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The Neubrino World ...

Because of their wealk interaction neutrinos tend to preserve the
memory of the energy they have wen they are produced

Vitagliano, Tamborra, and Raffelt, Rev. Mod. Phys. 92, 045006
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“Croce e Delizia” of Neutrino Physics

Thanlks to this “ubiquiﬁfj" of neubrinos they allow us to nvestigate extremely different
environments from the Early Universe to the interior of the Sun or the Earth or to the
structure of a Nucleus

The nvestiqation of these environments is all the more precise the wore the v
properties and inkeractions are kihown, Viceversa, the properties of neutrinos can be
reconstructed f we kihow the properties of their source and their interactions in the

detector
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Therefore, the story of nearly every experiment on neutrinos
is a story of a dualistic progress of knowledge
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Oscillabions — Neutrino masses — new mass terms for neutrinos must be added to Z,

Chiral fermions are the building blocks of the SM and for iks extensions
since they are smallest irreducible representations of the Lorentz group

Dirac mass terms gy =y + 7y, (Via the Higgs mechanism) would require the
existence of a Dirac fileld 4,

gWpv; +h.c)H e or —

|
|
Lepton Number conserved because v |
and 7 have opposé&e Lep&ov\, number H

While 1, has Lleft chirality
) are right-handed

1% I 17R 1% R [7L
my (V) vy ——X—> mp(Vp) Vg ——X—
Lepton Number violaked bj Lepton Number violaked bj
two uniks two uniks

Majorama par&iai&s are Fheir ocwn an&iparﬁdes W = e

With =1, + @) (the SM neutrine) and F=1,+ @) (& new neubrine field) the two previous
mass term (and their h.c.) can be writkten as m, ff+mFF

After symmetry breaking the neubtrino mass will be proportional to the Higgs VEV



First possibiti&v (Mimimaug Extended Standard Model) — Dirac wmass kerm

A new field 1, is introduced, one for each qgeneration, as for charged fermions, but
with a Yukawa z:c:-upi.ihg < 107° smaller thawn the Lep&on i the same doublet

Flavor Lepton Numbers violated because it is not possible to find any

transformation of the 1, leaving invariant the Yulkawa sector and the kinetic part
of the Lagrangian —» Oscillations

Since fermions are intrinsically two-component objects, a massive Dirac neubrine could
be related to some new symmetry, One could assume global lepton number

conservation directly or could impose some new extended fLavour symmetry that
implies the conservation of lepton number

(see for instance Aranda, Bonilla, Morisi, Peinado, and Valle, Phys. Rev. D 89, 033001 (2014))

The number of sterile right-handed neutrino fields is not constrained by the theory nor
tk is thelr mass



Second possibility, v as Majorana particles —> Majorana mass term

A Mojorana mass term in the SM violates the gauge symmetry (it would require
the existence of a triplet with weale isospin I= 1 and hypercharge V=)

Therefore, Majorana mass terms will be non-renormalizable
The Lc;:we.s% dimension mass term (the dimension-§ Weinberqg operanr) is of the
kind —(y)CyHH where A s some hew, i.acrge, unlknowin scale,

There is also the possibility of both Majorana and Dirac mass terms

Dirac Ma jorana Left Ma jorana Right

— C
mDI/RI/L mL(I/L)CI/L mR(UR) UR

v
By introducing the doublet N; = ( (v )c>
R

m m
the more general mass term in the Lagrangian will be NL (mL m])) N,
D R

The mwmosk Fopu,i.ar and sémgi.e mechanism bto prodwz‘:e a small observable neubrino
mass s the Seesaw mwechanism —>



Seesaw Mechanism

Wikth m, =0 and my>m, , bj diagonalising the mass matrix one gebs two eigenvalues

2
m
D . .
m ~ ——  Light Majorana neubrine M ~ mp Heavy sterile Majorana neutrine
Mg
Seesaw Type-1 Seesaw Type-11 Seesaw Type-111
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Y40
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', —>— S —— U], Uy, = d - Uy, Uy, = . - . -« Uy,
(a) seesaw type-I (b) seesaw type-II (c) seesaw type-III

Tree-level Feynman diagrams for the Weinberg operator

ALl seesaw models are connected to the effective dim.—~§ Weinberg operator but realised
through different intermediate heavy particles that are not experimentally observed

ije--l seesaw —> right—handed neutrino

TUPQ_..II seesaw —» scalar SUQ2), ET’&FL&E ( 50, 5+, for a review s.ee: Miranda and Valle,
Nuclear Physics B 908 (2016) 436455
Type-111 seesaw =7 fermionic SUQ), triplet 2.2 +.57) and Agostini, arX1v:2202.01787

There is also a vaste class of theories where neutrino masses arise from Loop realisations of

the Weinberg operator —» heavy particles could be “less heavy” and therefore also at the TeV
scale and detectable at present or future colliders

see for instance S. F. King, A. Merle, and L. Panizzi, JHEP, 11, p. 124, (2014)



Neubkrine connection ko Darle Makbker

Skandard Model The Neubtrine Portal Dark Sector

Quarks

SUB3), x SU2), x U(1),

Assume all Standard Model particles are singlets under the (unldhown) symmetry group of the
Dark Sector G,, and khat all par&idas i the Dark Sector are singlets of the SM

v and DM interactions can be safely generated through the "Neutrino Portal”

The couplings of the SM ko DM occur through the operator AL (the Higgs doublet and a
Le.p&m\ doublel). An e.ﬂ:e.a:&ve. 4--ermi interaction loolkes sckama&iaau,j Lilee (HLX(DM)?

X X
+ h.c.} R4
/ ) )

B. Bertoni et al., JHEP 04 (2015) 170

—L Dmé|q§|2+mx)_<x+mN]\7N

Scalar and fermion of the Dark Sector



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

dp,
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U et

Mo jorana neubrinos = 088 musk exists 4{’
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dj,

Black box Fheorem: 1 masses r&dmﬁvatj

O Fhe obher hand generated (but too small to explain
f 0upp exisks = observed neubrine mass differences)
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While other mechanism could conbribute, we assume neubrino mass as
the exclusive COM,ErLbu,EEMg) process to 0up8. Nownetheless, 0085 would be
an exaep%ionai di;sﬂoverj pa&n&ing} to BSM ‘thsics




Neutrino Mixing

a=e,urt
v, = U, U 193
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Normal Hierarchy
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Simplified case of 2 neubrino mixing

m? L

a

2 2
P, = sin?(20) sin2( Am” eV’ L[km]>

) = sin’(20) sin2(1.27
E[GeV]

4F

amplitude oscillating phase

Effect when phase is 0(1)

Am 3x 1077 eV . E 1 GeV — LOSC A2 700 km .
m

1 |Am2] > sm? R Meu&ruf\c; mixing qood am:?rc.-mm?\&om
to explain solar and atm. oscillations
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A%mosphm&& Neubrinos

p+N —- 75+ X

SMF?@.?K&MEOM‘QMd@.

50 kTown water Cherenkov
underground detector
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SK and LBL comparison

SK 1+2+3+4

T2K Run 1-3
MINOS v -disapp.+v -appear.+atm




SuperK, SNO Solar Neubrinos
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Impressive reduction of the
parameter space (dm?,0,,) in
the years 2001-2003 (note
the different scales !)

b Cl+Ga+SK (2001)
el +SNO-T (2001-2002)

99 %

F e e 3 +KamLAND-I (2002)
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Standard Solar Model confirmed
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.. 2004: a unique solution well identified (Large Mixing Angle)

Solar and KamLAND constraints (1,5 = 0)

"" " i ' + evidence for' a hGIf"CYCle
Solar 1 F KamLAND

_ _ T E of oscillation in KamLAND

2.6 MeVprompt o amI AND data
analysis threshold @ e o

best-fit decay

best-fit decoherence
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L/E; (km/MeV)

dm* (107 eV?)

What can we say about
the MSW effect ?

Foqli, Bologna (2008)




number of sigma

Bounds on ausy (Solar + CHOOZ + KamLAND)

O
T T
4 ...................................................................
- standard
i matter
- effects
) ol cine 2 momin o s n e v+ N wetn 6 mov b & vis & mit asmin n s 8 s vst o et
D e
= zeroed
L < matter
- effects
T aks com « sanne 5 samea o s & o 5 w5 s k ....................................
O— | llllllll | S S | [ T | | I (N N A |
—2 1 2
10 10 1 10 10

Prog.Part.Nucl.Phys, §7 (2006) 742-798



Precision era i heubruro oscillation phenomenolo
P 3Y

Standard. 3v mass-mixing framework parameters

What we skill do nobk khnow

What we khowi CP-violating pkase 0
Octant of 013

2 S ev2  (2.2%
sm* ~7.37x 107 eV2  (2.2%) Absolute wass scale

Am* ~2.49x 107 eV*  (1.3%) Nature of » (‘mrae/Majarama)
sin’@,, ~ 0.303 (4.5%) Mass Ordering —» sign(Am?)
Normal Inverted
sin“f0;; ~2.23x107%  (2.4%) rdering - Ordering
2 -2 2 10

sin“ 6,5 ~ 0.473 X 10 (5.1%) +Am

..... o — Zi S R

Note that in our notation A2
5 N NG
A2 — Amg, + Ams s

2 20



% Am* 05, 0, 6O, om* 5

Atmospheric | R N

Solar

Reactor SBL

LaL N . I
Reactor LBL B

Fubture

Reactor MBL - - - -
Supernovae - - - -

Hierarchy (7/ N Disappearance [l Appearance [l

21



To understand how bounds on the oscillation parameter arise it is useful to
look at their correlations and to consider the progressive contribution of

different data sets

LBL accelerators (T2K and NOVA) are dominantly sensitive to (Am?, 0,5, 6,5)
but also probe § and NO vs I0, i (6m?, 0,,) are fixed by solar+KL,

Am? A — Am?
Pv, = ve) =~ sin? 63 sin? 2613 (A _sz2> sin? ( 4Em :v)

© Sin200x sin 26+« sin 20 Am? Am? , A [ A— Am? Am? 5
sin 2653 sin 26073 sin 2614 " A A2 sin 4E:1: sin Vo x | cos 4E:B coSs

000 i1 201 n s 2 Am? Am? , i [ A— Am? , Am? s
—  sin 26053 sin 2603 sin 2615 1 A A2 sin 4E:1: sin 1B z | sin 4Ea: sin

| Am2\* /[ A
+ cos291331n22912( A ) sin? (E:E) : (13)

where A = 24/2GrN.E governs matter effects, with A - —A and § — —§ for v — 7, and Am? —
—Am? for normal to inverted ordering. At typical NOvA energies (E ~ 2 GeV) it is |[A/Am?| ~ 0.2,

Therefore we start combining

(1) LBL acc + Solar + KambLAND
Solar + KL data provide the necessary input for (Omz, 012), but also
Lmd\ependen& ~although weak- constraints on 013, The data sek (1) Provici@.s,
by itself, a measurement of Bus.

22



SBL reactors (Daya Bay, RENG, Double Chooz) are dominantly
sensitive to (Am?, 913) and shrink the 913 range drama&iﬂauj,

with correlated effects on the other parameters

(2) LBL acc + Solar + KamLAND + SBL Reactors

SBL reactors not onbj provide the wosk accurate deberminakion
of 81z but also an independent determination of Am?

(3) LBL acc + Solar + KamlLAND + SBL Reactors + Atmospheric

Atmospheric neutrine data (SK + ﬁeepCore} sensitive in different
ways to all the oscillation parameters via disappearance and
appearance channels. Because of matter effects they depends on all
parame&ers in the 3v framework, buk ciomi;mamﬂv on (Amz, 9;3). Also

&mpor&ah& to kest NO vs 10

23



Bounds o sigle parameters, obtained after marginalisation over 2
all other parameter, shown in the following in terms of  No =/Ay

Separate best fits for both NG and 10 Bounds for I0 move upwards taking

{ ‘ Ehat e nkly NO
ijiﬂad. bounds would be Linear and nto account that curre J

: gives the absolute best fit
symmetric for gaussian errors f
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Global fit results: 1804.09678 by F. Capozzi, E. L%;j, A. Marrone, A. Palazzo, PPNP 102, 48 (2018)



LBL Acc + Solar + KamLAND

N

No 2
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sin. , Sin“0, Sin0,,
With the exception of § and 815, all parameters
bounded ot more then 40 level
923 nearly maximal but ockant undetermined ok 1o

Maximal CP violation favoured in I0

10 fovored with respect to NO at ~20 Llevel.
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LBL Acc + Solar + KamLAND + SBL Reactors

TN

No 2

|IIII|II;I

1_

7.0 7.5 8.0 85 22 23 24 25 26 2.7 0.0 0.5 1.0 1.5
dSm? [10™ eV?] | Am?1 [107° eV?] 8/
T 1T 1 I 1 1T 1 I I I 1 I 1 1T 1 1T 11 | I | L ”I |

N
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L1 11
L1 11
L1 11

No 2

e W by |||||Mll|||||| g....I....I...I....

025 030  0.35 001 002 003 004 03 04 05 06 07
2 2 2
sin“0,, sin“0,, Sin“0,,

Range of smallest mixing angle 913 drama&icattv reduced
Largest mixing angle 93 unstable, but octant undetermined at 20 in 10
Max CPV at V37/2 favored in 10 , CP conservation allowed ot ~1o in NO

10 fovored with respect to NO ot “1.40 level.
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LBL Acc + Solar + KamLAND + SBL Reactors + Atmos

TN

No 2

0
6.5 7.0 7.5 8.0 85 22 23 24 25 26 27 0.0 0.5 1.0 1.5 2.0

dm [10™ eV?] |Am?1 [10° eV?] 8/
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0.25 0.30 0.35 0.01 0.02 0.03 0.04 0.3 0.7
sin°0.,, Sin°0,

Further improvements for various parameters: 1o bounds at few % level
Largest mixing angle %3 close to /4, but octant undetermined at ~1c
Maximal CP Violation favored in 10, partial in NO

10 now disfavored with respect to NG, at ~2.30 level
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LBL Acc + Solar + KL + SBL Reactors + Atmos
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The almost @@Eanﬁmsvmmeﬁrw contours
in the Lleft panels become rather
asymmetric by adding reactor data
(middle F&M@is) and then atmospheric
data (right meei.s)

The overall Parama&er correlation
appears to be negative in NO and
neqgligible in 10, when all data are
tcluded

1f the octant best fits were
hypothetically flipped, the current
slight pr@ference for CP violation
would be weakened itn NG, while
it would remain stable in 10

This figure illustrates that a weale but
interesting interplay already emerges
among the three oscillation uhkihowins
(the CP phase, 623 octant, and mass
ordering) and that future data
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TABLE 1.

Crlobal Fik - 2028

Global 3v oscillation analysis: best-fit values and allowed ranges at N, = 1, 2, 3, for either NO or 10. The last column
shows the formal “lo parameter accuracy,”’ defined as 1/6 of the 36 range, divided by the best-fit value (in percent). We recall that

Am* = m3 — (m7 + m3)/2 and that 5/x is cyclic (mod 2). Last row: Ay?* offset between IO and NO.
Parameter Ordering Best fit lo range 20 range 30 range (“16” (%?
om?*/107> eV? NO, 10 geiy 7.21-7.52 7.06-7.71 6.93-7.93 29
sin” @, /1071 NO, 10 3.03 291 511 2.77-3.31 2.64-3.45 4.5
|Am?|/107> eV? NO 2.495 2.475-2.515 2.454-2.536 2.433-2.558 0.8

10 2.465 2.444-2.485 2.423-2.506 2.403-2.527 0.8
sin® 015 /1072 NO 25 217227 211 ) 5 2.06-2.38 2.4

10 25 2.19-2.30 2.14-2.35 2.08-2.41 2.4
sin® @53 /107! NO 4.73 4.60—4.96 4.47-5.68 4.37-5.81 5.1

10 5.45 5.28-5.60 4.58-5.73 4.43-5.83 4.3
o/m NO 1.20 1.07-1.37 0.88—-1.81 0.73-2.03 18

10 1.48 1.36-1.61 1.24-1.72 ] 12 185 8
Ave I0-NO +35.0 . .

Known parameters constrained at few % level

The pkase 5 stkill “"unlkenowin”

30



Mass Ordering from T2K + NOVA

0.57
T2K & NOVA bi-event plots 5%3 = 045 NO 10 9 =3Z/2 2,
35 [ T T T | L | 11T | T | Frr T
303— —f
25 E T2K alone prefers:
> F .
%20 “ = NG
=T —— 7
15F 4 TT——— 4 5~3a/2
10F - = 2nd octant of 6,
5:||||||||||||||||||||||||:
40 60 80 100 120 140
T2K v NOvA v
120_IIII|IIII|IIII|IIII|IIII|IIII_
105 .
NO.A alone prefers: : ;
290 =
NG < [ ]
- . S 1
CP conservakion Z75 N
(octant ~deqgenerate) s E

R EEEEE NN NS AR AR
452 25 30 35 40 45 50

o

NOvVA v

Phys.Rev.D 104 (2021) 8, 083031

Both experiments F'r@fer NG bub qive conflicting
information on the C?P phase
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Integrated info on v and 7, stak errors only
(but analysis uses spe&&rat data)

T2K & NOVA bi-event plots S33=ga NO 10 6=51.°
T T T[T T T T[T I T T[T I T[T T T T TTITT]
303— _f
T2K + NOLA (D) Fr@f@m: F E
10 > F -
ﬁZO m -
5 ~ 37/2 T :
15 .
1st ockank of 6, : :
10 —
528”'2'5””3'0'|||3|5||||4|0||||4|5H”5_0
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10s]- -
90k . TK + NOLA () er@}er:
< [ / A ]
5 T N SN 10
275 \\
B 7 o~ 3x/2
60 - . 2nd octant of o,
454(_)| | | |6|0| | | |8|0| | li(l)(l)l lié(l)l |:||__40
T2K v
T2K/NOLA alowne: T2K/NOLA combined: In I10:

NO preferred I0 preferred CP violation preferred



Is there only statistics behind the T2K-NOLA: ktension?

There is a general issue that affects all these (un)inowns:
neukrine inkeracktions in nuclel are nok kiowin as pre«c:&sei.y as desired

Theory: complex nuclear effects

YZ] +\{® +\igi +\g

m?/ GgV)

—

E (1 08¢

Free nucleon
scattering

Initial nuclear
state

Extra nuclear
effects

Final state
interactions

Kajetan Niewczas (@ NuFact2018

v cross section/
o © O

Experiment: relatively few data

© N B O ® o b B

G. Zoller

v cross sectiohs i individual channels are lnown with a precision not better thawn 20-
30%. A joint global fit with the existing generators to the existing data could reduce
the uncertainties, as in QCD global fits of parton distribution functions

T. Katori, M. Martini, J. Phys. G45 (1) (2018) 013001
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J. Phys. G: Nucl. Part. Phys. 44 (2017) 054001

A M Ankowski and C Mariani
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Figure 6. Impact of uncertainties of the 2p2h cross section for muon neutrinos on the
oscillation analysis. Left: inclusive 162C(1/ﬂ, 1 )X cross sections obtained using the

effective (solid line) and GENIE + vT (dashed line) calculations are compared with the
NOMAD [16] and MINERVA [42] data. The inset presents the hydrocarbon results and

The impact of cross section
uncertainties on the determination
of oscillations parameter should not
be underestimated

\ferv important is the precise khowledqge of electron/muon neubrino cross section
differences to check if there are any unexpected differences (Lesson learned from the
reactor spectrum bump: errors may be larger than thought)

34

Correlations of common cross section model systematics in T2K and NOA
should be also estimated, since ignoring correlations artificially reduce
systematic effects in the combination
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Future determination of CP
violation and Mass Ordering in
DUNE and HyperK-T2HK, a LArT?PC
and a water Cherenkov detector,
relies on the khnowledqge of
neubtrino-argon and neutrino-water
interactions abt % level.

Near fubure experiments will
provide large amounts of data —>
Need to improve theoretical
understanding and Mownte Carlo
implementation of all the
reaction chawnnels in the whole 1
to 10 GeV neutrino energy range

10

(o]

Figure 2: CP sensitivity measurement as a function of the true value of §cp for NH (left panel) and IH (right panel) by GENIE
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Figure 3: Mass hierarchy sensitivity measurement as a function of the true value of dcp for NH (left panel) and IH (right
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Medilum-RBaseline Reacktor Neubrino Experi;mem&

Possible discrimination of the hierarchy via high-statistics reactor
neutrine  experiments at medium baselines (few tens of km) was
proposed more then 10 years ago

Probe massmmuxs,s»\g parameters which govern oscillations ot low
ﬂfr@.qu@.mc:j (6m?,0),) and ak high {:requemtj (Am?,0,,), oand their tiny
interference effects which depend on the mass hierarchy

Require unprecedented levels of detector peraformamae and collected
statistics, and the conkrol of several systematics at (sub)percent level

Therefore, accurate theoretical calculations of reactor event spectra and
refined statistical analyses are needed
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Before DUNE and HyperK-T2HK, Sensitivity to mass ordering of JUNG

Main Physics goal:

Neubrino mass ordering
determination at a 3:406
significance and the v
oscillation Fvarame&ers sin®@,,, Am?,
sm* measured at sub-percent
level

The near detector TAG will
provide a reference spectrum for
the determinakion of neutrinoe
mass ordering in IUNG and will be
ai essential tool to study the
reactor antineubrine flux

The experimen&auj measured TAQ

5

NO true 10 test
OSC. + horm.

— + energy scale

— + flux shape

ansatz

INe || | |

\L

5
JUNO exposure [years]

Phys.Rev.D 102 (2020) 5, 056001

spectrum can be mapped ko Ehe
oscillakbed JUNG spe&&rum withouk
affecting the results of the analysis

—i
o

39



-1 | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | I =
After the tnclusion of energy scale 30~ ©SC. *+ 1O, .
: — [+ energy scale _
and flux shape uncertainties, NO > [ +fluxshape 00 True)
4 . (b [ - -
(true) and I0 (fit) spectra become S Y N — :
less distinguishable —» some loss of o 20 -
semsi&i\/&j to mass ordering Ay f :
| & 151~ 7]
“ .. E» - . _
Energy scale unecertainties 5 ]
| M _, . . O n ]
E->E'(E) strebch the “x-axis” Q | ]
0 5E =
Flux SkO\FJE uhcertainties - -
¢(E)“?¢,(E> S&ré&ﬁk %hé \\vmaxis” O_I I 1 L1 1 |é L1 1 |3| L1 1 |L|‘-| L1 |5| L1 1 |6| L1 1 |7|| L1 _8
0SC. + norm. + energy scale + flux shape EviS (MeV)
1.02rrrrrerr ey .02 e 1.02 e
NH true ] I i I
1.01F 4 1.01F 1 101 ]
E’/E1.oof 1.00: 1.00:
' 1 1 In the context of MBL experiments
0.99F 4 0.99F 1 0.99F .
_ 1 1 we thkroduce swmooth
0.98-|||||||||||||||||||||||||||||||||||- 0.98-||||||||||||||||||||||||||||||||||- 0.98-|||||||||||||||||||||||||||||||||||

deformations of the detector

1.2 A 2 e ey .2 e e e ‘ .
: 1 T 1 enerqy scale and the reactor anki-
3 1 T 1 T 1 neutrino flux (up to Sth-order
D/ 1.0f | 1.0f Poi,fjv\ommi,s, Le, +12 svs&ema&t
ol 1 ogf | ook 1 pulls) constrained by current
:I....I....I....I....I....I....I....: EI....I....I | | : EI....I....I....I....I....I....I.... err(}r bﬁhds (LM btue && ilo.)
0'82 3 4 5 6 7 8 9 0'82 3 4 5 6 7 8 9 0'82 3 4 5 6 7 8 9
E (MeV) E (MeV) E (MeV)

40



Precision measurements of oscillation parameters

Sub-percent precision
oW (sin?6,,, Am?, 5m?)

Such an ineredible
Ereaismv\ Ls Paramauu& to

reak degeneracies in the
oscillakion parame&ars LA
the gtobat av\atvses

Also essential bo Probe
violations ko Ehe skandard
Ehree—neutrine oscillakion
framework: umi&&ri&v of the
mixing makbrix, NSI, ...

0 5 1

JUNO exposure [years]

-1 | | | L
100 5

T T T 7
— OSC. + norm.

— + energy scale

— + flux shape

10

JUNO exposure [years]

Phys.Rev.D 102 (2020) 5, 056001
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Varying the central values of oscillation parameters inside the
current allowed 1o region produces the gray shaded band for the

predicted JUNG spectrum, after five years of data taking
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JUNO semsiﬁv&j

to wass ordering as a function

of the oscillation parameter central values

0.31

. D
SIn 612

0.3

NO true, 10 test: Ay® variations with osc. parameters

Sm? [10° eV?]

Y PPNP (2018)102,48-72

2
613

SN

0.022

0.0215

0.021

I | I A Y I
L

2 45
AmZ, [10° eV?]

Y PRD92(2015)093011

The two most important parameters in this context are the two
squared mass differences, but there is also a sensitivity to
changes of the kwo mixing angles
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Pre-JUNO 3v mass parameters & ordering
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Conclusions for JUNO

The TAQ Sfef:&rum will allow to calculate wikh very good accuracy
the oscillated spectrum ab JUNG, without any referénce to a
Eheorekbical pre Lckion

The fine structures of the v spectrum do not constitute a erc:»btem

for the MO sewnsibtivity nor for the precision measurements of the
oscillation parame&e s, even whewn all uncertainties in the
summation calculation are taken into account (work in progress}

The projected JUNO sensitivity to MO depends more on the
cenbral values of the oscillation parameters than on the debails
of the » spectrum
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Three observables (my,my,>) sensitive to the absolute v masses and
broadly speaking three classes of experiments

p decay experiments, sensitive to the “effective electron neultrino mass”:

2 2 .2

2.2 2 2 21112
mg = [C13CMy + Ci3SpMy + Si3m;3 ]

0upp decay experiments sensitive to the “Effective Majorana mass”:

1.2 .2 2 2 i) 2 i)

Cosmology and Astrophysics observations, dominantly sensitive to
the sum of neutrino masses:

2, = ml + m2 + m3
These observables may provide handles to distinguish NO/IO.

Mo jorana case gives a hew source of CPV (unconstrained)

The bhree observables are correlaked bj oscillakion data->
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Impact of oscillations on nonoscillation parameter space

p %
: ,_ :\ KATRIN resulk: m;<0.8
< 10 | < eV 90% C.L.
2 ; : ~____NO |
. S (Nature Physics 18, 160-166 (2022))
E .l ] —— 10
10-3 b o g el g s vih vk MM
10 1
1 E LI Ul ¥ 4 J 17401 II L é‘ 1 E ' ll'l L] ' I
I 7 g i \
1 7 1 m., spread due ko
< 107 7 , 3 10°F o SP
O : 7 '/_/// . E Majorana CP phase(s):
& // - - accessible in Frimaépi&
E 1 0-2 E_ / _E 10-2 E—
10'3 1 | ll l | 10'3 ' L. i 14l ll 1 | lllllll 1 I llll%
10 107 1072 10 1
= (eV) m, (eV)

“Cc:-smc:togj” resulks: 0.125m; <1 eV 90% C.L.

Phys.Rev.D 104 (2021) 8, 083031 :
yS-hev (2021) loolking more closely at 05 resulks —
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https://www.nature.com/nphys

S=1/T is prayar&mmat ko mﬁﬁ

Neubrinoless Double Reta Decay resulks

T (104° y)
42 1 0.5 0.3 0.2
I ||1 |III |I | | III' | | IIII |

—— KamLAND-Zen _
--- EXO |
—— CUORE

—— GERDA |
- —- MAJORANA

1/T (10726

3 4 5
y~1)

4 2 1
|

T (104° y)

0.5

I

90% C.L

- 136Xe
- 130Te
76Ge

2
1/T (1072

I
3 4
y~1)

Translating bounds on the half-life T to bounds on my requires the
khowledqge c:wf the nuclear matrix element ¥ (NME) for the ci@.c:aj at

LSsue suinece — = = phase space X |M| X mﬁﬂ
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Neubrinoless Double RBeta Decay resulks
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§=1T is proportional to my, khowledge o{ the wnuclear mabrix element v (NME) for the de&mv akb
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The Spread between different
calculations is still larqge, about 10
a factor 2+5 5

G
=
2

1
Theoretical errors in a given

model for different nuclei are
correlated, This fact should be
talken into account, f khown,

whein co mbimng c&é{aferev\& 10
experimem&s 5
2
=
2
1

ga quenching is ancther source
of a potentially large error on
Nuclear Mabrix Elements

Landscape of NME for Xe, Ge, Te
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Planes of NME for the three
nuclet Xe, Gre, Te and isolines of
bounds on my, ot 26

Read bounds on my for each
calculated model ot once, both
considering experiments
separately and in the
combination

Consistence of the bounds on my,
from different nuclet (the
combination of data is not
always Erivial)

Criven the Pr&sev\& sensi&iv&j,
two-dimensional projections of
the combination of all three
nuclel results do wnot
appreciably differ from the
combinations shown here

20 bounds on
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Sum mary

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)

for 0upp searches

Current bounds and future sensitivity
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On the other side of the plot: bounds on x —
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FRANCESCO CAPOZZI et al. PHYS. REV. D 111, 093006 (2025)

TABLE IV. Results of the cosmological data analysis under three model assumptions: standard cosmology with neutrino masses
(ACDM + ), an extended model accounting for lensing systematics (ACDM + X + Ay.,s), and a nonstandard cosmology with
dynamical dark energy and neutrino masses (wow,CDM + X). The datasets used are listed in Sec. III C. For Planck, we consider both
Plik and CamSpec likelihoods, which yield very similar results 1n all cases (shown explicitly only for ACDM + ). Upper bounds on X
are reported at the 20 level.

No. Model Dataset 2 (20) (eV)
1 ACDM + X Plik = 017
2 Plik + DESI < 0.065
3 Plik + DESI + PP < 0.073
4 Plik + DESI + DESyS < 0.091
S amSpec < 0.193
6 CamSpec + DESI < 0.064
7 CamSpec + DESI + PP < 0.074
3 CamSpec + DESI + DESyS5 < 0.088
9 ACDM + 2 + Ajeps Plik < 0.616
10 Plik + DESI < 0.204
11 Plik + DESI + PP = ()25
12 Plik + DESI + DESy35 = D28/
1 wow,CDM + X Plik = 0299
14 Plik + DESI <0211
15 Plik + DESI + PP = 01>
16 Plik + DESI + DESy3 < 0.183
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Some gemerod. remarkes

Cosmological + astrophysical analyses are based on a model, the Standard
Cosmological Model (ACDM), not as solid as the SM of particle physics

Degeneracies exist between T and other cosmological parameters, as for instance
the optical d@.p&h at reionization, the number of relakivistic species and the
parameter goveriing the dark enherqy evolution

Upcoming and future experiments on large scale structures could reduce the error
on T ko ~30 meV or ~15 meV in combinakion with CMB data, entirely Frobiv\g the
10 region and also with a Pessibi.e sighal in the NO regiown

(see for instance JCAP11(2019) 034,and JCAP06(2013) 020)

In the next decade Cosmological data + 058 searches have a qood chance to
measure neutrine masses and to give precious informations on the New Physics
even through possible tensions between data
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What Supernova Neubrinos can bell us?

While in the past SN neultrinos would have give us
important information also on the oscillakion
parameters, &cwciav the most important piece of
iformation we could have from a SN neutrine
signal is on the mass ordering
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SN neubrinos fuxes

40 8 Janka H.-T., in: Handbook of Supernovae (2016); arXiv:1702.08825

Accretion PNS Cooling

30
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Luminosity [1052 erg/s]

0 0.01 0.02 010 020 030 040 050 1.0 3.0 5.0 7.0 9.0

Time after core bounce [s]

Emission on Time scale of 10 sec with different flux
characteristics and hierarchies, matter and neubrine densities

Ehergy range “1-100 MeV with different
mean enerqy hierarchies in the three phases

~

Greneral nees
eheral Reference Different kind of flavor conversions

K. Scholberg, arXiv:1707.06384,J.Phys. G45 (2018) no.1, 014002

A. Mirizzi, |. Tamborra, H.T. Janka, N. Saviano, K. Scholberg, R. Bollig, L. Hudepohl, . Chakraborty.
arXiv:1508.00785, Riv.Nuovo Cim. 39 (2016) no.1-2, 1-112.
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Regimes of SN neutrino flavor transition governed by the relative size of

U = \/iG Ia (n,/ + np) neubrino self-interaction Fo&eu&mt

= \/§GFTL€

nakber pa&em&at

vacuum oscillation {requ@wv

Neubrinos travel ko earkth
T Kinemakbical decoherence

Decoupling - free streaming

Collective Oscillations

~10 km

Neutrinosphere(s)

Possible MSW when passing

T :
rapped neutrinos through the Earth
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From Oubside ko thside

RV1000 ke
MSIW conversion
Resonance akt A ~

R~100km

“Slow” Collective conversion
Oscillation frequency 1/t ~ \/wp
SF’@C&T’OJ. swaps at 1 ~

R~¥10 km (ot edqge of the Neutrinosphere)

De&ouyli&«g
“fast” Collective conversion

Oscillation ﬂfrequemcv 1 /t ~ L

60



Single—angle approximation:
spe&%rad. swaps in 10

More realiskic scenarios:

- mulki-angle effects tend to smear
spectral splittings

- nwatter multi-angle effects tend to
block self-induced flavor conversions

- breaking of space-time symmetries
could favour flavor decoherence

- collective effecks d&pemd on v flux
hierarchy and less pronounced flavor
hierarchies mut&iplﬁ spti’,&s can arise
(and swaps can occur also in NO)

Initial neutrino and antineutrino fluxes

Final fluxes in inverted hierarchy (single-angle)

10

L
E (MeV)

30

40

50

0
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“Fast” collective neulrino conversions

Refining the simple bulb model requires also taking into account that the
radius of the neutrinospheres of different neutrino flavor are different

/

. /" Non-electron species d@.cmupte earlier (angular
 distribution more forward Faak*ed) thawn the electron

O N
. N

. species. Due to the neutron richness of stellar
' matter, the 1, would decouple earlier (and
. thus would be more forward Peal&ed}

- than 1/,

N

P (/ NG jlf{e“tfifloé e fee sireaming | bhe presence of neutrinos traveling
 free streaming [ 21 e S 0 towards bhe core can cause fask

L0 heubrino conversion on a btime-scale

7 of i ket (i, oceurring in few m)

A Stability studies suggest that for
o - fast conversion to happen the

7 crossing i the zenith-angle spectra
. of different species is sufficient

e 7

.S all neutrinos areAt-rapped ‘.



R~ O(10km)

From B. Dasqgupta (Neutrino 201%)

Crossing of the spectra
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Conclusions for SN neukbrinos

o Knowledge of mass-mixing parameter
will help to understand SN physics

® SN neutrino signal can l«@ip discriminake
Mass Ordering through

Matter MSW propagation
“Slow” Collective conversion

“rrast” Colleckive cownversion
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Conclusions

We are in the transition period between the time of the discovery of neutrine oscillations and the time
of new discoveries, as for instance LNV or CPV in the lepton sector, that will be within our reach in the
next 10 to 1§ years, thanks to an enormous effort for future experiments

In the meantime, there is a good chance that some of these discoveries are anticipated by upgrades of
ongoing experiments or by experiments starting in a year or two, which have the potential to determine
the ordering of the masses, to begin exploring the eventual Mojorana nature of neubrinos and provide
more robust indications on the phase 0

In this context, the subwper«:@\& precision on the oscillation parama&er measurements will allow to test
subdominant effects of new physics

This éxperimem&at advaince will kalee F»L&ce nok ov\tj LA Labara&orj neukbrino experimam&s bubt will be equau.j
intense tn cosmology and astrophysics

From this point of view, starting in the very hear future, neutrinos will certainly constitute a portal for
an advancement of our fundamental knowledge, as it has not been experienced for some time now
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“Standard” MSW Neutrino Oscillations

Neutrino steaming through the outer SN layers undergo

crdanar'j MSW Eransikions
Dighe, Smirnov, hep-ph/9907423. PRD.62.033007

After reaching the Earth surface, neutrinos may traverse Earth
matter i their way to the detector depending on the location of
the SN and own the arrival time

Calculation of osc. probabitiEfj i the Earth analogous to selar neubtrinos

Comparison of the SN signal in two detectors differently
shadowed by Earth can reveal matter effect and hence be
semsitive to mass ordering
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Recent investigations on the subject bv different groups
worldwide find that conditions for fast conversions are
fulfilled in realistic simulations near the SN core

Glas et al., Phys. Rev. D 101, 063001 (2020)

The phenomenology of self-induced flavor conversions in
SNe. could be wuch richer thawn previously expected

One might have that fast conversions could lead to a quick
flavor equilibration among different neutrino species, if
instabilities are general enouqgh

If flavor equilibration were complete, further oscillation effects
would be ineffective, Otherwise, one could have different regimes,
e.g., fast conversions near SN core followed by spatial slow
conversions at larger distances, and finally MSW evolution
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“Standard” MSW Neutrino Oscillakions

Neutrino steaming through the outer SN layers undergo ordinary MSW transitions

Matter effects important when A =w < V2Grn.(r) = Am?/2E

Two squared mass differences

Sm? ~ 7.34 X 10_5 eV2 neutrino potential profile
Am? ~ 2.45 x 1072 eV? R N e
Energy range w (=0

E € [4,70] MeV

VRS

Two resonances o (abkm. mass ciéﬁarehce) >
=
and wL (solar mass difference)

N

=

MSW Eransitions at K grater than V1000 lem
(important for the following discussion on
self-induced btransitions)

vV (

Dynamics can be factorised:
two neubtrine oscillations

wikth relevank parama&&rs

(6m2,015) or (Am?,615) X (km)
m y, ]_ 2 Or m 9 1 3 G. L. Fogli, E. Lisi, D. Montanino and A. Mirizzi, Phys. Rev. D 68, 033005 (2003) [hepph/0304056]
Dighe, Smirnov, hep-ph/9907423. PRD.62.033007
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Ak Pradu&%mm point V/wp g > 1

0590, — cos260 — V/w ,
\/(COS 20 — V/w)?2 + sin® 20 cos 20, — —sign(V)sign(Am~)
in 20
$in 20,, = - sin260,, -0 =6, =0,7/2
\/(COS 20 — V/w)? + sin* 20

Since the solar squ&red mass difference dmz is positive, while the
abtmospheric Am? is positive for NO and neqative for 10, ot the F'rc;-ciu,c&mm

F’OEME we have

Normal Ordering Inverted Ordering
% (073 = /2,03 =7/2) = Ve = V3" (073 = 0,075 = 7/2) = Ve = Uy

(05 =001=0) = Uo=0]"  (@=n/203=1/0) = U= 5"

Ny



Normal ordering Crossing Diagram

Neutrino evolution starts on the right
Ve = Vs

v, aind v'; are Linear combinations

of v, and v which diagonalise the

2-3 part of the Hamiltonian

Both the H and L resonances happen for
neutrinos in NG, the transition probability
being Pu and P, respectively

Fluxes for the wmass eiqenstates ot the
SN surface can be calculated as a
function of the inikial fluxes and the
transition probabilities ot the
resonances (rescaled by a factor L2)

For wskance

A

Energy levels

Fyl = PHPLFB:?;% -+ (1 — PL)FB’{” -+ PL(l — PH)FB;}’L

Wikh Fggn — FVOG and F’/Ogn — ngn — FO

—

But present value of 615 implies

adiabatic propagation

P, =Py =20

>

ng’ ne Ne
Dighe, Smirnov, hep-ph/9907423. PRD.62.033007
O _ 0 _ 0 _ 0 _ 170
F) =F) =F) =F) =F)
F, =F,m=F)
rV3 — veg® T Ve
_ 0 _ 10

Analogously for antineutrinos (no resonances), but starting on the left of the diagram
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Inverted ordering Crossing Diagram

A

Neubrino evolubiown skarks
on the right but this time

Ve = Vo'

For 10, L resonance ka[ppens
for neubrinos and H
resonance for antineubrinos
(neqative electron clems&j)

H L
e e

The fluxes exiting the Supernova are
0 _ 710
Py, =F ym = F,
__ 0 _ 0 _ 10
b, =F, = F’/T = Fygn = I,

1

Analogously for antineutrinos, starting on the Lleft of the diagram with the H resonance -



After leaving the surface of the Supernova the neutrine mass
eigenstates travel to Earth where they arrive (rescaled by a factor

L2) so that for NO
FVLZ — Z ‘Uei‘ZFm :pFBe T (1 _p)Fqu

1

p = U [Py Pp + |Uea|* Pu (1 — Pr) + |Ues|*(1 — Py ) = |Ues|?

‘U63|2 — SiIl2 015 ~ 0.02 = » ~ (0

so thak e _— o
U, U,

Analogous simpte formulas for antineubrinos and I10. Summarizing

Normal Ordering Inverted Ordering
FI/LZ — ITV()QC Fulz — SiIl2 912FVO€ —+ (3082 (912F,9x
F—E — (3082 (912F9 -+ SiIl2 (912F9 17!_EJ — Y

Ve Ve Vg Ve Vg
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After reaching the Earth surface, neubrinos may traverse
the Earth matter in their way to the detector depending
on the location of the Supernova and on the arrival time

Calculation of the oscillation probability in the Earth matter
is ahaloqous ko the case of solar neutrinos

Comparison of the supernova signal n two detectors
differently shadowed by Earth can reveal matter effect and
hence be sensitive ko mass ordering (matter effects vanish if
initially F,) = F,) exactly)
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Mass Ordering sighatures

40 kton argon, 10 kpc ‘bUNE‘“LERQ

80

C — - : :
Fo! Hnfall;  Neutronization Accretion Cooling
8 70 ;_ i —+— No oscillations
2 o —}— Normal ordering
qc) g E —+— Inverted ordering
[ 50
s0f- |
S I AR
OE I P o o S D SR
= . I T :
— : :_'__'__l_
. . , . w _'_—
Neutronization —> Most robust signature ; i I R
’ 0.05 0.1 0.15 0.2 0.25

burst is almost a skandard candle

Time (seconds)

LT
=]
==
L
=2
=3
=

Lummc)siﬁv Finme c&epemdente almost
model imdepemdem&
absenk tn NO zgg

Events per bin
\l
o
o

374 kton water, 10 kpc H%PQTK‘“‘L“{Q
w1 -

Accretion

Cooling

1

F&rﬁaﬁvj su.ppressed . 10 400

300

collective effects absent 200

100

IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|I

—4— No oscillations
—+— Normal ordering
—+— Inverted ordering

T

1 1 1 1 1 1 1 1 1 | 1
0.1 0.15 0.2

025

Time (seconds)

20 kton scintillator, 10kpe  JLINO=Lilce

Early time F?rcwfi,te also important

c 70— :
'_a :l fall Neutronization Accretion Cooling
since dominaked by MSW g 60 =
2 F = I —
propagation, while collective g L T
/ W 40 .
effecks matber suppressed WE -
— —+— Inverted ordering
zo;—
=
E i
05 o1 015 02 025

Time (seconds)

K. Scholberg, arXiv:1707.06384,J.Phys. G45 (2018) no.1, 014002
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The real picture is complicated by the fact that
e real SN c&emsiﬁv pro«fite is non monotonic decreasing at the shock fronkt
o the SN density profile changes with time
o effect of density fluctuations should be taken into account

At the shock fronk the H resonance
can be extremely non-adiabatic

Stochastic matter fluctuations of sufficiently
large amplitude may suppress flavor
conversions and lead to Pu=1/2 when the
suppression is strong

Riv.Nuovo Cim. 39 (2016) no.1-2, 1-112

Spectral properties of the fluctuations very important for understanding the neutrino signal

At the moment there is no unanimous consensus about the impact of matter fluctuations on the SN

neutrine flavor conversions



“Clow” collective neubtrine cownversions

The formalism of the neubrino d@.msi,&y matrix is particularly useful in the
conkext of SN neutrinoe flavor conversions

OtPp.x,t T Vp - VxPpx,t = —1[p xt, Ppx,t.

The Hamiltonian is the sum of three terms depending on

frequency

W —

Qp,x,t

/ T ~—

Am?
2F

vacuum oscillakion

— Qvac =+ QMSW + Ql/l/

A= ﬂGpne = \/§GF(7L1/ + nD)

wokker poﬁehﬁo\t neubrino-neubtrine

itnbkeraction F»OE@\EE,QL

3
QI/V:\/§GF/ dq

(27_‘_)3 (Pq o ﬁq)(l — Vp VQ)

N

Multi-angle effect: the interaction depends on the
relative angle of the colliding neubrinos Gpq

Collective oscillations when p dominakes (Efjpiﬁattj r < 100 Km)

Tipically matter effects and collective effects induced by self interactions
factorize and the range in which they are effective are well separated
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P dﬁ&OMFOSQd in kerm O“f 1( I+ P ) P =P(FE,0)) wneutrinos
. . — — - 0O _ _
polarization vectors P 2 Po P = P(F,0y) antineutrinos
A A P
Polarizabtion vector P .
v, — U,) =1
the u,pwmd direction ( € e)
Z
Polarizakion vecktor in
Py the dowinward direction P(Ve — Ve) =0

Also important, the global vectors
J:/dE d6o P(E, 0,) J:/dE oo P(E.0)) S=J4+J D=J—_J

In particular from the EoM the lepton number conservation follows

Dz — /dEd@()(nye (E, 6)()) — Ny, (E, (9())) — const

implying tramsitions of the kind Vole —> Uyl
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Neutrino-sphere - Simple geometric model
v 90
A & P
R, . N Bulb model
4 i | q | ||
1 q g Duan et al., PRD74,105014(2006)
| ,' epq !
\\ ’ P
‘ 4 7 When this angle is averaged outb the
single-~angle approximation is obtained
d3q — _ _
H,, = \/iGF/ (27_‘_)3 (PCT_ Pi)(l — CO5 QPQ) > Hyy = /L/d(](P(j_ PCT) — /L(J o J) — IUD
P = (+wB + Az 4+ uD) x P

Equations of motion

P=(—wB+ X2+ uD)xP

B H Z when @13 =0 (A = Oin the following)
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Reqgimes of Collective flavor Cownversions

Near the neutrino-sphere (few tens of kilometers) all polarization
vectors stay aligned with the z-axis: synchronized oscillations

At a certain pom&, the pata\riza&on
vectors start to wove but the P%
remaiin (appraxima&etj) parallel to
their sum J (same for antineubrinos).
This regime has a wmechanical
analogy with the wmotion of a
spherical Fvendui.um and a:orres[zmvxds
to the so called b&potar oscillakions

Hannestad, Raffelt, Sigl and Wong, PRD74,105010(2006)

10 tOT‘T’QSPOV\ds o Ehe Pemdutum

| IIIIIII| | IIIIIII| | IIIIIII| | LI_LI,[I_I,l__J-

synch bipolar

split

-~ -
-
-
-
______
-
- g,

. vanish J

|

50

100
r (km)

150

200

starting close the unstable position while in NO it starts close the stable one

The bipolar regime ends when the vacuum frequencies of the Ps are of the

same order of the self-interaction potential. After thab, the spectral split
ffu,i.bj cievetops until the neutrino-neutrine potential is completely neqligible
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Initial neutrino and antineutrino fluxes

E (MeV) E (MeV)

Two-neuktrinoe scenario (E, ) = 10 MeV

Am? = Am?2, =2x1072 eV~ (Ey. ) =15 MeV
Sin2 (913 — 10_2 <Eyw> — <E,7m> = 24 MeV
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Final fluxes in inverted hierarchy (single-angle)

10 20 30 40 50
E (MeV) E (MeV)

Spectral split for neutrinos above ~7 MeV as a
consequence of lepton number cownservakion

Spectral split for antineutrinos at "4 MeV
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03 Global polarization vectors (single-angle)
. | | | | | :I | | | | | : | | | | | | |

:  Inverted Mass Ordering
Y, J ;

A

0.2 —Lepton number E i, 8

- conservation Mg .':,t
I |
- s, J
: o 1! g 5 Z

) I- Il Ill : —
Vv + ::::::::.:::'..'- ‘ | J

0.1
™D

1
% ||"I'||"'.|l‘ b e «
l"f"'""‘\- P‘I»'.Q¢‘~.‘.‘-’.-_'---‘-'-------

1 I A [
o I o

0.0

sync. bipolar split

_02 | | | | | EI | | | | | : | | | | | | |
| 50 100 150 200

r (km)

Note Ehe Uhversion cawf a@d the The.. onset Oﬂf the b"‘F’QL“"
artial tnversion of b regume dﬁ?’e“‘iﬁ on  ldid on
F “ the wakker Fw&en&mi




Global polarization vectors (multi-angle)

bipolar

TPV AWTERY -
he 4 ‘l *?“‘p“‘ﬂ‘.'.'.-.--m

n €
A ‘\"‘pthi-fyl'ﬂfq ------ -

split

_0.2 | | | | | | -1 |

In multi-angle simulations, wneutrino-
neulrine angles can be larger than the
(single-angle) average one, leading to
somewhat stronqger self-interaction effects

100
r (km)

150

Bipolar regime starts later

More pronounced depolarization
of J and prolonged coherence of J
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Final fluxes in inverted hierarchy (multi-angle)

10— 1 1

O'OO 10 20 30 40 50

E (MeV)

The wneubrino spe&ra& spt&% LS
evident, although less sharp than
U the single-angle case

E (MeV)

Antineubrino spii&
Largetv washed ouk
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Starting from the simplest single—angle approximation with the three phases of
flavor conversions for 10, induced by self interactions (synchronization,
bipoi,ar oscillaktions, spe«:&rat smags), the situation gets more compti&a&ed whein
moving towards more realistic scenarios:
- multi-angle effects tend to smear spectral splittings
- matter mulkti-angle effects tend to block self-induced flavor conversions
- breaking of the space-time symmetries could favour flavor decoherence
- collective effects depend on the neutrino flux hierarchy and Lless

pronounced flavor hierarchies multiple splits can arise (and swaps can occur
also tn NO)

Mulki-angle matter effects

Ne— — Net+ K N, — N, subdominank
Ne— — Nt > Ny — Ny, can mhibit self-induced flavor conventions
Ne— — N+ ~ Ny, — Ny, matter-induced multi-angle deccherence mMay occur

Multi-azimuthal-angle instability, depending on spectral crossings, may
trigger new flavor conversions in NG, especially during the accretion phase,
but are suppressed by by the dominant matter term

Time and/or space inhomogeneities may lead to flavor instabilities
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Collective effects c’&epﬁmd on the neubtrino flux hierarchy

During the neutronization phase biputar flavor conversions not possibi.e

VelVe — UylVsy brawnsikions cannotk ocecur because . > F, > F3.

During the accretion phase the deleptonization of the core implies F,, > I},
while for the absence of CC inkeractions for u and 7 neutrinos F; > Fj

Bipolar oscillations and spectral swaps can occur. Multi-angle matter effects
tend ko inhibit self-induced flavor conversions

During the cooling phase, with less pronounced or vanishing neutrine
flux hierarchy multiple spectral splits can appear both for neutrinos
and ankineutrinos. Three-flavor effects are observable in the
single~angle scheme (suppressed in the multi-angle case). Spectral
swaps and splits are less pronounced, due to some amount of mulki-
angle decoherence. For the flux ordering of the cooling phase spectral
splits and swaps would occur also tn NO.
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