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Ma]()rana neutrmos

2 v is a special particle in the SM:

& Only neutral fermion
2 Only left-handed v's

2 Massless v
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& Only neutral fermion
2 Only left-handed v's

2 Massless v

& Neutrino oscillations demonstrated
that s have masses:

2 BSM physics needed
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Ma]()rana neutrmos

2 v is a special particle in the SM:

& Only neutral fermion
2 Only left-handed v's

2 Massless v

& Neutrino oscillations demonstrated
that s have masses:

2 BSM physics needed e dre s® be
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Ma]()rana neutrmos

2 v is a special particle in the SM:

B Only neutral fermion 2 v could be a Majorana particle:
2 Only left-handed v's U =1
2 Massless v B Lepton number non-conserved

B> Neutrino oscillations demonstrated
that s have masses:

2 BSM physics needed e dre se be
Jr— u-e® ce te
2 Tiny masses (mﬁ < 0.8 eV KkatrIN, o | ee e Te
Nature Phys. 18, 2 (2022)) ? J < ) 3 3 D
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Double beta decays

2 Two-neutrino double-beta decay:
U : (A,Z) > (A, Z+2)+2e” + 20

2 SM allowed, observed in 11 isotopes

2vpp
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Double beta decays

2 Two-neutrino double-beta decay:
U : (A,Z) > (A, Z+2)+2e” + 20

2 SM allowed, observed in 11 isotopes

2 Neutrino-less double-beta decay: )_)
Ovpp: (A,Z) > (A,Z+2)+ 2e”

» Lepton number non-conservation and
Majorana neutrinos, BSM physics

» Not observed yet (half-life limits
Ty, = 10%°yr)
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Double beta decays

2 Two-neutrino double-beta decay:
U : (A,Z) > (A, Z+2)+2e” + 20

2 SM allowed, observed in 11 isotopes

2 Neutrino-less double-beta decay:
Ovpp: (A,Z) > (A,Z+2)+ 2e”

» Lepton number non-conservation and
Majorana neutrinos, BSM physics Energy Oy

Events

» Not observed yet (half-life limits
Ty, = 10%°yr)

Elisabetta Bossio (TUM) Light Dark World 2023



Neutrmoless double beta decay

& Simplest mechanism: exchange of light

: : n P
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Neutrmoless double beta decay

& Simplest mechanism: exchange of light )

: : P
Majorana neutrinos — {LLL >
W
m e
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(lepton part) 7' /{F N Pg

Elisabetta Bossio (TUM) Light Dark World 2023



Neutrmoless double beta decay

& Simplest mechanism: exchange of light

: : n P
Majorana neutrinos : = {\L —
W
=, — = e
[7%17! =(G™ 7
Phase space N7 W e
(lepton part) Nuclear matrix elements o
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& Simplest mechanism: exchange of light

: : n P
Majorana neutrinos : = {\L —
W
i — e
[7%17! =(G™ 7
Phase space N7 W e
(lepton part) Nuclear matrix elements o
(nucleon part) N > >— P#

2 Effective Majorana neutrino mass: related
to neutrino parameters

_ 2
Mgy = Z m; U
i

_— —,
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Complementarlty wnth other mass measurements

2 0ufBp decay half-life measurements = effective
Majorana neutrino mass measurement
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Complementarlty wnth other mass measurements

——
——— ———————

2 0ufBp decay half-life measurements = effective
Majorana neutrino mass measurement B
Mg = Z M

Rev Mod. Phys. 95, 025002, arXiv:2202.01787

Mg [eV]

0vBB decay limit (90% CL), smallest NME
10—] “0vBB decay Iimit (90% CL), larg a’tﬁﬁ/ -

10—2 §. .....................................................

Unknown parameters: absolute mass scale (miight),
mass hierarchy (NO vs 10), Majorana phases 6

—
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Complementarlty wnth other mass measurements

2 0ufBp decay half-life measurements = effective
Majorana neutrino mass measurement
ﬁﬂ — Z m, ez

Rev. Mod. Phys. 95, 025002, arXiv: 2202 01787
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Complementarlty wnth other mass measurements

2 0ufBp decay half-life measurements = effective
Majorana neutrino mass measurement

Rev Mod. Phys. 95, 025002, arXiv: 2202 01787

Mg [eV]

0vBB decay limit (90% CL), smallest NME OvBP decay limit (90% CL), smallest NME
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What about two neutrmo double beta decay

—_—

2 Vast experimental program to search for OvfS decay: ton-scale
experiments planned
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What about two neutrmo double beta decay

—_—

2 Vast experimental program to search for OvfS decay: ton-scale
experiments planned

2 Large amount of 2vf3 decay data collected:
~ 10° — 10° events in current experiments

~ 107 — 108 events in future experiments
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What about two neutrmo double beta decay

2 Vast experimental program to search for OvfS decay: ton-scale
experiments planned

2 Large amount of 2vf3 decay data collected:
~ 10° — 10° events in current experiments

~ 107 — 108 events in future experiments

Phase space Nuclear matrix elements
? Decay rate: (leptonpart) ___  (nucleon part)

2 1 _
[Tipl™ =
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What about two neutrmo double beta decay

2 Vast experimental program to search for OvfS decay: ton-scale
experiments planned

2 Large amount of 2vf3 decay data collected:
~ 10° — 10° events in current experiments

~ 107 — 108 events in future experiments

Phase space Nuclear matrix elements
? Decay rate: (lept part) ___ (nucleon part)

[T77]7" =

2 New physics in double-beta decay? E.g. New particles, RH currents,
Neutrino self-interaction, Lorentz violation...

Phys. Rev. Lett. 125, 171801, arXiv:2003.11836

Phys. Rev. D 103, 055019 (2021), arXiv:2011.13387

Phys. Rev. D 102, 051701 (2020), arXiv:2004.11919

M.Agostini, EB, A. Ibarra, X. Marcano, Phys. Lett. B 815 (2021) 136127
7 Review: EB and M.Agostini, arXiv:2304.07198
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https://arxiv.org/abs/2304.07198

BSM physncs in double beta decays

Review: EB ond M.Agostini, arXiv:2304.07198

& New particles coupling to
neutrinos:
A, Z) = (A, Z+2) + 2e~ + X(2X)
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BSM physncs in double beta decays

Review: EB ond M.Agostini, arXiv:2304.07198

& New particles coupling to
neutrinos:
A, Z) = (A, Z+2) +2e~ + X(2X)

E.g. Majorons, sterile neutrino,

72-odd exotic fermions
B
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BSM physncs in double beta decays

Review: EB ond M.Agostini, arXiv:2304.07198

&> New particles coupling to 2 Non-standard neutrino
neutrinos: properties/interactions:
A,2) > (A, Z+2)+2¢ +X2X) (A, Z) > (A, Z+2) +2e™ + 2igqy

E.g. Majorons, sterile neutrino,
Z2-odd exotic fermions
D——
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BSM physncs in double beta decays

Review: EB ond M.Agostini, arXiv:2304.07198

&> New particles coupling to 2 Non-standard neutrino
neutrinos: properties/interactions:
A,2) > (A, Z+2)+2e +X2X) (A,Z) > (A, Z+2)+2e + 20z
E.g. Majorons, sterile neutrino, E.g. Lorentz violation, RH currents,

72-odd exotic fermions Neutrino self-interactions
DR e i e

x J)
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BSM physncs in double beta decays

—_—

Review: EB ond M.Agostini, arXiv:2304.07198

&> New particles coupling to 2 Non-standard neutrino
neutrinos: properties/interactions:
A, Z) > (A, Z+2)+2e” +X2X) (A, Z2) > (A, Z+2)+2e” + 20z,
E.g. Majorons, sterile neutrino, E.g. Lorentz violation, RH currents,
Z2-odd exotic fermions Neutrino self-interactions

A

Events

Energy Oy
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BSM physncs in double beta decays
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Review: EB ond M.Agostini, arXiv:2304.07198

&> New particles coupling to 2 Non-standard neutrino
neutrinos: properties/interactions:
A, Z) > (A, Z+2)+2e” +X2X) (A, Z2) > (A, Z+2)+2e” + 20z,
E.g. Majorons, sterile neutrino, E.g. Lorentz violation, RH currents,
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BSM physncs in double beta decays

—_—

Review: EB ond M.Agostini, arXiv:2304.07198

&> New particles coupling to 2 Non-standard neutrino
neutrinos: properties/interactions:
A, Z) > (A, Z+2)+2e” +X2X) (A, Z2) > (A, Z+2)+2e” + 20z,
E.g. Majorons, sterile neutrino, E.g. Lorentz violation, RH currents,
Z2-odd exotic fermions Neutrino self-interactions
mmm——t— et T m———— o

Events

' Energy\ A
B> Search for BSM physics = searc?il for distortion of the

continuous electron energy spectrum
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( nght exotlc fermlons in double beta decay )

e _ - _
_———-(, — ”@' — _ —= - —_ = — _—

M.Agostini, EB, A. Ibarra, X. Marcano, Phys. Lett. B 815 (2021)

See also Phys. Rev. D 103, 055019 (2021)



Sterlle neutrm()s in double beta decay

&> Many BSM extensions introduce sterile neutrinos:
SM singlets only via mixing to neutrinos
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Sterlle neutrinos in double beta decay

—_— e ———— —_— —

&> Many BSM extensions introduce sterile neutrinos:
SM singlets only via mixing to neutrinos

B Simplest approach: 4 masses, 4x4 mixing 'U

U U
_ v PMNS | Y4
m, = (my, my, ms, Ny) Ul =
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Sterlle neutrinos in double beta decay

—_—

2 Many BSM extensions introduce sterile neutrinos: W - ¢
SM singlets only via mixing to neutrinos (NN \
N
B Simplest approach: 4 masses, 4x4 mixing ! Ue4\
|

U U
_ v PMNS | Y4
m, = (my, my, ms, Ny) Ul =
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Sterlle neutrinos in double beta decay

—_—

2 Many BSM extensions introduce sterile neutrinos: W - y
SM singlets only via mixing to neutrinos (NN \
N
B Simplest approach: 4 masses, 4x4 mixing ! Ue4\
|
Upmns 1V,
ml/ — (mla m29 m?)a m4) UZX4 — | Ulu
4

2 Single beta decay |
p:AZ)> A Z+1)+e +1
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Sterlle neutrinos in double beta decay

—_—

2 Many BSM extensions introduce sterile neutrinos: W - y
SM singlets only via mixing to neutrinos (NN \
N
B Simplest approach: 4 masses, 4x4 mixing ! Ue4\
|
Upmns 1V,
ml/ — (mla m29 m?)a m4) UZX4 — | Ulu
4

2 Single beta decay |
B:(AZ)—> A Z+1)+e +XN
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Sterlle neutrinos in double beta decay

—_—

2 Many BSM extensions introduce sterile neutrinos: W - ¢
SM singlets only via mixing to neutrinos (NN \
N
B Simplest approach: 4 masses, 4x4 mixing ! Ue4\
|
U (U
my — (mla mz, m39 m4) U4U_X4 — PMNS | ua
| UT4
2 Single beta decay |
B:(AZ)—> (A Z+ 1) +e +X N
2 Double beta decay

2P (A,Z) > (A, Z+2)+2e +2U
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Sterlle neutrinos in double beta decay

—_—

2 Many BSM extensions introduce sterile neutrinos: W - ¢
SM singlets only via mixing to neutrinos (NN \
N
B Simplest approach: 4 masses, 4x4 mixing ! Ue4\
|
U (U
my — (mla mz, m39 m4) U4U_X4 — PMNS | ua
| UT4
2 Single beta decay |
B:(AZ)—> (A Z+ 1) +e +X N
2 Double beta decay

2B (A Z) = (A Z+2)+2e + ) -7
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Sterlle neutrinos in double beta decay

—_—

2 Many BSM extensions introduce sterile neutrinos: W - y
SM singlets only via mixing to neutrinos (NN \
N
B Simplest approach: 4 masses, 4x4 mixing ! Ue4\
|
U (U
mv — (mla m29 m?)a m4) UZX4 — PMNS | ud
| UT4
2 Single beta decay |
B:(AZ)—> A Z+1)+e +XN
2 Double beta decay )
U+N

20BB: (A, Z) = (A, Z +2) +2e” +)<\$ 2N
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Weak b()unds at100 keV -1 MeV

—‘-’—hw’\

J. ngh Energ Phys. 2020 17O arX|v1912 03058
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Weak b()unds =18 (00, keV 1 MeV
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Double beta decay rate

2 Incoherent superposition of three terms

dT dr dr dT
 —costo 20Ty = T) + 2 cos? @ sin’ 6 d;N T, — T — xy) + sin* 0 d;N T, — T — 2xy)
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Double beta decay rate

2 Incoherent superposition of three terms
dT . ldr,
— =cos" 0 (T, —
dT AT

SM 2vff decay g

| dr drl’
T+ 2 cos” @ sin* 0 d;N O(T,— T — xy) + sin* 0 d;N 0T, — T — 2xy)
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Double beta decay rate

dr |
— = cos*0 O(Ty— T+ 2 cos” 0 siHZHL 2l 0Ty, — T —
One sterile neutrino:
vNpp decay
n p n
e
W
U

23 23
\V
\
o)
O ®
® =z Al
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Double beta decay rate

dl’

One sterile neutrino: {/°  Two sterile neutrinos:

vNpp decay NNpp decay
—> >

S s -
e e
: “&4 e
7 7 N
N N
,JJJ\)@ \Q/IJ‘/\)<€
=, P

B Negllglble experlmentally
19 x sin* @
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Shape dlst()rtlon ()f the energy spectrum

- == = —_—

dT ., dly
22 0(Ty = T) + 2 o8> 0sin’ 0 — L% 0Ty = T = x)
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Shape dlst()rtlon ()f the energy spectrum

- — —_—

dl’ A dl’,, NP dl’ n
— ~cos" 0 O(Ty—T)+ 2cos”0sin“0 O(Ty—T — xy)
dT dT dT
7l 76Ge—76Se + abB
6 — TOtal
: ---vpB
5 —— YNBB
5 4f |
S I
[~ 3
2 sin?d =02
I my = 500 keV
1
0F . T — e
s 0.9
~ 07|
—= 06l o o S - -
0 500 1000 1500 2000

E. + E., —2m, [keV]
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Discovery potential of double beta decay experlments

—————
—y ~—— mw — e — — ) _ o — — —

2 Quantify the sensitivity with a
frequentist analysis and profile-
likelihood ratio test statistic
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Discovery potential of double beta decay experlments

—————
—y ~—— mw — e — — ) _ o — — —

E
Isotope Experiment Half-life [yr] Efficiency [xpsls;rr]e

2 Quantify the sensitivity with a
. . . GERDA/ . ., 14103/
frequentlst analysns and proﬁle— Ge  ggenp 20710 /5% 1.4 105
likelihood ratio test statistic

EXO-200/ .0 g5 o, 1710°/

136
xe nEXO 3.7 105
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Dlscovery potentlal of double beta decay experlments

—————

Isotope Experiment Half-life [yr] Efficiency E[xpsls;rr]e

2 Quantify the sensitivity with a
o o . GERDA ) , 14103/
frequentist analysis and profile- oe oy 20007 % LT
likelihood ratio test statistic

- 3
pexe | EXO200/ .o, g5 o, 1710°/

2 Background rate: dominant ° a0 2 37108
Ro,44 + other contributions
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Discovery potential of double beta decay experlments

———
—y '——mw 7-;:?-’—@‘ — ) o — - =

Isotope Experiment Half-life [yr] Efficiency E[xpsls;rr]e

2 Quantify the sensitivity with a
o o . GERDA ) , 14103/
frequentist analysis and profile- oe oy 20007 % LT
likelihood ratio test statistic

- 3
pexe | EXO200/ .o, g5 o, 1710°/

2 Background rate: dominant ° a0 2 37108
Ro,44 + other contributions

2 Systematic uncertainty:
parametrized by energy-
dependent function

S(E):1+aE+bE2+c/ E
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Dlscovery potentlal of double-beta decay experlments

———
————————— ==

Isotope Experiment Half-life [yr] Efficiency E[xpsls;rr]e

2 Quantify the sensitivity with a
oce  GERDA/ .o, o 14103/

frequentist analysis and proﬁle— LEGEND ' 1.4 105

likelihood ratio test statistic

- 3
136X EXO-200/ 59102 85 o 17108/

2 Background rate: dominant nEXO 37108

Ro,44 + other contributions

2 Systematic uncertainty:
parametrized by energy-
dependent function

S(E):1+aE+bE2+c/ E

LEGEND-1000

1072 -

er= 0% of Ryygp - sys off

1034 ——— Rother= 5% of Ry,gp - sys off
er=50% of Ryygp - sys off

| —— Rother= 0% Of Ryygp - Sys on

sin’6 median 90% CL upper limit

=+ Rother= 5% 0f Ryygg - Sys on

| —— Rother=50% of Ry,pp - Sys on

10° 104 10°
14 exposure [mol-yr]

Elisabetta Bossio (TUM) Light Dark World 2023



Dlscovery potentlal of double-beta decay experlments

———
————————— ==

Isotope Experiment Half-life [yr] Efficiency E[xpsls;rr]e

2 Quantify the sensitivity with a
oce  GERDA/ .o, o 14103/

frequentist analysis and proﬁle— LEGEND ' 1.4 105

likelihood ratio test statistic

- 3
136X EXO-200/ 59102 85 o 17108/

2 Background rate: dominant nEXO 37108

Ro,44 + other contributions

2 Systematic uncertainty:
parametrized by energy-
dependent function

S(E):1+aE+bE2+c/ E

LEGEND-1000

1072 -

N> Statistical uncertainty
XN, dominant

er= 0% of Ryygp - sys off

1034 ——— Rother= 5% of Ry,gp - sys off
er=50% of Ryygp - sys off

| —— Rother= 0% Of Ryygp - Sys on

sin’6 median 90% CL upper limit

=+ Rother= 5% 0f Ryygg - Sys on

| —— Rother=50% of Ry,pp - Sys on

10° 104 10°
14 exposure [mol-yr]
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Dlscovery potentlal of double-beta decay experlments

Isotope Experiment Half-life [yr] Efficiency E[xpsls;rr]e

GERDA/ 1.41083/

2 Quantify the sensitivity with a
frequentist analysis and proﬁle— ©Ge pgenp 20107 5% 1.4105

likelihood ratio test statistic

- 3
pexe | EXO200/ .o, g5 o, 1710°/

2 Background rate: dominant o > 37108

Ro,44 + other contributions

LEGEND-200
LEGEND-1000

2 Systematic uncertainty:
parametrized by energy-
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First experimental constraints with double-beta decay:
GERDA Collaboration, JCAP12(2022)012, arXiv:2209.01671
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& Single production can be forbidden (e.g. Z2 symmetry)
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& Single production can be forbidden (e.g. Z2 symmetry)

B Effective interaction:
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Double beta decay rate

& Sum of two terms:
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Double beta decay rate

& Sum of two terms:
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2 Decay rate expressed via the NME of

Ovff decay [phys. Rev. Lett. 125, 171801,
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Double beta decay rate

& Sum of two terms:
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First experimental constraints:
GERDA Collaboration,
JCAP12(2022)012,
arXiv:2209.01671
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B Double-beta decays are powerful tools for investigating BSM physics

2 A vast experimental program is ongoing/planned to search for Ov3
decay: Majorana neutrinos & Lepton number violation

2 Large statistics of 2v/3f decay events collected by experiments: more
BSM physics searches (e.g. new particles, RH currents, neutrino self-
interactions, Lorentz violation...)

B Double-beta decay experiments can improve the current bounds on
sterile neutrinos in the mass range 100 keV - 2.5 MeV

B> They also offer a unique opportunity to test models in which only the
pair production of exotic fermions is allowed
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