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From the PDG

The Cosmic Ray Mystery

Where are the highest energy
ll: 2 1 |cosmic rays coming from?
nd Knee
X 0 HAWC
T i
- % oo Ankle Cosmic ray challenges:
&5 NE O CASA-MIA 0 I
S 0 Kascade , . .
O FWE o KusadeGrani Tl * They don't point back to their
O, Ce10p I - E .
S o I HiRes y . sources due to magnetic
Qo & ‘Res ‘ -
N © Auger
O - 10? ) Teliscope Array % | —g fle dS
* They may interact as they
1 REIT T R R T B S A R R 1T B R AN W N T T7] B A S N R AT B T S W] RAT] B
10 104 10® 10 10" 10® 10”10 oropagate through the

Energy [eV]

Jniverse



“Ultra-high energy” = 1018 eV and above

What apout neutrinos?

Produced from ultra-high energy sources

via cosmic ray interactions (p-p,p-VY)

Produced by interactions between ultra-
high energy cosmic rays and cosmic
microwave background photons (e.g. GZK

Mechanism)



“Ultra-high energy” = 1018 eV and above

What apout neutrinos?

Produced from ultra-high energy sources
via cosmic ray interactions (p-p,p-V)

@

Neutrino Pros:

- Point directly back at their
sources

- Capable of traveling
extreme distances without

interacting Produced by interactions between ultra-

high energy cosmic rays and cosmic
microwave background photons (e.g. GZK
Mechanism)




“Ultra-high energy” = 1018 eV and above

What apout neutrinos?

Produced from ultra-high energy sources

via cosmic ray interactions (p-p,p-VY)

@

Neutrino Pros:

- Point directly back at their
sources

- Capable of traveling
extreme distances without
Interacting

Neutrino Cons:
» Capable of traveling |
straight through the Earth Mechanism)

without interacting

Produced by interactions between ultra-
high energy cosmic rays and cosmic
microwave background photons (e.g. GZK




Science, Vol 342, Issue 6161 (2013)

Neutrinos are expected at higher energies
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Cosmogenic: UHECR + pure proton, Muzio et al
10-9- Astrophysical: MMA constraints, clusters, TDESs
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We need new strategies to look at higher
cNergles

Flux E2® [GeV cm™2 s~ sr1]

107>-
: [ceCube: 9 years
Auger: 1o Years
10-°
Auger
10~
108
Cosmogenic: UHECR constraints, van Vliet et al
Cosmogenic: UHECR + pure proton, Muzio et al
10-9. Astrophysical: MMA constraints, clusters, TDEs
1013 10% 10> 10 107 1018 1019 1020 102! s

Neutrino Energy [eV]



We need new strategies to look at higher
cNEergles

Flux E2® [GeV cm™2 s~ sr1]

107>-
5 [ceCube: 9 years
Auger: 1o Years
10-°
Auger
1077 i
f \Qi ~_IceCube
108 | N .
| ‘ Solutions:
Cosmogenic: UHECR constraints, van Vliet et al 1. Wait decades
Cosmogenic: UHECR + pure proton, Muzio et al 2 Build ma ny lceCu bes or
109 Astrophysical: MMA constraints, clusters, TDEs 3. Try something else
1013 104 105 10 107 108 1019 = 1020 1021 s

Neutrino Energy [eV]



[nstead of Optical try Radios

(] (] b —
Askaryan Radiation: R
S
: N
- Shower develops negative charge excess PSS
N\
- Coherent radiation for wavelengths > shower width -
3
- Best in dense, dielectric, radio-clear material -
-
- Ice attenuation: meters in optical, kilometers in radio a
BSOS AT

- - - N
‘\:(“.,

ANITA Collaboration, PRL 2006
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Expected Neutrino Signatures

forward view

side view

E-field polarization
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Expected Neutrino Signatures

Neutrino Event Signatures:

-Impulsive oo
°
‘MHz-GHz range >
. o . O 0
-Likely originates from deepice G
E
~1000 .
- Reconstruction Channels
forward view side view 7000 7500 8000
E-field polarization E-field polarization t Ins
X1z [ns]
" Ne
- ® ,\':"’ — 1000
NN O
(\::*:/S’ -
O 0
O
E
D 1000 Phased Array

7000 7500 8000

t [ns]

Radio

‘Antennas




[.ots of Radio-Based Experiments

Large volume, short time

4

ANITA*,
Small volume, Long time

PUEO* BEACONY,

TAROGE

ARIANN A , GRAND

RET

lIce-based radio experiments require less
instrumented volume than optical experiments




Where were we 20 years ago”?

RICE, GLUE, FORTE had best neutrino limits
] T v T T -

Me in 2004!
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The RNO-G Collaporation (2024
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J. Avva, J. M. Kovac, C. Miki, D. Saltzberg, A. G. Vieregg (2015)

First step: pick a site

gremperature (" C) 5  -10 15 20 25 30 35
Includ;ng relflectiorlm coefﬁcierl\t uncertalinty ; ' ' }
. I\Ieed SOmeWhere Wlth e ‘Ot O]C I’CIC“O'C‘@CH’ - - Without reflection coefficient uncertainty / /
. 500}
ice
. South Pole can be logistically hard. Are P |
there other options? £
L 1500+
| | - 4
. First tests of radio response of ice ir O
Greenland near Summit Station helped O 000
inform future designs- a team with lots of
KICP ties! 2500 |
3000 Lo

40 560 660 760 860 960 10100 llbO 1260 13:00
Attenuation length (m)

12



Second step: prototyping

. Typical triggers had focused on power:

ooking for coincic
time window on m

e

A

U

t power

¢

ole ant

W

thin a given

e

N0S

. Instead, try a trigger with power + direction
and a compact antenna design

- Define directions ahead of time and try all
directions simultaneously

signals

- Plane wave signals will add coherently ->
improved trigger efficiency for smaller

Phased Array Triggering:
Power + Direction

13



Second step: prototyp!

Abby testing the first iteration of a phased array

trigger- Summit Station, Greenlanc Me, at the South Pole testing the South Pole 1
iteration of the phased array trigger




Second step: prototyping

100-

oo
S

Efficiency [%]

20 -

0

=p
S

=
(=)

FARTHER LEFT =

MORE NEUTRINOS

----- ARA Baseline Trigger
—]— ARA Baseline Analysis (2020)

0 12 3 456 7 8 9 101112 13 14 15
Signal-to-Noise Ratio

100

80 -

Efficiency [%]

20 -

=)
S

—
=

—}— ARA Baseline Analysis (2020)

FARTHER UP =
MORE NEUTRINOS

1016

1017 108  10'® 1020 = 102!

Logio(Energy [eV])
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Second step: prototyping

100 SOUTH POLE PROTOTYPE 100 SOUTH POLE PROTOTYPE
| | :
|
|
I P == -
: B g “‘I' s0-
80- |
— I —
> 60- | > 00
O , O
- | -
2 | .CB
O : © 40-
e 40 | FARTHER LEFT = =
[] i MORE NEUTRINOS ]
0. ——. ARA PA Trigger 50 FARTHER UP =
..... ARA Baseline Trigger MORE NEUTRINOS
—]— ARA Baseline Analysis (2020) —— ARA PA Analysis (2022)
| —— ARA PA Analysis (2022) —}— ARA Baseline Analysis (2020)
0 — 0-—

0123456 7 8 9101112131415 106 107  10!®  10'°  102° 102!

Signal-to-Noise Ratio Logio(Energy [eV])



Seccmd step: prototyping

South Pole Prototype

10>
ARIANNA
. . ARA: 8 station-years
@10 ARIANNA: 31 station-years
" ARA PA: 7 months!
h
= \
© 1077
> N
3 ceCube
o | <
o \& |
PR I .
:><1 ] \
E _ Cosmogenic: UHECR constraints, van Vliet et al
| = Cosmogenic: UHECR + pure proton, Muzio et al
10-91 Astrophysical: MMA constraints, clusters, TDEs

1018
Neutrino Energy [eV]

S

= ARA PA
ANITA I IV

Auger

1019 1020 ""1021

16

Allison et. al. (PRD 2022)



D: prototyping

South Pole Prototype

Second ste

ARIANNA
. . ARA: 8 station-years
@10 ARIANNA: 31 station-years
" ARA PA: 7 months!
h
= \
© 1077
> N
3 ceCube
o | <
o \& |
PR I .
:><1 ] \
E _ Cosmogenic: UHECR constraints, van Vliet et al
| = Cosmogenic: UHECR + pure proton, Muzio et al
10-91 Astrophysical: MMA constraints, clusters, TDEs

Neutrino Energy [eV]

1019

>

= ARA PA
N_—
ANITA I-1V
ARA

L

Scaled up prototype:

35 station
S years

S X

1020

"'1021

16

Allison et. al. (PRD 2022)



T'hird Step: try bul

« Need lots of
accumulate

very faint neutrino signa

individual phased arrays to
enough livetime to see the

- Enter the Radio Neutrino Observatory in
Greenland (RNO-G): fully funded (1) to
reach 35(+) stations

- Three stations deployed in 2021 and four
deployed in 2022: seven totall

« This sL

statior

mme
s Will

- holes for seven more

ne drilled

ding at sca.
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A single RNO-G station

Surface Channels

\//

\Recon

Antennas

/

Phased
Array

100 m

\4

Downhole View
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A single RNO-G Station

Surface Channels

\//

\%econ

Antennas ;

Phased
Array

/

100 m

Hpol

Calibration
Pulser

Vpol

v
\_____/ .
Downhole View
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A single RNO-G Station

LPDAs in Trench

9.0m

Phased
Array

\Recon

Antennas

— N~
/ \I 100 m

\4

\—__/
Downhole View

6.0m 7.5m
(from center)

Surface antennas used
cosmic ray veto and adc

reconstruction too

as d
itional
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Antennas i Action!

VPol + LPDA Antenna in deployment hole

21



Challenge 1: Drilling

100 - -

BigRAID drill: electromechanical, /“/:;f//y

designed specifically for RNO-G 30 - p /»
'/‘:Q ./;J,

. Drilling holes to 100 m takes time; 60 - A .
ogistically, it's very hard to drill

fast.

Site 12 #1 Site 23 #1

hole depth [m]

40 -
e Site 12 #2 Site 23 #2
. We are getting better at this! Each ° Site 12 #3 Site 23 #3
. . . 20 - o Sjite 13 #1 Site 24 #1
edr, we are improving (an |

yedl v proving (and so s Site 13 #2 * Site 24 #2
the drill .. Site 13 #3  » Site 24 #3

O O O & & O & O & & w»

IR KON S SN\ S Y S S\ M

R R R SRR A SN R S

time from start [hh:mm]



enge 2: SNOW accurmu

ation

RNO-G Station from above- 2
vears after deployment
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Challenge 3: Daylight

» RNO-G is solar powered- gt 24 = [S)Sgog'nment
great for building stations — | I Digitizers On
many kms from Summit St. 23 I Science Data
Station A

St. 22

- Downside: can only take
data for ~6 months per

yedar St. 13

St. 21

- Wind power is a possible St. 12

future option b
| ! | ]

2021 2022 2022 2023
Dec 31 Jul 02 Dec 31 Jul 02 o4




altitude [m]

Challenge 4.

Daily Weather Balloon

1400 -

1200 -
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-

-
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l

800 -

600 -

— GPS track
® reconstruction

400 -

03-08 23:25 03-08 23:26
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® Station 23
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2 -1 0
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-100

120
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Challenge 5: Calibration

Need <5 cm error on antenna locations- and a good ice model!

Correlation

1001 Phase-Aligned Channels

® Actual pulser loc - 0.8
® Reconstructed pulser loc

50

v /u M Wi AL
O ‘/,l\ \ O\‘ ‘¥" "’V"‘/

-50 0
O-100 =
> = 2
< 100 { Coherently Summed Waveform N

| (CSW)
50 - ” .
OWW
—-50- 6
—100-
' | ' | ' | ' ' ! 8
220 240 260 280 300 180.0 180.2 180.4 180.6 180.8 181.0 181.2 181.4 181.6

Time [IlS] Azimuth Angle [degrees]



SUl

RNO-G is currently being constructed and is
carefully building tools needed to conduct a
neutrino search

Cu

rently using cosmic rays to determine

INS!

rument performd nce

ots of advancements have been needed to
make this happen, on every front: drilling,

antenna design, hardware/firmware, and

CO

39

ibration

stations + 5 years of data will make RNO-G

sensitive to most optimistic cosmogenic flux

Mmodels

ding towards the

E20 [GeV cm™2 s~ 1 sr71]

—
o
I

ot

o

10_6@

10—11

uture

\
RNO-G 35 stations, 5 years | —_—

- [1-50noisrsn z-sonolse] triggef ARlANNA
95% CL contour

1 I 20n0ise trigger

. lceCube-like flux

A ./. \ \
- Best fit UHECR, Heinze et al.
————— Best fit UHECR + 30, Heinze et al.

------ 10% protons in UHECRs (AUGER), m=3.4, van Vliet et al.

allowed from UHECRS, van Vliet et al.

ARA
ANITA | - Il

\

105. ..”166. ..”167. ..”iba. ..”ibg.

neutrino energy [GeV]
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