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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 a
fermions but with ™/,  ~107'2 left-handed neutrino

couplings to Higgs — Lepton Number Violation

(H) H

AT

e
()
Vi 1/Anp Vi

Frank Deppisch | Probing NP with DBD | 25/11/2025



» Single beta decay
A4,Z2)-> (A Z+1)+e +v,

» Allowed double beta (2vBB) decay
(A,2) = (A, Z +2) + 2e™ + 27,

» Neutrinoless double beta (0vBpB)

decay
(4,Z) - (A, Z+ 2) + 2e”
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Beta Decay and Neutrino Mass e cdkoe tonaor

neutrinoless €
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> Violation of lepton
number

A

- Mediated by massive
Majorana neutrinos
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» Half-life

— 2
Tl/% — |m55|260"|M0"|

T
W Ly-a

\

|q| ~ qF X m,
~ 100 MeV

uy

» Particle Physics %

uy,

+m, Yu (1 +¥5)Y
lep = zuelyli(l'l'ys) 2 Vv(l Ys) = £ sz'

4q2

» Atomic Physics
- Leptonic phase space G° « Q°

» Nuclear Physics

> Nuclear transition matrix element M% =~ 1
but large uncertainties, factor 2-3

Q +2m,
~ 3—5 Me
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Three Active Neutrinos

» Effective 0vBB Mass Jegenerate v & 8,3~ 0,

v

|mpg| = |C1220123mv1 + 5122C123mv23i¢12+S123mv33i¢13| ~ mv\/l — sin?(26,3)sin?(¢1,/2)

KamLAND-Zen upper limit: T,/, > 3.8 x 10%*°y
arX|v240611438 '

107!

e LEGEND-1000 _

- T1/, ~ 1028 yr

10210t
Miightest [eV]
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Three Active Neutrinos

» Effective 0vBB Mass Jegenerate v & 8,3~ 0,
|mpg| = |C122C1237'nv1 + 5122C123mv23i¢12+S123mv33i¢13| ~ mv\/l — sin?(26;,)sin?(¢12/2)
2 [ _ _ _ s
10 ; KLZ-800 (90%C.L.) ; 4 e
> l———————————_———— -
. g nEXO/CUPID/LEGEND E
P‘< —
] /_E ]
{ S L0 Impact of JUNO (first) data
\E/ [ (Ge, Kong, Lindner,
- I 3¢ w/o JUNO Pinhero, 25]]]539])
M 30w/ JUNO _
10-1 - 3o w/ 6yr JUNO |
B v /o uncert. 1

100 BT 10!
mVlightcst [mev]
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Three Active Neutrinos

» Effective OvBp Mass

mﬁﬁ =0 74 FOvﬁB =0

10‘1_r 1
§%1o-l3§:
r Next order 1
16"
10 : EB:UZ v; =l§:U2-<‘m +m31>
107197 L fgr-my 4 T g

Mightest [eV]
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New Physics and OvBpf

» Plethora of New Physics scenarios
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New Physics and OvBpf

» Plethora of New Physics scenarios

2
-1 _ 2 ov ov
Ty = ENPGNP|MNP

» Neutrinos still

Majorana

Schechter, Valle, Phys.Rev.D
25 (1982) 2951
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New Physics and 0vgp

» Decay modes, rates and NP sensitivity
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allowed Bp &
. _r_:|

° 2vpp (SM)

_ -1
[y = GFQ''pr? ~ (10" yr)

o QvBpf via Majorana neutrinos

m,
l"OV_ 2G4 5 2~(
FQ°DF 01 eV

) (1025 yr)

Ov,B,b’ via BSM 7-dim LNV operator

>Q ~ 1 MeV
energy
release
| J
R — Gr ~ 1075GeV =2 ~ v2
g electroweak scale
pr ~ 100 MeV ~ 1 fm™1
inter-nucleon distance

20TeV

' _ -1
_ IR = A°GrQ°pi z( A > (1025 3’7")

. Ov,B,B via BSM 9-dim LNV operator

FSR = A_lonpg ~ (

4 TelV
A

) (1025 yr)™"

> QvBBJ] ordinary Majoron emission

g\ -1
FOV] — ngf:LQ7p1% ~ (10_5> (1021 yr)
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New Physics and 0vgf.

A [TeV]

P
FFD, Graf, lachello, Kotila, PRD 102 (2020) c
- —7
» Limits on short-range operators \ "
- NMEs from IBM-2 with g, = 1.0 and o
short-range correlations in Argonne _'Z _
parametrization —+ T+ e
L1
20 AYY i diated
18E APy contributions
0 76 _
16 Ge T1/2( Ge) =(1.8.10,100) » R-parity violating SUSY
14 136Xe T1/2(100M0) = (0.01,5,10) x 1026}’1' (Faessler, Kovalenko,

Simkovic, Schwieger,
I;Péyés).Rev.Lett. 78 (1997)

» Chiral EFT with Pion
operators from

Lattice QCD
(Cirigliano, Dekens, de
Vries, Graesser,
Mereghetti, JHEP 1812
(2018) 097)

T1,("°%Xe) = (1.1,5,9.2)

[\

As”

[ S—
o

current |future
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Falsifying Baryogenesis

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

» LNV processes lead to T Hirsch, Huang, Pas,
washout of Iepton 1014 g3 Phys. Rev. D92 (2015) 036005
asymmetry in early 10122: I A
universe :

£ current

» Observation of LNV 10%%
> gives information at what > 0vBB LEV

temperatures operators o 10% ;
are in equilibrium &~ 6;‘ Br(u—e
- can falsify high-scale 10°
baryogenesis scenarios .
10 _LHC reachH [I
102—5W5cale “
05 07 09 Oll O,ue*y Orfy Oueqq
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New Physics in 2vB

FFD, Graf, Simkovic, PRL 125 (2020) | FFD, Graf, Rodejohann, Xu, PRD 102 (2020)
» Sterile neutrino search through u

d
energy endpoint (also: Agostini, Bossio, €R
Ibarra, Marcano, PLB 815 (2021))

L. . . VR
> Emission of one sterile neutrino
in double beta decay: vNBBS VL
> Observed limits: /G‘Fé%
- GERDA (car 12 (2022) 012) 0.16 1 — GERDA | d -
—— CUPID-M ]
- CUPID-Mo (Eur.Phys.J.C 84 (2024) 9) 0.14 1 - == CUPID-Mo wo Syst [Improved Model]
— —— CUPID-Mo w Syst. [SSD]
:9 0.12 5 ~-- CUPID-Mo wo Syst. [SSD]
S 0.10 -
(31
:‘é 0.08 -
= 0.06
E
” 0,041
0.02 -
200 400 600 800 1000 1200 1400
my [keV]
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New Physics in 2vB

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

» Sterile neutrino search through .
energy endpoint (also, Agostini, Bossio, €R
Ibarra, Marcano, PLB 815 (2021))

- Emission of one sterile neutrino
in double beta decay: vNBpB
> Observed limits:
- GERDA ¢capr 12 (2022) 012)
« CUPID-MO (Eur.Phys.J.C 84 (2024) 9)

» Lepton number
conserving RH currents
- LEGEND analysis ongoing

(dr/dE )T

Exotic - SM

Deviation [%]

00 02 04 06 08 1.0
ExIQ
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New Physics in 2vB

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

» Sterile neutrino search through . u
energy endpoint (also, Agostini, Bossio, €R
Ibarra, Marcano, PLB 815 (2021))

- Emission of one sterile neutrino o
in double beta decay: vNgp VL

> Observed limits: /G‘Pé%
- GERDA ¢capr 12 (2022) 012) e |

« CUPID-MO (Eur.Phys.).C 84 (2024) 9) > > 8y

» Lepton number
conserving RH currents
- LEGEND analysis ongoing

» Neutrino self-interactions

00 02 04 06 08 1.0
ExIQ
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Exotic Particle Emission

Cepedello, FFD, Gonzalez, Hati, Hirsch, PRL 122 (2019) | Boudjema, FFD,

Herrero, Majumdar, Senapati, 2511.13606

u
» Majoron(-like) J emission [\@ﬁq
» Majoron-like ¢ emission v
assisted by RH current 28 Rl
> Non-standard energy distribution .
> Searched for in EXO-200: Ty, > 4 x 10%*y /@k i
(PRD 104 (2021) 11, 112002) d u
d U
€ €R
g
v
d U
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Exotic Particle Emission

Cepedello, FFD, Gonzalez, Hati, Hirsch, PRL 122 (2019) | Boudjema, FFD,

Herrero, Majumdar, Senapati, 2511.13606
» Majoron(-like) ] emission

» Majoron-like ¢ emission
assisted by RH current
> Non-standard energy distribution
> Searched for in EXO-200: Ty, > 4 x 10%*y
(PRD 104 (2021) 11, 112002)
» Dirac neutrinos coupled to massive, L-
charged “Majoron” S and dark fermions y

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

> Z, symmetry to forbid mixing
- Self-interacting neutrinos and
self-interacting (potentially) DM

W\
\\\\\\\\\
\\\\\\
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Neutrinos coupled to DS

Boudjema, FFD, Herrero, Majumdar, Senapati, 2511.13606

(&
» Model I’: Dirac neutrinos coupled to /

] n > > P
massive, L-charged scalar S and dark X2
fermions

X Ju _:S*:"__ [25%
—L =v°(a, P, + b, Pr) vS™ + x¢ (a, P, + by, Pr) xS™ + h.c.. "
> Z, symmetry to forbid mixing T \< b
- Self-interacting neutrinos and
self-interacting (potentially) DM e
» Model I: No Z,, mixing terms allow /e
—L = myu VL1 + My Xplh, + MoV Xs + MX X0 n > > P
+ (@ VEVLS™ + bV + anVEXS™ + b VXS + aVEXL ST + by XX RS") + hic.. Vv
» Dirac neutrinos not required, but here, 9 "51"<gv
no constraints from 0vgBp v
n > \\> p
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Neutrinos coupled to DS

Boudjema, FFD, Herrero, Majumdar, Senapati, 2511.13606

» Small but sizeable S decay width possible

FS [MGV]

0.25

0.20f

=
—
N

0.05}

all couplings = 1

University College London

Frank Deppisch | P,

n p
X2
JuX----- 9x
S*
X1
o=
=
n > //> p
vV
oG
V N
n p

OoTTTY TYT VvV TCTT
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Neutrinos coupled to DS

Boudjema, FFD, Herrero, Majumdar, Senapati, 2511.13606

e
» Rich double beta decay phenomenology |, /< )
° 2xspp 2
e . pX - - g
= = o, (55 ) Mo lau > { (Jay > + |0y [2) i (T) = 2Re [aby] I(T)} g(T) WX <<X
X O(Q —my, —my, —T), n > > P X1
Q=T—m, . 2 —_m2 _ ’2 \
L(T) = 4(2—;)4 /m\] dEs { e Qi)rjtlfs M larctan (, (E3) + arctan (_(E3)] -
L, 2 (Bs) + }} —
-3 eyl ) ‘
L(T) = L MM /‘Q o dEs [arctan (, (Fs) + arctan (_(E3)] n > /< p
. N 4(277)4 'IN;S'FS My e bt 1%
o 2vsBB Co(E) = 2|ps||pa(x £ 1) v —S;—-Qv
- Including interference I v
with SM 2vBp n—-m \\> p
: e
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Neutrinos coupled to DS

Boudjema, FFD, Herrero, Majumdar, Senapati, 2511.13606

University College London

dr/dT [(10°°yr)~!/MeV]

[\

8

@)

N

=
» Finite S width/off-shell S o /< )
X2
L L L |
: gy > Gvmy =0 2vpp OvBBJ iy _S;__<€)<
Y X1
_Olﬁ[f—vsl\nev 2 n—" 7
28 Y
mg=0.5MeV B
€
off-shell S ~ i ar
ls _ds
2xpp ar = ar <P o
ms=3.2 Mel 41 On-shell S in
narrow-width
_ approximation
A
2.5 3.0
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Neutrinos coupled to DS

Boudjema, FFD, Herrero, Majumdar, Senapati, 2511.13606

» Finite S width/off-shell S

University College London

dr/dr [(10*°yr)~!/MeV]

mn
L e I E e S B L B X2
9y D> Oy 2vpB OvBBJ 2 -<gx
- X1
6F n > > D
| 288 N
mg=0.5 MeV
- m,=0.1 MeV €
41 -
' ar%  drs
- = Br(S — xx)
2+ off— 2 BB — On-shell S in
i m,=0.5 MeV narrow-width
approximation
I'L PR ]
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Neutrinos coupled to DS

Boudjema, FFD, Herrero, Majumdar, Senapati, 2511.13606

€
» 2v¢BB and interference with SM 2vgp o /< )
grFr————7 " 7 7 T T T T T v
- 2vB6
|2V5[5+2V.sﬁﬁ\2 I _S*;‘"QV
— T mg=2.8 MeV vV
% 6 n > > P
E RN
IE €
s 4 dr LT
% a7 — Ml 5
H 2 2 dF?‘fuonfsholl 4 2 dr?g” off-shell
% i + |ay |*| Mo | d—T+ |ay|*| Moy | —ar
iy 2 9 . dr
3 I + 2 Re (QVM[)yM‘zU) W,
|

2.5 3.0
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Neutrinos coupled to DS

Boudjema, FFD, Herrero, Majumdar, Senapati, 2511.13606

» Sensitivity of current and future double beta decay searches

Isotope Experiment E [kg-yr]  Tmin keV] AT [keV] o [%]
y GERDA II [67] 104 500 15 1.9
be .

LEGEND-1000 [68] 7.0 x 10? 100 2.5 0.5
NEMO-3 [10] 34 500 100 1.8
1000 o
CUPID-1T [69] 1.7 x 10? 100 5 0.5
KamLAND-Zen [5] 126 100 50 0.3
136XC
nEXO [70] 1.9 x 10* 100 5 0.5
Isotope  mis, [g/mol] @ [MeV] (T]Z/Vz)m{p yr] | (Ma,) Mo,  (Moy) Moy
Ge 72.6 2.04 1.9 x 10! 0.10  0.22 4.3 1.2
109Mo 96.0 3.03 7.1 x 10 0.19  0.27 4.9 1.5
130Xe 131 2.46 22x10%0 | 0.016  0.19 2.6 1.1
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Neutrinos coupled to DS

Boudjema, FFD, Herrero, Majumdar, Senapati, 2511.13606

» Sensitivity of current and future double beta decay searches

10_1= | | DS = T 3
: P Kam 3
- Scalar emission o0 [ AND I:]?])EMO _
[ —Zen N
10_25_ /—:
o 1073 o
<°\:Q CUPID
%
—= 10~ E
S
107> -
10—6- ) PRI (I U S N AU SR U VN N T S S T T SR R U N ST S
0.5 1.0 1.5 2.0 2.5 3.0

mg [MGV]
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Neutrinos coupled to DS
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Boudjema, FFD, Herrero, Majumdar, Senapati, 2511.13606

» Modification from interference and off-shell S

la,| (90% CL)

10T

[S—

CID
o
|

Kam[LAND-Zen

3 4 5
ms [MeV]
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Neutrinos coupled to DS
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Boudjema, FFD, Herrero, Majumdar, Senapati, 2511.13606

» Modification from interference and off-shell S

la,| (90% CL)

10T

[
O
o

Kam[LAND-Zen

3

ms [MeV]
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Neutrinos coupled to DS
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Boudjema, FFD, Herrero, Majumdar, Senapati, 2511.13606
» Comparison with other constraints

10_2§ T T

1074

10710;

10—]2:. .

BBN

Other constraints
from Dev, Kim,
Sathyan, Sinha,
Zhang, 2507.01000

3 - 5
ms [MeV]

» Cosmology

O

o

Thermal relic y?
DM-v collisional
damping

BBN

Neutrino reheating
from DM annihilations

Impact of v NSI on
free-streaming (CMB)

» Astrophysics

(¢]

Supernovae cooling

» Terrestrial

(e]

Kaon decays K — evS

o Z-width, ...

for higher mg
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Neutrinos coupled to DS

» Recent search at PandaX-4T (PandaX collaboration, arXiv:2511.13515)

10° » Cosmology
> Thermal relic x?
10! > DM-v collisional
damping
- BBN

> Neutrino reheating
from DM annihilations

> Impact of v NSI on
free-streaming (CMB)

» Astrophysics
> Supernovae cooling

» Terrestrial
10704 . . : , g
0.0 0.5 10 15 20 Kaon decays K — evS

' - o Z-width, ...
my MeV for higher mg

BBN (real ¢)
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Conclusion

» Neutrinos much lighter than other fermions
> Dirac or Majorana?

: . _ <H)—k (H)
> Mechanism of neutrino mass generation? = /’"
» OvBp is crucial probe for BSM physics | <~ 1/\1\/ 7>
> Prove neutrino Majorana nature =
> LNV physics near GUT scale and Tlo/gﬁﬁ Ay \
- Falsify high-scale baryogenesis scenarios
» 2vBp spectrum sensitive to New Physics <
> Non-standard v interactions, sterile v n—» —r
2
- Neutrino self-interactions and DS interactions v
- Strongest terrestrial limits g"‘f"s;"<g"
|gv,s] <107>—107* for mg < 3 —5MeV , , U
- Synergy and overlap with N
cosmological considerations e
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