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Why neutrinos?

* Interact only through the weak force in Standard Model
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BSM Physics with neutrinos

* Add new interactions, coupling neutrinos to each other or dark matter.

* Interaction types:

Vg Vi

v/ V/ie

Vg V) VB

VYV interactions vy interactions

* Well motivated (Berryman et al. 2022, Snowmass 2021 white paper)

Alleviates the Hubble tension

A new vector mediator can explain the muon anomalous magnetic moment
Secret interactions can also halt supernova explosions by preventing shock revival
Allows production of keV sterile neutrino dark matter

Allows production of sub-MeV dark matter



Neutrino echoes

» Astrophysical neutrinos propagate through the cosmic v background and/or dark matter.

* Neutrino scattering = longer trajectory = time delay t with respect to photons/primary v

WA

Earth o ® = e ®  Transient Source
°

Murase & Shoemaker 2019
* Need t larger than the duration of the neutrino emission.
* Monte Carlo simulation used to calculate the distribution P(t).

* Propagation uses optical depth D
T, = j dx n,(x)o,(g,)
0

What increases delay?

Greater D

Larger 6

Lower v energy (reduced “beaming” effect)
Multiple scatterings.

* Ifn,o0, isconstant,t, = D/4,, Optically thin 7, < 1 Optically thick 7, > 1

A, = mean free path = 1/n,0, ./'\

One scattering

J. Carpio - PPC2022

Multiple scatterings




Test model: v v scattering & scalar mediator

1 —¢ . :
e Lint2=-g vLCqub + c.c. (Majorana neutrinos, 1v)

* Angular distribution
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* Benchmark model

Bustamante et al. 2020

* m,=0.1eV, My=10 MeV (resonance at 500 TeV)
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Examples of delay distribution P(t)

170 TeV neutrinosand g = 0.1 — 4, = 1 Gpc.

Great agreement with analytical formula (solid curves).
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Examples of delay distribution P(t)

170 TeV neutrinosand g = 0.1 — 4, = 1 Gpc.

Great agreement with analytical formula (solid curves).

* Inelasticity parametery = ¢, /¢, .
* 300 TeV neutrinosand g = 0.5 — 1, = 10%*cm.
e D =100Mpc,t, =310
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Single source at redshift z=1 and &;, 2 injection spectr

e Cutoffs in delay due to threshold

No redshift case included for

comparison

effects (E,, > 1 TeV)

What increases delay?

Greater D

Larger 6

Lower v energy (reduced “beaming” effect)
Multiple scatterings.
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Neutrino-dark matter interactions

e Consider neutrino — fermionic dark matter (DM) interactions (¢ —channel, no resonance) with a vector mediator

GVY* vVt g, xvH XV,
* Constraints from neutrino self-interactions AND from DM self interactions
Vv X
XX <01 cm?/g ) V/d
m, '
Merging cluster constraints Vg 5 X
0 X gy9y

time
» Take advantage of high neutrino statistics from Hyper-K for a nearby (D = 10 kpc) supernova.

* For supernova models, this gives ~ 40000 events

Observed spectrum (v per energy)

~

100 MeV
dN,
Nevents — nT/ JIBD(EU)dEz/
1

/ 0 MeV dFE v

Number of targets

Energy threshold
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Delayed supernova neutrinos

* For D = 10 kpc and local dark matter density of 0.3 GeV/cm3, we have 7, < 1

* Afraction 7, of the 44000 neutrinos is delayed

* Vector mediator has strong forward scattering

m,y = 10 keV, my = 10 MeV

10 -
1 = Fermion DM, Vector Mediator This is for all scattered
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gv, 9, determine T,
Angular distribution determines P(t)
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m, [MeV]

Constraints on coupling

Couplings only affect cross section 2 sensitiveto g = /g, 9,
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Concluding remarks

YV interactions with a scalar mediator

* For elastic scattering, we find significant deviations between the analytical expression and the
Monte Carlo result.

* For a single €2 source at z = 1, high energy neutrinos in the 1 TeV- 10 PeV range can be delayed
by 1s to 1000s.

Delayed neutrino emission in supernovae from vy interactions

* Hyper-Kamiokande, DUNE and JUNO provide great opportunities to study secret interactions by
observing supernova neutrinos

* Hyper-K provides strong bounds on neutrino-DM coupling which are not excluded by other
constraints.

The Monte Carlo code used here can be used for a variety of interaction models and may
accommodate pion and muon decays. Code will be publicly available soon.



