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Outline

Motivations
ANITA

Neutrino(s) in a haystack

Phys. Rev. D 98, 022001 (2018) & Phys. Rev. D 99,122001

(2019)

‘astro-ph.HE]

Future
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Jnusual upward-going cosmic-ray-like events
Phys. Rev. Lett. 121, 161102 (2018) and arXiv:2008.05690
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Motivations
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Why Ultra High Energy neutrinos?

protons

neutrinos
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Cosmogenic neutrinos

C. Patrignani et al. (Particle Data Group), Chin. Phys. C, 40, 100001 (2016)
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We know cosmic ray energy spectrum over 11 orders of magnitude.
Their sources (especially at the highest energies) are still mostly unknown
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UHE (>E18 eV) neutrinos

“We can probe
distances and energies
that other particles
can't reach!”

log(particle or photon energy, eV)
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“WOW
300 TeV centre of
mass energy!”
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Viore motivations

Implications for neutrino mixing (arXiv:1702.05238)
Neutrino decay - JCAP 10 (2012) 020

Ultra high energy neutrino cross-sections (Nature 551 (2017)
596-600, arXiv:1711.11043 )

Lorentz invariance - Phys. Rev. D 86, 103006
Sterile neutrinos - arXiv:1802.01611
Beyond Standard Model particles (staus) - arXiv:1809.09615

Dark matter - arXiv: 1902.04584
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ANITA collaboration

University College London
Queen Mary University of London

University of Delaware

Ohio State University : .
University of Chicago '
Washington University St. Louis NS ;;-
A Y
S e

South Pole

University of Kansas <+

CalPoly
JPL
UCLA

National Taiwan University

University of Hawaii

11 Institutions, ~50 collaborators in a 18 hour time zone
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ANtachc Impulsive Transient Antenna

Not to scale,
angles don't
reflect reality

NEUTRINOS = VPOL

& 40km altitude

Ice Askaryan Tt

emission ~EeV
11 neutrino



Askaryan radiation

NN ) +3  +Coherent radio emission from EM cascades
W + 1 inadielectric!
o E % L& | i
| Sl /| +Measured at SLAC ESA in 2006 by ANITA
$ ¥ Bumervor 13 ‘% 1 collaboration
I Ee:::o :::: : $ | : _
N O [ #”’ | +Fired bunches of 10° electrons at 28.5 GeV
" into 7000 kg of ice

Phys.Rev.Lett.99:171101,2007

10.7m _ _
......... beamline
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Not to scale,
angles don't
reflect reality

ANtachc Impulsive Transient Antenna

NEUTRINOS = VPOL
COSMIC RAYS = HPOL

revarya®

T
Tce Askaryan " "tre.. ) .
emission ~EeV/ v -
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ANITA
iINstrument

TDRSS & Iridium antennas

GPS antennas

Instrument box

48 quad-ridged
horn antennas

Solar panels
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ANITA
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ANITA-4 flight path
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ANITA-4 tlight path

c"_‘ - ’_

Landed Dec 30th 2016
125km from South Pole

Calibration pulser
at WAIS to optimise

pointing resolution " |Launched Dec 2nd 2016

from NASA LDB facility,
near McMurdo

Hiahcharts.com
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ANITA Flights

ANITA-1 ANITA-2
(2006-2007) (2008-2009)
35 days 30 days

. ANITA-3 ANITA-4
- (2014-2015) (2016)
F 22 days 30 days

..
ice Depth (km)
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How ANITA sees the world

Waveform
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How ANITA sees the world

SURF Waveform
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Event: 58851430
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I'he challenge

e ~100 million events

e (maybe) a few neutrinos

* Jens of cosmic rays
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I'he challenge

e ~100 million events

e (maybe) a few neutrinos

* Jens of cosmic rays
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Pawer Spectral Density (dBm/MHz)

Continuous Waves

e Satellites and human bases « How to get rid of this?

using communications in _
the bands:  ANITA-3: software

e 260 MHz  ANITA-4: hardware

e 380 MHZz
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Number of Events

Thermal noise

variables
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Vast majority of ANITA events are thermal noise

Use Fisher discriminant based on impulsivity

e Background
sideband: above
horizon triggers

e Simulation:
cosSmogenic
neutrinos following
the Kotera mix max

model
(JINST 14.08 (2019), P08011)
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Clustering

* From previous cuts, ~500k events

gi e ook for isolated

Szj /A g singlets and

m " i:y | “l doublets

1 BT . * Remove anything
? e that clusters with

numan bases

i

g
Ay
g ' e

* Remove anything
A - which forms a
B Clustered MC C|USter Of 3 Or mOre

Isolated HPol events
¢+ Isolated VPol events

L. Cremonesi 29 “UHE neutrinos and ANITA”



ANITA Neutrino Search

* ANITA-3 and ANITA-4 found 2 events consistent with background estimation

* Most stringent limits at the end of the spectrum
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UHE cosmic rays
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2 mystery events

27142546, -5.5 ° . &

atmosphere-skimming
air shower
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2 mystery events

15717147,-35° 27142546, -5.5 °

—Hpol —Hpol

Q —Vpol| | [ —Vpol| |

anomalous atmosphere-skimming
u upward air shower i air shower
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Chord length: 5500-7000 km (20-30,000km
water equivalent)
1600km SM interaction length @ 1 EeV

Background estimate < 10-2
L. Cremonesi 34

ANITA
I‘ .
’
LR
s 2 )
r ,// .

’
’

v s

LR L

i

B8 Anomalous

- Steep
- Direct

Direct Cosmic Rays

Reflected Cosmic Rays

NEW PHYSICS ?
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A ot of Interest...

us Events at ANITA
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All news is good Nnews”

LIVESCIENCE C— ¢ NASA scientists detect evidence
.. _ | | of parallel universe where time

o coscatme - omeensesniensn neces PUNS backward
El Al re |— d U |*:) o K -l F F' | 7 =) ( JUT T O marsasgoe Acodynamics To Mumanity 3 YEean Starhrh Mg 12050 | NETan
Antarctica's Ice, and Thb \. Nt o ) , UV ST T
Chattor Modara D S - An Astonishing Discovery Might Have Just Broken =1
Shatter Modern Phys : .
=v Hi alztar Statt Wedar | Haptambar 28, AME S 1Ean = Pa rt|C|e Phys'cs p—
L& v : N:ws Technology Space Physics Health Environment Mi L ity Hints Of weird partiCIes frc
r .. spacemay defy physicists’
OOO@G(DOO 2 s Standard model

W5 28 Seatemter 2018

Weird signals in Antarctica could be
hints of a new realm of physics

Mysterious Cosmic Rays
Shooting from the Ground in
Antarctica Could Break Physics

NASA went searching for micro Elack holes in
Antarclica. Instead. it detected coamic rays

LR T T Is there a mirror universe?
Researchers in Antarctica observe
e messst==i=--=-Trticles that some argue

NASA scientists detect parallel universe 'next to ours' a parallel world formed
where time runs backwards where time runs

An experiment in the frazen wastas of Antarctica has revealed evidence of a universe born in the same Big Bang as ours - but
with rules of physics that are completely the oppasite
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Diffuse neutrinos:

poroblem 1

e |f these are tau neutrinos why hasn’t IceCube seen them?
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;‘l / / ANITA-LIII vy Air Shower
) f 4 -=== upp. g, ALLM, 1 km
¥ 1 ] m—  Mid. 0, ALLM, 2 km
——  |low g, ASW, 4 km
I § == = ANITA LILII vy Askaryan
f | - = Auger v, ICRC 2017
7 -« |ceCube v, PRL 2016
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arXiv: 1811.07261
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Diffuse neutrinos: problem 2

 Both ANITA-1 and ANITA-3 events were relatively close to the

balloon

* There is much more acceptance close to the horizon

e Where are those tau candidate events?

ANITA-l, 4 km ice ANITA-III, 4 km ice
'
10° —_— 1075 eV 10°. —_— 1075 py
PETTIN N — 1080 gy § POl N — 1080 py
. //’—“\\ — 10'%Y Y I /7 O
10° A Ve A=
B v/ 3 pamm s T
_ 107 &
o y
£ /
-~ 6 4
= 10 /
E» 10°
_ =Y
cl £ ‘
S .
10% -
103
107 :
1.0 30 10.0 30.0 1.0 3.0 30.0

Cmergence Angle €en (deg.)

. Cremonesi 38
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arXiv: 1811.07261
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Some Mundane-ish explanations

Slide by C. Deaconu

/ \‘ @ Funny ice reflections (Shoemaker et al, arxiv:1905.02846)

/ n=1 » Possible, but ice would need to have special structure over a

n=1.4 large area (Fresnel zone convolved with beam pattern on

2 ground)

» Would likely need unexpected ice properties, since dielectric
constrast from “normal” underice layers would have a very
hard time explaining the observations.

» Lack of non-inversion from HiCal trailing calibration payload
suggests that any such reflection can't be common (paper

forthcoming)

shower doesn't ’ Q Funny EAS emission
terminate before/ » Maybe there is a class of atypical EAS that look different
reaching ice /7 . . .
A » In particular, some air showers may not terminate before
/ hitting the ice (de Vries and Prohira, arxiv:1903.08750),
B et which could potentially modify shape of the signal.

» More detailed simulations needed to see if viable.
Exploring the UHE Universe with ANITA UBC Colloquium 40 /48

Cosmin Decaconu (UChicago/EFI/KICP)
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More fun explanations!

Slide by C. Deaconu

@ Many exotic particle or exotic neutrino explanations that eventually produce a 7-induced
EAS (See Anchordoqui et al. arxiv:1907.06308 for a summary)

» +Compatible with observed effect
» -Non-trivial to evade lceCube or Auger bounds

@ Maybe it's actually Askaryan emission, not from an EAS (e.g. Hooper et al.,
arxiv:1904.12865)

» +Not in tension with other experiments

» +Observed polarization and polarity possible if Askaryan shower from some deeply
penetrating particle (not a v).

» -But the observed polarization and polarity would be a coincidence

@ Some other radio emission mechanism entirely (e.g. axions in ionosphere, Esteban et al.
arXiv:1905.10372).

» +Not in tension with other experiments
» + Testable by looking for other evidence of same mechanism in existing data
» -Unclear if could produce observed signal without more work.

UBC Colloquium 41 /48

Cosmin Deaconn (UChicago/EFI/KICP) Exploring the UHE Universe with ANITA
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hat has ANITA-4 seen”

4 Direct Events, Near & Above Horizon
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https://indico.fnal.gov/event/43209/contributions/187883/attachments/130573/159213/Wissel_UHEnus_Neutrino2020.pdf
https://indico.fnal.gov/event/43209/contributions/187883/attachments/130573/159280/Day6_Talk6_Wissel.m4v

Results from targeted CR search
« 29 on background of 0.37+0-27 ¢ 47 events

result from blinded search for Hpol, impulsive, Near
iIsolated events. Remained blind to polarity. Steep = Horizon
Angle wrt horizon| > 1° <1°
Total Events 23 6

Consistent with Geometry

Reflected (Down) 21 o)

Direct (Up) 0 2

Indeterminate Polarity

Total 29
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ANITA-4 results

Results from targeted CR search

« 29 on background of 0.37+0-27 5 17 events
result from blinded search for Hpol,

impulsive, isolated events. Remained blind
to polarity. Angle wrt horizon | > 1° <1°

Near
Steep | Horizon

Total Events 23 6

4 near horizon events with inconsistent
polarity with significance 3.20

Consistent with Geometry

« All very near the horizon. Reflected (Down) 21 0

Direct (Up) 0 2

e Still evaluating tau neutrino hypothesis
could be viable.

« Mundane explanations are harder to
iInvoke, but near-horizon radio
propagation is complex and hard to Indeterminate Polarity
model.

 No new steep events with inconsistent Total -
polarity like in ANITA-1 & ANITA-3 ot
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Future
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PUEO

Payload for Ultrahigh Energy Observations

arXiv:2010.02892
[astro-ph.IM]

Up to 10x more sensitive than ANITA-IV for Askaryan Channel—:— g

(2.5x lower threshold than ANITA-IV ) AW Sy
St D2 0

/

g

More antennas (120 vs. 48) , but higher-frequency (300
MHz vs. 200 MHz cutoff)

24 antennas in inclined array for steep “mystery events” o - o
AR B v
"\I'l’

Could fly as soon as 2024.

| I\\\‘ \I | 1 T 1T 171 YI 1 ] T 1 I
L\ — PUEQ (30 days)

me"l

‘.v'

!
!’/

-4
i N\, e ANITA-I

\\

NN ANITA-IV
! N\ Auger 2017
T e : SO0 e c@Cube 2013

‘9

IO 1%

1 0—1 4]

10-11

I lI Illlllll] lll,-ﬂllHl)l"l Il III
lllll 1 l‘H'lI lllIlllI Ll lll 1

|

E dN/JE dAdQ dt (cm@sr! s )

10 TR | — KKSS'02 ..........................

Takam et al 09
Ahlare 12, E r_10 eV

GLK Kotera 10 .
l 2 2 '111'[ 2 2 Illllll

10" 10°? 102 104
E (eV)

L. Cremonesi| 45 “UHE neutrinos and ANITA”

1 lIIl

107"



Summary and future

 [he ANITA experiment has a rich physics program:

 ANITA-3 and ANITA-4 diffuse neutrino analyses:
Phys. Rev. D 98, 022001 (2018) & Phys. Rev. D 99,122001 (2019)

 ANITA-3 and ANITA-4 cosmic ray-like analysis: Phys. Rev.
Lett. 121, 161102 (2018) & arXiv:2008.05690 [astro-ph.HE]

 Things | didn't cover: icemc simulation (JINST 14.08 (2019)
P08011), ANITA-3 HiCal (Journal of Astronomical Instrumentation
6.02 (2017): 1740002), Source searches (arXiv:2010.02869 [astro-
oh.HE] and ApJ 736 (2011) 50) , Lorentz violation
(PhysRevD.86.103006), and other analyses

 ANITA-4 source coincidence analyses also coming out soon!
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Back up
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HiCal

Two calibration payloads (HiCals) launched on ANITA’s second pass:
- Periodic calibration pulse

- Use direct and reflected pulse to characterise ice surface and
roughness

- HiCal 1 (ANITA-3) results: arXiv:1703.00415 [astro-ph.IM]




Neutrinos and Cosmic Rays

-2

Shower ~10m

length -
(20% e gexcess) Geomagnetic Field

A N
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TXS 0506+056

» |ceCube identified 13 +/- 5 VHE astrophysical neutrinos from this direction

* Evidence of very high energy neutrino point source: at least some cosmic
rays are accelerated up to few PeV in blazars

e Blazars could accelerate up to 20125 20130 20135 20140 20145  2015.0
. i S S P S T 20
the highest observed cosmic £ 4] = BestFit: Box M~ 1 10
'S = = Best Fit: Gaussian ¢ 0 5
rays, >1E19 eV s, NI
W2 y 0.5
* lceCube-Gen?2 should see loads £ I 1L [ \{
-3 11 T | TR AT N |
56200 56400 56600 56800 57000
MJD
IC40 IC59 IC79 IC86a IC86b IC86¢
P I lceCube-170922A A 4o
o Gaussian Analysis | 1
o 34 = Box-shaped Analysis L 35
)
2 2
I = 20
1 #_Jii N
2009 2010 2011 2012 2013 2014 2015 2016 2017
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Payload blasts

* Impulsive radio frequency emissions generated by electronics on
board

e Exact origin is unknown

« Removed by simple cuts
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ANITA

ANtarctic Impulsive Transient Antenna

A neutrino induced cascade Cosmic ray geo-synchrotron alsq “““
produces a coherent radio ' observed (HPOL) /
Cherenkov pulse. g

A

~680km to horizon ->
1.5x10%km?3 interaction
volume

v \
tarctic ice sheet A

“““““““ Refracted RF
"""""" (VPOL) )
Incident neutrinos P i(r:‘hii"ee"kOV Cone at 56
With energies above ~0.5\  |..- _
EeV Particle
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ANITA-4 iImprovements

* Using Low Noise Amplifiers for all channels

* Improvement in noise figure (30-40K)
* 20% improvement in energy threshold

1o Noise Temp. vs Freq
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ANITA-4 iImprovements

* Using Low Noise Amplifiers for all channels

* Improvement in noise figure (30-40K)
* 20% improvement in energy threshold

e Tunable Universal Filter Frontend

 Reduce Carrier Waves noise coming from Satellites

Notch on / off
ANITA'4 s Notch 2 De-activated

— N otch

vvvvvvvvvvvvvvvvvvvvvvvvvvvv
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|
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ANITA-4 iImprovements

* Using Low Noise Amplifiers for all channels

* Improvement in noise figure (30-40K)
* 20% improvement in energy threshold

* [unable Universal Filter Frontend
 Reduce Carrier Waves noise coming from Satellites

* Trigger on Left and Right Circular Polarisation
coincidences

e Satellite noise predominantly circularly polarised (either LCP or
RCP) —> 2.5 improvement in acceptance
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ANITA-3 efficiencies

Cut HPOL data VPOL data MC efficiency

None 360,700,502

38,274,132

Data quality 18,811,772 20,565,939 0.96

Blast 15,655,493 16,474,185 0.95
Thermal 311,795 169,824 0.88
Clustering 25 1 0.72
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Better map

3000/ R— B— — — R— -

......................................................................................................................

2000

1000

............................................

4

AN
-
-
-

K EASCandidates | | S
—2000

—~+ VPol Candidate

—— Flight path

Northing (km)
o
| LT t L i L i L i [ i [

.........................................................................................................

—-3000
—I|IIII|IIII|IIII|IIII|IIII|IIII|I

-3000 -2000 -1000 0 1000 2000 3000
Easting (km)

L. Cremonesi “UHE neutrinos and ANITA”



Alr showers are complicated...

-

RR

-
—

}

vxB

—
—>
—>

VY

. Cremonesi

o

. Shower Axis ¥ Shower Axis

Shower Front Shower Front

|||
L
LY
|||.
L

—Geomagnetic component from
positron-electron separation
—Askaryan component
—Cherenkov effects from the
varying refractive index of air,
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frequency component
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ANITA-1 mystery event

(A) evt. 5152386, EL=-4.3  _ (B) evt. 7122397, EL =-3.4

0.8 Hp(l)l Hpol 0.1+

GLJ 0.6+ ——Vpol| | 0.2} ——Vpol | _
+3 € 0.05}
)
S £
D £ o
o S

(O]
= = -0.05+
= ©

O
= | | | | =5 -0.1
- o
(@)} 40 50 60 70 >
C o -0.15} oL m 5152386, direct CR
o (C) evt. 21684774, EL =-2.3 g L’ ¢ 7122397, direct CR
0 ' ' ' ® L7 v 21684774, direct CR
S 05! 8 0.2+ —+—// ® 3985267, reflected CR
~ - = R4 ® 3985267, direct CR
9 ’ - - -geomagnetic prediction
= -0.25+ ¢
-9 O / ’ 1 1 1 1 1 1 1 1
43 025 -02 -0.15 -0.1 -005 0 0.5 0.1
() Predicted Vpol field strength, mV m’
m -0.5¢

A strong H-pol non-inverted signal seen!

40 50

time, ns time, ns

30 60 - Expected background events: 4x10-4

- - = -+
Phys. Rev. Lett. 117, 071101 (2016) 27.4 deg below horizon, E=0.6 = 0.4 EeV
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And ANITA-3 mystery event

ANITA-N, UHECR Air Showers

15717147,-35° 27142546, -5.5 °
B —Hpol
S £ b —Vpol ] ANIT
T T \3 W, ! ~ Geo-magnetic radiation
_C, c— 0 ." .
S = V ¢
@ © wcoming shower
» -1 1 -
anomalous % atmosphere-skimming S S T
upward air shower = air shower
1 1 1 _2 [ 1 1 1 1 1
20 30 4 10 0 10 20 30 40 50
time, ns time, ns
39599205, -3.6 0 68298837, -36.7 °
17 C —Hpol| ] . D —Hpol
£ — Vpol £ 04} —Vpol| |
> >
E WM = 02} | [event, flight| 3985267, ANITAT 15717147, ANTTA-TTI
5 5 date, timc‘ 2006-12-28,00:33:20UTC |2014-12-20,08:33:22.5UTC
% 4l % 0 Lat., Lon.(t) -82.6559, 17.2842 -81.39856, 129.01626
LS ST — D 0o | Altitude 2.56 km 275 km
= arshower = normal,refected Tce depth 3.53 km 322 km
2t ' ' ' ' ' 0.4 : : : El., Az. —-27.4£0.37,159.62+0.7° | —35.0=0.37,61.41 £0.7°
‘00102030 40 50 1000 100 200 30 40 S0 pA Deet | 282.14064, +20.33043 50.78203, +38.65498
time, ns time, ns (3) , -z +0.3 .
E L 0.6 _ 0.4 EeV 0.56707 LeV
Chord length: 5500-7000 km (20-30,000km

water equivalent)
1600km SM interaction length @ 1 EeV

Background estimate < 10-2
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ANITA-3: What's |left?

 One V-POL candidate
 Background estimate: 0.7+0543 per polarisation

 No known human activity within 260km

Event Location Coherently-Deconvolved

N
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Northing (km)

ANITA-4: What's left”

 One V-POL candidate
» Background estimate: 0.64+069 4 45 per polarisation
 On Ross Ice Shelf (~300m ice thickness)
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Neutrino [Imit

Limit on all-flavour-sum diffuse UHE neutrino flux
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Some other interpretations..

- Sterile neutrinos explanation (ovs ~ 620y), would need powerful
transient source to avoid lceCube’s constraints (arXiv:1802.01611)

- Decay of massive dark matter candidate (>E18 eV) into two right
handed neutrinos (arXiv: 1902.04584)

- Intermediary BSM particle produced in UHECR interactions with low

cross-section and and low EM energy losses (stau)
(arXiv:1809.09615)

- Powerful transient source search with 1.5 degree error:
 No concurrent GRBs

- SN2014dz, type la SN at z=0.017, 5 hours after initial discovery
(a posteriori chance association 2.70)

- lceCube point-source analysis excluded the possibility of them
coming from a transient source (arXiv: 2001.01737)
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‘ \ | { ‘ \ Power and commu-

Central station
electronics

Askaryan Radio Array:
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Hot off the presses: upward showers in ANITA-IV?

@ Time-dependent filters made polarity 6 unreflected events, 4 (barely) below-horizon
determination more complicated in ANITA-IV. (CLEAN-d€C°"V°|Ved)1

e 4 upward-shower candidates identified .
@ But... all very near horizon (~ —6°) £ cwm-mwm%m* £ .
@ ~ 3.20 that ensemble not explained by: i norizon=552] e
» mispointed above-horizon air shower T -
(including Systematicsl) uu'ltl?N&Oﬁ,E!cv.-Gﬂ&g.,Amlo.m cmnt”M???,B_c'a.-Mz:h‘g.,hun.?ms
Fns- =
» anthropogenic background (est. 0.377545 e :
» misidentified polarity aau. tedbere- E :‘"W‘-WNMWM‘
21 reflected, below-horizon events (CLEAN-deconvolved): o  horlzon=-6.06]  *- horizon=-5.92
5 A g wwent 51293223, BElwy, +5.97 deg,, ALove-horizer 13 st 72164985, EG’J. 6,16 dey., Avvamalous
2 0.5 ; -
E E £,
o 0 E 0.5- E
z 3 Ll J
E 05 g ;; 3 e tiader e ’\!\WM"\W
§ e harizon=-5.85| = horizon=-5.93
- 1: i i i ; : 0 a0 il an o 2n a0 [ zr
20 40 50 40 70 T e
time, ns
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More details on the ANITA-IV events
Check arXiv tonight! (Finally) submitted to PRL.
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Interpretation of ANITA-IV events

@ These are qualitatively different than previous apparent upward showers (very close to
horizon rather than steeply upgoing).

» The fact that we didn’t see any new steep events is not enough to rule those out (in fact

there were two events with indeterminate polarity we could not confidently classify one way
or another, including one that was steep)

» No easy way to combine significances across flights.
o Still evaluating if tau neutrino hypothesis could be viable

» Not obviously unviable like it was for steep events, due to less Earth absorption and ANITA's
large instantaneous exposure

@ Some proposed mundane explanations are harder to invoke:

» Much larger ice reflection area, would require greater conspiracy of ice effects
» Grazing air showers don't hit ice

@ But, near-horizon radio propagation is complex and hard to model. Possible that more

detailed future modeling will reveal additional systematics in addition to the ones we are
already considering.
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