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~SN1987A*Many” neutrinos were observed

e O(30) events in total. . -

® One of the first examples of e
multi-messenger astronomy.

Dec 2019

Will Bright Star Betelgeuse Finally Explode?

A Look at the Dimming Red Giant in Orion's
Shoulder

By Chelsea Gohd January 03, 2020

. NOt enough StatiStiCS, Still Some It can't hurt to look up at the night sky just in case.
of the strongest bounds on
neutrino properties!

® A future galactic SN will have
O(10k) events in detectors!

Surely, we can capitalize on that!
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Neutronization: e +p =2 n +v,

nuclear burning/

Volume emission . _ .
— | accretion Surface emission Volume emission

102 < > <«
101
D 100
Z 1071

0 1071
Ebost-bounce ()

Figure from Roberts and Reddy, Handbook of Supernovae, Springer Intl., 2017

~Slide from Cecilia Lunardini, BNTVS July 2020

| ‘0 ~1()5 8 neutrmos emltted Lots of neutrmos on target (uot)




Vacuum

B. Dasgupta

propagation
Image courtes




e 'Neutrmo dens1ty so h1gh that they feel addltlonal potentlal Only lab where ‘
e neutrmo Self mtemctzons become zmpartant

 This makes favor evolution a complicated nonelivear problem

Ne N N(Velvu)

n="" 1 Ve z + V26
2E ’ N N<vu|ve> N,

1 2 !
| Mass term in Wolfenstein’s weak Flavor-off-diagonal potential,
~ flavor basis: potential, causes MSW caused by flavor oscillations.

~causes vacuum  “resonant” conversion (J.Pantaleone, PLB 287:128,1992)
oscillations ~ together with vacuum Raffelt, Seattle 2015

7




Kim, Kim and Sze (PRD 1988)

Matter (MSW) v — v interaction

s Wolfenstein (PRD1978 1979)
‘Mikheyev and Smirnov (SJNP1 985)
Pantaleone (PRD 1992)

~ Duan, Fuller, Carlson and Q|ah (PRD 2006 2007)
Hannestad, Raffelt, Slgl and Wong (2006)




" . If ,u x n >> W, osc111at1ons are

synchromzed

As n decreases blpolar osc111at10ns
- VP, o take place * ’

. Can lead to complete ﬂavor conversmnS —

deep m51de the SN .- N m ' [ \

. B1polar conversions can be ”fast” or
| not-so fast yet Way larger than MSW
rate | ==

‘ Seai e e s ._ 10 15
Chakraborty, Hansen Izaggwre and Raffelt (JCAP 2016) S == —_ == - — | O)t 5
Dasgupta, |V|II‘IZZI and MS (JCAP 2017) S s e Sss
- Dua F II C Iso d PRD 2006 2007 PRL2 06 ,
Izagguwe Raffelt and Tamborra (PRL 2017) e Qlan( _O ) |
. _ Hannestad Raffelt Slgl and Wong (PRD 2006)




dpectrum

. m .
Energy [MeV]

e= electron
X=muon or tau

- B1p01ar osc1llat1ons lead to large spectral swaps
smokmg gun 51gnal Qf collect1ve oscillations. Can be detected!

V‘__"i_‘Duan FuIIer Carlson and Qlan (PRL 2006)
"Dasgupta Drghe M|r|221 and Raﬁelt (PRD 2008)

= Friedland (PRL 201 0) =




« If g(E) has aZero-Crossmg, system is unstable
and there IS ﬂavor conversion.

. Wldth- .of swap-governed by ﬂavor-lepton number
conservatwn W1thm a swapped region, '

SEEaaues e SaaE s =0 - Dasgupta, Dighe, Raffelt and Smlrnov (PRL 2009)

+ many others
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|--ri---|

—— NH
———IH

-

A
-

Inverted 'hierarcl‘\y
A

-

1.8220s11 2¢ 1 e V2—
— : Am

1.8220s27 =
= Vl_

B Ve
Hv,
- WA

-

2
Am;,

Events per bin
-

— D W B W
-

-

-

vs L D

Ly, (Rg) = 0 =021 H
L,, (Rg) Ve — 0'0_3 L?,e NH

.Dighe and Smirnov, PRD 2000

Suppfession of spectra for NH
Independent probe of mass ordenng'
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2 gex 75 () can populate 1/ from v, ‘

3\

causmg flavor—leptan number vwlatzon

. Can?—CaUSé?'C‘o'llectiVé Q.SCillati.Qns even in the 'abS'-e_nce of a spectml Crossing.

= Distinet spectalspits in neutronization spectra? — Smoking gun signal!

- €, initial
——¢,final
———- a,final

NH, g4=0.02

F,(E) (a.u)

—
o

T |m| T T

15-_""l""I'---T----|-.-.

IH, g4=0.02
e,initial
—— ¢, final
——— a,final

50 Dlghe

~ Dighe

Das and MS (JCAP 1705 (2017) 051)
and MS (PRD97 (2018)) *
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-~

= Distinct splits can be detecfedatDUNE. True for both mass ordering.

B et et 0n NS

. Caveat sehs1t1ve to detaﬂs of collectwe oscﬂlatlons' Should

be explored ln more detaﬂs : Dighe, Das and MS (JCAP 1705 (2017) 051)

Dighe and MS (PRD97 (2018)) S




. Masswe neutrinos can decay to 11ghter
ones even W1th1n the SM Age longer
than universe.

+ New physics can mediate faster decay,

%> 00,0+ Py 0 +Hc

I/hL =y + go He11c1ty cons. (h.c. )
th - Ur + go Hel1c1ty ﬂ1p (h £)

. In Uy, rest frame the daughter that shares the same

hel1c1ty as the parent 1S em1tted preferrent1a11y along

Daughter neutrinos have a
the parent he11c1ty d1rect10n

- harder spectra in the h.c.
channel :
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| — No Decay 7
80? _ 1/m=10%*s/eV = : — No Decay

60; & == | — 7/m=10*s/eV
40| e = = 4
20|

%

| Enhancement

— No Decay

— t/m=10*seV | 220 — No Decay
| = _ 1/m=10%*s/eV




~ solar bounds Tzlmz > 10-3s/eV.
Decay vs No' Decay = / 10_5 / V
- = > s/e
Berryman de Gouvea, Hernandez PRD2015
Funcke V1tag11ano Raffelt PRD2020 +

Iong baseline: 13/m3 10_10 s/eV.
| Gonzalez Garcia, Maltom PLB2008 + ..

ceCube: 73/m; ~ 102 s/eV
= - Denton, Tamborra PRL2018 |
CMB: 7/m ~ 10’ s/eV

Escudero, Fairbairn PRD2019
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Dirac vs Majorana

T T T ] T T T T T Ll T T

DUNE sen81tlve to

—— Dune-Dirac I/ ' hence 1t Cannot
----- Dune—Majorana dlStlngU_ISh

between Dirac and
- |Majorana

/1
10glO ‘;1 :v

re Dirac, 7/m = 10°s/eV




Dirac vs Majorana

logg

7/l5

m/leV

othesis: 7s are Dirac, 7/m = 107 s/e\

HK-Dirac
----- HK—-Majorana

dlstmgulsh a long—

lived Majorana from
a decaymg Dirac.
Since v, is the
dominant flux, thls
lifetime leads to a
Comparable flux of 7

from decay.




(Dune+HK)-Dirac == 2 =

(Dune+HK)-Majorana [ A combmat1on of DUNE and I—IK |

Dune-Dirac can always distinguish between a

‘decaymg Dirac and a decaymg
Ma]orana neutrino.

Dune-Majorana
HK-Dirac
HK-Majorana

T T T T T T T T T T T T T T T T T T T T T T T T T

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Test hypothesis: vs are Dirac, z/m ~ 10°s/eV

“de Gouvea, Martinez-S'oler,-M-S., PRDZOZO §
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Universal couplin

__BBN
iDirac v

(¢ xo[dwioo)

10—4 IlIIIII | L L | llllllII | IIIIIII L | ll:lllll | llllllII |
1073 1072 1071 10 102 103 1072 1071 1 10 102 108
mg [MeV] my [MeV]

v,, coupling v, coupling

IIIIIIII
| llllllll

T
(¢ xo[dwioo)
(¢ xo[duioo)

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
|
|

4 | IIIIIII | Illlmr | || lllll | llllllll | L IIIIIII | Illlmr | || llllI | lllllllI | L
1073 1072 107! 1 10 102 103 1071 1 10 102 108
mg [MeV] | mg [MeV]

Blinov, Kelly, Krnjaic, McDermott, PRL 2019 =
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SN 1987A y
propagation SN 1987 A, Core
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ot

-5 -4 -3 -2 -1 0 4
Mediator mass loglO(M / MeV)

=7 processes increase neutrmo number dens1ty, but reduces energy in half
Mlght b‘e difficult to re- energlse shockwave.

‘Bustamante, Shalgar, Ta'mbo-rra.,' 191209115







The Pathwag
Can do this for few modes

(1+3+3)D (0+3+3)D

(0+2+3)D

Coherent forward = Stationary emission
scattering outside neutrno ‘
sphere

i Axial symmetry around the
N‘ Z axis

J< o(r. ©: ]

(O+1+1)D
Single-Angle Model

(0+1+2)D
(0+1+3)D Multi-Angle/Bulb Model

Spherical symmetry about Azimuthal symmetry around
the center any radial direction

Trajectory independent
neutrino flavor evolution

I plr; )

Equivalent to an

homogeneous and isotropic
neutrino gas evolving with

slides from H. Duan

Duan & Shalgar, P

Mirizzi, Mangano & Sawi



" The Pathwag =
Can do this for few modes

slides from H. Duan

Duan & Shalgar, PR.B 2015

Mirizzi, Mangano & Savigno,
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Vacuum Osc.

D
|
~
it
o
Q.
VD
=
S
o
©
3
-

[.-Resonance

H-Resonance

Not to scale

v -sphere




