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The Neutrino/Gamma Ray/Cosmic Ray Connection

= The origin of the cosmic rays has long been one of the biggest mysteries
In astrophysics

= This puzzle is one of the key motivations for large-volume high-energy
neutrino telescopes (lceCube, KM3NeT, etc.)

= Cosmic ray protons scatter with gas and radiation to produce both neutral
and charged pions, and those pions decay to produce photons and

neutrinos:
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= The sources of the cosmic rays are thus inevitably also sources of both
gamma rays and high-energy neutrinos



The Neutrino/Gamma Ray/Cosmic Ray Connection

= Unlike cosmic rays, gamma rays and neutrinos are not deflected by magnetic
fields and therefore point in the directions of their sources

= Unlike gamma rays, high-energy neutrinos are produced only through hadronic
interactions, and are not significantly attenuated

= For these reasons, high-energy neutrinos are key to revealing the origin of the
cosmic ray spectrum
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The Neutrino/Gamma Ray/Cosmic Ray Connection

= Unlike cosmic rays, gamma rays and neutrinos are not deflected by magnetic
fields and therefore point in the directions of their sources

= Unlike gamma rays, high-energy neutrinos are produced only through hadronic
interactions, and are not significantly attenuated

= For these reasons, high-energy neutrinos are key to revealing the origin of the
cosmic ray spectrum

= A mantra in this field has long been:
“If you see high-energy neutrinos
from a source, that source must be
a site of cosmic ray acceleration.”

= |s this strictly true?
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Neutrinos From NGC 1068

= [n 2022, the lceCube Collaboration reported their detection of TeV-scale
neutrinos from the nearby (14.4 Mpc) active galactic nucleus, NGC 1068

(with a post-trials significance of 4.20)

= This neutrino emission is more than an order of magnitude higher than the
upper limit on the gamma-ray emission placed by MAGIC, requiring it to be
an optically thick “hidden source” of high-energy neutrinos
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Neutrinos From NGC 1068

= The neutrinos and electromagnetic emission observed from NGC 1068 are
consistent with arising from cosmic ray interactions in the corona

= For the TeV-scale gamma-rays to be sufficiently absorbed, the protons that are
responsible for these neutrinos must be accelerated within the dense and
optically thick corona that surrounds NGC 1068’s supermassive black hole

= This requires rather large magnetic fields (B > 6 kG), and otherwise quite

plausible physical conditions
= To normalize the observed neutrino | _ 10
flux requires there to be similar NG NGC 1068
luminosities in high-energy protons 'g e 12”—:127'11 3
and X-rays (L,~Ly) > B=6kG "
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Neutrinos From NGC 1068

= The neutrinos and electromagnetic emission observed from NGC 1068 are
consistent with arising from cosmic ray interactions in the corona

= For the TeV-scale gamma-rays to be sufficiently absorbed, the protons that are
responsible for these neutrinos must be accelerated within the dense and
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Pair Production in Astrophysical Environments

= |[n many astrophysical environments, photons can scatter with radiation fields,
exceeding the threshold for electron-positron pair production, Eqcy > 2m,



Pair Production in Astrophysical Environments

= |[n many astrophysical environments, photons can scatter with radiation fields,
exceeding the threshold for electron-positron pair production, Eqcy > 2m,

= |n rather extreme environments, such collisions could also exceed the threshold
for muon pair production, Ecy > 2m,
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= There is a high density of X-rays in 10°
NGC 1068’s corona; very-high-energy
photons should produce muons in this 10714
environment

= The decay of these muons could produce
high-energy neutrinos without cosmic-ray
acceleration
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Neutrinos From Muon Pair Production in NGC 10687

= As a proof of principle, we came up with a model for NGC 1068 that does not
involve cosmic-ray acceleration

= In this model, very-high-energy gamma rays are produced through the process of
synchrotron, requiring the acceleration of very-high-energy electrons (>10° GeV)
and very strong magnetic fields (>kG)

= Those photons go on to scatter with the X-rays in the corona, generating muons that
decay to produce the observed high-energy neutrinos
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Neutrinos From Muon Pair Production in NGC 10687

= As a proof of principle, we came up with a model for NGC 1068 that does not
involve cosmic-ray acceleration

= In this model, very-high-energy gamma rays are produced through the process of
synchrotron, requiring the acceleration of very-high-energy electrons (>10° GeV)
and very strong magnetic fields (>kG)

= Those photons go on to scatter with the X-rays in the corona, generating muons that
decay to produce the observed high-energy neutrinos

o] lceCuhe Tx =1keV lceCubge

B =2,5kG
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= This is probably not how the neutrinos from NGC 1068 are being produced, but this
model does serve to illustrate that leptonic mechanisms could lead to efficient
neutrino production, at least under some conditions
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Propagation of VHE/UHE Gamma Rays

= For gamma rays above ~1 TeV, the mean free
path due to electron-positron pair production _
is shorter than a few hundred Mpc, making 10}
the universe opaque to VHE gamma rays ]

= The resulting electrons and positrons rapidly
undergo inverse Compton scattering,
producing new gamma rays
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= For gamma rays above ~1 TeV, the mean free
path due to electron-positron pair production _
is shorter than a few hundred Mpc, making 10}
the universe opaque to VHE gamma rays |

= The resulting electrons and positrons rapidly
undergo inverse Compton scattering,
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= VHE photons that are injected into the
universe contribute to an electromagnetic
cascade, leading to an isotropic background h
of GeV-TeV photons with a characteristic
spectral shape \

= The intensity of this background provides a
calorimetric measurement of the total EM
energy that has been deposited into the
universe at > TeV
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Gamma Ray Constraints on Very Heavy
Decaying Particles

= Fermi's measurement of the isotropic gamma-ray background has been used to
place constraints on decaying dark matter

= For my > PeV, these results rule out dark matter particles with lifetimes shorter than
~1028 g

= The calorimetric nature of the gamma-ray background means that these constraints
extend to arbitrarily high values of the dark matter mass, so long as e*e™ pair
production remains the dominant process through which the photons lose energy
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What About Processes Other Than e*e™ Production?

= Processes including double pair production, muon pair production, and pion
pair production become efficient at ultra-high-energies

= Electron-positron pair production and double pair production yield the shortest
mean free paths at all energies
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What About Processes Other Than e*e™ Production?

= Despite their longer mean free paths, the processes of muon and pion pair
production can have significant impact on UHE photon propagation

= A sufficiently high-energy photon will scatter many times before falling below the
thresholds for muon/pion pair production

= A large fraction of the total energy injected into the universe in the form of UHE
photons can be transferred into neutrinos through these processes, especially at
high redshifts
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The Impact of Muon and Pion Pair Production on

Superheavy Decaying Particle Constraints

= By siphoning away a significant fraction of the energy in UHE photons into
neutrinos, the gamma-ray constraints on decaying particles are weakened, and

the prospects for detecting UHE neutrinos are enhanced
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Neutrinos from the Propagation of UHE Photons

= The spectrum of the neutrinos that is produced through muon and pion pair
production is approximately flat (in E2dN/dE units) between ~10'° GeV and the
initial energy of the UHE photon, and falls at lower energy

= Here is the neutrino spectrum that would result from a particle that decays to
UHE photons with a lifetime of 74 = 5x10%° s
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Ultra-High-Energy Neutrino Telescopes

= Currently, our greatest sensitivity to >1019 GeV neutrinos is from the IceCube
Neutrino Observatory, as well as ANITA

= |n the future, lceCube-Gen2 will improve on this sensitivity by approximately
~2 orders of magnitude
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The lceCube Neutrino Observatory

= [ceCube consists of ~5000 optical modules connected to vertical strings
distributed throughout ~1 km?3 of Antarctic ice
= IceCube detects muon tracks from charged current v, events, showers from

both charged and neutral

current neutrino events, & ICECUBE
and event topologies that e "
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lceCube-Gen2

« lceCube-Gen2 will increase the 3 |CEDUBE | 28508 Tarmen

effective volume of IceCube by an
order of magnitude

= Along with its much larger number 3 ™
of optical detectors, Gen2 will : T R |
include a large volume array of a5
radio detectors, dramatically
enhancing this telescope’s

sensitivity to ultra-high-energy B e
neutrinos 3 S
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Superheavy Dark Matter Decays

= For each decay channel, we begin by calculating the initial spectrum of
neutrinos, electrons, and photons

= We account for electroweak corrections using the publicly available code,
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Superheavy Dark Matter Decays

= We then calculate the contribution from these decays to the UHE neutrino flux,
including contributions from Galactic decays,

dN, 1
dq(E,)) = s (E)) /dQ/l Py (s,) ds

4Ty Ty

dN, 1 ™ sin @ smax(0)
— E,
) o [T [T () as

and cosmological decays,

px(z) dz AN = 5
e (Ev) T 4n / H(2)(1 4 2)31,ym,, (dE,’, (E.)
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Gamma-Ray Constraints

= We then go on to calculate the contribution from these decays to the isotropic
gamma-ray background, as well as the flux of UHE gamma-rays that results
from decays in the halo of the Milky Way

= The Auger Surface Detector Array has placed stringent constraints on UHE
photons in the cosmic ray spectrum; these results strongly restrict the

present-day decay rate of superheavy particles in the Milky Way
(Das, Murase, and Fuijii, arXiv: 2302.02993)

= These latter measurements provide the most stringent gamma-ray
constraints on superheavy particles decaying with lifetimes longer than the
age of the universe



Superheavy Dark Matter Decays
= For each decay channel, we compare the projected sensitivity of IceCube-
GenZ2 to existing gamma-ray constraints

= For particles with lifetimes longer than the age of the universe, we find that

lceCube-Gen2 will be competitive with gamma-ray constraints only if the dark
matter particles are extremely massive, my > 1013 GeV
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Superheavy Dark Matter Decays

= These results would have been very different if we had neglected the
processes of muon and pion pair production, especially for dark matter
particles with the highest masses
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~ DanHooper= Supereayy DM and Neulinos fom Muon Pair Producton
Superheavy Long-Lived Particles

= We could instead consider superheavy particles which decay with a lifetime
that is less than the age of the universe (7x < tyge); such particles can only

make up a small fraction of the dark matter, fpy K 1

= |n this case, the present-day decay rate in the halo can be significantly
reduced, relaxing the constraints from UHE photons in the cosmic ray
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~ DanHooper= Supereayy DM and Neulinos fom Muon Pair Producton
Superheavy Long-Lived Particles

= |n this case, lceCube places the strongest constraints on decaying particles
with masses larger than my > 10°71° GeV

= |ceCube-Gen2 will further improve on these constraints by ~2 orders of
magnitude
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~ DanHooper= Supereayy DM and Neulinos fom Muon Pair Producton
Superheavy Long-Lived Particles

= Again, these results would have been very different if we had neglected the
processes of muon and pion pair production
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~ DanHoopor= Supemeayy DM and Neurinos rom Muon Pair roduction
Signhal and Background

= |t is straightforward to translate upper limits on the UHE neutrino flux into
constraints on decaying particles

= [f an UHE neutrino flux is instead detected one day, how might we determine
whether those neutrinos come from superheavy particle decays, or instead are
from produced by some astrophysical sources or processes?



~ DanHoopor= Supemeayy DM and Neurinos rom Muon Pair roduction
Signhal and Background

= |t is straightforward to translate upper limits on the UHE neutrino flux into
constraints on decaying dark matter

= [f an UHE neutrino flux is instead detected one day, how might we determine
whether those neutrinos come from superheavy particle decays, or instead are
from produced by some astrophysical sources or processes?
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Signhal and Background

= |t is straightforward to translate upper limits on the UHE neutrino flux into
constraints on decaying dark matter

= [f an UHE neutrino flux is instead detected one day, how might we determine
whether those neutrinos come from superheavy particle decays, or instead are
from produced by some astrophysical sources or processes?
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Particles With Shorter Lifetimes

= [n our paper, we restricted our attention to particles with relatively long
lifetimes, Ty > 101s ~ 0.3 Gyr

= For this range of lifetimes, most of the decays occur at z < 15, for which the
universe is transparent to UHE neutrinos

= At higher redshifts (and earlier times), the higher energies and number
densities of the neutrinos that make up the cosmic neutrino background can
lead to significant UHE neutrino scattering through the Standard Model Z
resonance:
mz
v 2(3.15T,)

~8x1013 GeV x (1—3‘;)

= We plan to explore the phenomenology of these interactions in future work



Probes of New Interactions?

= If there exist other gauge bosons that couple to neutrinos, these particles could

also impact the propagation of HE and UHE neutrinos

= As an example, consider a light Z’ that couples to muons (and muon neutrinos),
with a gauge coupling that could explain the FNAL/BNL measurements of g -2

= Over cosmological distances, such a Z' would cause high-energy neutrinos to
scatter with the cosmic neutrino background, leading to resonant absorption

features at:
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= This could even provide an
explanation for the dip-like feature
that is hinted at around ~200-1000 TeV

FE, ~

)

1078

2s7sr )
—
o
1,

—
<
[o2]

dN/dE, [GeV cm™2s'sr

2
v
—
|
©

—

<
N
o

m, =
SFR 6=26

gz = 5x107* my = 6 MeV

10*

10°

E, [GeV]

10°

107

108

DH, Iguaz, Serpico, arXiv:2302.03571

DiFranzo, DH, arXiv:1507.03015

DH, arXiv:0701194



~ panHooper—Superheaw DMand Neutinos from Muon Pair Produciion
Summary

= Photons produced in the decays of particles heavier than my;~101° GeV can
exceed the thresholds for muon and pion pair production, leading to the
production of UHE neutrinos

= Over the course of the development of the electromagnetic cascade, these

processes can transfer an order one fraction of the total energy of the decay
products into neutrinos

= These processes relax the constraints from gamma-ray observations,
strengthen the limits from IceCube, and bolster the projected sensitivity of
lceCube-Gen2

= For 7x > t,ge, the projected sensitivity of IceCube-Gen2 can exceed the
gamma-ray constraints from Auger, although only in the case of very large
masses, my > 1013 GeV

» For 1y < tage and my > 10°71% GeV, IceCube places the strongest constraints
on superheavy particle decays

= [ceCube-Gen2 will improve upon these constraints by ~2 orders of magnitude
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