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Overview

» Dirac vs Majorana Neutrinos and Lepton Number

» Beta Decay Processes and Nuclear Matrix Elements
» Light Neutrino Exchange in 0vBp

» Heavy Sterile Neutrinos and Exotic Contributions

» Connection to Baryogenesis
» New Physics in 2vBp
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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
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Dirac vs 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

Already broken non-perturbatively with B — L remaining conserved

Global symmetries expected to be broken gravitational effects?
Naive expectation:
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M Planck

m, ~ 107> eV

O

Too small to explain oscillations
but too large as subdominant splitting
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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,Z) > (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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Neutrinoless - UC]
Double Beta Decay

dy; — = uy
. Half-life W
-1 _ 2 lql ~ qF )
T = Imppl?G®|M®|? ~ 100 MeV "
> e
W V—A L
» Particle Physics d——> Jgj - u
r'3 Y
+m, Yu(1+ys)y
lep_ tequ(1+VS) 2 Vv(l Ys) = . 4q2 szgimvi ;mﬁﬁ
i=1

» Atomic Physics
> Leptonic phase space G% « Q>

» Nuclear Physics
> Nuclear transition matrix element M% ~ 1

10%°y (lmﬁﬂ|>2
~ Q+2m,
T/ eV ~ 3—5 Me
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Nuclear Matrix Elements

E ~EDF v [T I [ [ E
. 7 E i 4
» Nuclear Matrix Element - e 4 N ;
6 A
; TETE T e -
MOV:gi MGT__ZMF-I_MT = : SM Mi e— n A vv: E
9a S 4 Comstmatk @ E ¥ L B
= T : u :
. 3:_ v ® i = 7 % _
> Factor 2 - 3 uncertainty Lo . ey 1
- x ]
between nuclear models 1 : = :
. . L m ]
> “Quenching” of axial N L o
hucleon coupling ga? 48 76 82 96100 116124130136 150
P ot C| C| | Menendez, arXiv:1605.05059 A
. estrictead model space b
3 3¢, — “Ca,
 Missing effect of two-body # This work or g
Shell model 0 S0
currents - e tom
Voo = Tz
- 24 T g=1 sTj L 4g¢
c — g=0.92(4) 12 712
% *sc,, — “Cay,
E_ 45\"'7/2 - 45Tis/z
E(D 1 47V3/2 - 47Ti5/2
8¢y, — iy,
45Tiwz - 4SSCM
Gysbers et al., " o
Nature Physics 15 (2019) 428| ° ' 1‘ ‘ T - ! Se.= T,
Fran |Mgrl theory (unquenched)
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Nuclear Matrix Elements

Lattice QCD Data —
Effective Field |

» Nuclear Matrix Element

Theory
2 Similarity
ov 2 gV » Renormalization
= - G
MO = g3 | Mgy — = My + My [ Gow
gA / Ab-Initio Many-Body Methods \

Harmonic
Oscillator Basis
Effective Theory

Quantum
Monte Carlo

No-Core
Shell Model

o Factor 2 - 3 uncertainty
between nuclear models

) Qu I h 4 g O-f ax! al ( Coupled s In-Medium SRG \
nucleon coupling g,? bl el [ for Shell Model J
Restricted model space | Heavy Nucle iy

: MISSIng effeCt Of tWO_bOdy Statistical Model Averaging
currents e

Light Nuclei
(benchmarking)

i

- Dedicated effort to reduce J. Engel, Talk at ECT* Workshop
: “Progress and Challenges in 0vpBg”

uncertai nty indico.ectstar.eu/event/33/timetable/#20190715

» Theory (Ab initio interactions
in YEFT, No-core shell model)

Experiment (Muon capture, Charge exchange
reactions @ NUMEN)
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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, ¢,
/5 I [ (mh =109 ey |
~ 1n-1_
~ 10 = || Inverse hierarchy W07 E

My +Ma+[{m)ly
1072

< Normal

103 E /,:
10 = hierarchy 1077
10—4 ol Ll R 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?

0.9 . LEGEND 1k LEGEND 200

0.8
0.7
0.6
0.5
0.4

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

discovery probability for NO
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Lower Limit on mgg?

» From flavour and generalized CP symmetries

- Example: Majorana masses, mixing and phases
predicted from ‘Modular Invariance’ (Feruglio, arxiv:1706.08749)

- 1 . . —
Preference 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
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current ~5 year ultimate sensitivity
bounds projections .| potentially achievable
/ l \ rd v (10yrs running starting ~2030)
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Three Active Neutrinos

=~ s

ESKA REPUI23;IK,5
» Effective OvBp Mass =, 2
{ e
0.08 I | | | T | | | | I T T T T \ e e wr i
i p\ie é“} _ .L/“rSPOJENGY%s'Ti\E
' KamLAND-Zen upper limit: Ty, > 1.07 X 1026 Q?x\ 5 ooty W S
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 cosim [ V]
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Three Active Neutrinos

CESKA REPUBLIKA -

» Effective 0vBB Mass FL :,, =, 2T

0008 | I I I I I I I I | I I I I
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Three Active Neutrinos

CESKA REPUBLIKA -

» Effective OvBp Mass
0.08 I | 1 | 1 | | | | T | T | T
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Heavy Sterile Neutrinos

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

o VA +yono Vil [ 1
,ui/p 4 z Vel y,LL(l + VS) qz M2 Vv(l - ]/5) ~ = 4 . M;l. B 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, v +ymfo Va1
,lltvp 42 Vel Vu(l +)/5) qz M2 ]/v(l —]/5) ~ u 7 . MNi - MN
= 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 N N, M > ug, ug, mp
0 mp O m, Vev Hs
diag(my, My, My + AMy) =V - mp pg M |- VT 0.1eV  10—*keV
0 M us Quasi-Dirac N

Approximate L conservation
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Heavy Sterile Neutrinos

T | ll“uul_l_uuu‘_ua.mﬂ_u.mml_uuuﬂ_l_mml_uuml\\ B T I
10~ 106 103 1 10° 109

FFD, Graf, lachello, Kotila

PRD 102 (2020) 9, 095016 my [GeV]
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New Physics and OvgBp

» Plethora of New Physics scenarios
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d u
e
e
d u

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

dy > V_A,,LLL = up
W \Ali SN e
Kmy
dy > V“\bszL > ug CW Kmy . .
W, via o W V+A R
== y_oA I u
Kmy t
L ViAo e EERER g “r
dy . V+Ap5fr - e W e
f . h mN - -.A__: =
Left-Right Symmetry p i
Wi Ck
dR > yia > g
dy, wr,
— -
w er
€ ! >
I |
iy Extra
| .. || Dimensions
Ve R ~ g
X/g :
o= N Majorons
L X/g
g s -T' s
b ’ up, hL Leptoquarks
] 1
— - -
R-Parity| . .

Violating SUSY
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New Physics and OvgBp

» Plethora of New Physics scenarios

d u
€| =
e| =
d Uu
71— 2 G0v|M0v 2
1/2 = €npUnp|Mpyp
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» Neutrinos still

Majorana

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

dy — = up
';V?L—l,v—,i\ _ e
- L
KXmy
dy — Ab'ﬂl > g Z, Xmy ‘ -
W, via o W V+A R
oS voA = u
Kmy t
W VA e VA g “r
dy . V+Ap5fr - e W e
f i mN - +_: -
Left-Right Symmetry A )
Wi R
dy = Yra - g
dy, wr,
— -
W T
€ ! >
> “ Extra
A | . :
| .. || Dimensions
Ve R ~ g
X/ :
o= N Majorons
L X/
T T
b ’ up, hL Leptoquarks
o 1
— -t >
R-Parity| . .

Violating SUSY
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New Physics and 0vgf
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dy — = uy
» Examples in Left-Right Symmetry :'?ﬁj;‘ —
d u dy — = g Z, ) LN i
:I?'LVJrA . e iV;J}VJrA > €
e X m, —A > uy
e > en 3
Z’LFFWA ’ V+A _
d U LA - " €y-a = z UeiWe; tan {y,
3 4 B 10~°
T = ekpGiy|MY E§RZ:2Veziﬂm4W " (A/10 TeV)3
— NP
L2 i=1 my My p ( ¥y )
» OVBp probes . 107°®
the TeV scale (A/1TeV)5
» Limits on 6D d u
and 9D eff. e
operators . .
u
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Short-Range Mechanisms

d

» Evaluation of limits on

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

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

GZ

L= ﬁ (el)j + €] i + €3JMj + €4J* 1 j¥ + €)M | | d
1%
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Short-Range Mechanisms

P " P
. . - e
» Evaluation of limits on %‘_ — -
(4
short-range operators " Np - l/\/ P
(Graf, FFD, lachello, Kotila, PRD 98, 095023) e
. g r) (%] P
> General parton level operators (Paes et al. ‘01) ﬂ/ T
> NMEs from IBM-2 with g, = 1.0 and + o, 2T+ e
short-range correlations in Argonne P | v TO
parametrization &
Fs(q?) = I gs = 1.0 [42), Pion-mediated
(14 ¢*/mé) . i
., : i contributions
Bosldl) = ——E5 gps = 349 [42] .
' (1+¢2/m2)* 14 ¢*/m2’ i ‘ o R-parity violating SUSY
5 qv (Faessler, Kovalenko,
Fv(g) = (1+g2/m2)?> gv = 1.0, Simkovic, Schwieger,
| o Phys.Rev.Lett. 78 (1997)
Fu'((f) = - —) gw = 3.7, 183)
(14 ¢%/m%) : : :
) i o o Chiral EFT with Pion
Falg”) = I ga = 1.27 [, operators e
o ) - ) Lattice QCD
Fp(q?) = — T == gp = 4ga— <1 - —;) = 231 [44], (Cirigliano, Dekens, de Vries,
(1+¢*/m})"1+¢*/mz M A Graesser, Mereghetti, JHEP
Fr.(¢?) = — 2% 011, = 1.0,—3.3,1.34 [40]. 1812 (2018) 097)

(1+¢%/md)"
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Short-Range Mechanisms

» Evaluation of limits on
short-range operators

2
20 AYY L= ﬁ (el]j + "] + €sJH]j + €aJ¥ )" + €s]%]ju)
18 A" 100Mo FFD, Graf, lachello, Kotila
16 PRD 102 (2020) 9, 095016
76Ge 76
14 ﬁGXe T1/2( Ge) = (1 8,10, 100)
. g Ty;("""Mo) = (0.01,5,10) x 10%%yr N
> S Ty,(B%e) = (1.1,59.2) o ¥
5 = )
= 10 :
< 3}

A)CX
’ Ay o AYT

XX Ny
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Falsifying Baryogenesis

» Classic Example: High-Scale Leptogenesis
> Generation via heavy neutrino decays
- Competition with LNV washout processes
- Conversion to baryon asymmetry

- EW sphaleron processes at T =~ 100 GeV
- Observed asymmetry

Np —Np
s = —— = (620 + 0.15) x 107
14

i A

» Other possible scenarios

> For us only important:
(B — L) asymmetry generated

above LHC scale

| ~
N
>
2
rh
Ll |

?

> {QN
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Falsifying Baryogenesis

» Classic Example: High-Scale Leptogenesis
> Generation via heavy neutrino decays
- Competition with LNV washout processes

> Conversion to baryon asymmetry
- EW sphaleron processes at T =~ 100 GeV
* Observed asymmetry

Np —Np
s = —— = (620 + 0.15) x 107
14

i A

» What if we observe lepton number

violating processes in 0vBB? \v\/y
. . . > <Q N
+
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Falsifying Baryogenesis

4 Tempe rature ranges of I*A FFD, Harz, Hirsch, Huang, Pas,
strong equilibration 1014 g B3 Phys. Rev. D92 (2015) 036005

- Assumes observation of ot I e :
corresponding process!

= current 3

» Observation of LNV 10'%
o gives information at what 3 0vBR LFV

105

3 Br(u = ey) R(i - o)

temperatures operators
are in equilibrium

> can falsify high-scale 106%’
baryogenesis scenarios Br(z 2 %)

T [GeV]

104

£ LHC reach H [I

1 02 = EW scale

05 07 09 011 Oue}r Orf'y Oueqq
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New Physics in 2vB

d
» Lepton-number conserving
d/.é

right-handed currents
(FFD, Graf, Simkovic, PRL 125 (2020) 17, 171801)

- Estimated current limit eyr < 2.7 x 1072
from NEMO3 (angular correlation)
competitive to other searches

Gp

u
€R
VR
vy
er

Uu

» Neutrino self-interactions
(FFD, Graf, Rodejohann, Xu, —

PRD 102 (2020) 5, 051701) " ¢
- Excludes regime G ~ 4 x 10° Gg > >
suggested to resolve Hubble tension R p
> Excludes quadruple 0v4p decay v
GS <
1%
AV
p
> >

n

€
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New Physics in 2vB

» Lepton-number conserving

right-handed currents

(FFD, Graf, Simkovic, PRL 125 (2020) 17, 171801)

- Estimated current limit eyr < 2.7 x 1072
from NEMO3 (angular correlation)
competitive to other searches

» Neutrino self-interactions

(FFD, Graf, Rodejohann, Xu,
PRD 102 (2020) 5, 051701)

- Excludes regime G ~ 4 x 10° Gg
suggested to resolve Hubble tension|.

> Excludes quadruple 0v4p decay
» Sterile neutrino search

LEGEND, ®Ge ~~~~w_____- -7

through energy endpoint 0001 — S0 s
(Bolton, FFD, Graf, Simkovic, arXiv:2011.13387; F ;f\;‘\‘\?;x ;}{‘;0
Agost|n| Bossio, Ibarra, Marcano, [ -~ Gobied Futoze 2669
arXivi2012.09281) 61 D35 TR 5
my [MeV]
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Conclusion

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

- Determination of absolute mass scale

v

. . . H H
» 0vBp is crucial probe for BSM physics ) )
> Standard interpretation: New Physics near _O_
GUT scale breaking lepton number < 1/A e
. D . NP
> Direct sensitivity to LNV physics
at scales my =~ 1eV - 10 TeV TOVBE A 2
B 1/2 NP
» Many omissions 1028 y ~ <1015 GeV>

> Majoron and other exotic emissions
> Angular and energy distributions

2vfpp is becoming sensitive to New Physics as well

Importance of probing LNV around the TeV scale
- Can we discover mechanisms of neutrino mass generation?
. Impact on baryon asymmetry of the Universe

v

v

Frank Deppisch | Theoretical Review of OvBB | 10/06/2021



