Schumacher, Phys. Rev. D 94, 013003 (2016),
[arXiv:1603.07672 [hep-ph]].

7

https://arxiv.org/abs/1808.01899
https://arxiv.org/abs/hep-ph/0611308
https://arxiv.org/abs/hep-ph/0612029
https://arxiv.org/abs/0904.2390
https://arxiv.org/abs/1708.07962
https://arxiv.org/abs/2008.07949
https://arxiv.org/abs/1706.07808
https://arxiv.org/abs/1206.1872
https://arxiv.org/abs/hep-ph/9905340
https://arxiv.org/abs/hep-ph/9909518
https://arxiv.org/abs/1704.05849
https://arxiv.org/abs/2004.09464
https://arxiv.org/abs/1603.07672

