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Mass Ordering = sign of Am2

Squared mass differences
have both lower and upper

bounds ak more thawn 30

Nearly Gaussian uncertainties
for Am2 and to a lesser extent

for w2

Neubrino 201% upda&es
(still not included)

(IH) (eV3c?)

2
13

(NH) Am

2
32

Am

Mass

Differences

| | L I L
B ] B I\‘ ]
_ _ _ . _
o) AN VoA SRS ] IR W T Y S _
No 2----\---1--/------ — — o N\ —
- Preference - - _
B for NO _ - _
L) e W A — e U/ A —
- - — 1
— - — '
O B L1 11 | L1 1 | L1 11 | L1 11 ] _I L1 1 | L1 11 | I‘i | | L1 11 | L1 11
6.5 7.0 7.5 8.0 85 22 23 24 25 26 27
2 145 A\/2 211072 a2
om-[10~ eV"] Am=[10" eV7]
107 T2K Run 1-9¢ Preliminary NOVA Preliminary
,,,,,,,,,,,,,,,,,,,,,,,, T T T T ' ' ' [ ' ' ' ' [ ' ' [ ' ' ' '
280 ! | A Normal - 68CL B - Normal Hierarchy 90% CL -
- : * Bestfit .. Inverted - 68CL 1 - —— NOVA  —- MINOS 2014 ]
278 Data fit " Tnverted - 90CL 30f~ ---- T2K 2017 o IceCube 2017 ~
C . . ] | ... SK2017 e i
,¢ With reactor constraint 1< |
C ] ()
251 - |
24l a4 -
- i = .
23 - §
2.2 1__I L1 1 [ L1 1 | I L1 1 | I | I | 11 1 [ L1 1 | I 11 1 1 I L1 1 1__" l | | ]
03 035 04 045 05 055 06 065 0.7 '
2 0.4 0.5 0.6
sin“(8,5) sin’0,,

Wascko - Neutrino 2018

Sanchez - Neutrino 2018



Mixing Angles
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Precision era i neutrine oscillation phenomenoclogy

Standard 3v mass-mixing frameworie parameters

Kinowia
om’ 2.2%
Am? 1.4%

sin” 015 4.4%

SiIl2 (913 38%
SiIl2 (923 Y 93%

Bari group, arXiv:1¥04.0967%, to appear in PPNP

Next part of the talik
ol Mass Ordering
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CP-violating ghase 0
Ockank O“f 923
Mass Ordering —> sign(Am?)

[Dirac/Majorana neutrinos,
Majorana phases, absolute
mass scale]
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Mass Ordering: present situation
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MBL reactor exp: JUNO :
Mass ordering discrimination through “F
interference between long-wavelength
oscillations driven by (8m2,0:2)

and short-wavelength ones driven by

(AM2,913)
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Expect 0(10%) events in a few years

Will also improve the accuracy on dm? and 612 by a factor

Most meor%au& svs&emaﬁm errors
enerqgy resolution
enerqgy scale
flux shape

of ~10
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JUNG-Like prospective sensitivity to mass ordering (our estimatex)

Abscissa scales as T2 => Linear behaviour for pure statistical errors
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Inclusion of energy-scale uncertainties bends the Linear rise, but still
allows 30 discrimination after ~6 years of data taking. With the tnclusion

of {Lu,xnsho\pe uncertainties: 30 sensitivity in ~10 years

Also the precise determination of (8m2,0:2) affected: accuracy decreased by a
factor of 73, and the central values biased if wrong mass ordering is assumed

(+) Phys.Rev. D92 (2015) no9, 093011
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PINGU (or ORCA) rate
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ORCA

Stat + syst (osc+norm) + resolution (scale,width) + polynomial + uncorrelated
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¢ Ranges of well-known 3v parameters (§m?,012) & (Am?,013)
confirmed by v2o17-201% data updates

o CPV: sind<o pr&ﬂferred
best fit: 6/m ~ 1.3-1.4 2 o2 (l0)
sind ~ 0 disfavoured at > 20

sind ~ +1 disfavoured okt » 30
e Octant info on B:3: still fragile

o Mass Ordering: I0 disfavored by oscillation data:
LBL+Sol+KL +SBL +ATM
Ax(10-NO) 1.3 44 9.8

¢ Info from ongoing - near future experiments
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What Su_perv\ova Neubrinos can bell us?

While in the past SN heutrinos would have give us
important information also on the oscillation
parameters, today the most important piece of
information we could have from a SN neutrino
sighal is on the mass ordering

15



SN neutbrinos fluxes

Janka H.-T., in: Handbook of Supernovae (2016); arXiv:1702.08825
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Emission on Time scale of 10 sec with different flux
characteristics and hierarchies, wmatter and neubrine densities

Energy range ~1-100 MeV with different
mean enerqy hierarchies in the three phases

~

Greneral Reberences |
f Different kind of flavor conversions

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

A. Mirizzi, I. 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. 16



Regimes of SN neutrino flavor transition governed by the
relative size of

u= V2G F(ny +n5)  neubrine self-interaction potential

A= V2Grn, matber pa&eh&iat

vacuum oscillation frequency

Neubtrinos kravel ko earth
~10 - 100 km Kimama&&aat d@.ﬂ@héféﬂté

Decoupling - free streaming

Collective Oscillations

~10 km

Neutrinosphere(s)

Possible MSW when passing

Trapped neutrinos through the Earth
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From Oubside bo thside

RYV1000 ke

MSW conversion

Resonance ak A ~ w
K~V100km
“Slow” Collective conversion
Oscillation frequ@y\tj 1/t ~ Jwu
Spec:érod swaps ab b ~ w

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

“fast” Collective conversion

Oscillation frequemaj 1/t ~

18



“Standard” MSW Neutrino Oscillations

Neutrino steaming through the outer SN layers undergo ordinary MSW transitions

Matter effects important when A =w e V2G Fle(r) = AWLZ/ 2F

Two squared mass differences

5m2 ~ 7.34 X 10_5 eV2 neutrino potential profile
Am?2 ~ 2.45 x 1073 eV 10 P
Energy range : (=05
E € [4,70] MeV - |
t=1s
<10} < -
Two resonances wh (abm. mass difference) v | =2 E
= |
and w (solar mass difference) N 4 e -
R NN N EO o S
_4 B )
MSW transitions at R grater than Y1000 kem > ‘ o 1
(important for the following discussion on ot NN _"t=_1%s |
self-induced bransitions) N ——— V‘ |
10 F |
Dynamics can be foctorised: Zaiuininieiaii TN
_7 B ]
two neubrino oscillations 10 e e e
10 10 10 10 10
with relevant parameters
x (km)

(5m2, (912) or Am27 613)

Dighe, Smirnov, hep-ph/9907423. PRD.62.033007

G. L. Fogli, E. Lisi, D. Montanino and A. Mirizzi, Phys. Rev. D 68, 033005 (2003) [hepph/0304056]
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At produa&iam point V/wy g > 1

o820, — cos20 —V/w :
\/(COS 20 — V/w)?2 + sin” 26 cos 26,, — —sign(V)sign(Am?)
sin 20 :
sin 26,, = sin26,, -0 =60, =0,7/2
\/(cos 20 — V/w)2 + sin” 260

Since the solar squarec& mass difference 6m? is positive, while the
atmospheric 4m2 is positive for NO and negative for 10, at the
production point we have

Normal Ordering Inverted Ordering
U (07 =7/2,07 =7/2) = Ve = V5" (073 = 0,07 = 7/2) = Ve =Uqy'

O =0,60=00 = U, =0y  (@B=n/20B=1/0) = U=

Ny

20



Normal ordering Crossing Diagram

Neutrino evolution starts on the right
— m
Ve = Vs

V', and v, are linear combinakions
of v, and v; which diagonalise the
2-3 part of the Hamilkonian

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

Fluxes for the mass eiqgenstates at the
SN surface can be calculated as a
function of the initial fluxes and the
transition probabilities ot the
resonances (rescaled by a factor L2)

For nstance

A

Energy levels

. >
L H Ne

F,, = PyPLF)m + (1 = PL)F)m + PL(1 = Py)F
With Fom = F) and F)n =F)n=F) =F) =F) =F) =F) =F)

Bubt present value of 613 implies
adiabakic propagation

Pr, =P =0

Analogously for antineutrinos (no resonances), but starting on the left of the diagram

F,, =Fm=F),
F, =F, =F), =F’

vy Vg

2



Inverted ordering Crossing Diagram

A

Neubtrine evolukion starts
on the right but this time

Ve = Vg

For 10, L resonance ha[o[oens
for neutrinos and H
resonaince for antineutrinos

(negative electron d.e.msi&j)

The fluxes exiting the Supernova are
_ 70 _ 70
F Vo F Vo F Ve
__ 0 _ 0 _ 10
F,, = F,, = Fon = Fon = F_.

UV

Analogously for antineubrinos, starting on the left of the diagram with the H resonance ”



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

factor L) so that for NO
in — Z |Uei|2Fl/7; :pFqu T (1 —p)FBw

(

p = Ui |* Py Pr, + |Uea|* P (1 — Pr) + |Ues|*(1 — Py) = |Ug3]?

U.s|? =sin® 613 ~ 0.02=p ~ 0

so that e _ o

Analogous simple formulas for antineutrinos and I0. Summarizing

Normal Ordering Inverted Ordering

E _ 10 E _ . 2 0 2 0
Fl/e — wa Fl/e — S1n 912Fye -+ COS 912wa

FDEe] — cos? «912FDO6 + sin? «912ng Ff = FY

23



After reaching the Earth surface, neutrinos 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 analogous to the case of solar neubrinos

Comparison of the supernova signal in 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)

24



Mass Ordering signatures

Neutronization —» Most robust signature /“U@

burst is almost a standard candle

Luminosity time depemienae almost
model independem&

absenkt in NO

partially suwressec& i I0

collective effects absentr

Early time profile also important
since dominaked bj MSW
propagation, while collective
effects matter suppressed
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[ H
L1 H
— :
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i
|

—+— No oscillations
—+— Normal ordering
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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
o real SN density profile is non monotonic decreasing at the shock front
e the SN dev\siij prc}ffi,te changes with time
o effect of density fluctuations should be taken into account

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

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

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

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 neutrino flavor conversions

20



“Clow” collective neubrino conversions

The formalism of the neutrino dehsi&j matrix is particularly useful in the
context of SN neutrino flavor conversions

Otpp.x,t + Vp - Vxppxt = —1[{p x.t5 Pp.x,t]

The Hamiltonian is the sum of three terms depending on

Qp,x,t — QVEHLC =+ QMSW =+ QI/I/

e f ~——

Am?
W = ¥ A= \/QGFTLQ U = \/§GF(TL,/ -+ n,;)
f requency interaction potential

d>q _
0, = V2GF (Pq — Pa)(1 — Vp - Vq)

(27)3 AN

Multi-angle effect: the interaction depends on the
relative angle of the colliding neutrinos Opq

Collective oscillakions when g dominates (&jpiaauv r < 100 Km )

Tipically motter effects and collective effects induced by self interactions
factorize and the range in which they are effective are well separated



p decomposed in term of 1 ol +P.g) PP o
. . —_ — -0 _ _
polarization vectors P 9 Po P = P(F,0p) antineutrinos
A P
Polarization vector in P(V Ny ) — 1
the u.pwan‘d. direction © ©
| l
Polarization veckor n
P the downward direction P(Ve - Ve) =

Also important, the global vectors

In particular from the EoM the lepton number conservation follows

D, = /alEal@o(n,/e (E,0p) —ny, (F,0p)) = const
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Neutrino-sphere L Simple geometric model

N Bulb model
Ay, &
»| \ Duan et al., PRD74,105014(2006)

When this angle is averaged out the
single-angle approximation is obtained

/ .

J(1 —cosbpy) ———> Hy ZM/dQ(Pq*—Fq*) =p(J—J)=pD

3
|
)
P
£
\
R
2y
’..a
QY
|
el
i~

P

(+wB + Xz +uD) x P
Equations of motion

P = (~wB + )2+ uD) x P

B H Z when 613 =0 (A = 0 in the following)
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Reqgimes of Collective flavor Conversions

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

10° | | |
At a certain point, the polarization 104; -
vectors start to wmove but the P% 5 -
remain (approxéma&eij) parallel to —E 103? E
their sum J (same for antineubrinos). < L2k ]
This regime has a wmechanical = F | -
analogy with the motion of a = o N T E
spherical Penduium and cmrresyav\ds L B
to the so called bipolar oscillations S T - v
Hannestad, Raffelt, Sigl and Wong, PRD74,105010(2006) 10 ——— 5'05 — 160 e 15' 0 — 00

r (km)

I0 corresponds to the pendulum
starting close the unstable position while in NO it starts close the stable one

The bipolar regime ends when the vacuum frequencies of the P5 are of the
same order of the self-interaction potential. After that, the spectral split
fu.iij devetops until the neutrino-neutrine potential is completely neqgligible

30



Initial neutrino and antineutrino fluxes
10 L L L L L L L L

E (MeV)
Two-neubtrine scenario < Eue> _ 10 MoV
Am? = Am2,, =2 x 1073 eV? (Ey,) = 15 MeV

sin® 013 = 1072 (E, )= (E; ) =24 MeV




Final fluxes in inverted hierarchy (single-angle)

50 0 10 20 30 40 50
E (MeV) E (MeV)

Spectral split for neubtrinos above ~7 MeV as a
consequence of lepton number conservation

Spectral split for antineutrinos abt ~4 MeV
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0.3 Global polarization vectors (single-angle)
. | | | | | [ | | | | |

Inverted Mass Ordering

0.2 [lLepton number har, 8
- cownservation Ny

- e, J

| [ T ML
v B
- v IR

0.1 1y ¥y
™ e

0.0 - HEH

bipolar

_0.2 1 1 1 | 1
50 100 150 200

r (km)
Note the inversion of J, and
the partial nversion of J,

The onset of the bipc:-i.om
reqgime cle[pe.mds on 013 and
on the matter pa&eh&ia&



bal polarization vectors (multi-angle)
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In mulkti-angle simulations, wneutrino-
neutrine angles can be larger than the
(single-angle) average one, leading to
somewhat stronger self-interaction effects
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Final fluxes in inverted hierarchy (multi-angle)
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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,
bipaim oscillations, spec&ra& swaps), the situakion gets more tcmpiiaa&ed when
moving towards more realistic scenarios:
- multi-angle effects tend to smear spectral splittings
- natter multi-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 less

pronounced flavor hierarchies mulkiple splits can arise (and swaps can occur
also in NO)

Mulki-angle matter effects

Ne— — Net+ K N, — Ny, subdominant
Ne— — N+ > Np, — N, camn inhibit self-induced flavor conventions
Ne— — Ne+ ~ Ny, — Ny, matter-induced multi-angle decoherence may occur

Mulki-azimuthal-angle ims&abilé&w depending on spectral crossings, may
trigger new flavor conversions in NG, especii,oibj during the aceretion Phase,
but are suppressed by by the dominant matter term

Time and/or space inhomogencities may lead to flavor instabilities
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Collective effects depend on the neutrino flux hierarchy

During the neutronization phase bi,poiar flavor conversions not F»ossi;bie

VelVe — VgplVyg Eransibions cannot occur because Fy, > F, > Fj,

During the accretion phase the deleptonization of the core implies F,. > Fp,
while for the absence of CC interactions for u and 1 neutrinos Iy, > Fjp,
Bipolar oscillations and spectral swaps can occur, Multi-angle matter effects
tend to inhibit self-induced flavor conversions

During the cooling pkasa, with less pronounc:edu or vanishing neubtrino
flux hierarchy mulliple spectral splits can appear both for neutrinos
and antineutrinos, Three—flavor effects are observable in the
single-angle scheme (suppressed in the mulki-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 n NO.
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Fast” colleckive neuktrine conversions

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

Nown-electron species ciec:ca-upi.e earlier (angular
distribution more forward peaked) than the electron
species. Due to the neutron richness of stellar

. ~N
° N

. matter, the Ve would decouple earlier (and

thus would be wore forward Feawed)
than Ve

presence of neultrinos kraveling
towards the core can cause fast
neukrine conversion o a time-scale

of U kmt (le. occurring in few m)

Sﬁabntc&j studies suqqest that for

' fast conversion to happen the

‘\ crossing in the zenith-angle spectra
. of different species is sufficient
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R~ O(10km)

From B. Dasqupta (Neutrino 201%)

Crossing of the spectra
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Possible strategy to classify instabilities leading to fast flavor conversion

Linearize the EoMm atpp,x,t + Vp - prp,x,t — —i[Qp,x,ta Pp,x,t]

Look for wavelike solutions —> dispersiom relation in the (z,t) conjugate
variables (w,k)

Characterize the behaviour of the solution from the solutions of the

dispersion relation
P

Example tn one dimension: 5(z,t) is the non diagonal element of the
density matrix. When § goes to infinity the the oscillation probability
goes to 1/2 —» decoherence. two bype of possible instabilities

S| Absolute S| Cownvective
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Two-beam neukrine model: bwo neubrine beams wikh
ve.i.m:i&v are vi and vo and caupt&ma skrength ¢

It can be showi thab i this si,mpie &oj model, omtj two real functions, £1(z,t) and
f2z,t), are sufficient to characterize the real and imaginary part of the off-
diagonal terms of the density matrix for the two neutrino modes. The two functions
can be calculated from a set of two nonlinear coupled differential equations

To graphically check f the two functions remain finite or e.xplocle, we initially
launch two wave packets with two different velocities and same shape. We find kwo
stable and two unstable solutions and we obtain the following classification, in
accordance with the study of the dispersion relation

Skable cases Unskable cases
V19 > 0 v1v9 < 0 V19 > 0 V1V < 0
e >0 e >0 e <0 e <0

A&mped conveckive absolute

In general, b-j studying the dispersion equation D (w,k)=0 one finds for plane wave solutions that: 1)
® is real for all real k and vice versa the system is completely stable; 2) if w is real for all real Kk,
but i is complex for some real w , the system is both stable and damped; 3) if k is complex for some
real @ and @ is also complex for some real k , a convective instability arises; 4) if k is real for all
real w and @ is complex for some real k , the instability is absolute
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The results obtained for the simple two-beam neutrine model represent a basis
to attempt extensions to more general angular spectra expected in a realistic
SN. In order to have an instability one needs a crossing in the angular electron
number distributions. Conversely, without crossing one gels either a completely
stable evolution (if viva > ©) or at most a damped stable one (f viva < ©)

For several syheritauv svmme&rw (11p) supernova sinmulations, the ELN near the
neutrino-sphere has backward going modes but still does not show any crossing
(no tnstability)

One cannol exclude that things may change i 3D models, for example it the
presence of LESA (Lepton-Emission Self-sustained Asymmetry). It is therefore
conceivable that, especially in the regions where the ELN changes its sign,
crossings in the ELN angular distributions may occur

The phenomenology of self-induced flavor conversions in SNe could be much

richer than previously expected. One might have that fast conversions could lead to a
quick flavor equilibration among different neutrino species, if instabilities are
general enough. If flavor equilibration were complete, further oscillation effects
would be ineffective. Otherwise, one could characterize different

regimes, e.q., fast conversions near SN core followed by spatial slow conversions at

larger distances, and finally MSW evolution.
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Cownclusions
¢ Unlkeowins: O3 octank, §, M0

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

© SN neubrino sighal can ketp discriminate
Mass Ordering through

Matter MSW propagation
“Slow” Collective conversion

“rrastk” Colleckive conversion
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