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Neutrinos and beta decay

Beta decay: (Z, A) - (Z+ 1, A)+e + 7,
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Neutrinos and beta decay

Beta decay: (Z, A) > (Z+1,A)+e” +71,
— need to introduce neutrino

Double beta decay:
Maria Goeppert-Mayer (1935) (Nobel prize in 1963)

Simultaneous beta decay of

two neutrons inside of atomic nucleus: (Z, A) - (Z+2,A)+2 e +2 7,
SM process!

Observed in several isotopes (Ge, Xe, Te, Se)
Double beta decay happens for elements where single beta decay is forbidden
by energy conservation:
elements with an even atomic number and even neutron number

Julia Gehrlein Quo vadis neutrinoless double beta decay? 3


https://en.wikipedia.org/wiki/Even_and_odd_atomic_nuclei

Neutrinos and beta decay

Double beta decay:
Maria Goeppert-Mayer (1935) (Nobel prize in 1963)

Simultaneous beta decay of
two neutrons inside of atomic nucleus: (Z, A) - (Z+2,A)+2 e +2 7,

SM process!
Observed in several isotopes (Ge, Xe, Te, Se)

Neutrinoless double beta decay:
W. Furry (1939)

Neutrinos inside of nucleus emitted and absorbed if they are their own
antiparticles: lepton number violation!

Z,A) > (ZL+2,A)+2e
BSM process!

Julia Gehrlein Quo vadis neutrinoless double beta decay? 4



Neutrinoless double beta decay

Observation of neutrinoless double beta decay:
= Lepton number violated!

Schechter-Valle theorem

Any AL = 2 operator contributing to Ovf[ will generate Schechter, Valle ‘82
Majorana neutrino mass contribution

14 B |94
d

Al Auhd

Duerr, Lindner, Merle '11

Neutrino masses might still have (large) Dirac mass term
Majorana mass induced by this operator tiny: < O(1072° eV)

Lower limit on second-lightest neutrino mass m, > 8 X 107> eV
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.25.2951
https://arxiv.org/pdf/1105.0901.pdf

Neutrinoless double beta decay

Powerful way of testing lepton number violation!

Individual lepton number (L,, L, L) violated in neutrino oscillations

total lepton number (L, + L, + L;) (and baryon number) is accidental
symmetry of the SM
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Neutrinoless double beta decay

Powerful way of testing lepton number violation!

Individual lepton number (L, Lﬂ, L) violated in neutrino oscillations

total lepton number (L, + Lﬂ + L) (and baryon number) is accidental
symmetry of the SM

Leptogenesis scenarios to generate matter-antimatter
asymmetry of the universe rely on lepton number violation

— Ovf3f probes history of the Universe and Matter
Evolution
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Neutrinoless double beta decay

Powerful way of testing lepton number violation!

total lepton number (L, + Lﬂ + L) (and baryon number) is
accidental symmetry of the SM

Leptogenesis scenarios to generate matter-antimatter
asymmetry of the universe rely on lepton number violation

— Ovpp probes history of the Universe and Matter
Evolution

10°"

lepton number violation could come from an
odd-dimensional (dim 5, 7, 9, ...) EFT operator

Lowest dimensional SMEFT operator — Majorana neutrino
mass term

AlTeVl  Scale of dim 9
operator

Kochbach '16
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https://arxiv.org/pdf/1604.05726.pdf

Neutrinoless double beta decay

Observable: half-life of isotope
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Neutrinoless double beta decay

See talks today and posters tomorrow

Observable: half-life of isotope

/

1—/2 _ |mﬁﬂ‘ GOulMOul

/ Phase Space \

Under control
Particle physics quantity Nuclear matrix element

Under control Source of uncertainty

See talk by N. Hinohara
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Neutrinoless double beta decay

Nuclear matrix element
Engel, Menendez '16

Disagreements between determinations using

different nuclear models Agostini, Benato, Detwiler, Menendez, Vissani '22
New idea: L EF e a :
Ab-initio many body methods rpoee I . -
start with interactions and 6 N TTITx| | . ’ :
operators determined from QCD s 37 | I
and/or fit to data in very light nuclei 5,1 : E s -
produce solutions to the Schroedinger equation = 0 S I -
in heavier nuclei, with systematically E 2 7 R A
improvable approximations “F toom A
1k z I , -
Goal: Reliable uncertainty quantification e e e e T
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https://arxiv.org/abs/2202.01787
https://arxiv.org/pdf/1610.06548.pdf

Neutrinoless double beta decay

Nuclear matrix eler o e, Dellevetal 23
- + —@— Ab initio (this work)
Disagreements between determinations using i I < e
different nuclear models men, | 1 B
New idea: g! ¥ I T .
Ab-initio many body methods | ;E : :

>
A A MA

start with interactions and !
operators determined from QCD | 13 I
and/or fit to data in very light nuclei .| I I | ! + - :
produce solutions to the Schroedinger equation | il H N I

. . C ] . L é ] i
in heavier nuclei, with systematically | 2 't ¢ |
improvable apprOXimationS O— M’;\blvi,:\;rs ::JLcIear Mo’::el;: = M;bhi’;;rs l::Lclear MOIZ;I: =
Goal: Reliable uncertainty quantification first comprehensive ab initio uncertainty

quantification last year Belley et al '23
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https://arxiv.org/pdf/2308.15634v2.pdf
https://arxiv.org/pdf/2307.15156.pdf

Neutrinoless double beta decay

Particle physics quantity

mgg = 0.19 meV
mi1 = 4 meV

mgg| =1 ) UZm,| -

—1x

™+ B8 — «

= | cos” 0,, cos* @;,m ™% + sin” 0,, cos* @, ;m,e ¥ + sin® @, ;m; |

With measurement of mixing angles and mass
splittings
— 3 unknowns: Majorana phases (&, ), mass of
lightest neutrino

Only sensitive to a combination of Majorana phases!

U63m3
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Neutrinoless double beta decay

Particle physics quantity

| mys| = ‘ZUezzmz‘

= | cos” 0,, cos* @;,m ™% + sin” 0,, cos* @, ;m,e ¥ + sin® @, ;m; |

Denton, JG '23

10" F————
— I _
o  bound 1 s 3 Upcoming oscillation
Eon = | _ will select MO
=107 and slightly decrease
£ | parameter space
-3 2 |
o NO .
| .- Interplay with cosmology:
TS B DU sum of neutrino masses
104 1072 10~

mlightest [GV]
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https://arxiv.org/pdf/2308.09737.pdf

Neutrinoless double beta decay

Experiment

Observable: 2 emitted electrons (+daughter nucleus)

intrinsic, irreducible background: 2v/f o9k-

Arbitrary Units
© © © © ©
N W £ o, o

~ | I’Tl'l’TI'TI’I’H']]’]']]’]” |

g
..

— 2vpp
— OvBB (B.R. = 107

1 [

0.8 N

04 06
(Summed B Energy)/()BB
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Neutrinoless double beta decay

Observable: 2 emitted electrons (+daughter nucleus) 07E-

intrinsic, irreducible background: 2vff

Experiment

— 2vfip
0.8E- — OvBP (B.R. = 107

Arbitrary Units

Experimental requirements: oof

0 0.2 Y SE—Y
(Summed Energy)/C)BB

0.8 1

excellent energy resolution
low backgrounds

Large detectors (expect one decay per ton-year)

Long exposure

Topological information of signal and background

Julia Gehrlein
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Neutrinoless double beta decay

Experlment KamLAND-Zen '22
o gzoo . Kam -Zen upper limits Te
No observation T T Ge
~ o  Xe
Best constraint from KamLAND-Zen: §150 -
Ov 26 ~
See previous talks & - T
§, ST T ::‘:::::?i T
S b SR - N
Several other experiments % 50 et -} @®©
start to probe the 10 =
I - N\ Predictions
100 10! 102

Lightest neutrino mass (meV)
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https://arxiv.org/pdf/2203.02139.pdf

Neutrinoless double beta decay

Experiment

e et o vestm - oewet . Experimental prospects
GERDA-IIw = 1?3 1?4 — ”';l""”:'io | ""'1"?2 i 1(!)3 1?4 Tr:m% ‘1“'?;':“05:1““:—””;'%'0—2'“ are riCh:
oD TE . T . - Different isotopes, different
B0 200 ’ ” " detection techniques,...
NEXQE)E)(())
pandaxi One of top priorities of US
\Zar Nuclear Science Advisory
KLZ-400 Committee long-range plan:
2z pursuit of ton-scale
SO 0 | — 5 "o | neutrinoless double beta decay

OO m

. 2023

Amore-l|
NEMO-3
SuperNEMO-D :

SuperNEMOQ [

CUPIDS e . _ experiments
"~ CRoss . " e " KamLAND2-Zen: MEXT roadmap
CUPID O O
. -
C -

See talks today
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Neutrinoless double beta decay

Experiments are moving forward

Where are we going?

Future

Where are the regions of interest?

Do we need/want to probe down to very small mﬁﬁ?

L KamLAND-ZEN 90%

Cosmology (NO) 95%

mlightest [GV}

1072
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Neutrinoless double beta decay

Future
Where are we going?

Experiments are moving forward

Where are the regions of interest? 100 ¢

Do we need/want to probe down to very small mﬁﬁ?

In funnel both Majorana phases
can be extracted

Ge. Lindner '16 o
£

Uzim,
Triangle closes
from the knowledge of
length of sides
we can determine the
Majorana phasese

2
U€2m2

10~
10~

L KamLAND-ZEN 90%

103

—

Cosmology (NO) 95%

102
mlightest [GV}

101
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https://arxiv.org/pdf/1608.01618.pdf

Neutrinoless double beta decay

Future
Where are we going?

Experiments are moving forward

Where are the regions of interest? 1’

Do we need/want to probe down to very small m,? o
%

Majorana phases, lightest mass, MO crucially =107
=

determine allowed regions of Mg
— Predictions from flavor models

L KamLAND-ZEN 90%

—

Cosmology (NO) 95%

1072
mlightest [GV}

101
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Neutrinoless double beta decay

Future
Where are we going?

Experiments are moving forward
Where are the regions of interest?

Do we need/want to probe down to very small mﬁﬁ?

Majorana phases, lightest mass, MO crucially
determine allowed regions of Mg

1072

— Predictions from flavor models Mightest [0V]
A Survey of Neutrino Flavor Models and the
Neutrinoless Double Beta Decay Funnel Denton, JG 23
Julia Gehrlein Peter B. Denton™' and Julia Gehrlein®<®* 22


https://arxiv.org/pdf/2308.09737.pdf

Neutrinoless double beta decay

Predictions from flavor models
Denton, JG '23

Extensive survey of five broad categories of flavor models
(>3000 different models)

100 . t'osc o
= uncerta inties (30)
Generalized CP | [ % Sum rule PDF
\ O N S AT
Phases: '
Sum Rules |
«, IB y 5 N 3
Charged Lepton Masses:
Corrections mi, Mo, M3
_4 L 2 " s a2 2.1 " 2 PO T S 1 o1 —_. 2 U W SR T T
.. 10 10~4 103 102 101
Texture Zeros Mixing Angles: V
| 012,013, 023 TMlightest [C ]

non-negligible fraction of flavor models (14-100%)
e are at least partially in the funnel region

— interesting region to probe
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https://arxiv.org/pdf/2308.09737.pdf

Neutrinoless double beta decay

Sterile neutrinos

Vanilla scenario: Ovff due to light Majorana neutrino exchange
Additional neutrino generations can affect Ovff phenomenology

Phenomenology depends on ratio of sterile neutrino mass 1, to momentum transfer of

process (p?) ~ (100 MeV)?

electron tau sterile
neutrino neuvufrino neutrino
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Neutrinoless double beta decay

Sterile neutrinos

Vanilla scenario: Ovff due to light Majorana neutrino exchange

Additional neutrino generation can affect Ovf/ phenomenology

Phenomenology depends on ratio of sterile neutrino mass 1, to momentum transfer of
process (p*) ~ (100 MeV)?*:

light light heavy

A x ZmiUQ.MOVBB mz + ZmIU31M0V55 m[ + Z m[UGZIMOVQﬂ(m[)

Light active neutrinos L1ght sterile neutrinos Heavy sterile neutrinos

Blennow, Fernandez-Martinez,

Lopez-Pavon, Menendez '10
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https://arxiv.org/pdf/1005.3240.pdf
https://arxiv.org/pdf/1005.3240.pdf

Neutrinoless double beta decay

Sterile neutrinos

Additional neutrino generation can affect Ovf /) phenomenology

Phenomenology depends on ratio of sterile neutrino mass m,, to momentum transfer of
process (p*) ~ (100 MeV)*:

light light heavy

Aoy mUZM"P (m;) + Y mULZM" P (mr) + ) mgUZ M (my)
I I

my < 100 MeV: sterile neutrino acts like active neutrinos, A suppressed as

light light
2 2
E m; U’z + E miU> =
; 7 Blennow, Fernandez-Martinez,

Lopez-Pavon, Menendez '10
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https://arxiv.org/pdf/1005.3240.pdf
https://arxiv.org/pdf/1005.3240.pdf

Neutrinoless double beta decay

Sterile neutrinos

Additional neutrino generation can affect Ovf /) phenomenology

Phenomenology depends on ratio of sterile neutrino mass m,, to momentum transfer of
process (p*) ~ (100 MeV)*:

light light heavy

AochiUz.MO”ﬁﬁ(mi) Zm; MO”M (myp) Z m;U MO”W (my)

my > 100 MeV: sterile neutrinos heavy and integrated out, amplitude is 3-flavor
amplitude

Blennow, Fernandez-Martinez,

Lopez-Pavon, Menendez '10
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https://arxiv.org/pdf/1005.3240.pdf
https://arxiv.org/pdf/1005.3240.pdf

Neutrinoless double beta decay

Sterile neutrinos

Additional neutrino generation can affect Ovf /) phenomenology

Phenomenology depends on ratio of sterile neutrino mass m,, to momentum transfer of
process (p*) ~ (100 MeV)*:

light light heavy

AochiUz.MO”ﬁﬁ(mi) Zm; MO”M (myp) Z m;U MO”W (my)

my > 100 MeV, my < 100 MeV: some sterile neutrinos are heavy, some are light
— cancellation of light sterile amplitude with SM amplitude prevented

Blennow, Fernandez-Martinez,

Lopez-Pavon, Menendez '10
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https://arxiv.org/pdf/1005.3240.pdf
https://arxiv.org/pdf/1005.3240.pdf

Neutrinoless double beta decay

Sterile neutrinos

Additional neutrino generation can affect Ovf /) phenomenology

— Constraints on sterile neutrinos

L m, =10 ° eV

\\\\\\
\\\\\\
\\\\\\

""""""""""""

2o

g (251 =0
10 ° ¢ T'/5(" Ge) > 8.0 x 10% y ‘ i |
| T75("°Xe) > 1.07x 107 y S
Amy 6 DO A
10—10 i - TA = "73\',\ =107 /e/.k,/\o
*/p
- Th = 10—4 f.—r/l;/g
| 5
Ll T oTas 10~ EX
10_ = 9 L ! 1 6 ! . : 3 ; . . | | |3
10~ 10~ 10~ 1 10
my |GeV
, [GeV]
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ttps://arxiv.org/pdf/1912.03058.pdf

Neutrinoless double beta decay

Minimal left-right symmetric model

my In GeV
100 400 500

I I

New mediators!

Particle physics quantity is not
[ mys| = \2 Ueziml-\ anymore

Mw, =7 TeV ‘é"t‘ffgf “Future ton—scale
my_.. =900 GeV experiments
VR =V~

104  0.001 0010 0100 1

Li, Ramsey-Musolf, Vasquez 20

my, . ineV
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https://arxiv.org/pdf/2009.01257.pdf

Neutrmoless double beta decay

Cirigliano, JG et at '22

Energy

SM-EFT

~ 100 GeV

E s T T Nuclear matrix elements

E‘ mgg : vV — V° d — uev (d — uev) ® 0, dd — uuee ff -

7 — - affected by new physics
~1GeV | W Y VY 'V Y VY O oooooooov

|_

= [ Physics spans a large range
~ 100 MeV | N of energies

E E Ovj33 operators Ov33 operators

5w Lone-and pon-ange) — need a tower of EFTs to go

S B s B e e from hlgh-energy model

N -E | ° to the nuclear matrix element
~ 1 MeV =

v

TV (07 = 0™)

Julia Gehrlein Quo vadis neutrinoless double beta decay? 31


https://arxiv.org/pdf/2203.12169.pdf

Neutrinoless double beta decay

Summary and conclusions

Neutrinoless double beta decay allows to probe lepton number violation and can provide
insights into matter-antimatter asymmetry generation, and test symmetries of SM

. Current Ovf3f experiments are ongoing

. New experimental collaborations are forming and will continue in future

e Need to define theoretical goals/targets for these experiments to provide benchmarks

. Sensitivity studies needed for new physics scenarios affecting Ovff

e For correct interpretation of results: theory work on nuclear matrix elements required

with robust uncertainty quantification
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Thanks for your attention!

Julia Gehrlein
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Appendix: Lepton nhumber violation

Signs of lepton number breaking in the early Universe
Gravitational waves from decay of cosmic strings from breaking of
lepton number symmetry

{Jggi Signature depends on
i Lepton number

breaking scale

_9 -7 -5 -3 -1 1 3
10 10 10 10 10 10 " [see also Dror, Hiramatsu,

[King, Marfatia, Rahat 2306.05389 ] /1 Kohri, Murayama, White 2306.05389 ]
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https://arxiv.org/pdf/2306.05389.pdf
hhttps://arxiv.org/pdf/1908.03227.pdf

Appendix: Neutrino mass

25 ™1 Tncluded - Included: | l
! .o ncluded: _
— — Osc data (avg of global fits) _ gfgfg:;zéa%% KInglObal fits)
v, 1.78 — Preference for NO ‘ — Cosmo constraint
20 ; vy, 1.71 — Cosmo constraint .
— am |
15 | 1
~ !
o< _ -
< |
10 T Y & T
5 T I
o Loy e aso | | - | |
1077 1075 103 102 10~
m; [eV] m; [eV]

[JG, Denton 2308.09737 ]
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https://arxiv.org/pdf/2308.09737.pdf

Neutrino oscillEi

Appendix: Neutrino oscillation

arameters

on parameters measured over years

0.8
0.2

4

1
0.45

0.15
10

2
0.04

O DN O

‘98 2000

2005 2010 2015
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https://arxiv.org/abs/2212.00809

parameters

Global fits to oscillation data:

mass splittings: | Am322\ =2.5-107° eV?, Am%1 =7.4-107 eV?

mass ordering unknown
m? 2
R Normal mass ordering Inverted mass ordering .
m I -+ m3
I
my —— [
m? - 1 + m

my < m, < M, my < my < m,

Appendix: Neutrino oscillation

[nufit v5.1]

Julia Gehrlein
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http://www.nu-fit.org/

Appendix: numerical approach

[JG, Denton 2308.09737 |

1. We first calculate the number of models which are viable. These are the models that
are in agreement with the oscillation data.

2. Then we determine which of those have any fraction within the funnel which we
define to be mgg < 107 eV.

3. Then we determine the fraction of each model that is within the funnel as outlined
below.

_ f funnel dlog mlightestd logm B3

J f dlog mlightestd log mpag
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https://arxiv.org/pdf/2308.09737.pdf

Appendix: Texture zeros

Assume symmetric Majorana mass matrix has vanishing entries
[JG, Denton 2308.09737 |

1-1 elements is | m;|

All 6 possible one-texture zero mass matrices in

- 10—
agreement with data e
Fraction in funnel 107! |
M., 1 =
- -2 L
M, 0.31 §10
M, 0.30 |
M 0 s
pup | \
M 10~ 10-3 102 10~
T O Mightest [eV]

Julia Gehrlein Quo vadis neutrinoless double beta decay? 39


https://arxiv.org/pdf/2308.09737.pdf

Appendix: Texture zeros

Assume symmetric Majorana mass matrix has vanishing entries
[JG, Denton 2308.09737 ]

1-1 elements is | m;|

Constrained by

/ of 15 possible two-texture zero mass matrices in cosmology

agreement with data

109 ¢

~ - Newresult = - /

Mep | Mer | Mun | Myr | Mo 10-1 | ,
Mee 1 1 X X X - 6
Mep, X 0 X 0 %10_2
Mer 0 | X | 0 Models fully = :
My X 0 in funnel 107 =
M X I

1074

e
Models with 3+ texture zeros not compatible with data!
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https://arxiv.org/pdf/2308.09737.pdf

Appendix: Mass sum rules

- - - - [S. King, A. Merle, A. Stuart '13
Clﬁl)ﬁ(ml@la)d + Czﬁwz(mzﬁlﬂ)d + mg = () J. Barry, W. Rodejohann '10 ]

12 different SR in over 60 models realized in literature
c;~O0), =0, 7, £7/2),d=(1, —1, +1/2),

constant and fixed by model

parametrized as triangle in complex plane

‘ Clmwg ‘

d
ms
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https://arxiv.org/pdf/1307.2901.pdf
https://arxiv.org/pdf/1007.5217.pdf
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[JG, Merle, Spinrath 1506.06139 ]
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Appendix: Mass sum rules

Disfavoured by 0v3B8

Disfavoured by Cosmology
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https://arxiv.org/pdf/1506.06139.pdf

SRI1,1 SR1, I
SR1, II SR1, II
SR21 SR2|
SR3 - SR3+
SR4 - SR4
ﬁ11_1/2+ﬁ12_1/2:2ﬁ’l3_1/2 L ﬁ11_1/2+ﬁ12_1/2:2ﬁ13_1/2 B
o
i V2 4 s 222, 12 o0 iy P 4ins 2 =2, 12
=12 12 ~a 12| = = 12~ 12 ns 12 é'.i
mi m3 =2, my' —m3 ' =2m, ~
= S
s~ £2irmy =i - S iy~ £2iiy =iy T S =
oy L o > o
iy 1+m3 =2, e @ ﬁ11‘1+ﬁ13‘1:2ﬁ12_1* R -
S
21y~ iy =iy ) % 27y~ i =g R E
S R e 1 = O P =
iy~ iy =i S my +my =m3 -
9p)]
i +(N3 +1)/2 iy=(\3 = 1)/2 iy - a i+ (V3 +1)/2 s=(V3 =1)/2 iitn -
i+ =215 - mi+my=2ms
2my+m3=m - 2my+im3=m,
f+m3=2 iy - Normal ordering m1+Mm3=2 iy Normal ordering
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| | Lo | | Lo 0 | | Lo 0 ‘ ) ) [ ) ) [ | | Lo
1.x 107 5.%x107%0.001 0.005 0.010 0.050 0.100 1.x107* 5.x10740.001 0.005 0.010 0.050 0.100
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Appendix: Mass sum rules

Predictions for upcoming experiments

Can be used to plan stages of experiments like in [verle, Agostini, Zuber 1506.06133]

[JG, et al 2203.12169]
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Appendix: Mass sum rules

ce”1(m;e'%)! + c,e?2(m,e”)? + mg =0
[JG, Denton 2308.09737 ]
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Appendix: Mass sum rules

3137 models tested, found 1968 viable models
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Predict large neutrino masses

— tested with cosmology
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Appendix: Mass sum rules

3137 models tested, found 1968 viable models

[JG, Denton 2308.09/737 |

Probability density plot
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Appendix: Results for generalized CP
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Appendix: Results for charged lepton
corrections

UPMNS — U; Uy [JG, Denton 2308.09737 ]

Angles in neutrino sector determined by underlying symmetry

Studied two rotations in the neutrino sector, one charged lepton rotation
two rotations in the neutrino sector, two charged lepton rotation
three rotations in the neutrino sector, one charged lepton rotation
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Appendix: Results for modular
symmetries

Reduced numbers of fields which break flavor symmetry r Ferugiio 117
5 models with maximal humber of predictions realized in literature
Coefficients of sum rules depend on mixing parameters!/¢: spinrath 2012.04151]
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Appendix: Sterile neutrinos in OvfSf
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