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Hunting Invisibles: Dark sectors, Dark matter and Neutrinos
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Neutrinos have mass!

“For the greatest benefit to mankind™
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“For the discovery of
neutrino oscillations,
which shows that
neutrinos have mass?”
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Neutrinos have mass!

From cosmology:
DESI Collaboration (2024)

Z m, < 0.072 eV (95% CL)

From kinematic measurements:
KATRIN Collaboration (2024)

KATRIN = my; < 0.45 eV (90% CL)

Time-of-flight constraints with Supernovae:

G.Pagliaroli,F.Rossi-Torres,F.Vissani
(Astropart.Phys.Vo133,2010)

SN1987A = m, < 5.8 eV (95% CL)

From Ovf measurements:
KamLAND-Zen Collaboration (PRL 130,051801, 2022)

KamLAND-Zen = Mgy < 0.16 eV (90% CL)
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Alma (Eso/Naoj/Nrao),

Nasa/Esa Hubble Space

Telescope, Nasa Chandra X-Ray Observator
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Time-of-flight constraints with Supernovae:

G.Pagliaroli,F.Rossi-Torres,F.Vissani
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Core-collapse Supernovae
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Why Supernovae?

Already observed!

Neutrino signal from SN1987A

Neutrinos factories..

~99% energy released through neutrinos fluxes =

... and not only!

Cosmic Laboratories

unigue opportunity to study interactions of elementary
particles where new physics may be present



No control on when or where
the next one will occur!




Supernova bursts in galaxies Diffuse Supernova Neutrino Background

N> 1 N~ 1 N« 1
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Cleje

T J.Beacom (TAUP2011)

Rate ~ 0.01/yr Rate ~ 1/yr Rate ~ 10%/yr



Supernova bursts in near galaxies

N> 1

- *' We could be very close to the next
observation!

Rate ~ 0.01/yr
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https://wwwmpa.mpa-garching.mpg.de/ccsnarchive/
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R(.E) = [Nuge €E)| [ B)] [ 9,00, E)|

Source

Detector Interaction .
(and propagation!)

Mikheyev-Smirnov-Wolfenstein effect
A.S.Dighe,A.Y.Smirnov(PRD 62,033007, 2000)
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https://arxiv.org/pdf/hep-ph/9907423.pdf

Effect of m

2

D

l

@)
=
)
. ~
3
D .
C\] =
< -5
1
3 — 10 MeV
S 1079 30 MeV

50 MeV




DUNE: D = 10 kpc

No oscillations
Normal Ordering
Inverted Ordering
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HK: D = 10 kpc

0.02

No oscillations
Normal Ordering
Inverted Ordering

90%I1BD

ES+10%IBD

M = 8'8M® 10 s 50 ms
90%IBD 16003 414
ES+10%IBD 3462 249
90%IBD 16223 466
ES+10%IBD 3419 130
90%IBD 16678 573
ES+10%IBD 3491 178
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e Hypothetical (A,Z) — (A, Z+2) + 2e~
 Forbidden in the Standard Model : AL = 2

* The only known feasible way to prove the
Majorana nature of v
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Oufp

> o¢ « Hypothetical (A,7Z) — (A, Z+ 2) + 2e~
e Forbidden in the Standard Model : AL = 2

* The only known feasible way to prove the
_ Majorana nature of v

Fa(mﬁﬂa Mai) — G()y X (&ilMaJ )2 x  EBMS

Phase Space M . Nuclear Matrix New Physics
Factor (PSF) ! Element (NME)
(Kinematic) bare

A = 4 8A



O3

> o¢ « Hypothetical (A,7Z) — (A, Z+ 2) + 2e~
e Forbidden in the Standard Model : AL = 2

* The only known feasible way to prove the
_ Majorana nature of v

If Ovf mediated by the exchange of a light Majorana v :
— 2 2 2
Fa(mﬁﬁ’ Mai) — G()y X ( EA | Mai ‘ ) X mﬁﬁ

Phase Space M. Nuclear Matrix Effective Majorana mass
Factor (PSF) ! Element (NME)

(kinematic)
EA = quare Z Uezj mj
J




Nuclear Models
and Nuclear
Matrix Elements

M.Agostini et all. - Rev.Mod.Phys. 95 (2023) 2, 025002

Long-range contribution to the
decay rate induced by the

exchange of light Majorana v

__ agqlong
MOI/ — M()y

» Calculations performed by different groups by
assuming ggare = 1.27

 Data not available for all the isotopes

. Variation in M(l)zng of a factor ~ 3

76G€ 8256 IOOMO 130T€ 136Xe
N1 289 | 2.73 - 276 | 2.28
N2 3.07 | 2.90 - 206 | 2.45
Nuclear Shell N3 | 3.37 | 3.19 - 179 | 1.63
\Yi[eYo[=)
N4 357 | 3.39 - 1.93 | 1.76
N5 266 | 2.72 - 3.16 | 2.39
Q1 5.09 - _ 137 | 1.55
Q2 | 526 | 3.73 | 3.90 | 4.00 | 2.91
Quasiparticle Q3 4.85 | 4.61 5.87 | 4.67 | 2.72
Random Phase
Approximation Q4 | 312 | 2.86 _ 290 | 1.11
Q5 | 3.40 | 3.13 _ 322 | 1.18
Q6 _ - _ 405 | 3.38
= 460 | 422 | 5.08 | 513 | 4.20
Energy-Density 2 | 555 | 467 | 659 | 6.41 | 4.77
Functional theory
= 604 | 530 | 6.48 | 489 | 4.24
Interacting 1 5.14 419 3.84 3.96 3.25
Boson Model > | 634 | 521 | 508 | 4.15 | 3.40
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https://arxiv.org/abs/2202.01787
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M.Agostini et all. - Rev.Mod.Phys. 95 (2023) 2, 025002
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E3 | 6.04 | 530 | 6.48 | 4.89 | 4.24

Interacting 1 | 514 | 419 | 384 | 3.96 | 3.25
Boson Model > | 634 | 521 | 508 | 415 | 3.40
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https://arxiv.org/abs/2202.01787

Short-range contribution

V.Cirigliano et al, Phys.Rev.lLett.120,202001

To renormalize the Ovfff amplitude due to light Majorana v exchange

_ ] hort __ ]
M, = Ma?“g + M>M" = Ma‘l?“g(l +n,)

Unknown value and sign 1Y Jilo
leading either to an _ i

. — ] =

enhancement or suppression al Mlong
of the expected decay rate al

(Hints for + sign = best scenario)
M.Agostini et all. - Rev.Mod.Phys. 95 (2023) 2, 025002
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SthIJICI\I/? a(:l | Random Phase
© o/ 0de Approximation
0 %
0Ge 15+42 32+73
828 | 15+42 30 + 70
| e Mo - 49 + 108
1307¢ | 34 =777
30xe | 17 =47 30 =70

L.Jokiniemi et all.

- Phys.Lett.B 823 (2021) 136720
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https://arxiv.org/abs/2107.13354
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.202001
https://arxiv.org/abs/2202.01787

Current picture...
@30 (AyZ, =9)

* Impact of the short-range term

 Uncertainties on both the size and
signof |n
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(In some cases) already
touching the IMO region!
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... and future prospect

M.Agostini et all. - Rev.Mod.Phys. 95 (2023) 2, 025002

* Big impact of the short-range term

IMO completely

| d! » Uncertainties on both the size and sign of |n,, |
expioreaqs:

. LEGEND-1000 ( "°Ge ) + nEXO ( 13Xe )
Sensitivity @ 3¢ (AyZ, = 9)
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https://arxiv.org/abs/2107.11462
https://arxiv.org/abs/2106.16243
https://arxiv.org/abs/2202.06279
https://arxiv.org/abs/2104.11687
https://arxiv.org/abs/0807.2188
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Take-home message

The neutrino signal coming from the Supernova neutronization burst, visible
only in the v, spectrum, constitutes a fundamental tool to constrain the

neutrino mass in a model-independent way.
@ * .e

Future Ov /[ setups able to prove or rule out the inverted mass ordering region
for many NME models in the light-Majorana neutrino exchange scenario.

Short-range contribution and huge uncertainties from nuclear theory affect
considerably the Mg sensitivities of next-generation experiments.
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Backup

Supernova parameters uncertainties: luminosity

M.Kachelriess, R.Tomas, R.Buras, H.-Th.Janka, A.Marek, M.Rampp (PRD 71,063003, 2005)

400

300
The neutronization burst
results to be a robust,
model independent
prediction of the

Supernova models.

_QHZ __s15a28

s15s7b2 __s15a28 Ims
s15a28 '

Very slight variations as a
function of progenitor
mass (left panel),
microphysics of neutrino
interactions (middle panel)
and equation of state (right
panel).
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https://arxiv.org/abs/astro-ph/0412082

Backup

Supernova parameters uncertainties: mean energy

M.Kachelriess, R.Tomas,

R.Buras,

H.-Th.Janka, A.Marek, M.Rampp (PRD 71,063003,

2005)
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The neutronization burst
results to be a robust,
model independent
prediction of the
Supernova models.

Very slight variations as a
function of progenitor
mass (left panel),
microphysics of neutrino
interactions (middle panel)
and equation of state (right
panel).


https://arxiv.org/abs/astro-ph/0412082

Backup

|
Dependency on SN distance: ~ —

DZ
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v, channel — 10

NNO-0SC

NO

[O - cosf =0
[O - cosf = —1
IO - cosf = —0.7
IO - cosf = —0.5
[O - cosf = —0.3




Backup

Mikheyev-Smirnov-Wolfenstein effect A.s.pighe.A.v.smirnov (PRD 62.033007. 2000)

Adiabatic or partially adiabatic neutrino flavor conversion in medium with varying density

A’””123 > 0 Am123 <0

V' N A

Mass
elgenstates

Mass
elgenstates

e~ density e~ density


https://arxiv.org/pdf/hep-ph/9907423.pdf

Current picture Future prospect

E.Lisi, A.Marrone - Phys.Rev.D 106 (2022) 1, 013009 M.Agostini et all. - Rev.Mod.Phys. 95 (2023) 2, 025002

T —~
Sal(mﬂﬂ, Mal) — 1112 y NA y ga ) ( ) -1 a(mﬁﬂ9 Maz)

Ay’Cy=a. T )Y +bT, +c, . 1yr
Fa(mﬂﬂ, Maz) — GOV(gzi ‘ MOI/‘ )2 mﬂzﬂ Ba — ba ) ga ) ( 1 yr>
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)(tzot(mﬁﬁ) = Z Ay r2 (M) 1

True

A)(t% t(mﬂﬁ) _ )(t%)t(m 5 ,B) _ )(t%)t,min(mﬁﬁ) A)(i]z.(mﬂﬂ, Maj; mﬂTﬂTue’ MOT[;ruﬁ) =2 Z (Naj — NOT(;.rue + NOT(;,rue In ai )

N ..

04


https://arxiv.org/abs/2204.09569
https://arxiv.org/abs/2202.01787

Backup

Ay’Cy=a. T )Y +bT, +c,

E.Lisi, A.Marrone - Phys.Rev.D 106 (2022) 1, 013009

Nuclide Experiment a,

GERDA 0.000
MAJORANA 0.000

CUORE 0.257

KamLAND-Zen 14.315
EX0O-200 0.443

Updated with recent results


https://arxiv.org/abs/2204.09569

Backup

Sai(mﬂﬁ, Ma'l) =In2- NA y ga ) <_> ) Fa(mﬁlﬁ9 Mal)

T
b=t (L)
1 yr

M.Agostini et all. - Rev.Mod.Phys. 95 (2023) 2, 025002

3 b PSFE
mol-yr| [events/(moly)] [yr~! eV 2]

LEGEND-1000  “Ge 8736 4.9-107 2.36 - 10726

Experiment Isotope

SuperNEMO 2Ge 185 5.4-1073 10.19 - 10~26
CUPID 1000\ o 1717 2.3-10~4 15.91 - 1026
SNO+II 1307q 8521 5.7-1073 14.2 - 1026

nEXO 136%e 13700 4.0-1075 14.56 - 10~26



https://arxiv.org/abs/2202.01787

