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Dirac versus Majorana

» Origin of neutrino masses beyond the Standard Model
» Two possibilities to define neutrino mass

Dirac mass analogous to other Majorana mass, using only
fermions but with ™/, =~ a left-handed neutrino
1012 couplings to Higgs — Lepton Number Violation
<H>-I=\ 7|_<H>
;_ 4
\/
Vi 1/Anp Vi
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N 4 . A
Beta Decay and Neutrino Mass m

allowed B[;NC

» Single beta decay
(A,Z2)-> (A Z+1)+e” + 7,
» Two-neutrino double beta (2vBfB) decay

(A4,Z2) - (A, Z+2)+ 2e” + 2V,
- SM-allowed in certain isotopes

» Neutrinoless double beta (0vBB) decay
(A4,Z) - (A, Z+2) + 2e”

- Violation of lepton number 1 2v33
- Mediated by massive Majorana }
neutrinos g
See talk by Hao Ma & OvBp
for experimental overview A
Energy s5
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Neutrinoless Double Beta Decay

University College London
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» Particle Physics
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le 1 +mvi me! + ¥Vs5)V .
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» Atomic Physics
> Leptonic phase space ¢% « Q°
» Nuclear Physics
> Nuclear transition matrix element M" = 1, "l
but large uncertainties, factor 2-3 Q+2m, { _
~ Q— \
See talk by Jiangmin Yao ol —_—
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Three Active Neutrinos

» Effective OvBB Mass 10-1 -
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Three Active Neutrinos
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» Effective OvBB Mass B
> 5 KLZ-800 (90%C.L.) , | 7
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+sZ,cfsm,, e'P1z
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» Impact of JUNO Data —
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Three Active Neutrinos

» Effective OvBB Mass

_ A2 A2
Imgg| = |[cizc13my,
2 .2 i
+S12¢13my, e P12

2 i
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» Impact of JUNO Data
» Vanishing mgg

mﬂ[; =0 74 FOV,Bﬁ =0

> Next Order

University College London
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Neutrino Mass Probes
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» Concordance (or lack thereof) with oscillations, cosmology and tritium decay

= 1
2,
g 0vBP decay limit (90% CL), smallest NME 0vBB decay limit (90% CL), smallest NME OvBP decay limit (90% CL), smallest NME
"""""" = 0vBP decay limit (90% CL), largest NME
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Agostini et al., Rev.Mod.Phys. 95 (2023) 2, 025002
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New Physics and 0vgf

» Plethora of New Physics scenarios
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New Physics and 0vgf

» Plethora of New Physics scenarios
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» Neutrinos still Majorana
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New Physics and 0vgf

N
» Decay modes, rates and NP sensitivity alowed Bp  fe
i ZVﬁﬁ (SM) 9 D " e r 1?-:
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New Physics and 0vgf

» Decay modes, rates and NP sensitivity
> 2vBB (SM)

&y ~ GFQpr? ~ (10 yr) ™
o Qvff via Majorana neutrinos
2
-1
[, ~ My G QP (0.1 1;V) (10%yr)

> QvBp via BSM 7-dim LNV operator
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allowed B &
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\

> Q ~1MeV
energy
release

6
) 20 TeV 1
Y ~ A°GrQ z( : ) (10%° yr)

See talk by Xia-Dong Ma

Gr ~ 10-5Gel 2 U
electroweak scale

pr ~ 100 MeV ~ 1 fm™1
inter-nucleon distance
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New Physics and 0vgf

» Decay modes, rates and NP sensitivity
> 2vBB (SM)

&y ~ GFQpr? ~ (10 yr) ™
o Qvff via Majorana neutrinos

ov 2 40)5,,2 My \* 2025 )
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> QvBp via BSM 7-dim LNV operator

University College London
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New Physics and 0vpf

FFD, Graf, lachello, Kotila, PRD 102 (2020)

» Limits on short-range 20 —
A
operators ISE Ao T1/2("°Ge) = (1.8,10,100)
> NMEs from IBM-2 b Moo Ty, (M"Mo) = (0.01,5,10) x 10%6yr
with g, = 1.0 “Ge 8 . T1,2(7°°Xe) = (1.1,5,9.2)
> Pion-mediated 14 /E
contributions, e.g., R- = 12 g AXY
parity violating SUSY > 10 z AT¥
(Faessler, Kovalenko, Simkovic, | — §
Schwieger, PRL 78 (1997) 183) | < §
6 AR
4
2
0
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Falsifying Baryogenesis

FFD, Harz, Hirsch, PRL 112 (2014) | FFD, Harz, Hirsch, Huang, Pas, PRD 92 (2015)

» LNV processes lead to washout of
lepton asymmetry in early universe

» Observation of LNV

> gives information at what temperatures
operators are in equilibrium

- can falsify high-scale baryogenesis

scenarios
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New Physics in 2vBp
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FFD, Graf, Simkovic, PRL 125 (2020) | FFD, Graf, Rodejohann, Xu, PRD 102 (2020)

» Sterile neutrino search through

energy endpoint (@iso: Agostini, Bossio,
Ibarra, Marcano, PLB 815 (2021))

> Emission of one sterile neutrino
in double beta decay: vNBp
o Observed limits: =
- GERDA (JCAP 12 (2022) 012) §
- CUPID-Mo (Eur.Phys.).C 84 (2024) 9) 2
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New Physics in 2vBp

FFD, Graf, Simkovic, PRL 125 (2020) | FFD, Graf, Rodejohann, Xu, PRD 102 (2020)

» Sterile neutrino search through

energy endpoint (@iso: Agostini, Bossio,
Ibarra, Marcano, PLB 815 (2021))

University College London

> Emission of one sterile neutrino
in double beta decay: vNBp
. - —
> Observed limits: =
© GERDA (JCAP 12 (2022) 012) o
- CUPID-Mo (Eur.Phys.J.C 84 (2024) 9) 2
» Lepton number
conserving RH currents = ool
- LEGEND analysis ongoing < i
= i Exotic - SM
> 0]8
q) L
O—'IO_.‘.l‘.‘.‘.‘l.‘_
00 02 04 06 08 1.0
Ex/Q
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New Physics in 2vBp

FFD, Graf, Simkovic, PRL 125 (2020) | FFD, Graf, Rodejohann, Xu, PRD 102 (2020)

» Sterile neutrino search through
energy endpoint (@iso: Agostini, Bossio,
Ibarra, Marcano, PLB 815 (2021))

- Emission of one sterile neutrino
in double beta decay: vNBp

University College London

o Observed limits:
- GERDA (JCAP 12 (2022) 012)
- CUPID-Mo (Eur.Phys.).C 84 (2024) 9)

» Lepton number
conserving RH currents
- LEGEND analysis ongoing

» Neutrino self-interactions

> Excluding vSI motivated
by Hubble tension

Gs/(10°Gp)

=
T

w2
T

Do
T

=
n
> >
i D
Y
v
Gs <
v
v
D
> >
n
-
vSlf favoredl by copmolog]cal daf‘a
‘ 100 Mo
Y
’ 6Ge
[ 128 ; 130T
1sotopes

Frank Deppisch | DBD as a Probe of NP | 30/11/2025



EXOtiC PartiC|e EmiSSion University College London

Cepedello, FFD, Gonzalez, Hati, Hirsch, PRL 122 (2019) | Boudjema, FFD, Herrero, Majumdar, Senapati, 2511.13606
» Majoron(-like) J emission

d u
» Majoron-like ¢ emission d 0 \@ﬁ‘%

assisted by RH current D er v
- Non-standard energy distribution Tl -";’"’"" J
> Searched for in EXO-200: ¢

Ty >4 X 1024y v /@ka
(PRD 104 (2021) 11, 112002) y .
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Exotic Particle Emission

University College London

Cepedello, FFD, Gonzalez, Hati, Hirsch, PRL 122 (2019) | Boudjema, FFD, Herrero, Majumdar, Senapati, 2511.13606

» Majoron(-like) J emission

» Majoron-like ¢ emission
assisted by RH current
> Non-standard energy distribution

- Searched for in EXO-200:
Ty >4 x10%%y
(PRD 104 (2021) 11, 112002)
» Dirac neutrinos coupled to massive,
L-charged scalar S and fermion y

—L =v°(a, P+ b,Pr)vS* + x¢ (ay, P + b, Pg) xS™ + h.c..

> Z, symmetry to forbid mixing
> Self-interacting neutrinos and

gj ¢ =-=>»=-==- ]
_ %
€
> > P 1

gv X - :9;‘ —QX
See talk by Michael

X1| Ramsey-Musolf;

_self-interacting (potentially) DM

> > p PandaX, 2511.13515;
\ De Vries, Graf,

Plakkot, Stary,

€ 2511.19173
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Neutrinos coupled to Dark Sector

Boudjema, FFD, Herrero, Majumdar, Senapati, 2511.13606

» Finite width S
» Off-shell S

University College London
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Neutrinos coupled to Dark Sector

Boudjema, FFD, Herrero, Majumdar, Senapati, 2511.13606

» Finite width S
» Off-shell S

» 2v¢BB and
interference

with SM 2vBp

University College London
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Neutrinos coupled to Dark Sector

Boudjema, FFD, Herrero, Majumdar, Senapati, 2511.13606

» Finite width § 10‘1;-S ML T
X Off—she”S - calar emission GERDAH LAND
—/en

_2_

» 2vgBB and 10~

interference C

» Sensitivity of
current and
future double
beta searches
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Neutrinos coupled to Dark Sector

Boudjema, FFD, Herrero, Majumdar, Senapati, 2511.13606
» Finite width S 107

» Off-shell S

» 2v¢BB and
interference
with SM 2vBp

» Sensitivity of
current and
future double
beta searches

> Modification from
interference and
off-shell S

GERDA 11
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Conclusion

University College London

» Neutrinos much lighter than other fermions
> Dirac or Majorana?
> Mechanism of neutrino mass generation?

» OvBp is crucial probe for BSM physics

> Prove neutrino Majorana nature

> LNV physics near GUT scale and A ~ 1eV - 100 TeV T1O/vzﬁﬁ ~ Anp ’
> Falsify high-scale baryogenesis scenarios 1028y (1015 GeV)
» 2vBB spectrum sensitive to New Physics ¢
> Non-standard v interactions, sterile v " //> D
> Neutrino self-interactions 2
and dark sector interactions 9 -:g;--<9x
- Strongest terrestrial limits 1
|gv,s] < 107> — 107" for mg < 3 — 5 MeV n—» \\> p
€
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