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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?
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Too small to explain oscillations
but too large as subdominant splitting

Connection to matter-antimatter asymmetry
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Beta Decays and v Nature m

Single beta decay 5 R
(A7) > (A Z+1) +e +7, wL wk
o Tritium decay, KATRIN: mg ~ 0.2 eV &

> Project 8: Atomic Tritium + Cyclotron
Radiation Spectroscopy: mg ~ 0.05 eV

Allowed double beta (2vBp) decay
(A4,Z) > (A,Z+2)+ 2e™ + 2v,

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

> Violation of lepton number

- Mediated by Majorana neutrinos

Majoron assisted double beta (0vBgSJ) decay
> Missing energy = lepton number violated?
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» Half-life
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» Particle Physics
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|q| ~ qF X m,
~ 100 MeV

3
G2 g4+m,
l F Vi
Auw = Z equ(1+Vs) Ly, (1—ys) ~ GE
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4q2

» Atomic Physics
- Leptonic phase space % « Q°

-1
Tovpp ~ M2GEqEQ® ~ (m, /0.1 eV)?(10%¢ yr)

» Nuclear Physics

- Nuclear matrix element M% ~ 1
but large uncertainties

Q+2m,
~ 3—5 MeV
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Nuclear Matrix Elements
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Three Active Neutrinos

» Effective OvBp Mass
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ldegenerate & 6,5 = 0,

|mﬁﬁ| = |C122C123mv1 + 51225
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Three Active Neutrinos

» Effective OvBp Mass .degenerate & 6,3~ 0
|mpp| = |C1220123mv1 + 5122C123mv23i¢12+S123mv33i¢13| ~ mv\/l — sin?(26;,)sin?(¢12/2)
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Three Active Neutrinos

» Effective OvBp Mass
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New Physics and OvBpf

» Plethora of New Physics scenarios
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New Physics and 0vgf

» Plethora of New Physics scenarios ' —

> > K m
d u dy - V+A"21'L - “r Ty s " -
A VA - iV;;S}VJrA R

3
d U dy > V+AFV+A > g el‘;-l-jll u z UeiWe; tan (y,
= m, mb 1 107°
T = ekpGs|MY €5 = 2 Vit " (A/10 TeV)?
i=1 N Wg

» OvBp probes . 107°

the TeV scale " (A/1TeV)s
» Limits on 7D d u

and 9D eff. e
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Short-Range Mechanisms ™=
7

FFD, Graf, lachello, Kotila, Phys.Rev.D 102 (2020)
» Limits on short-range operators " N
5
1L
T

> NMEs from IBM-2 with g, = 1.0 and
short-range correlations in Argonne

arametrization —+ V1T + e
y LA T tTr(c'
%) P
20 AT

18 Pion-mediated

» Chiral EFT with Pion
operators from

Lattice QCD
(Cirigliano, Dekens, de
Vries, Graesser,
Mereghetti, JHEP 1812
(2018) 097)
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Neutral Leptons in Ovgf

Sterile{Majorana Neutrinos .
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http://sterile-neutrino.org/
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Neutral Leptons
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Majorons and RH Currents m

Cepedello, FFD, Gonzalez, Hati, Hirsch, Phys.Rev.Lett. 122 (2019) 18, 181801
» Effective RH lepton currents with massless scalar ¢

Gr cosfc s e

_ e AH RL 1 / ‘RR .' i

ﬁOuBSgb — \/§ ]LJL,“ -+ _JR‘]L;zc/) + _JR']R;LCD + h.(,.
1y My

s (Gpcosbc)? / g / d*q d u
M = €] d’xd’y H(y)eia==y)
RX \/—mp Z @ ( ) D er
Tt e

174

w + UN — :(El E2 — EC‘)) w + UN — j(El Eg + EQ)
> No suppression with v mass

» Calculation follows long-range /@kq
d u

n and A OvBpB modes

Doi, Kotani, Takasugi, Prog. Theor. Phys. Suppl. 83 (1985) 1
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Majorons and RH Currents m

Cepedello, FFD, Gonzalez, Hati, Hirsch, Phys.Rev.Lett. 122 (2019) 18, 181801
» Effective RH lepton currents with massless scalar ¢

Gr cosbc €% e?

B 0S Ve RL :u €CRR - }

»COI/,B,Bc,f) — \/— ]L JR‘]L;10+ JR ]R[LCD + h.c.
2 My My

» Non-standard total and single electron energy distributions
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Majorons and RH Currents m

Cepedello, FFD, Gonzalez, Hati, Hirsch, Phys.Rev.Lett. 122 (2019) 18, 181801
» Sensitivity (massless ¢, recasting single Majoron searches)

Isotope

T1/2 [Y] |€%L| |€%R|

828e

136Xe

3.7x10% [14 41x107* 4.6 x 1072
PEXTOA P 11x10% Lixid™

828e

136X€

1.0 x 10%4 80x10"° 88x107?
1.0 x 102° 57%x107° 58x 1073

» Searched for in EXO-200
(Phys.Rev.D 104 (2021) 11, 112002)

T} > 4 x 10%*y
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UV Model: LR Symmetry

Cepedello, FFD, Gonzalez, Hati, Hirsch, Phys.Rev.Lett. 122 (2019) 18, 181801
» Extended Gauge Symmetry

Gir =SU@B)e XSUR2), XSUR)g XUy »SUB) xSU2), xU(1)y
> Minimal LR model: X =B — L Field | SU(2), SU@r B-L ¢ X SUG)c
- We consider X # B — L broken . 5 | 13 0 1/3 3

but B — L conserved a | 1 > 1/3 0 1/3 3

> Dirac neutrinos (and charged SM 0| 2 1 4 O 4 I
fermions) via Dirac seesaw via e | 1 ) 10 1 1
heavy, vector-like fermions Urr| 1 ) 13 41 4/3 3
(Eﬁ'ytﬁﬁgifé’ Hggtz’z(s)ﬁrg)a;’, 035013) Dre) 1 . B s
Err I 1 =1 -] =2 1

Ni.r 1 1 1 41 @ 1

XL 2 1 0 +1 1 1

XR | 2 0 +1 1 1

1) 1 1 2 -2 0 1
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UV Model: LR Symmetry

Cepedello, FFD, Gonzalez, Hati, Hirsch, Phys.Rev.Lett. 122 (2019) 18, 181801
» UV Diagram

d u
€ €R
e
9
v
d u
¢

» Sensitivity from eg;
75 (14x107 2( mw, )4( —_— )4
10% y JHEYN Yy 25 TeV 100 MeV
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New Physics in 2vB

Bolton, FFD, Graf, Simkovic, Phys.Rev.D 103 (2021) 055019

» Sterile neutrino search through 06 A
energy endpoint (also Agostini, Bossio, g e [l
Ibarra, Marcano, PLB 815 (2021)) g0
> Emission of one sterile neutrino S

in double beta decay: vNBpB 8 02
> Same principle as endpoint _ /

searches in single B decays ;\og_;
> Observed limit at GERDA . |

(JCAP 12 (2022) 012) |7 %0 o5 1o 15 20 25 30

0.1} Ej [MeV]
|Von|? < 1.3 x 1072 ‘
= 0.01F
oo IR
01 02 05 1 2
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New Physics in 2vB

FFD, Graf, Simkovic, Phys.Rev.Lett. 125 (2020) 17, 171801

» Lepton number conserving RH currents d @ "
> Exotic charged currents probed e.g. \‘<€R
 in neutron and single B decay VR

« at LHC in pp - eX + MET _

o Limits on RH currents G er
G cosfc d

7 ((1+ dsm + err)jrdr, + €rrir g, + €LrRIRIL, + ERR]'IA:L{,JR“) u

less severe due to lack of interference with SM

» Modification of angular and energy
distribution in 2vBB decay
> Observation of two e~ instead of one in single g decay

> Current limit ey < 3 x 1072 from
NEMO3 competitive to other searches

Frank Deppisch | Probing NP with DBD | 31/08/2023



iy

University College London

New Physics in 2vB

FFD, Graf, Simkovic, Phys.Rev.Lett. 125 (2020) 17, 171801

» Lepton number conserving RH currents
- Main effect: Opposite angular distribution
> Small modification of energy distribution
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New Physics in 2vB

FFD, Graf, Rodejohann, Xu, Phys.Rev.D 102 (2020) 5, 051701 /
n
» Neutrino self-interactions 1,
> Same signature as SM 2vpBp decay v
Gs
Gsme |* Mo |?

-~ 2 Sihte Ov v

F21/ + FVSI ~ (Mizv + ‘ 2R 47T2 g21/ 3 .

> Interference with SM 2vpp decay neglected " \—

- Non-observation of enhanced rate

Lyer/T5, <1 of s

A QRPA

excludes regime G5 ~ 4 x 10° G
suggested to resolve Hubble

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

favoreql by copmologjcal da{a
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New Physics in 2vB
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FFD, Graf, Rodejohann, Xu, Phys.Rev.D 102 (2020) 5, 051701 /
n
» Neutrino self-interactions g 5
> Same signature as SM 2vpBp decay v
Gs
Ggme | | Moy |2
~ 2 Slhhte Ov y
F2V + FVSI ~ (M2V + ‘ IR 47T2 g21/ .
> Interference with SM 2vBp decay neglected " \—
- Modification of energy spectrum for light
mediator(s), e.g., s—channel 1.2 T
scalar mgy = Q + 0.1m, - — 2l — opp
0.8F
Ve Uy - - : DOG‘
- =
)Ci;( /\ 0.4+
AR r 7
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\ bR
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Conclusion

» OvBp is crucial probe for BSM physics
> Universal probe of LNV
> Proof that light v are Majorana

° mgp = 0(10 meV) €-> LNV near GUT scale
through dim-5 Weinberg operator

o LNV at scales A~ 1eV - 100 TeV

» 2vBp is sensitive to New Physics

] Tovﬁﬁ 2
> Ongoing and future searches probe 1/2 Anp
2vBp decay with high statistics 1028y~ \ 1015 GeV

- Examples considered
- Majoron emission with RH current
- Exotic RH currents

- Sterile neutrino endpoint search
- Neutrino self-interactions
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