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Core-CoIIapse Neutrlno Bursts
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OUTLINE

- Overview of neutrinos

from supernovae
- The signal
- Detection

Neutrino Physics

- Absolute mass

- Mass ordering

- New physics?
Summary




What can we learn from the next neutrino burst?

CORE input from
neutrino
?:%I}Ls‘?ggE experiments (RS,

\/

NEUTRINO and
OTHER PARTICLE
PHYSICS

v absolute mass (not competitive)
v mixing from spectra:
flavor conversion in SN/Earth

explosion mechanism

proto nstar cooling,
quark matter

black hole formation

accretion, SASI

nucleosynthesis

input from (mass ordering) | o
other v properties: sterile v's,
photon (GW) magnetic moment,...
observations axions, extra dimensions,
FCNC, ...

+ EARLY ALERT



Expected neutrino luminosity and average energy vs time

Vast information in the flavor-energy-time profile

Fischer et al., Astron.Astrophys. 517 (2010). arXiv:0908.1871: ‘Basel’ model
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Neutrino spectrum from core collapse
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Supernova Neutrino Detectors

Water Scintillator

+ some others (e.g. DM detectors)
See M. Nakahata talk this afternoon



Neutrino interaction thresholds

x10°
& N
g 4500 _ _
c - Ve (vu+vu+vr+vr)
84000~ — V,
> - —V
(«}) [ e
S 35001
N =
o 3000 —
- L
@ ~
Q.2500—
2] [
o -
£ 2000
- ~ .
21500 :
= = Z Require
© 1000 Z__ neutral
g so0 current to
™ — ! : : :
& ; : : P | S€C Viur
0 , El | llillll EI | »~ "'lj—,
107 1 10 102

Neutrino Energy (MeV)



SN1987A in LMC
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Confirmed baseline model... and limits on v properties
....but still many questions




Information on Neutrino Properties
from Core Collapse

« Absolute Neutrino Mass
* Neutrino Mixing Parameters: Mass Ordering

* New Neutrino States?

A sampler...




Neutrino Absolute Mass
Expect time of flight delay for massive neutrinos
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A more recent study example

JUNO mass sensitivity (20 kton scintillator, low energy threshold)
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Future SN-based v mass limits ~improvement over current
laboratory limits, but not competitive w/next generation



Three-flavor neutrino
mixing parameters
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The three-flavor picture fits the data well
Global three-flavor fits to all data

30 range 30 knowledge

sin? 615 0.270 — 0.344
012/° 31.29 — 35.91 ~14%,
sin® 0,3 0.385 — 0.644
023 /° 38.3 — 53.3 ~33%
sin® 013 0.0188 — 0.0251
013/° 7.87 — 9.11 ~15%
dcp/° 0 — 360 ~no info

Am%l

7.02 — 8.09 ~140

105 eV?2 14%

Ams3, +2.325 — +2.599 o
10-3 eV2 —92.590 — —2.307 ~12%

M. C. Gonzalez-Garcia, M. Maltoni, J. Salvado, T. Schwetz, 10.1007/JHEP11(2014)052



What do we not know about the three-flavor paradigm?

30 range
sin” 012 0.270 — 0.344
912/0 31.29 — 35.91 Is 923
non-negligibly
sin2 923 0.385 — 0.644 greater
923/0 38 3 —3 53.3 or smaller
than 45 deg?
sin® 013 0.0188 — 0.0251
913/0 7.87 — 9.11
basically
cp/ 0 — 360 j> unknown
2
Ama, 7.02 — 8.09
10—° eV . s
5 sign of Am
Amy +2.325 — +2.599 unknown
10—3 eV?2 —2.590 —» —2.307 (ordering

of masses)



Can we learn about CP violation from a supernova?

Answer. maybe, but very hard...

Number of Events per MeV

« Effect of non-zero 6 is mainly ut mixing... unobservable...
 However if v, and v_ fluxes differ at neutrinosphere (FCNC?),

-

0.01

get small effects on electron flavor,
but in high energy tail where rate is low
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Next on the list to go after experimentally:
mass ordering (hierarchy)

(sign of AmZ2,,)
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Atmospheric neutrinos
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Neutrino Mixing for Supernova Neutrinos

“Collective” effects’

"All of these depend on
MO to some extent

... multiple signatures of MO
(although some model-dependence)

Not to scale!




Neutrino Mixing in the Supernova ltself

“Collective” effects




Density of matter in a supernova vs time
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Density of matter in a supernova vs time
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MSW Transitions in Supernova Matter

Normal Ordering Inverted Ordering

A. Mirizzi et al., Riv. Nuov. Cim., 39, 1 (2016), G. Raffelt, Proc. Int. Sch. Phys. Ferml, 182, 61 (2012)

( sin? 615 Py (v, NH),  Mass-ordering-dependent
cos? 5 (7, NH), transition probability for neutrinos
Fee > 4 sin? @5 (v, IH), and antineutrinos
| cos? 612 Py (v, IH). « Can be adiabatic,

or non-adiabatic at a shock front



Density of matter in a supernova vs time
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MSW effects may turn on and off as the shock propagates



And another effect: “collective effects”

In the proto-neutron star the neutrino density is so high
that neutrino-neutrino interactions matter

amplitude to be v, From G. Fuller
wy,z’ — .
amplitude to be v, ,

0
) E wy,i — (Hvac,i + He,i - Hw/,i) wl/,i

charged current | _YVY _ |
forward exchange
scattering € vV (&

neutral current = | __T"_.
forward scattering

Vi Vj

k

neutrino-electron Ve W € / e Vi Z V_]
vV

Anisotropic, nonlinear
S Vq quantum coupling of all

: neutrino flavor evolution
histories:

Vp “collective effects”

Must solve many millions of coupled, nonlinear partial differential equations!!

“The physics is addictive” -- G. Raffelt



A consequence: spectral “swaps” or “splits”

Neutrinos Antineutrinos
. | Dashed: no osc
> Red: v,
N2 Black: v,
)
th
. ¥ | Can get
0 10 20 30 40 0 10 20 30 40 Spectral ﬂavor
E (MeV) E (MeV) :
conversion
3 | [ 1 aboveor
S : 1 below specific
m) : f energy
= [ | thresholds

0
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E (MeV) E (MeV)
A. Mirizzi et al., Riv. Nuov. Cim., 39, 1(2016), S. Chakraborty and A. Mirizzi, PRD 90, 033004 (2014)

Initial fluxes F,. : Fy : F,) =2.40:1.60:1.0

« Depend on flavor flux ratio
« (Can be suppressed by matter density
« Time-dependent, also affected by shock propagation



Density of matter in a supernova vs time
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Both MSW and collective effects are complicated... depend on
details of the initial fluxes, matter density profile,
turbulence, shock wave propagation...
MSW is well understood,
but collective effects are
still under study...




Both MSW and collective effects are complicated... depend on
details of the initial fluxes, matter density profile,
turbulence, shock wave propagation...
MSW is well understood,
but collective effects are
still under study...

Challenge for
theorists is to find
robust, model-
independent
observables...
challenge for
experimentalists is

to understand and
optimize observability




An example of a robust MO signature: the neutronization burst
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- almost a “standard candle”, ~independent of model
- strongly dominated by electron flavor
- ~no collective effects; MSW oscillations only

NMO: E/, =.F;£)r
IMO: F,, =sin®612F) + cos®612F,,



An example of a robust MO signature: the neutronization burst
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- ~no collective effects; MSW oscillations only
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An example of a robust MO signature: the neutronization burst

40 kton LAr 560 kton water
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Another somewhat robust example: early time profile

Different lines represent different 1D “Garching” models
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Another somewhat robust example: early time profile
Still MSW-dominated; v.-bar and v.-bar turning on
lceCube signal: integrated Cherenkov photons
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A. Mirizzi et al., Riv. Nuov. Cim., 39, 1 (2016), Serpico et al., PRD 85, 085031 (2012)
NMO =>» v_barmostly non-oscillated
Early: measured v, IMO =» v_-bar represents
dominate, IMO>NMO original v.-bar flux, which

Is lower during accretion

NMO =» v_strongly suppressed, since ~no v,
IMO = v_suppressed by sin?0,,



Other examples: spectral swaps from collective effects

Inverted

Normal

Neutrino Antineutrino
= Ve initial = Ve initial
Vv, initial Vv, initial
w—y. final M.A. w— . final M.A.
— v, final S.A. — v, final S.A.
10 20 30 40 50 0 10 20 30 40 50
E (MeV) E (MeV)

H. Duan & A. Friedland,PRD 106, 091101 (2011)

60

Distinctive
spectral swap
features
depend on

neutrino mass
hierarchy, for
neutrinos vs
antineutrinos




Time-dependent shock-wave-induced effects

Snapshots at ~ 1 second intervals (1 s integration), 34-kt argon

for cooling phase w/ shock, NMO _
Adams et al., arXiv:1307.7335
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For NMO (not for IMO), “non-thermal” features clearly
visible, and change as shock moves through the SN

10 kpc spectra from A. Friedland/JJ Cherry/H. Duan
smeared w/ SNOwWGLOBES response w/collective effects
Black line: best fit to pinched thermal spectrum



Time-dependent shock-wave-induced effects

Snapshots at ~ 1 second intervals (1 s integration), 34-kt argon

80

Number of events

60

40

20

10 kpc spectra from A. Friedland/JJ Cherry/H. Duan
smeared w/ SNOwWGLOBES response w/collective effects

Black

for cooling phase w/ shock, NMO
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For NMO (not for IMO), “non-thermal” features clearly

line: best fit to pinched thermal spectrum

Warning: collective effect signatures
are still a bit of a Wild West;
more theory work in progress




Neutrino Mixing in the Earth

« Well-understood, and supernova-model-independent!
« Alas, a small effect...
* Requires Earth shadowing




Matter-induced oscillations in the Earth

NMO: F. =Q1-Px)F, +PF,  and Fj =F,
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A long shot: Type la Supernovae

Thermonuclear mechanism (specific mechanism unknown)
MSW oscillations only (v density too low for collective)
Very low flux, but observable within ~1 kpc for next-generation expts
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Need to be lucky!



Summary Table for MO Signatures

Normal Inverted Robustness | Observability
Neutronization | Very Suppressed | Quite Good, need v,
burst suppressed (HK, DUNE,...)
Early time Low then Flatter Somewhat Good, need stats
profile high (lceCube...)
Collective Multiple time- and energy- | Yee-haw Good, want
effects dependent signatures multiple (all...)
Earth Matter Wiggles in | Wiggles in v, | Excellent Hard, need energy
anti-v, resolution, stats
(JUNO,...)
Type | Higher flux Lower flux Quite Hard, need stats
+luck (HK,

DUNE,...)




For supernova neutrinos, the more
the merrier!




New Neutrino States or Interactions?

Sterile neutrinos, non-standard v interactions, other exotica

An even wilder West...
can have complicated
effects on flavor time-evolution

But some robust bounds

from the “energy leakage”
argument

ms [keV]

Limits on ~keV sterile neutrinos

C. A. Arglelles, et al. arXiv:1605.00654 [hep-ph]
| Tremaine-Cunn Bound See A. Smirnov talk at this workshop

101

1074 10733 10732 1078 10710 10-° 10~8 10~7 10
sin?(26)



S-ummary .

A nearby supernova will bring information
much information about neutrinos as well as
core-collapse physics (in a virtuous circle)

<> Absolute mass: not competitive with near-
future laboratory measurements, but should
not be forgotten

<> Mass ordering: several approaches, some
still under theoretical study, but some robust

< Information on BSM physics also possible...
maybe surprises...

Need energy, flavor, time structure... RS Y | S
all detectors bring something to the table 4



Extras/backups



.5104§ Infall N?utronlzatlon El\cc:retlon :COOIIng -
81 0° ;_ J—— e "'--__L
Example 9 5
- 0%
signals g F
. E 10?
in future -
1
detectors

Neutronization
burst in argon

10

| Illlllll

10-1 " 1 | = 1
102
10 : :
2 : : — Cooling-L$220-s27.0¢
- © Scintillator, 20 kt : ---- Cooling-LS220-s11.2¢
1 : : . Cooling-LS220-s11.2¢
= : /MSW, NH L
. : ; w (note logarithmic
10- A P PR | 2 i PR S |

10°? 10" 1 Time (seconds) time bins)



