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The JEM-EUSO program

1. EUSO-TA: Ground detector installed in 2013 at
Telescope Array site, Utah, USA

2. EUSO Balloon (2014): Timmins, Canada, 1-night
flight

3. EUSO SPB1 (2016): NASA ultra long duration < MINI-EUSO
flight from Wanaka, New Zealand

4. TUS (2016): free-flyer on Lomonosov Satellite

5.  Mini-EUSO (2019): Detector from International
Space Station (ISS): 40 kg total, currently working

. EUSO SPB2 (2023): second Super Pressure

Balloon flight from Wanaka, New Zealand

7. K-EUSO (2025+): ISS. Approved by Russian Space
Agency

Earth emissions

Laser-emulated Flasher
8. POEMMA (2029+): NASA twin free-Flyer cosmic ray signal




Submitted to the US Community Study
on the Future of Particle Physics (Snowmass 2021)

310,

0

Ultra-High-Energy Cosmic Rays ...

ECRs

N

1y

C

The Intersection of the Cosmic and Energy Frontiers

rackground light
h magnetic fields

istro-ph. HE] 16 M

[ ¢

ASLPOPhYSICS .. a0 wooosimsnin spian o

arches for SHDM and CMB obscrvations 68

Abstract: The present white paper is submitted as part of the “Snowmass” process to help
inform the long-term plans of the United States Departinent of Energy and the National Science
Foundation for high-energy physics. It summarizes the science guestions driving the Ultra-High-
Energy Cosmic-Ray (UHECR) community and provides recommendations on the strategy to answer 7

them in the next two decades.!! I 1= To—me W < A SCOOW. o e s s e
rre Auger Observatory . . .. . ... ...

Arcey Project o504 soaiau ol oo 3

.05845v2

5

TeeCube Neutrino Observalory . . . . . .

rophysical insights . . . . .. ]7

galactic transition . . . ... ... L L. B87

mproved as

rXiv:220

C

95
96
97
97
EVEILS + v e e e e e 97
icles [rom UHECR measurements . . .. 98

Snowmass 2021:
https://arxiv.org/pdf/2205.05845

Instrumentation road-map 101
6.1  Technological development for thefuture . . . . . . ..o oo oo oLl 1
6.13:: Surbredetectordno: e e SR Sl VI SSRn ARG SHUOk AR 102
6.1.2 Fluorescence and Cherenkov detectors . . . .. ... .. o0 oo 105
8.1:3 " At Chcronkov.techmiquior:« samiomss Sivews Wik Son SRS sind Bk 106
6:1:2: Radiodetectorsrocn Sess N SR TR NS SRR VAW RusIG wER 108
6:15:« Space based detectors wzo SovtEERES PaoUh EON SEOEG Sa% SuEs o 114

6:2° The compulalionel [rontier: - oo s e wrde SOl Dok B S WUl 116
8:2:1: ‘Machine:learningiinthestuture: <o 0 Pamme I SR S ST s 117

6.2 Computational infrastructure recommendations . . . . . ... ... L. L. 113

6.3 UHECR science: The next generation . o i i &5 %% Jah i o sves vos 119
6.3.1 POEMMA  highest exposure enabled from space . . . ... .. .. ... .. 120
6.3.2 GRAND - highest exposnre from ground by a huge distributed array . . . . . 123

4 GCOS - aceuracy for ultra-high-energy cosmic vays . . . .. . ... ... .. 126

6.34 Complementary experiments . . . . . . v e e e e 130

6.4 The path to new discoveries . . .. .. ... L oL L 132
B4 ¢ BHOTPVWBHOEOEIINNG, . wovoesie rimonimvivemrs wacisto sy wuvae st ongwse sowcs 132

6.5

6.4.2 Mass composition . .. ... ..
6:4:3"  AMSOLIOPY o6 -wons sosvee sesis
The big picture of the next generation

Broader scientific impacts

1

o

Py

i i B B I B I R
ERIEN

Astrobiology

Transient huninous events

Terrestrial gamma-ray Hashes

Aurorae

Meteors

Space debris remediation

Relakivislic USEEEaINgY: v wouower s st sondm s sxshns n@ms wles ke
Clonds, dust, and climate

Bio-luminescence

O
8.1 Commitment to diversity . . . . . . . L. e 157
B2 T OPERISOIEICES . coovrve nues oy s im s ey wgmirets smeis WaSTE acmas 159
8.2.1 Examples of open data in UHECR science . . . . .. . . e 160
B2 MHOMCATMIVING ioc: viosnrs sivmmmmvens S SSA: SHads SHRISRE S 161
Open science and next generation UHECR observatories . . . . . .. .. L. 163
8:8. ~TheJow/cArbom IMITE  cvp s Jfewsin sieioiesinie Solene (o St sweys Gems e 163
8311 Options for'action - ...co s sampe s smgem s mEs ek 164
B SNDWNADY  covid Sions Sonimes SierERaisinss SASSAeSpEes adusee SASSE SNEGE RS 166
Acknowledgements 167
Bibliography 169




JEM-EUSO

Ground 2 ,7 | Ground Segment

Support L —
S el I ‘... = Mission

\i Data

; 5 Systém r Operation !
Laser Station %’t, Xe Flasher - "“ Center N

K :—— Control

HTV configuration Dragon configuration

JEM-EUSO

Atmospheric monltor

Infrared
Camera

‘I

Lidar

Focal surface detector Rear lens
—|

Focal surface

Electronics —1—

\

Precision freg

Optical system

snel lens

Iris

Telescope tilt
system

Grapple fixture
system

Connects to the JEM/EF EFU

Lid

FOCAL SURFACE



JEI\/I-EUSO Observation Principle Counts/GTU
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Mini-EUSO onboard the ISS with Luca Parmitano

agenzia spaziale
italiana

Luca Parmitano in the Zvezda Module on the ISS with Mini-EUSO

Luca Parmitano in Roma Tor Vergata with Mini-EUSO Video from www.youtube.com/watch?v=QincAp4V-SMé&t=1s

ISS commander Luca Parmitano operated the first switch on of Mini-EUSO on
7th October 2019, as part of the scientific objectives of Mission Beyond


http://www.youtube.com/watch?v=QincAp4V-SM&t=1s

M | n |‘E USO (Multiwavelength Imaging New Instrument for the Extreme Universe Space Observatory)

e Compact detector (37 x 37 x 62 cm®)

e 48x48 pixels, single photon counting

e UV wavelength (300-400 nm)

e Optical system: two Fresnel lenses, 25
cm diameter

e Large FOV (x21°). Pixel size at sea
level ~6.3km

e Three different timescales:

o

D1: 2.5 us - EECRs and fast
events (elves) - dedicated
trigger logic (L1 trigger)

D2: 320 us - atmospheric
events - dedicated trigger logic
(L2 trigger)

D3:40.96 ms - slow events and
UV maps - continuous data
taking

e Ancillary cameras

Front-end electronics

Front lens

Visible camera

TopLeft: Simplified
diagram of Mini-
EUSO

TopRight: Mini-EUSO
focal surface

Bottom: Mini-EUSO
installed onboard the
ISS (ZVEZDA module)
during a data-taking
session

PDM:
2304 pixels

arranged in a
48x48 square




Data acquisition system
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JEM-EUSO

Projection on Earth's surface
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Comparison @ order of magnitude level

Mini-EUSO JEM-EUSO
~1 pixel ~1 MAPMT
~1 PMT ~ 3 PDM
Spatial resolution |~6.3 km ~0.55 km
Optics aperture |~0.05 m? ~4.5 m?

Similar counts/pixel from diffuse light
in JEM-EUSO & Mini-EUSO
x100 light in JEM-EUSO from point-like sources
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D1 trigger logic
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D1 trigger logic
e Each pixel is independent

o  Each pixel has its own threshold
o  Apixel over threshold is enough to issue a trigger

e The thresholds are updated every
128 D1 GTUs (320 us)

o  Thresholds are set 160 above the average value of the pixel
(background)

e The logic looks for an excess of signal over 8
consecutive GTUs in the same pixel
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Trigger probability

Mini-EUSO EAS trigger probability

+bg=1 _______ e
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Counts/pix/GTU ' ESAF simulations
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Diffused sources in Mini-EUSO
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S. Bacholle et al. ApJS Vol. 253 (2021) 36

Mini-EUSO events zoo lightning
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UV maps - Europe and
Data transfer and Earth Coverage IVI e d ite Frranean ared counts/GTU
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Moonless

UV maps considering only data taken during moonless nights

counts/GTU

20

In JEM-EUSO typically assumed:
- UV background light ~1 count/pix/GTU &
- ~10% inefficiency due to anthropogenic light
- Clouds increase background x2
- Factor x30 between New and Full Moon
J.H. Adams et al. Astrop. Phys. 44 (2013) 76

Consistent numbers in Mini-EUSO:
- ~80% background < 1 count/pix/GTU
- Clouds shift count rate < x2
- for city lights: 30%(continents) x 35% (>1 ct/pix/GTU) = 10.5%

assumed bckg in simulations

1 |

Preliminary clear sea
0.8} clear land
- = =Cloudy sea
= = =cloudy land
0.6} 4
Moon phase
0.4} =
—
S emebe
0.2¢
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Cumulative distributions of the emissions of land and sea regions in

cloudless/cloudy moonless conditions.
15

From literature UV background (300 — 400 nm):
300 — 1000 ph/m?2/ns/sr

If 1 count/pix/gtu = 500 ph/m?2/ns/sr
consistent with Mini-EUSO observations (TBC)

15



Cloud monitoring = Important for exposure estlmatlon
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Fishing boats and AC modulation
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Fishing boats in the Arabian sea. Left: Mini-EUSO data.
Right: Data from the Global Fishing Watch
[https://globalfishingwatch.org]
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Mini-EUSO visible camera
off the coast of Argentina

Squid fishermen use bright lights to
draw fish and squid toward the sea
surface at night. (©2012 Jay Lawler)
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https://globalfishingwatch.org/
http://www.flickr.com/photos/29011596@N08/7065286307/

Repeated ground flashers
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UHECRSs Iin JEM-EUSO & ounte/GTL Vini £US0 around flashers
ground flashers in Mini-EUSO
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Mini-EUSO — non repetitive ‘EAS-like’ signal

Mini-EUSO data
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Signal, ph./(us - m?)

Q excess map, frame 05
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Mini-EUSO end-to-end calibration
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Direct cosmic ray hits
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Direct cosmic ray hits distribution

Smers

i3
s

fi e
ot 2 ) ?.;%J

__—‘i;:i .‘_wh-'_'ru-:rw.q ﬁh-r- i, |
REOEIR -

100

80

60

40

20

[zH] XN|3 1Y Aea d1wisod 30al1q

[zH] xNnJ3 21y Aed 21wisod 30a.1q

Map of the fraction of the
direct cosmic ray flux as
measured by Mini-EUSO.
The globe has been divided
into a 1° x 1° grid, the color
representing the relative
rate of direct cosmic rays
detected by the
instrument. The areas of
higher trigger density
correspond to the South
Atlantic Anomaly (inner
Van Allen belt) and the
high latitude region over
Canada and the south
Pacific (outer radiation
belt). The map shows a
correlation between the
region where Mini-EUSO
detects a higher rate of
direct cosmic rays and the
region with a higher level
of radiation produced by
low energy cosmic rays.
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Mini-EUSO - other events in the us timescale (Elves)

26 ELVES detected, max duration: 400 ps
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Meteors Over 2000 meteors in a subsample of 9 fully analyzed sessions
wanm noumen  COUNtS/GTU (~ x10 in full data set)

UTC time: 2020-06-15 18:50:02.3660595

= F 10
S5
S: 9
40 8 o 500 Distribution of the meteor's
35H . .
ol ! 2 250 g 400 magnitude and estimated mass
H 6 200 @ 300
253 5 § 150 § 200 :| L T T T T T T LI B I L LI E
20H 4 ::: 100 :;: 10° E
15f 50 100 3
B —3 S10 =
= 0 0 =3 3
r 40 = 3
10H P} v [km/s] 10 —_
5H] 1,
OE : i . : ; - N 5 100 _é L1l é 1| 1 L 1 L1 i 11 1 ([) 1 1 :LZ- 1 T 1 -l—
0 111 Vé [ I1|0\ Ef I1\5 11 I2\0I 11 2\5I 11 I3\OI 1 \3|5I 11 \40I 11 \4|5I [l _0 Mag @ 100 km
X [pixel] "
T f £ 150 g I I I I
é45;_ é é 103: —f
> F £ 100 S
t ® 50 # i ]
§ 10' E 3
H 00 100. 200 300 6 4 2 0 - o_|||||||||||||||||||\TT||E
He WE E N, 1 azimuth [deg] Mag @ 100 km 10" 6 Mag@zlookm 2 4
Velocity, duration, azimuth and magnitude distributions of meteors T ph
i detected by Mini-EUSO
; —0.5
H | O [N N llllllllgllll %0

1111
0 5 10 15 20 25 30 35 40 45
X [pixel]

A bright and a dim meteor
detected by Mini-EUSO
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MACROscopic dark matter

“As a complementary effort, experiments with
sufficient exposure (> 5 x 10° km? sr yr) are needed
to search for Lorentz-invariance violation (LIV),
SHDM, and other BSM physics at the Cosmic and
Energy Frontiers, and to identify UHECR sources at
the highest energies.” from SNOWMASS 2021

MACRO candidates in Mini-EUSO
searched as fast moving ‘meteors’
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CONCLUSIONS

Mini-EUSO on ISS for almost three years.

Min1-EUSO observes events of different nature showing the broader impact of an
UHECR detector 1n space.

It proves that it 1s possible — with larger detectors — to perform UHECR observation
from space.

Preliminary results indicate that measurements are in agreement with predictions
from simulations.

THANK YOU
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