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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
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Dirac versus Majorana

» Origin of neutrino masses beyond the Standard Model

» Crucial role of total lepton number L symmetry

> Arises accidentally as global U(1); in SM from particle
content and gauge symmetry

> L broken non-perturbatively but B — L conserved
> Global symmetries expected to be broken gravitational effects

772

Mp1anck

m, ~ 107> eV

- Too small to explain oscillations but too large as subdominant splitting
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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 0OvBS Mass | _ Enormal raemne Bl inverted ordering
> Next generation Eo.os%&
experiments probing E% \ global sensitivity
O scenario \ 2019)

- Pathways to explore
NO scenario, e.g.
JUNO loaded with

100 t Matte

» Interplay with
neutrino mass
measurements
> Cosmology
> Tritium decay
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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

» Examples in Left-Right Symmetry - —

q, = > xXm
d u R vm"‘LLL “r Z, N N o
W, Ly+a _ i’;’\j} VA R

3
Hﬁ V+A
d U R V“‘Jrr - " El¥+;ll . z UeiWe; tan (y,
=1
3 -9
-1 GO | cRRZ _ 2 Vz_ﬂ my, - 10 :

1/2 = = €p 3 - Uy mIL/Ll/R (A/10 TeV)
» OVBp probes . 107°®

the TeV scale (A/1TeV)5
» Limits on 6D d u

and 9D eff. e

operators g .

u
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New Physics and OvBp

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

n P 0 P
) ) ’ . ’ S 2
. T \ée'
» Limits on short-range operators V%ﬂ - P
=

A [TeV]

> NMEs from IBM-2 with g, = 1.0 and e
short-range correlations in Argonne ".'._'ZV’
parametrization —+ 1T 4+ e

w
20 AT

18 A Pion-mediated

y Mo T1/2(76Ge) — (1.8,10,100) co;:trlbutlonsI 5
"Ge 8 arity violatin
14 N 136Xe T1/2(100M0) = (0.01,5,10) x 1026}’1' (Fagssley Kovalenk%

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)
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o

current |future
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New Physics in 2vB

Bolton, FFD, Graf, Simkovic, PRD 103 (2021)

» Sterile neutrino search through
energy endpoint (also Agostini, Bossio,

Ibarra, Marcano, PLB 815 (2021))
> Emission of one sterile neutrino
in double beta decay: vNBBS
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R =
€R
VR
VL
d u

> Same principle as endpoint
searches in single B decays
> Observed limits:

GERDA (capP 12 (2022) 012)
CUPID-Mo (arxiv:2405.10766)

sin? § limits at 90% CI

0.16 1

0.14 1

0.12 1

0.10 -

0.08 1

0.06 -

0.04 1

0.02 -

—— GERDA

—— CUPID-Mo w Syst. [Improved Model]
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New Physics in 2vB

FFD, Graf, Simkovic, PRL 125 (2020) d @ Y
» Lepton-number conserving \‘<€R
right-handed currents VR
> Exotic charged currents probed e.g. v
* in neutron and single g decay /G%q

« at LHC in pp - eX + MET d
o Limits on RH currents

G cos 0. , : : .
F\/i ((1+ dsm + err)irJr, + €reirJp, + €LRIRI L, T+ GRR]?{JRM)

less severe due to lack of interference with SM

» Modification of angular and energy
distribution in 2vBp decay

> Current limit exg < 3 x 1072 from
NEMO3 competitive to other searches
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New Physics in 2vB

FFD, Graf, Rodejohann, Xu, PRD 102 (2020)

» Neutrino self-interactions

> Same signature as SM 2vpBp decay
- Potential interference with SM 2vBpB decay

> Non-observation of enhanced rate excludes
regime Gs =~ 4 x 10° G suggested to resolve

Hubble tension
(Kreisch, Cyr-Racine, Doré,
PRD 101 (2020) 12, 123505) J y

- Excludes quadruple double d

beta decay | LI?L/L? (/L7 o
v — - |

Y
™

Y
-

d

Heeck, Rodejohann,| (
EP Lett. 103 (2013) 32001

u
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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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Exotic Particle Emission

Boudjema, FFD, Herrero, Majumdar, Senapati, 2511.13606

University College London

—
» Finite S width/off-shell S o /< )
8 U L L L | X2
: gy > Gvmy =0 2vpp OvBBJ iy _S;__<€)<
~ [ ,' X]_
E 6_01/[))[/?5—781\/1@\’ 2 n— 0P
= [ " 288 N
l mg=0.5MeV B
=0 €
>
ST 7
= off-shell S ~ T
e Tgt dls
I 2xBB ar = B )
3 ms=3.5 MeV ‘ .
52 = - : On-shell S in
- narrow-width
_ approximation
\
2.5 3.0
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Exotic Particle Emission

Boudjema, FFD, Herrero, Majumdar, Senapati, 2511.13606

» Sensitivity of current and future double beta decay searches

E S S IR R e S
- P Kam 3
- Scalar emission GERDA I [ AND I:I;EMO
I -
10_25_ cn L
3 1073 -
<°\3° CUPID
h
—= 107 E
S
10— Also see:
= PandaX, 2511.13515;
. De Vries, Graf,
100t Ly plgkkot, Stary,
0.5 1.0 1.5 2.0 5511.19173
Ordinary Majoron mg =0 mg [MeV] r

\ N\ \\;“
W\ ) \. O W\
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Exotic Particle Emission
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Boudjema, FFD, Herrero, Majumdar, Senapati, 2511.13606

» Modification from interference and off-shell S

la,| (90% CL)

10T
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LNV Kaon Decays

FFD, Fridell, Harz, JHEP 12 (2020) 186
» Kaon decays induced by LNV

iy

EFT operators

U U
K~ T
5 d
g-l—
g—l—
U ¢t
e =aill
S 1%
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LNV Kaon Decays

FFD, Fridell, Harz, JHEP 12 (2020) 186
» Focus on Kt - tvv and K, —» n%wv
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LNV Kaon Decays

FFD, Fridell, Harz, JHEP 12 (2020) 186 y
» Differential decay rate via scalar current :
F(K — 7'”/@'1/]') . 1 1 ' |M|2 74/ -

ds dt 1+ 6y (2m)3 32m3, 7

L (MR o
T 1406, (2m)7 32m. AV — gy !
» Branching ratios
19.2 TeV'\ " 24.9 TeV\ °
BRiny (KT — 77yp5) = 10710 (Tj) BRinv (K, — 7vvy) = 10717 (A_de)
1]8 NE]

3
BR(K — mvv) = BRaw(K — 7vp) + > BRuv(K — mv)

i<=j

Frank Deppisch | Probing NP with LNV | 16/12/2025



LNV Kaon Decays

FFD, Fridell, Harz, JHEP 12 (2020) 186

» Differential
distribution

- NA62 signal
regions
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LNV Kaon Decays

FFD, Fridell, Harz, JHEP 12 (2020) 186 v
» Discovery at NA62 100 —————————————— ’
within 1.70 of il Al S’
SM expectatlon ]
: ‘ Swallow, CERN Seminar ‘24 SM: K* = 71 V7 (x10'0)
o BNL LNV: K* - 7t* vy (x101°)

- éNAsz 201618

— NA62 2021-22

- e = o
-— -
—

.
= -
-
-
-

-
o |

—e—t  NAG2: 2016 22

SM [JHEP 09 (2022) 148]
 SM [EPJC 82 (2022) 7, 615]
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B(K —=x vv)x10"
| B S 1 11111 O P
+3.3 _11]  0.02 004 006 008 010 042
(13.0133) x 10
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Survey of 7-dim Operators _UCL

Fridell, Graf, Harz, Hati, JHEP 154 (2024)

B 0vpBBdecay (ee) B K* — ntwwfuture (FU) K* — 7" v current (FU)
w' decay (eu) B v magnetic moment (FOD) M FCC future(pp)

B LHC Current(pup) M LBL Osc. (ee, ey, er) B LBL Osc. (up, p1)

| CEvNS future (ee) CEvNS current (ee. ) #H |[0m,| <1leV

OQuLLH

Od’ LQLH?2

OJ LQLH1

od_ LueH
O:zrriu
Ojurrp
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OLH H
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Probing RHNs
as LNV Mediators

» Portals
> Active-sterile neutrino mixing
> Gauge portal
> Higgs portal
> Dipole portal

» Decay via small active-sterile mixing:
RHNs are typically LLPs
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LLPs in CMS Muon Endcap m

» Search for long-lived particles decaying in the CMS endcap

muon detectors in proton-proton collisions at /s = 13 TeV
(CMS, PRL 127 (2021) 261804)

Stringent limits for m;;p, = 10 — 50 GeV with ¢t > 0(1 m)

137 b (13 TeV) 137 fb (13 TeV)
(’j)-\ 1 - 11Ty || I ||||||| T ||||||| T \|||||| T Ta II'v T -.5;] a 1:: T TTTIRI I TTTTII T T TTTIT T ||||||| 5 .1|||| 5 .L'Illl-é
o CMs;P ys. Rev. Lett. / / 1 D ; i
T [1271(2021) 261804 / / 110 :
L L
Q10" ' 4 10 E
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o C _ o C _
E ¢ 1 E :
o107 4 ©107%F =
o C \ g y - o C 3
Q C \ ¥ . o a / ]
> i ROV — ] > B ENNEAY A -
=] = ) o S — dd i —l L R T R S ST
@) '."‘:-...‘."n..:'.-.' ::: y &
X107 - X10°F I
fo 0 - CMS mg =7 GeV |:|i1cexpected: fo 0 = CMS mg =7 GeV |:|i10expected:
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: - Median expected —mg= 40 GeV D +1c0 expecled : - Median eXpected — Mmg= 40 GeV |:| +10 expected
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SM Higgs Portal

Liu, Kulkarni, FFD, PRD 111 (2025) 9

» Interpretation via Higgs
portal production
o Specifically, U(1)z_;, model
o pp > h—> NN
> Branching ratio

tan? o m?v mp, 4m?v 3/2
Br(h - NN) ~ 67 (D)2 F%M (1 - — )

max for my = %~40 GeV

> HNL proper decay length

10 3 (10 12) (40 Ge\f)
~ mn
N Vin |? My

> Sensitivity at Seesaw “floor”
for sina > 0.17, (®) < 3.75TeV | 1916

HL-LHC = \Ssa - -=
(Soft Trigger)

o 20 40 60 80
my [GeV]
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vRSMEFT Portal

Liu, Kulkarni, FFD, PRD 111 (2025) 9

» Interpretation via effective
operator
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1

L = Lq\y + vpdvyp — §mNVR1/R Z A{L> - Hvp + Z

n=>5

C.Op,
A%

> 5-dim v,SMEFT

O = (L% - H*)(H' - LP),

Ong = (D]C’%I/R)(HT . H)
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vRSMEFT Portal

Liu, Kulkarni, FFD, PRD 111 (2025) 9

» Interpretation via effective
operator

1 _
'C — 'C — - —C o AO( LOﬁ .
sm + rdvr 2mNVRVR Ea D

> 5-dim v,SMEFT

Oy = (L™ - H*)(H' - L),

Ong = (D]C’%I/R)(HT . H)

o Sensitivity to Oyy
operator scale

" BBN

o 20 40 60 80
my [GeV]
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vRSMEFT Portal

Liu, Kulkarni, FFD, PRD 111 (2025) 9

» Interpretation via effective
operator

1 I C{Jrrelntl
L =L = _ - —C o 2\ Eoz .
sm + Zrdve 2mNVRVR Ea D

> 5-dim v,SMEFT

1078
O%E — (L YY(HT 19, | |,
Z 10710
Ong = (D]C’%I/R)(HT-H). o
10—12
o Sensitivity to Oyy
operator scale )
P 1071 Axp/|Cyigl=1000 TeV
BBN ]
-16 . . . ! . . . 1 . . . I . . L
10775 20 40 60 80

my [GeV]
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Conclusion

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

> Mechanism of neutrino mass generation? H
ERC
» LNV is crucial probe for BSM physics v
> 0vBB as universal probe of LNV < 1mp v
- Direct sensitivity to LNV physics
~ 0

at scales my ~ 1 eV - 100 TeV Tl/éﬁﬁ Avp  \2

> LNV meson decays T =
_ _ 1028 y 101> GeV

> Collider/LLP searches for Majorana RHNs

» Ambiguous modes and exotic neutrino interactions

> Ongoing and future searches probe 2vBp decay with high statistics
- Exotic (right-handed) currents

- Neutrino self-interactions
- Exotic particle emission

> |nvisible LNV in meson decays
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