
University College London

Frank Deppisch
f.deppisch@ucl.ac.uk

University College London

FLASY2019 | TDLi Shanghai & USTC Hefei | 22-27/7/2019



University College London

2 / 29 Frank Deppisch | DBD and TeV Scale Physics | 24/7/2019

 Origin of neutrino masses beyond the Standard Model

 Two possibilities to define neutrino mass
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 Half-life

 Particle Physics

 Atomic Physics

◦ Leptonic phase space 𝐺0𝜈 ∝ 𝑄5

 Nuclear Physics

◦ Nuclear transition matrix element 𝑀0𝜈 ≈ 1
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 Effective 0𝜈𝛽𝛽 Mass

Dell'Oro, Marcocci, Viel, Vissani, 
Adv. High Energy Phys. (2016) 2162659 

KamLAND-Zen upper limit: 𝑻𝟏/𝟐 > 𝟏. 𝟎𝟕 × 𝟏𝟎𝟐𝟔 y
Phys. Rev. Lett. 117 (2016) 082503
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 Effective 0𝜈𝛽𝛽 Mass

Dell'Oro, Marcocci, Viel, Vissani, 
Adv. High Energy Phys. (2016) 2162659 
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 Plethora of New Physics scenarios
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 Examples in Left-Right Symmetry

 0𝜈𝛽𝛽 probes 
the TeV scale

 Limits on 6D 
and 9D eff. 
operators 
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 Evaluation of limits on 
short-range operators
(Graf, FFD, Iachello, Kotila, PRD 98, 095023)

◦ General parton level operators 
(Paes et al. ‘01)

𝐿 =
𝐺𝐹
2

2𝑚𝑝
(𝜖1𝐽𝐽𝑗 + 𝜖2𝐽

𝜇𝜈𝐽𝜇𝜈𝑗 + 𝜖3𝐽
𝜇𝐽𝜈𝑗 + 𝜖4𝐽

𝜇𝐽𝜇𝜈𝑗
𝜈 + 𝜖5𝐽

𝜇𝐽𝑗𝜇)
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short-range operators
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◦ General parton level operators 
(Paes et al. ‘01)

◦ Nucleon currents 
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 Evaluation of limits on 
short-range operators
(Graf, FFD, Iachello, Kotila, PRD 98, 095023)

◦ General parton level operators 
(Paes et al. ‘01)

◦ Nucleon currents

◦ Nucleon form factors 

Pion-mediated 
contributions

◦ R-parity violating SUSY
(Faessler, Kovalenko, 
Simkovic, Schwieger, 
Phys.Rev.Lett. 78 (1997) 
183)

◦ Chiral EFT with Pion 
operators from 
Lattice QCD
(Cirigliano, Dekens, de Vries, 
Graesser, Mereghetti, JHEP 
1812 (2018) 097)
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 Evaluation of limits on 
short-range operators
(Graf, FFD, Iachello, Kotila, PRD 98, 095023)

◦ General parton level operators 
(Paes et al. ‘01)

◦ Nucleon currents

◦ Nucleon form factors

◦ Evaluation of additional NMEs

◦ Numerical determination of 𝑒−

wavefunctions (nuclear 
Coulomb potential and 𝑒−

cloud screening Type equation
here. energy and angular 
distribution
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Menendez, arXiv:1605.05059 

 Nuclear Matrix Element

◦ Many-body problem 

◦ Factor 2 – 3 uncertainty 
between nuclear models

◦ Additional suppression of
axial nucleon coupling 𝑔𝐴?

𝑀0𝜈 = 𝑔𝐴
2 𝑀𝐺𝑇 −

𝑔𝑉
2

𝑔𝐴
2𝑀𝐹 +𝑀𝑇
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 Nuclear Matrix Element

◦ Many-body problem 

◦ Factor 2 – 3 uncertainty 
between nuclear models

◦ Additional suppression of
axial nucleon coupling 𝑔𝐴?

 Strong theoretical and 
experimental effort to 
reduce uncertainty

Menendez, arXiv:1605.05059 

𝑀0𝜈 = 𝑔𝐴
2 𝑀𝐺𝑇 −

𝑔𝑉
2

𝑔𝐴
2𝑀𝐹 +𝑀𝑇 J. Engel, Talk at ECT* Workshop 

“Progress and Challenges in 0𝜈𝛽𝛽”
indico.ectstar.eu/event/33/timetable/#20190715
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 Evaluation of limits on 
short-range operators
(Graf, FFD, Iachello, Kotila, PRD 98, 095023)

◦ Improved limits on effective 
interactions and NP scales

including QCD RGE effects
(Mahajan, PRL 112, 031804; Gonzalez, 
Hirsch, Kovalenko, PRD 93, 013017)
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𝜇Bonnet, Hirsch, Ota, Winter,
JHEP 1303 (2013) 055
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 with masses larger than ≈ 100 MeV

Bolton, FFD, Dev, work in progress 
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𝑇1/2
−1 = 𝐺𝜈

𝑚𝛽𝛽
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Mitra, Pascoli, Wong, Phys. 
Rev. D 90 (2014) 093005
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𝑿𝒆 > 𝟏𝟎𝟐𝟔 y

To constrain an exotic 𝜖

contribution, 𝑚𝛽𝛽 has to be 
inferred independently, 

e.g. use upper limit on Σ𝑚𝜈
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 Emission of one or more neutral bosons
◦ Majoron model of neutrino mass generation

◦ “Majoron-like” boson 𝐽 with coupling to 𝜈, 

e.g. 𝑔𝑖𝑗 ҧ𝑣𝑖𝛾5𝜈𝑗𝐽

Bamert, Burgess, Mohapatra ‘95

GERDA, Eur. Phys. J. C75 (2015) 9, 416
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 Emission of one or more neutral bosons
◦ Majoron model of neutrino mass generation

◦ “Majoron-like” boson 𝐽 with coupling to 𝜈, 

e.g. 𝑔𝑖𝑗 ҧ𝑣𝑖𝛾5𝜈𝑗𝐽

◦ Light scalar associated with Weinberg-like operator
(Blum, Nir, Shavit, Phys. Lett. B785 (2018) 354)

Bamert, Burgess, Mohapatra ‘95
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 Effective RH lepton currents with massless scalar 𝜙
(R. Cepedello, FFD, L. González, C. Hati, M. Hirsch, Phys. Rev. Lett. 122 (2019) 181801)

 Giving rise to long-range contribution to 0𝜈𝛽𝛽𝜙 decay

◦ No suppression with 𝜈 mass

 Calculation follows long-range 𝜂
and 𝜆 modes

(Doi, Kotani, Takasugi, Prog. Theor. Phys. Suppl. 83 (1985) 1)
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82𝑆𝑒136𝑋𝑒

 Effective RH lepton currents with massless scalar 𝜙
(R. Cepedello, FFD, L. González, C. Hati, M. Hirsch, Phys. Rev. Lett. 122 (2019) 181801)

 Non-standard electron energy distributions
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 Sensitivity modification for massive 𝜙
◦ Suppression of 

phase space

◦ Decrease of 𝑆/ 𝐵

Blum, Nir, Shavit, Phys. Lett. B785 (2018) 354

Brune, Paes, Phys.Rev. D99 (2019) 096005

𝒎𝝓 = 𝟎

𝒎𝒆

𝟐𝒎𝒆

𝟑𝒎𝒆

𝟐𝝂𝜷𝜷
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 UV Diagram

 Sensitivity from 𝜖𝑅𝐿
𝜙



University College London

29 / 29 Frank Deppisch | DBD and TeV Scale Physics | 24/7/2019

 Neutrinos much lighter than other fermions
◦ Dirac or Majorana? Lepton Number Violation?

◦ Natural suppression of charged LFV?

◦ Determination of absolute mass scale

 𝟎𝝂𝜷𝜷 is crucial probe for BSM physics
◦ Standard interpretation: New Physics near

GUT scale breaking lepton number

◦ Important to look for alternative scenarios

 Missing energy → lepton number conserved?

 Neutrino mass may be associated with exotic light particles

 Importance of probing LNV around the TeV scale
◦ Can we rule out mechanisms of neutrino mass generation?

◦ Impact on baryon asymmetry of the Universe
(FFD, Harz, Hirsch, Phys. Rev. Lett. 112 (2014) 221601; 
FFD, Harz, Hirsch, Huang, Päs, Phys. Rev. D 92 (2015) 036005)

𝑇1/2
0𝜈𝛽𝛽

1028 y
≈

𝚲𝐍𝐏
1015 GeV

2
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 If massive, Majoron can be Dark Matter
◦ Singlet Majoron Model

(Berezinsky, Valle, Phys. Lett. B318 (1993) 360; Garcia-Cely, Heeck, JHEP 05 (2017) 102)

 Strong constraints from Supernovae
Brune, Paes, Phys. Rev. D99 (2019) 096005
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 Extended Gauge Symmetry

◦ Minimal LR model: 𝑋 = 𝐵 − 𝐿

◦ We consider 𝑋 ≠ 𝐵 − 𝐿 broken 
but 𝐵 − 𝐿 conserved

◦ Dirac neutrinos (and charged SM
fermions) via Dirac seesaw via
heavy, vector-like fermions
(Bolton, FFD, Hati, arXiv:1902.05802)

𝐺𝐿𝑅 = 𝑆𝑈 3 𝐶 × 𝑆𝑈 2 𝐿 × 𝑆𝑈 2 𝑅 × 𝑈 1 𝑋 → 𝑆𝑈 3 𝐶 × 𝑆𝑈 2 𝐿 × 𝑈 1 𝑌
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 Add heavy scalar leptoquarks 𝑆1(3,2, 1/6), 𝑆2(3
∗, 1,1/3)

◦ Effective operator at tree level

◦ Lepton number conserved if
𝐿 𝑆1 = 𝐿(𝑆2) = −1, 𝐿 𝜙 = −2

◦ LNV and Majorana neutrino mass 
at two-loop if 𝜙 ≠ 0


