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Radio Cherenkov from Moon

Askaryan effect (JETP 14, 1962), in which
interactions in material produce a 20% electron

excess, lateral size around 10 cm, peak frequency
of 3 GHz.

Moon as detector suggested by Dagkesamanskii

and Zheleznykh (JETP Lett 50, 1989) to use the
lunar regolith.

Sensitive to electric field attenuation, refraction,
etc.

Large target volume, but the Moon is far away!



Neutrino Interactions
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Radio Cherenkov Signals
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Searches

Parkes telescope, Hankins et al (1996)

Goldstone Lunar UHE Neutrino experiment,
Gorham et al. (2001; 2004)

Beresnyak et al. (2005) Kalyazin telescope

Buitink et al. (2008), nuMoon with Westerbork
Synthesis Radio Telescope

Jaeger et al., RESUN with EVLA

James et al. (2010) Australia Telescope Compact
Array (ATCA)

Bray et al, Parkes and ATCA, arXiv:1301.6490



Analytic calculations for event rates

* Gayley, Mutel and Jaeger, ApJ 706 (2009) 1556.
— See also James et al, PRD 81 (2010) 042003

* Extend evaluation to include cosmic rays (large cross sections)
or anomalous neutrino cross sections.
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Effective aperture

n:—1L, .,

AM (E) — AO < 7 0 AO Kl/lzct:l:))ward (through the
§ Y d = downward
X (\deS + Wy + qJU) (interactions on the

urf f th n
— Ags + Agr + Ay ZAGP(E)  tocinges

r = roughness included
s = smooth contribution

Combines interaction probability, effective area Ao and the
effective solid angle including refraction at lunar surface,

attenuation:

[' = /dEuAM (Eu)(bz/(El/* ‘X)



Effective aperture for neutrinos

n:—1L, .,
A (E) = Ag—o—7 ol X (Was + War + Wy

Downward neutrinos, no attenuation; Upward neutrinos, attenuation — cross
section dependence in the effective solid angle.

AO — 47T(7TR?\4) Lunar regolith density, Index of
. : refraction:
= 3
Radio attenuation length p=1.7 g/cm
L,=9mx p/(v/GHz) n, = 1.73
Width of Cherenkov cone = QAO Integral over width of Cherenkov cone:
Interaction probability in outer layer of Moon: Sin (9ch AO
L
P.rr~—=—Lginb,.f? n? —1
I 2L sin 02 = —~

n;
GMJ, ApJ 706 (2009)



Effective aperture

Vi = folo Portion of the signal observable from thickness of Cherenkov cone
16
Wir = o0 = 0.96v/2 tan~1(0.14"%?) roughness
3r3/2
T 16 A 16 L, T 16 QISO attenuation for
Y 3 2Rupm 3 2RmpmEK T3 2r upward neutrinos

Downward Neutrinos Downward Neutrinos Upward Neutriyv
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Relative importance of each term depends on freq, energy, neutrino cross section.




Effective aperture
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Higher frequencies, sensitive to lower
neutrino energies.

Standard model neutrino cross section.

Angular spread of Ch cone broader
for low frequencies than for higher
frequencies: low freq — more
“smooth” contributions
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Effective aperture-lower electric field

threshold

@«
o
e
v=0.15 GHz
_1n-11
o | Emin=10""" V/m/MHz
—
o
NVJ
gL T
M-F S T ae=mT
y X
38 .
=
Q -
Q.
<

100

- f
LN

10

YT | T WWERTT | 3 32 2 2220l 2 2 2 22220l WY | N
10° 10 10! 102 10"
E, [GeV]

Aperture [km®sr]
100

10

Current sensitivity:

Emin ~ 1078 V /m /MHz =

1000

Reduces the minimum neutrino energy

p—
-

LR | T rrreg T T T e T rrrrg ™ Y

F v=1.5 GHz
" £ =1071" V/m/MHz

- -
o T

< aaemT
-

- -

Ill}" L '\‘lllllll 1 llllllll 1 Illlllll 1 L1l
10° 1010 10! 102

E, [GeV]

o

1ol



Non-standard model neutrino cross
sections
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Radio sighals from Cosmic Rays

Cosmic rays induce hadronic showers

May expect that CR induced showers near the surface may be
suppressed, but ter Veen et al [PRD 82 (2010)] have shown
this is not the case
— apart from electric field attenuation effects, radiation
from near surface events, deeper events have same
electric field far from dielectric (Moon)

WSRT limits CR flux from lunar observations [ter Veen]



Aperture for cosmic rays
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Event rates, 100 hrs, standard model
€min = 107" V/m/MHz
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Conclusion for standard model neutrino interaction, GZK neutrinos of
Kotera et al, JCAP 1010 (2010), cosmic ray induced signals overwhelm
neutrino induced signals.



Beyond cosmogenic fluxes and
standard model neutrino cross
sections

* Enhance cross section, e.g., mini-black hole production in
neutrino interactions with nucleons

S M
S=o0,n/0N

* Enhance flux, e.g., Waxman Bahcall type flux

E?®, = A x 107° GeV/cm?/sr



Events (100 hours)

Mini-black hole cross sections
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Astrophysical neutrinos
€min = 107° V/m/MHz
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Sample limits
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Cosmic ray limits from WSRT
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Conclusions

Formalism of GMJ useful to evaluate both cosmic ray and
neutrino rates.

Cosmic ray rates independent of cosmic ray cross section (as
long as it is a strongly interacting cross section)

Standard model + cosmogenic fluxes, cosmic ray rate
overwhelms neutrino rates — low observable rates

Enhanced cross section: possible signal, but note, reducing
minimum electric field does not help.

Sensitivity to E “ fluxes.






Effective aperture-more parameters

Maximum electric field,

—1F
co = 0.0845 Vv d Eshr v depends on the distance to
m MHz EeV | | GHz | the Moon, neutrino
193+ 1 induced shower energy,
radio frequency (James &
[ (2 32 GHZ) Protheroe, AstroPartphys
il 30 (2009))
Ratio of the thickness of the Cherenkov cone
fo =, ( ) at the electric field threshold to the full
\ “min thickness of the Cherenkov cone
—1
GHz

Ap = 0.05

UV

Es
1 +0.075logyq (1010 ?}reV>

GMJ, ApJ 706 (2009)



Upward neutrinos/Effective solid angle
Qeff ~ 1
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2R/A . :
AM,u is independent of cross section...

Effective solid angle divided by 2*pi, as a function of the diameter
to attenuation distance. See e.g., Hussain et al., PRL 97 (2006), Kusenko &
Weiler, PRL 88 (2002), Palomares-Ruiz et al, PRD 73 (2006).



RESUN Limits
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