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The wost Fsoputar and simpi.e mechanism to

. — Seesaw Mechanism
prodw&e a small observable neubrine mass

v mass generation through the Seesaw mechanism
(and most of the other models) implies neutrinos
are Majorana particles

—_— Ma jorana neutrines = 0vff must exist

Black box Eheorem: U masses rad&a&vei.j

On the other hand —_ generated (but too small to explain

if Oupp exists observed neutrine mass differences)

While other mechanism could contribute, we assume neutrino mass as the exclusive contributing process to Ovff, but
consider here the pa»ssib&tiﬁy of exchange of both Light (1) and heavv (N) neubrinos in the non-interfering case
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We consider the case that future prajec&s, instead, give a positive signal at 30

Two Possibi& strateqies for the analysis

Grenerate a falke true sighal with a given set of NME and analyse the
data with the same NME seb: this corresponds to the assumption of
negligible errors on the theoretical NME calculations

Grenerate a fake true signal with a given set of NME and analyse the
data wikth another NME seb: this is the actual case, in which the spreaci
between different theoretical calculations is still large and cannot be
neglected



T (104° y)

S=1/T (10726 y~1)

200 100 50 30 20

- 30 signals for -
10 tons - y iIn:

— —— LEGEND (Ge) -
—— CUPID (Mo)

- —— nEXO (Xe) -
. N A L .

0 0.01 0.02 0.03 0.04 0.05

Prospective Ouff decay signals (at > 36) i
future ton-scale projects, with reference to
MEXD (Xe), LEGEND (Ge) and CUPID (Mo)

Reconstruction of hypothetical
sighnals for fixed NME sets

Exposure of 1 ton X 10 years

The assumption of a 30 disr:overv signal S; = Si36
t:or'resyomds to have )(iz =9 for S, =0 and )(1-2 =0
“F(ﬁ)r Si —_ Si30

The analysis uses parameters prc:-pose.d th Rev.
Mod. Phys, 95 no.R, os5002 (Ro23), reproducing
the discovery sensitivity presented for various
exposures A

MEXOD (3. Phys. G49, no.l, ol§104 (2022)
LEGEND (arXiv:2107.114-62 [pkjsits.LMSnde&])
and CUPID (arXiv:Ro3.0¥3%6 [nucl-ex])






0.25

Assume o umaer%a&m&v on Ehe Eheorebical calculakions: Ehe Erue and kesk NME are Ehe same

0.25 0.25
8 (QRPA) —-—: nEXO '

— == | EGEND 0.2
CUPID

0.2

Combined 015
20

0.15

0.05

0. 0.
0 250 500 750 1000 0 250 500 750 1000 0 250 500 /50

mf, [meV?] m3 [meV?] m12, [meV?]

1000



Assume o umaer%a&m&v on Ehe Eheorebical calculakions: Ehe Erue and kesk NME are Ehe same

0.25 0.25 0.25
8 (QRPA) —-—: nEXO '

0.2 — — LEGEND 0.2 0.2
. CUPID
‘% 0.15 Combined 0.15 0.15
c 20
~z 0.1 0.1 0.1
S

0.05

. 0. 0.
0 250 500 750 1000 0 250 500 750 1000 0 250 500 750 1000
m,z, [meV?] m3 [meV?] m12, [meV?]

Three representative pairs for the effective Majorana masses

(20, 0) The slopes of the bands are qoverned bv the My /M, ; rotios: the smaller the

l

7, 1y) = (0,0.4) meV differences, the closer the slopes, the larger the overlap, the higher the
(15,0.3) degeneracy between the two Ovff mechanisms




Assume o umaer%a&m&v on Ehe Eheorebical calculakions: Ehe Erue and kesk NME are Ehe same

0.25 0.25 0.25
8 (QRPA) —-—: nEXO '

0.2 — — LEGEND 0.2 0.2
. CUPID
“% 0.15 Combined 0.15 0.15
c 20
~z 0.1 0.1 0.1
S

0. 0. 0.
O 250 500 /50 1000 O 250 500 750 1000 O 250 500 750 1000
mf, [meV?] m?, [meV?] mf, [meV?]
Three representative pairs for the effective Majorana masses
- (20,0) The slopes of the bands are qoverned by the My /M, ; ratios: the smaller the
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Separate bands have quite different slopes, and thetir combination allows to distinguish the extreme cases

For the brue cases of ov\bj Light (or keavv) neubrinos, the opgc:»siie test cases of c:-sr\bj ke&vv (or Light) neutrinos are rejected at > 20

With both mechanisms ot the same time, the Limik my =0 is rejected, while m, =0 is allowed, as a result of the relatively high ratic
My /M, ; in all isotopes
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m? [meV?]

(True NME Set, Test NME Set): xZin
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i (11,8):5.78 (11,11):0.00 (11,13):16.32 (11, 15): 20.11] allowed region. Solid and hollow circles coincide in the diagonal plots
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Cownclusions

The path to the new BSM—FPhysics through the neutrinoe gate is a
combined effort of the experimental and theoretical neutrino
community that is producing a Lot of experimental and theoretical
results and progresses that could shed Light on what is beyond the
Limit of our current khowledqe, like the sun above the horizon

A handle for the neubrino qate is certainly the Ovfp, for which the non-
interfering exchange of Light and heavy neubrinos has been considered

IR SN LR )
oo ‘djﬂ f 4 ‘lb;i* {';A 4" )"(‘ 4
A z3, RS A B T

While urrent (Xe, Gre, Te) data (KamlLAND-Zen, £X0, GERDA, MAIORANA,
and CUORE) put upper bounds on the effective mass parameters m, and
My, Frospe«tﬁv& (Xe, Gre, Mo) signals in the upcoming ton-scale NEXQ,
LEGEND, and CUPID Frq}ea&s could subs&am&ai.tv reduce bthe allowed
region in the (m,,my) plane

The ratios My,;/M,; in various isotopes for different nuclear

models are crucial to disentangle Light/heavy contributions to
Ovpp (degeneracy/ MOM“d&SQMQr&Cj)

Eqgon Shield, Four Trees

Oberes Belvedere Vienna A more accurate determination of the NME is fundamental to avoid
J

any possible bias in the reconstruction of the true values of m, and my
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Light neutrinoe exchange only

10

10

20 bounds on m

..........
e
.....
.
.,
L
e
.
.

......
.......
LI
"
L
e
.

.
ey
"
e,
e
‘e
-

ta,
“a,
e,
T
.

.......
.
.
e,
.
.
Y
.

...................
e,
.,
.
.
.
.
.

e,
.
"
e,
.
.
.
.

OE ........--

e,
e

............
.....

..........

........
.....
e,
e

.............
e,
"
.
.
.
.

091 '

.....
e,
.

es OV'[ .....-.......--“

.
.
‘e

.

.,
Y

.

0¢t “
08

10

Mv, Te
N

g from Xe, Ge, Te pairs

..............
......
LX}

..............
.
.....

......

.....
......
e,

e,
e
.
‘e
.

.....
.,
.

Y

08
nc

18



Light neutrinoe exchange only
In most cases, (Xe) sebs the most skringent
bounds, followed bj (Ge) and (Te)

Two QRPA cases (6,7) —> (Ge) more conskraining

In general, the combination of two isotopes gives stronger
bounds, with some exception for the cases with (Te) and
large NME (not easy to appreciate on the FLOES)

Best fit for m, is always o, with the exception of (Te)
alone and (Xe) + (Te) for cases (6,7)
At 20 m, < m

26 € [43.1,127.9] meV for the
combinakion of (Xe)+(Ge)+(Te)
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Light neutrinoe exchange ov\tv

In most cases, (Xe) sebs the most skringent
bounds, followed by (Ge) and (Te)

Two QRPA cases (6,7) => (Ge) more conskraining

In general, the combination of two isotopes gives stronger
bounds, with some exception for the cases with (Te) and
large NME (not easy to appreciate on the Ptoﬁs)

Best fit for m, is always o, with the exception of (Te)
alone and (Xe) + (Te) for cases (&,7)

At 20 m, < my,, € [43.1,127.9] meV for the
combination of (Xe)+(Ge)+(Te)

Similar resulks for Heavy
neuktrinoe exchange ontj
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Light neubtrine exchange c;a-v\i.j

In most cases, (Xe) sebs the most skringent
bounds, followed by (Ge) and (Te)

Two QRPA cases (6,7) —> (Ge) more conskraining

In general, the combination of two isotopes qgives skrc
bounds, with some exception for the cases with (Te) a
large NME (not easy to appreciate on the FLOES)

Best fit for m, is always o, with the exception of (Te)
alone and (Xe) + (Te) for cases (6,7)
At 20 m, <m,,, € [43.1,127.9] meV for the
combination of (Xe)+(Ge)+(Te)

Similar results for Heavy
neutrine exchange omtv
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Light neubtrine exchange ov\i.j

In most cases, (Xe) sebs the most skringent
bounds, followed by (Ge) and (Te)

Two QRPA cases (6,7) —> (Ge) more conskraining

In general, the combination of two isotopes qgives skrc
bounds, with some exception for the cases with (Te) a
large NME (not easy to appreciate on the FLOES)

Best fit for m, is always o, with the exception of (Te)
alone and (Xe) + (Te) for cases (6,7)

At 20 m, <my,, € [43.1,127.9] meV for the
combination of (Xe)+(Ge)+(Te)

Similar results for Heavy
neutrine exchange c::w.:j

This mechanism can be dominant i m, ~ 0
(possible in Normal Ordering)

Bounds on my expect to be regulated by the
rakio My/M, ~ 30+ 90
At 20 my < my,, € [0.75,2.1]
meV for the combination of
(Xe)r(Ge)+(Te)

(the larger the NME, the smaller the upper
bounds on the effective mass)
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100F o future ton-scale projects
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n — Heavy-to-light NME ratios for
100-_ {M&MT’Q ton-scale F""O\}QCES
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(MN/ Mv)Ge

(MN/MV)MO
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Heavy-to-light NME ratios for
future ton-scale proje&&s

neEX0 (Xe), LEGEND (Ge), CUPID (Mo)

In particular in the following we will discuss cases

QRPA cases (¥,11): relative high ratios My /M,

nown deqgenerate
on the opposite sides of the diagonal

. bwo Ftahes

1 EDF case (13): intermediate values of My ,/M,
nearly degenerate
close to the diagonal
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n — T T Heavy-to-light NME ratios for
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An example relative to a specific L-R model

S. Patra, S. T. Petcov, P. Pritimita and P. Sahu, "“Neutrinoless double beta decay in a left-
right symmetric model with a double seesaw mechanism,” Phys. Rev. D 107, no.7, 075037 (2023)

The model Pm*?:ici.e conkenk

Two Higgs doublets H;,, Hpy and a bidoublet @ (double seesaw mechanism). The fermion sector has the usual
for the L-R symmetric models quarks and leptons, along with three SU(2) singlet fermion S,

The choice of bare Majorana mass term for these sterile fermions S, induces large Majorana masses for
the heo\vv RH neutrinos leading to two sets of hEQVj Ma jorana Par&iei&s NJ and S, with j,k = 1,23, with

masses My <K mg. Dirac mass terms for v, — Ny and Ny — S, L are chosen to be diagonal

Denoted with m; the lightest neutrino mass and M; the heaviest mass of the heavy neutrinos
the model satisfies the relation

I ﬂ%lﬂp inw, -
N — T
my, My My,

rays in the (m;,my) plane

Upper panel: points above the orange Lline disfavoured
Lower panel: fubure results tend to disfavor the I0 scenario, ot only tn the Limit of Light neutrino

exchange (le, of vanishing my), but also for sizeable contributions of heavy neutrinos
They also disfavor NO cases with small m, while allowing NO cases with vanishing my

the lesson is that by considering specific models constraints are introduced in the (m?2,m?) plane
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Summary for 0upp searches

Quintessential bo Frabe the M&jar&na
nature of neutrinos

Expmimen&s NOW F:rrc;bi,v\g the reqgion
of non-deqenerate masses

Next-generation experiments will
explore and Fossibty exclude all the
region of Inverted Mass ordering (i
neubrine masses are the exclusive
mechanism for 0457

Starting to be sewmsitive to Mo jorana
Fﬁhasas, f Mass Ordering is khowi

Imgor&am& to have ex[aerimemés witth
different nuclet to check the
consistency of the theoretical
calculations (the combinabtion can be
tricky and also correlations, U known,
should be baken inko accounk)

150

100
>
V
-
Q.
3
50

Current bounds and future sensitivity

CUPID - LEGENDLlOOCO

400 | 600 800
2 (meV)

1000

22



