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The GZK process, and The
Askaryan Effect



The GZK process

The Greisen, Zatsepin, Kuzmin process converts the highest energy
cosmic rays into leptons.

p+ + γCMB → ∆+ → p
′+ + π0 → p

′+ + γγ (1)

p+ + γCMB → ∆+ → n
′0 + π+ (2)

n
′0 + π+ → p

′′+ + e− + ν̄e + e+ + νµ + ν̄µ + νe (3)
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Telescope Array UHE CR spectrum from ICRC 2015

”Energy Spectrum and Mass Composition of Ultra-High Energy
Cosmic Rays Measured with the Telescope Array Fluorescence
Detector Using a Monocular Analysis” (ICRC 2015).
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The GZK Process - J. C. Hanson for the ARIANNA Collaboration

”A First Search for Cosmogenic Neutrinos with the ARIANNA
Hexagonal Radio Array” (arXiv:1410.7352). The ARIANNA curves are
projected sensitivities for 3 years of full detector operations.
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The GZK Process - J. C. Hanson for the ARIANNA Collaboration

”A First Search for Cosmogenic Neutrinos with the ARIANNA
Hexagonal Radio Array” (arXiv:1410.7352) The ARIANNA curves are
projected sensitivities for 3 years of full detector operations.
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The Askaryan Effect - J. C. Hanson and A. Connolly

”Complex Analysis of Askaryan Radiation: A Fully Analytic
Treatment including the LPM effect and Cascade Form Factor”
(arXiv:1605.04975)

The Askaryan Effect describes the electromagnetic radiation
from the neutrino-induced cascades within a dielectric
material. Ice has convenient electromagnetic properties.

The size and shape of the shower govern the radiated
frequencies of the collective negative charge excess.
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”Complex Analysis of Askaryan Radiation” (arXiv:1605.04975) - J.
C. Hanson and A. Connolly
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”Complex Analysis of Askaryan Radiation” (arXiv:1605.04975) - J.
C. Hanson and A. Connolly
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”Complex Analysis of Askaryan Radiation” (arXiv:1605.04975) - J.
C. Hanson and A. Connolly

(Originally from ”Electron and Photon Interactions in the Regime of
Strong LPM Suppression” - L. Gerhardt and S. Klein (arXiv:1007.0039)
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”Complex Analysis of Askaryan Radiation” (arXiv:1605.04975) - J.
C. Hanson and A. Connolly
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”Complex Analysis of Askaryan Radiation” (arXiv:1605.04975) - J.
C. Hanson and A. Connolly
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The Experiments



The Antarctic Impulsive Transient Antenna (ANITA)

◦ ANITA is designed to detect
cosmogenic neutrinos from
the GZK process

◦ Radio-frequency signatures
left by neutrino-induced
cascades in ice: Askaryan
effect.

◦ Collection of RF
antennas/channels flown on
a high-altitude balloon over
Antarctic ice

12



The flight path of ANITA-I, results

◦ ANITA-I flew for 35 days,
with a MC threshold of
Eν = 3× 1018 eV

◦ ANITA-II flew for 28.5 days,
with a MC threshold of
Eν = 1× 1018 eV

◦ Backgrounds include
thermal noise, noise from
bases and camps

◦ Cosmic rays detected in the
horizontally polarized
channels
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Upper Limits on the GZK flux - ANITA-I and ANITA-II

Class of GZK-ν models with strong source evolution excluded, see
also IceCube results
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The Askaryan Radio Array (ARA)

◦ ARA is like ANITA, but
drilled into the ice sheet
near the South Pole.

◦ ARA has an energy
threshold lower than ANITA
by two-orders of magnitude

◦ Currently has three
stations, with
funding/logistics for +2
stations (final design: 37)

15



The Askaryan Radio Array (ARA)
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The Antarctic Ross Ice Shelf Antenna Neutrino Array (ARIANNA)

◦ ARIANNA is like ARA,
but located in Moore’s
Bay above an ice
sheet, rather than
shelf

◦ The ocean acts as a
mirror, boosting solid
angle, which is
beneath shallower,
warmer ice

◦ Currently has seven
stations, and logistics
to run them for 3 years
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”A First Search for Cosmogenic Neutrinoswith the ARIANNAHexag-
onal Radio Array” (arXiv:1410.7352)
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LIV in neutrino mass eigenstate
propagation



”Implications of ultra-high energy neutrino flux constraints for
LIV cosmogenic neutrinos” (arXiv:1207.6425) - P. W. Gorham, A.
Connolly, et al.

Assume neutrinos have a higher maximum achievable velocity (MAV)
than a photon, opening up potential energy loss mechanisms such
as:

ν → ν′ + e+e− (4)

The effect is a GZK flux suppression above some energy, and a
pile-up of neutrinos at that energy.
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”Implications of ultra-high energy neutrino flux constraints for
LIV cosmogenic neutrinos” (arXiv:1207.6425) - P. W. Gorham, A.
Connolly, et al.
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”Implications of ultra-high energy neutrino flux constraints for
LIV cosmogenic neutrinos” (arXiv:1207.6425) - P. W. Gorham, A.
Connolly, et al.
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”Implications of ultra-high energy neutrino flux constraints for
LIV cosmogenic neutrinos” (arXiv:1207.6425) - P. W. Gorham, A.
Connolly, et al.
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”Implications of ultra-high energy neutrino flux constraints for
LIV cosmogenic neutrinos” (arXiv:1207.6425) - P. W. Gorham, A.
Connolly, et al.

Black: ARA02/ARA03 Limit. Red: ANITA-II Limit.

◦ Experiments like ARA and
ARIANNA can measure the
neutrino deep-inelastic
scattering cross-section

◦ This measurement can be
done independently of the
GZK flux model

◦ Depends on the
zenith-angle event
distribution
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A New Idea? - Use GeV-γ + GZK-ν to constrain LIV

For this particular ”flavor-blind” LIV scenario, we have

ν → ν′ + e+e− (5)

The appearance of the LIV-violating leptons implies there are
additional electromagnetic cascades, besides those from the neutral
pion decays:

p+ + γCMB → ∆+ → p
′+ + π0 → p

′+ + γγ (6)

p+ + γCMB → ∆+ → n
′0 + π+ (7)

n
′0 + π+ → p

′′+ + e− + ν̄e + e+ + νµ + ν̄µ + νe (8)

The overall effect is to raise the number of electromagnetic
cascades by a factor of a few, if the all energy of the neutrinos is
dumped into additional Bremsstrahlung pairs.
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”GZK neutrinos after the Fermi-LAT diffuse photon fluxmeasure-
ment” (arXiv:1005.2620) - M. Ahlers et al.
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LIV in neutrino cross-section
measurements



Calculation of high energy neutrino-nucleon cross sections and
uncertainties ... (arXiv:1102.0691) - A. Connolly, R. Thorne, D. Wa-
ters

◦ Experiments like ARA and ARIANNA can measure the neutrino
deep-inelastic scattering cross-section

◦ This measurement can be done independently of the GZK flux
model

◦ Depends on the zenith-angle event distribution
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Calculation of high energy neutrino-nucleon cross sections and
uncertainties ... (arXiv:1102.0691) - A. Connolly, R. Thorne, D. Wa-
ters
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Calculation of high energy neutrino-nucleon cross sections and
uncertainties ... (arXiv:1102.0691) - A. Connolly, R. Thorne, D. Wa-
ters
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Calculation of high energy neutrino-nucleon cross sections and
uncertainties ... (arXiv:1102.0691) - A. Connolly, R. Thorne, D. Wa-
ters

3 years
(or 100 events) in an ARA-37 like experiment would rule out extra

dimensions with the following C.L.’s
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Calculation of high energy neutrino-nucleon cross sections and
uncertainties ... (arXiv:1102.0691) - A. Connolly, R. Thorne, D. Wa-
ters

3 years
(or 100 events) in an ARA-37 like experiment would rule out extra

dimensions with the following C.L.’s
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Conclusion



Conclusion

I. The GZK neutrino flux should be observable at Earth, but the
shape and spectral cutoff could teach us about LIV

II. The Askaryan-based experiments are mature, and taking data

III. Future Work could include any of the following:

A. Use a global-fit approach to constrain LIV parameter
space with Fermi-LAT diffuse gamma rays, the cosmic ray
spectrum, and the non-observation of GZK neutrinos
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Calculation of high energy neutrino-nucleon cross sections and
uncertainties ... (arXiv:1102.0691)
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Calculation of high energy neutrino-nucleon cross sections and
uncertainties ... (arXiv:1102.0691)
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