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Disclaimer on parts I-ll:

Given the scope of the meeting and the diverse audience, | will provide a

basic review of the key physics to trigger general interest

| will not provide reviews of alternatives or controversies, nor give an

exhaustive bibliography.

| apologise In advance to experts!



|. Generalities on (core collapse) SNae



Stellar collapse & SN explosion

@ The core of a massive star cannot sustain equilibrium by
thermonuclear fusion beyond A~56 (Ni-Fe)
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Stellar collapse & SN explosion

@ The core of a massive star cannot sustain equilibrium by
thermonuclear fusion beyond A~56 (Ni-Fe)

@ The degenerate iron core starts to collapse, halting when nuclear
densities are reached (~incompressible).

@A shock wave (SW) propagates outwards.

@The SW energy is mostly dissipated by dissociating the outer
layer of iron, and no explosion happens (prompt explosion fails)
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What’s next?

Neutrinos to the rescue!

The core (now a “T~O(10) MeV” p-n star)
dissipates its binding energy into v’s

v heating increases pressure behind shock front,

rescuing stalled shock. Eventually, ejects star’s outer
mantle — explosion.
While it lasts, L, outshines whole universe!

d c f Delayed v-heating (Bethe & Wilson °85) /



Three phases of neutrino emission

Figures adapted from Fischer et al., 0908.1871, 10.8 M progenitor mass
(spherical symmetry with Boltzmnann v transport)

Neutronization Burst Accretion Cooling

* Shock breakout * Shock stalls ~ 150 km * Cooling on v diffusion

* De-leptonization (e+p—n+ ve) * ¥ powered by infalling time scale
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Emission timescale

Neutrinos are trapped in the core, emitted “diffusively”, i.e.

Cd* ~ A (ct) |
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Nuclear densities and weak interactions determine the scale!



Energy scale set by gravity

Gravitational binding energy 3 GM?
(Collapse to a NS, U | ~ TR 0.15M@02 ~ few x 10°° erg
M~1.5 Mo, R~ 15 km)
. 4 1 N
Virial theorem
(self-gravitating system) <Ek1n> _ — — <(I)grav>
\ 2 /

For a nucleon at the proto-neutron star

4 )
3 GNM

(Pgray) NN 900 MeV

. 2 R /

hence [EV S 100 Mev j (Note: E-losses while diffusing)
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Rate

Only ~2 collapses/century:in the Milky

Way (but timescale comparable with large
XXlth century accelerator: projects...)
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SN 1987A: Validation of the basic picture of massive star death

Ingredients for “flux-energy-timescale’:
powered by gravitational collapse,
signal from diffusion via weak reactions in medium with nuclear densities
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No hint for extra E-loss channels; future high-statistics signal (SK, HK, IC...): Room for surprises! ¢



ll. Constraints to new physics: Why/how?

(Each can be turned into a signature...)



Cannot cool too fast : signal duration

f Cooling time ~ U/L \

If extra cooling source beyond known v’s,
\ L increases, the signal shortens /

Ideal coolant (best constraints): particles copiously produced in the core, but freely escaping
(do not pay the diffusive price to stream out)
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If extra cooling source beyond known v’s,

Cooling time ~ U/L \

L increases, the signal shortens /

Ideal coolant (best constraints): particles copiously produced in the core, but freely escaping

(do not pay the diffusive price to stream out)

-

x = (fudge factor) L, \

Rough constraint on exotics imposed by SN1987A & validated by simulations

Translates into luminosity/unit mass= emissivity = |0/?ergs g-'s-'(Raffelt criterion)

\ Lx depends on (high) powers of coupling, hence little dependence on fudge factor. /




Explosion cannot be too energetic

a : A

Core radius< A« (mean-free-path) <Stellar Radius

can raise the deposited energy, leading to too
energetic explosions, compared to the weakest

k ones observed. j




Explosion cannot be too energetic

é f A

Core radius< A« (mean-free-path) <Stellar Radius

can raise the deposited energy, leading to too
energetic explosions, compared to the weakest

K ones observed. j

/Current studies suggest the bound into energy released in e.m. form at the level of \

E<Eys ~1050-105! erg

\(Typically applied to decaying particles, or to scattering mfp with electrons/ baryons)/




v & ¥ emission can’t exceed measurements

The emission ‘outside the star’, in photons
(soft gammas) or neutrinos should be
consistent with upper limits / detected spectra

Can be applied to SN1987A, to SNe in the Milky
Way, or to SN all over universe




v & ¥ emission can’t exceed measurements

The emission ‘outside the star’, in photons
(soft gammas) or neutrinos should be
consistent with upper limits / detected spectra

Can be applied to SN1987A, to SNe in the Milky
Way, or to SN all over universe

/ NASA Solar Maximum Mission \
no photons above background @ 25 < E (MeV)<100

for 232.2 s after the first SN1987A » arrival.

E2 dN/dE [MeV cm? s'sr]
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/ X-ray / soft-gamma (XMM-Newton, Integral...):
emitted positrons, eventually annihilating, contribute
to a diffusion-established steady-state Galactic signal
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Which particle physics models/parameters?

Mostly those involving light (sub-GeV, kinematically accessible) and weakly coupled
(to escape the core, interact Iittle/decay sufficiently far) states
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Mostly those involving light (sub-GeV, kinematically accessible) and weakly coupled
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Often of the “portal” type (renormalisable operators extending the SM)

/ GFI/WF{;V C Ly Vector coupled to hypercharge \

€5” ‘H‘Q C Lg Neutral singlet scalar

E(L H)N C L Neutral singlet fermion
(Typically with flavour structure)

Qdim 5 NR] fiAFMVF'uV - La Neutral (pseudo)scalar /
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Or violation of symmetries, like L-violation; typically not as competitive;
see Kolb, Tubbs and Dicus, ApJL 255 (1982), L5/ or Lychkovskiy, Blinnikov, and Vysotsky 1 010.0883
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l11. Sterile ¥’s in SNae

/ Working in mixing the 2-flavour limit, \

Vo, = CcOSO,.vp +sinl,.vy
Ve, = —sinf,.vp + cosbl,.vg

1
Ups|” ~ 1 sin? 20,5 ~ 02

for small mixing

\ when one can loosely identify v4 ~ vy




The Supernova model

Focus on the cooling phase of a I8 My SN

progenitor (1D spherical symmetry; GR hydro
model, based on the AGILE BOLTZTRAN code)

FD distributions assumed for the active leptons
(note degenerate e, mildly degenerate n,p!)

Mean field treatment for nucleon distributions

Inclusion of u’s (non-vanishing bckg density)
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Sterile neutrino production

e ‘Perturbative’ approach: reference SN solution used as background for the
collisional (not oscillation, negligible!) production of sterile neutrinos.

Ofs
— Ccoll(f)
Ot
C ! d>pod>psd®py A SIM|? o 27)4
coll = 57 P3d°PaN(fs, f2, f3, f4)S|M|15_340" (ps + P2 — p3 — pa)(27)
A(f1, fo, fs, fa) = (1 — f1)(1 — fo)fsfa — f1fa(1 — f3)(1 — fa)

Process U2 M)
Vg + Eu < Eu + V4 646%([’] - p?)(pl ' [)4)
Va + Va © Vg + 14 32GE(p1 - p2)(P3 - ps)
Vg + U < Vg + 4 166%(1’1 - p3)(pa - ps)
Vgt g o Vgt 16G%(p1 - P3)(p2 - ps)
Vg + Vg <> Vg + Vg o 166%‘(1’1 - p2)(P3 - ps)
et +e” o U, +uy 64G§-:§Z_(_1)1 - ps)(p2- P3) +yk Py p3)(p2-pa) - Qz_ynirr§(1)3 * Pa)
Vgt e e +uy 646%-:!72;_(_[)1 - p2)(P3- pa) + yg (Py-p3)(p2- P4) - QLQR’"E(P[ * Pa)]
Vo +em et +uy 64GE(gr(py - p3)(p2- P-s)"*’ gr(p1 - P2)(Ps -’p-s) = Jr.grmz(py - Pa)]
va+N < N+uy IM|is + (Mia + M3y
- +NoN (Mis + [MIis + My
U +v, e +uy 64G%(p) - p2)(P3 - Ps)

 sterile v assumed to free stream and thus f; = 0 in A

* No feedback, but space & time-dependent calculation



Sterile neutrino decays

* For E-release and out-of-SN signals, crucial to
take into account decays

* Significantly different lifetimes and b.r’s above
vs. below the u,m masses; flavour also matters
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Constraints from cooling & explosion energy

10 | 12 "~ 10®  Solid : v, -mixed

Dashed : v; -mixed

Dot-dashed : NC scattering with p,n neglected
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Synoptic view of
bounds/forecasts -

e Nice complementarity astro
vs. cosmo vs. colliders! 10-10F =~

' COSMO OUT OF EQUILIBRIUM
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Synoptic view of
bounds/forecasts

e Nice complementarity astro

VS

.cosmo vs. colliders!

 Still room for discoveries with
spectacular signatures!
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Expectations in SK (just vet+p—n+e™)

Channel Number of events
NH [H

SN 7, 5280 5640

vy — 10, 141 470

V4 — UrlglVq 115 182

Some dependence on mass hierarchy,
but does not change the conclusion

: L. Mastrototaro et al. 20 §NO
0 ANDE : _'v,tjt
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102 g_
most distinctive signature: B i
Spectral bump(s) at E,.>50 MeV
104
Improved perspectives at next generation
detectors and combining more channels. T
10 50 100 150 200 250 300

E

pos



Conclusions

( * Recap of delayed v-heating explosion mechanism (“Standard Model” of CC SNae)\

* Principles and observables with sensitivity to BSM physics (and ‘type’)
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\ (as motivated in low-scale models of » masses) J
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For cooling bounds, important to account for NCwith nucleons (can be dominant channel!)

If mixing with v, , must account for production interactions involving u’s

Most interesting open region for future Lab searches (DUNE, SHIFE MATHUSLA...)
10-%< |U_,|2<10-¢ m4= 500 MeV
(Similar range could also lead to energetic bump In a future CC SN signal)

If mixing with v;, DUNE could definitely probe masses down to ~10 MeV at large mixings
(overlap between SN and laboratory experiments is minimal or absent)
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