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Dirac vs 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
N\
bod
\/
Vi 1/Anp Vi
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Beta Decays and v Mass

» Single beta decay

B o allowed B e
A2 > AZ+1D)+e +7, le WL

> Tritium decay, KATRIN: mg ~ 0.2 eV
> Project 8: Atomic Tritium + Cyclotron
Radiation Spectroscopy: mg ~ 0.05 eV

- HOLMES: e~ capture in '®*Ho: mg ~ 0.1 eV?

» Allowed double beta (2vgB) decay
(A4,Z2) > (A,Z+2)+ 2e +2v,,
» Neutrinoless double
beta (0vBpB) decay
(A4,Z) - (A, Z+ 2) + 2e”
> Violation of lepton number
- Mediated by Majorana neutrinos
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Three Active Neutrinos

a4 VA > “
» Half-life W
_ gl =~ ar |,
Tijz = Impgl*G* M2 ~ 100 Mev " *
ZLJJ\V—A > é
» Particle Physics g2 - "
3 (3 )
l 1 A+ my,; Vu(1 + ¥s5)wy .
"qui/p = Zzl Uezi Yu(1 +ys) g% — m%.%/(l —Vs) ® 4q? Z Uezl- my [T Mgg
i= i =
. I EA N,Z=0,0
» Atomic Physics :
> Leptonic phase space G% « Q>
» Nuclear Physics NZ=ee
- . p*
> Nuclear transition matrix element M% =~ 1
2
102>y (|mgg|
-1
Ti/5 & |M33|2q%GﬁQ5 ~ BE Q + 2m,
I1/2 eV ~ 3—5 Me
>7
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Nuclear Matrix Elements

eor v B ——
. 7 L i 4
» Nuclear Matrix Element - e 4 N ;
6 A
g% R S W
MOV:gi MGT__ZMF-I_MT = - SMMi  we— . vv: ]
gA & 4 Foustmaek @ E< I I< 3
= T : u i
. 3- v o B = ¥ m =
> Factor 2 - 3 uncertainty Lo . ey 1
N = ]
between nuclear models 1 : = :
. . L ] ]
> “Quenching” of axial N L o
nucleon coupling g4? 48 76 82 96100 116124130136 150
Restricted model space Menendez, arXiv:1605.05059 A

b 3 3¢, — “Ca,

 Missing effect of two-body # This work or g

Shell model 0 S0

currents . .

Voo = Tz

- 24 T g=1 sTj L 4g¢
£ — g=0.92(4) 712 712
% *sc,, — “Cay,

E_ 45\"'7/2 - 45Tis/z

E(D 1 47V3/2 - 47Ti5/2
47807/2 - 47Ti7,2
45Tiwz - 4SSCM

Gysbers et al., n .

Nature Physics 15 (2019) 428| ° ' 1‘ ‘ T - : Se. = T,

Frg |Mg] theory (unquenched)
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Nuclear Matrix Elements

Lattice QCD Data
Effective Field l
» Renormalization

Theory
l— Group

Ab-Initio Many-Body Methods

» Nuclear Matrix Element

Similarity

2
gv
M = g3 <MGT —— Mg + MT)

Harmonic
Oscillator Basis
Effective Theory

Quantum
Monte Carlo

No-Core
Shell Model

o Factor 2 - 3 uncertainty
between nuclear models

Light Nuclei
(benchmarking)

> “Quenching” of axial
nucleon coupling g,?
Restricted model space

DFT-Inspired
Multi-reference

In-Medium SRG

Heavy Nuclei

In-Medium SRG
for Shell Model

J )

Coupled
Clusters
20 Statistical Model Averagin
(for EDMs) - ging Shell Model y

J. Engel, Talk at ECT* Workshop
“Progress and Challenges in 0vBp”
indico.ectstar.eu/event/33/timetable/#20190715

+ Missing effect of two-body
currents

> Dedicated effort to reduce

uncertainty

» Theory (Ab initio interactions

in YEFT, No-core shell model)

Experiment (Muon capture, Charge exchange
reactions @ NUMEN)

N
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Three Active Neutrinos

» Effective OvBp Mass .degenerate & 6,3~ 0
|mpp| = |C122C123mv1 + 5122C123mv23i¢12+S123mv33i¢13| ~ mv\/l — sin?(26;,)sin?(¢12/2)
= 100:_ Possible cancellation due
L. - to Majorana phases ¢4, ¢,
s I [ (mh =109 ey |
S 10-1L
~ 10 = || Inverse hierarchy W07 E

My +Mg+[{m)l
1072

< Normal

10n=3 = /ﬁ:
10 = hierarchy 1077
10—4 ol Ll I IR il ST . Qb — |
10~ 10~ 1072 107! 1 N
mnlln / ev
77‘1-,/1 [P\J Penedo, Petcov
Phys. Lett. B786 (2018) 410
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—_—

Lower Limit on mgg?

. LEGEND 1k LEGEND 200

0.9

0.8

EDF —---— QRPA

» From volume-effect on

accidental cancellation in Mgp

- Bayesian analysis with flat priors

on Majorana phases

Agostini, Benato, Detwiler 0.3
Phys. Rev. D 96 (2017) 053001 0.2

a) NO, QRPA

0.7
0.6
0.5
0.4

discovery probability for NO

0.1

Mgy [eV]

0.9F
0.8F

107"

0.7}
0.6

\l\llll\\\l‘l\l\l

0.5F

discovery probability for 10

0.4F

0.3F

-"-.-'

02F

0.1

10—4 Lol
107° 1074 1072 1072 107"

1 2 3
m, [eV] live time [yr

N
o

ml\l\‘\\l\l\l\\”\lllll‘\l

—
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Lower Limit on mgg?

» From flavour and generalized CP symmetries

> Majorana masses, mixing and phases predicted
from ‘Modular Invariance’ (Feruglio, arxiv:1706.08749)
fo) 1:. - - T - B . e
Preferen(_:e - Feruglio, Talk at FLASY 2019,
for solutions “indico.cern.ch/event/795851
with NO and »

large mgp 0.1,

0.001 0.01 0.1 1

Mjightest [€V]
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Experimental Sensitivity

=~ s

ESKA REPUI23;IK,5
» Effective 0OvBp Mass =, 2
{ e
0.08 I | | | T | | | | I | 1 | 1 \ A . e wr i
i p\ie é“} _ .L/“rSPOJENGY%s'Ti\E
' KamLAND-Zen upper limit: Ty, > 1.07 X 1026 ‘138\ Pty N
0.06 Phys. Rev. Lett. 117 (2016) 082503

0.04~-

mpgg [eV]

0.02-

(95% C.L) -
O I | I | |
0.05 0.10 0.15 0.20

Dell'Oro, Marcocci, Viel, Vissani, )3 e
Adv. High Energy Phys. (2016) 2162659 cosm [ V]
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Experimental Sensitivity

CESKA REPUBLIKA -

; é ™ 27 KeE ;
» Effective OvBp Mass n{(\v hn :
0.08 %ﬂ S el

I | | | T | | | | I | T | T R _/ﬁ /
. 60 let

P‘f‘e : SPOJENY USTAV
& *1aDERNYCH VYZKUMU, DUBNA

g‘\'

0.06

0.04~-

mpgg [eV]

future cosmo

surveys

0.02-

future ovpp |

(95% € L) -

O | L | L I
0.05 0.10 0.15 0.20

Dell'Oro, Marcocci, Viel, Vissani, )3 e
Adv. High Energy Phys. (2016) 2162659 cosm [ V]
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Experimental Sensitivity

CESKA REPUBLIKA -

» Effective OvBp Mass
0.08 I | 1 | 1 | | | | T | T | T

N A A -

I { 60 let
16. é‘J — {"/ 'SPOJENY USTAV
'J%NYCH VYZKUMU, DUBNA

0.06

0.04

mpgg [eV]

future cosmo

0.02

future ovpp |
(95% C.L) -
| I | | I | | | ! | I | |

0 |
0.05 0.10 0.15 0.20

Dell'Oro, Marcocci, Viel, Vissani, )3 e
Adv. High Energy Phys. (2016) 2162659 cosm [ V]
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Light Sterile Neutrinos

» with masses smaller than = 100 MeV
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1+3, Inverted, SI

— |2 2 2 .2 Ip12 4 o2 i)13 2 ip1a o ...
Imgg| = |cizci3my, + Sizci3my e ¢ +Si3my, e P13 + Siam, € + -
143, Normal, SN
d 10" e
» De pendence on neéw mass, S
== 3v(lg)
[l - Il 143 v (best-fit)
mIXIng’ phase . g 143 v (20)
o 10
S x,
S Normal Hierarchy £
4-55—5 NSM; a:=p=0; y=n 107
S T N N N N ELLELL GCM; a=p=y=0
4: i m, = 0 meV
asb bt m, = 50 meV sl
o it m, = 100 meV "
< 3% P m; = 150 meV 2+3, Normal, SSN
) =S Am3, = 1.78 eV/?  —
~ 2.5 LA * .2 E [—3v(besht
+ TR LN sin’20,, = 0.09 —vao
S = 2 oty
1 5; 5 ., = 10"
ek i
1% L T g
= oo e Tt 107
05 el
0:| L I.\..\-I..\.\.-I.\--I-r-I-I‘-\-I-.I.\-.I-T-I:;:\:;:I:;:I:;:\:;:\:1:\:;:;::;;555555
0.2 0.3 0.4 0.5 Lo G .
Rodejohann, Int.J.'R}Iod.
Phys. E20 (2011) 1833

T
— 3 v (best-fit)
-—-3v(2g)

Il 143 v (best-fit)
BEE 143 v (20)

0.1 0.01

ml]ghl (EV]
243, Inverted, SSI

— 3 v (best-fit)
-—-3vi2a)

Il 2+3 v (best-fit)
+3 v (20)

0.1
ml]ghl (EV]
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Heavy Sterile Neutrinos

» with masses larger than =~ 100 MeV
A+ My,

2 1
4 Z V(L + )| Ve ||
,ui/p 4 Vel V/,L(l + VS) C[2 M2 ]/v(l ]/5) ~ 4 . M;l. | MN
: BB

» Short-distance on nuclear scale

dy > > Uy

q ~ 100 MeVX My m)

» Light neutrino mass via seesaw
v N; N, ‘Vanilla’ seesaw ugp > mp

. m,, _ VeZN My
U 0.1eV 10-12100 GeV
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Heavy Sterile Neutrinos

» with masses larger than =~ 100 MeV
e A+ My, A +yanio Vil [ 1
Ay = 4ZVequ(1+V5)q2 2, Sy (1 —ys) & — 2 Loy |\ oy
BB

» Short-distance on nuclear scale

dy > > Uy

q ~ 100 MeVX My m)

e

u

dy > * > uy
» Light neutrino mass via seesaw Inverse seesaw
v Ny N, M > ug, ug, mp
0 mp O m, Vev Hs
diag(m,, My, My + AMy) =U - mp pug M |- U" 0.1eV  10—*keV
0 M us Quasi-Dirac N

Approximate L conservation
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Heavy Sterile Neutrinos

T 144 T 144 T 0 ‘.“. T T T T 7 T ]
o ! W / :
Bigy GO BTty ,/ CMS—3/
J— 2 A ' \ D - " \"..‘ ‘- _ /\ JI
| ~ U Dovno- .
].0 Ty ko ' ‘\l'\_ W \\\ Belle | P
| 'H (PR 'l;l : \ ‘\ \\‘ | -
0 W A RN { EWPD
F N \ \ ~ _— = = - SRR I —
63 nr: | A \ R !
Ni : A \ y

VNS - ATLAS

: | R '
Y= \
— 4 \ 9 1 \ ¢‘ \ y \ :'
107} . AL v /\\DELPHI;
\ \ \‘ 8y \’O “ \ ’ A\ Fi
% : \ Uj '\.‘ y VoaS

~_ 107°%
< W
N ' CHARM
107°|
AN
10—10 | \\\
CMB +BAO +H,
\ BBN
10-12

1ev  1kev  1Mev  1Gev  ITeV
MN
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Heavy Sterile Neutrinos

102} |

KATRIN

TRISTAN

N
10—10 | \.
CMB +BAO +H,

10712 L ‘ ‘ . . A
1 eV 1 keV 1 MeV
MN
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10781

10—10 |

1012
1

oV

1 keV

Bolton, FFD, Dev, work in progress

lMeV | | ldeV | 1 TeV
MN
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Heavy Sterile Neutrinos

v VoY v LY

\ A A A A\ A Y
_ [
10 2 SN . S W U S W
Mo N, : L S Y W W ¥
2 : L T Y U S Y
N
N \ﬁ,',\ S U S I Y
R LU U U U S Y
\\\\ 1\ Y 1 A A \
N A Y A Y A} A} A
AN A U U Y
10—4 ~ N )(\ L U U S Y
- ~
N LU U U W S Y
~
N

(o] ]_O 6 B S@‘\\ Yoy oy
—— Qax, T
Z SN LU S G Y
W) Q \\\\ 1 \ T
> /‘ > \Y 1 AT Y
N e Y A -~

1/2 NN
- m, = 10 meV 7NN
B AMy ‘::=:—""
10710} ==y ==

--+ y =102
~-+ oy =10""

10—12 !
1 eV
Bolton, FFD, D
19 / 31 NN

1 keV 1 MeV

ev,

work in progress MN
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New Physics and OvgBp

dy = vy 2 uy
» Plethora of New Physics scenarios :'?1;: —
d u dy —t > 1y Z, Xmy . B
;’ZLL\HA -~ o iyj\sl@vm v €r

e _ V-A _ u
| — X my
— _ o .

e > ey T VA > Hp

ViA
P )
_ V+A _ W €

d u dk Ll Up N
Left-Right Symmetry Ry ]
W; g

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

dR . V+A

- > Up
dy, wr,
e -
w 1
T -
- o iy Extra
| .. || Dimensions
Ve K 7 L
X/9
o= . Majorons
M L X/ .
1(._“_ > > L
( b b up, + 0 Leptoquarks
R-Parity| , —————
. . L
Violating SUSY
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New Physics and OvgBp

» Plethora of New Physics scenarios

d

d

e
e

u

u

T;/l2 =

2
2 ov ov
enpGnp |MNP
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» Neutrinos still

Majorana

Schechter, Valle
Phys. Rev. D25 (1982) 2951

dy o= V_A,,LLL = u
W V—A e
- L
KXmy
&= & Xmy
dﬂ' V‘LA"H'L Ug gw NITEN : e];
W Lyv+ia o w VA
—A = u
Kmy t
L ViAo e EERER g ¥
— M,Sfr R " W; &
. m& = ==
Left-Right Symmetry A )
Wi R
dy = Vs - up
dr, uy,
—l -
% e
€ ! >
- “1a Extra
A | . ,
| .. || Dimensions
Ve R ~ g
X/ :
o= ~ Majorons
—l e L X/4 .
d¢ ~ o L
; b
’ wy, hL Leptoquarks
. 1
— -t >
R-Parity| . .

Violating SUSY
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New Physics and OvgBp
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dy £ vy > uy
» Examples in Left-Right Symmetry :'?tj; —
d u dy — = g Z, ) LN i
:I?'LVJrA . e iV;J}VJrA > €
e X m, —A > uy
€ W V+A € =
d d . V+Ap5fr . uy E]I;i-;ll = z UeiWei tan (W
: : 4 ™ 109
m, m
_ 2 RRz _ 2P w ~
Ti/2 = €kpGp |Mup €5 = 2 Vel iy mi, (A/10 TeV)3
i=1 R
» OvBB probes . 10°®
the TeV scale (A/1 TeV)5
» Limits on 6D d u
and 9D eff. e
operators . .
u
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New Physics and OvBp
V_A:V,L’-'LV_A g ] “

» Examples in Left-Right Symmetry ' —

dy

Y
y

-

d u dy g V+A"'7_1'L " "r Ty N -
% V+A - ﬁj}@\/w\ R

> e,

e N £ uy
| — Xmy
— _

e = e

3
% V+A
d d . V+A,J-fr . uy Egi-;ll = z UeiWei tan (W
: : 4 1070
m, m
- 2 RRz _ 2_"p "W 3
Ti/> = enpGup|Mup € = 2 Vel i, (A/10 TeV)?
=1 R
» 0vBp probes . 10°® A ) o«
the TeV scale (A/1 TeV)> 7 7
.. W -
» Limits on 6D d u 73 er
and 9D eff. e 71\/ >
operators _
> o, © <H7><- = — >/
J /V 7
L
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Short-Range Mechanisms

» Evaluation of limits on

short—range operators
(Graf, FFD, lachello, Kotila, PRD 98, 095023)

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

L

GZ

—(eJj + €2" ] ) + €3JMj + €S ¥ + €)M | | d

Zmp
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Short-Range Mechanisms
n P
» Evaluation of limits on e

short—range operators
(Graf, FFD, lachello, Kotila, PRD 98, 095023)

> General parton level operators

(Paes et al. ‘01)
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" P
_— /% -
- W\
ee_
P
g /rg A |_n_ )

]

%_

“I" V11 —+ Ke
> Nucleon currents 2 1 p e
> Nucleon form factors % P
Fo(g) = —L& . gs = 1.0 [42], Pion-mediated
(14 ¢2/ms,) . i
- - T contributions
~(g°) = - - = 349 [42 0 . c
Fps(q’) (1+ ¢q2/m2)* 1+ ¢*/m%’ gps = 349 [J‘Q]‘] > R-parity violating SUSY
2 gv (Faessler, Kovalenko,
il = (1+ @2/m2) gv = 1.0, Simkovic, Schwieger,
| G Phys.Rev.Lett. 78 (1997)
Fw(¢®) = o ('2//”’12 7 gw = 3.7, 183)
9 . - Chiral EFT with Pion
s 3= EYRCRVE ga = 1.27 [43], operators from
(1+ q%/m*4) .
) gp 1 m; m? Lattice QCD .
Fp(¢) = ———= ——— gp = 494— <1 — —Z) = 231 [44], (Cirigliano, Dekens, de Vries,
(1+¢2/m3)" 1+ a/ma M Ma Graesser, Mereghetti, JHEP
Fr (%) = —2L 1., = 1.0,—3.3,1.34 [40)]. 1812 (2018) 097)

FTdIMKDECPPTSTIT
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Interference with Mgp

Same lepton current _ . Imggl?
" 2| e.g. heavy neutrino Different Tl/é = m2 |Mv|ZGv + |€|2|Me|2Ge
1 _ BB exchange currents I
T1/2 =Gy m, My, + eMe Mitra, Pascoli, Wong, Phys. +2Re [% e*]\/[v]\/[:} Gye

Rev. D 90 (2014) 093005

FFD, Graf, lachello, Kotila

/ 40: work in progress |

I'JJ

-2

A | SV R - P *ﬁ>
= of R 026 _,/ E ol b
Ge_ > 8 K 10 y "; ‘0_ >
T4 |2 s <
-l —~ | =
ol
-3 A _ ' | | [;j | | |
0 20 40 60 80 0 20 40 60 80 100 120

g [meV] mgg [MeV]
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Interference with Mgp

Same lepton current _ . Imggl? i
2| e.g. heavy neutrino Different T1/2 - m2 |Mv|va + |€]°| M| Ge
m e
1 _ BB exchange currents
T1/2 =Gy m, My, + eMe Mitra, Pascoli, Wong, Phys. +2Re [M E*MVM:} Gye
Rev. D 90 (2014) 093005 Me
20-. - 1 .................. , i .J | | :. ' | e e e FD’ C.;r;lf’.Ia.Ch.el. ’ Kot”al
! \\ 1 G% 10} -_-:',' work in progress |
;:H:-t;__ ‘+++:~‘.:: _ AS - 2 El L
|G NP my 3
10pE== — ."h.;'ﬂtmﬂmmmmmﬂmmmmq i 5 . i
=~ > > =
v I [}] w e
E of A 2 o0 =
! o s =
= v =) v
10— -l
I — 10}
—20| [ \ ! 1 \
0 20 40 60 80 100 120 0 20 40 60 80 100 120
e [MeV] mgg [MeV]
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Left-Right Symmetry

» SUB) e X SU2), X SU2)g X U(1)g_; = SUB) ¢ X SU(2), X U(1)y

(Mohapatra, Senjanovic ‘75)

101 . Z
10° Bj ) LHC #%¢%jj

LHC displaced
vertex

=Ry

SHiP

[—
-
~
|
l

°
10_5_ -C_S V1A > Ug
e W .
1070+ |5
' KXmy
10_7 | :I | | | | | | | | . eR_
1 2 3 4 5 6 7 8 9 1011 12 13 Tsﬂrvm
d o VFA . ur
Helo, Hirsch, Phys. Rev.
Dgé)(zcl)qssc), 073?/81 ev mWR(Tev)

28 /N
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Left-Right Symmetry

» SUB) e X SU2), X SU2)g X U(1)g_; = SUB) ¢ X SU(2), X U(1)y

(Mohapatra, Senjanovic ‘75)

u
10" - . !
s ams gL |ATLAS, arXiv:1904.12679

10° > N LHC #%¢%jj

: a
10-! LHC displaced 7

[[[[[ vertex
10—2 B

l

o
10_5_ -C_S VA = up
107%F |5 !
KXmy
10—7 1 . | | | I I 1 1 1 S eR_
1 23 456 7 8 91011 12 13 g
de o ViA S up
Helo, Hirsch, Phys. Rev.
elo, Hirsc ??/S]ev mWR(TQV)

D92 (2015), 07
29 / 31
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Ovpp Exotica

» Quadruple beta decay
Heeck, Rodejohann, EP Lett. 103 (2013) 32001

o AL = 4 and Dirac neutrinos

d U

d (/7 u

Y
o

» Emission of one or more
neutral bosons J
> Majoron model of neutrino

. d U
mass generation \Cﬁ
. . GF €r,
- From RH effective current e.qg. in

Left—-Right symmetric model with v

] " i P S
Dirac neutrinos ¥ " :
Cepedello, FFD, Gonzalez, Hati, Hirsch,

€ €R
Phys. Rev. Lett. 122 (2019) 181801 L /@k er
u
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Conclusion

» Neutrinos much lighter than other fermions
> Dirac or Majorana? Lepton Number Violation?
> Natural suppression of charged LFV?

(H) (H)
- Determination of absolute mass scale
» OvBp is crucial probe for BSM physics | <5~ 1/ Ane >
- Standard interpretation: New Physics near
GUT scale breaking lepton number Tlo;’zﬁﬁ Ayp  \°
> Important to look for alternative scenarios |7z8 y ~ 1015 GeV
- 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, Pds, Phys. Rev. D 92 (2015) 036005)
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