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UV PHOTONS
FLUORESCENCE

PRIMARY
ISOTROPIC

CosMmic RAY

EJ

i
BEAMED FORWARD \“ 3
vs ;v\v\\
Stereo Viewing of UHECRs E = 20 EeV Upward t-lepton EAS E = 20 PeV
via Fluoresence: 10’s of usec timescale via Cherenkov: ~10 nsec timescale
1. Scientific and Experimental Motivation

I SRR S

POEMMA & Mission Description.

POEMMA UHECR & UHE Neutrino Performance via air fluorescence measurements.
POEMMA VHE Neutrino Performance via optical Cherenkov measurements.

SiPM discussion regarding space-based optical Chernekov measurements.

SiPM discussion regarding space-based air fluorescence measurements.

Summary




POEMMA Study Collaboration

University of Chicago: Angela V. Olinto (PI), R. Diesing

NASA/GSFC: John Krizmanic (deputy Pl), John W. Mitchell, Jeremy S Perkins, Julie McEnery, Elizabeth Hays, Floyd Stecker, Tonia Venters

NASA/MSFC: Mark J. Christl (study deputy Pl), Roy M. Young, Peter Bertone

University of Alabama, Huntsville: James Adams, Patrick Reardon, Evgeny Kuznetsov,

University of Utah: Doug Bergman

Colorado School of Mines: Lawrence Wiencke, Frederic Sarazin, Johannes. Eser

City University of New York, Lehman College: Luis Anchordoqu, Thomas C. Paul, Jorge. F. Soriano

Georgia Institute of Technology: A. Nepomuk Otte

Space Sciences Laboratory, University of California, Berkeley: Eleanor Judd

University of lowa: Mary Hall Reno

ITALY: Universita di Torino: Mario Edoardo Bertaina, Francesco Fenu, Kenji Shinozaki; INFN Toriono: F. Bisconti;
Gran Sasso Science Institute: Roberto Aloisio, A. L. Cummings, I. De Mitri; INFN Frascati: Marco Ricci

FRANCE: APC Univerite de Paris 7: Etienne Parizot, Guillaume Prevot; IAP, Paris: C. Guepin

SWITZERLAND: University of Geneva: Andrii Neronov

SLOVAKIA: IEP, Slovak Academy of Science: Simon Mackovjak

JAPAN: RIKEN: Marco Casolino

GERMANY: KIT: Michael Unger; ESO: F. Oikonomou

40+ scientists from 21+ institutions (US + 6)
OWL, JEM-EUSO, Auger, TA, Veritas, CTA, Fermi, Theory



POEMMA: Science Goals

POEMMA Science goals:
primary
- Discover the origin of Ultra-High Energy Cosmic Rays
Measure Spectrum, composition, Sky Distribution at Highest Energies (Ecz >20 EeV)
Requires very good angular, energy, and X_ ., resolutions: stereo fluorescence
Allows for high sensitivity UHE neutrino measurements
- Observe Neutrinos from Transient Astrophysical Events
Measure Cherenkov light from upward-moving EAS from t-leptons source by v.
interactions in the Earth (E, > 20 PeV)
Requires tilted-mode of operation to view limb of the Earth & ~10 ns timing
Allows for tilted UHECR air fluorescence operation, higher GF but degraded resolutions
secondary
study fundamental physics with the most energetic cosmic particles: CRs and Neutrinos
search for super-Heavy Dark Matter
study Atmospheric Transient Events, survey Meteor Population



UHECR Status

Origin UHECRs still unknown

Giant ground Observatories: Auger & TA

sources are extragalactic: Auger dipole > 8 EeV
spectral features — discrepancies E > 50 EeV
interesting Composition trends — unknown E > 50 EeV

source anisotropy Hints E > 50 EeV
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POEMMA: UHECR Exposure History
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POEMMA:

Instruments
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TABLE I: POEMMA Specifications: 1,000 EEETowave —aisible
2 ‘o % % ® Flight Systems

Photometer Components Spacecraft AR dar > 2, @, +Ground Prototypes
Optics Schmidt 45° full FoV Slew rate 90° in 8 min _ ©

Primary Mirror 4 m diam. Pointing Res. 0.1° [ e Exoplanet Shadf S

Corrector Lens 3.3 m diam. Poinfi 0.01° £ 3 Corpm Astronomy & Surveillance

Focal Surface 1.6 m diam. Clock synch. 1 a \ r \

Pixel Size 3 X 3 mm? Data Storage 7 days o

Pixel FoV 0.084° Communication S-band © ¢ 1
PFC MAPMT (1us) 126,720 pixels Wet Mass 3,450 kg = :
PCC SiPM (20ns) 15,360 pixels =~ Power (w/cont) 550 W [=) ~— s
Photometer (One) Mission (2 Observatories) [ /aunch limit

Mass 1,550 kg Lifetime 3 year (5 year goal)

Power (w/cont) 700 W Orbit 525 km, 28.5° Inc 1 b s e TSR N Ny o

Data <1GB/day Orbit Period 95 min 100 10 1 0.1 0.01 0.001 0.0001 0.00001

Observatory Sep. ~25 - 1000+ km

Surface Precision RMS, mm

Each Observatory = Photometer + Spacecraft; POEMMA Mission = 2 Observatories i SiPM Workshop 2019 7




POEMMA: Schmidt Telescope details

2.

ctive area (m”)
N

Effe
W

O | L
0 25 5 75 10 125 15 175 20 225

F/0.64, EFL=2.08m, EPD=3.3m, UV: 3.3m Corrector Center for Applled 0ptlc5 ()“‘-'ilXih ViC\\"il1g AI]glC (chrcch)
University of Alabama in Huntsville = 5 ; S
Patrick J. Reardon

e S £

Two 4 meter F/0.64 Schmidt telescopes: 45° FoV § :j
Primary Mirror: 4 meter diameter :: 1.2
Corrector Lens: 3.3 meter diameter g |
Focal Surface: 1.6 meter diameter é ::: RMS spot size - 3 mm pixels
Optical Areag;:  ~6 to 2 m? re 0: A
Hybrid focal surface (MAPMTs and SiPM) 02

3 mm linear pixel size: 0.084 ° FoV 0

0O 25 5 75 10 125 15 175 20 225

Off-axis Viewing Angle (Degrees)



POEMMA: Hybrid Focal Plane

UV Fluorescence Detection using MAPMTs Cherenkov Detection

with BG3 filter (300 — 500 nm) developed by with SiPMs (300 - 1900 nm):
JEM-EUSO: 1 usec sampling 20 nsec sampling
Elementary Cell (EC)
SiPM (8x8)

FS filled with ECs

—— ,'7'
IS O - i
L ¢t
PCB1 PCB2

Etso;‘ Si-Diode Interconnector
E r

5°§ ;5& 30 SiPM focal surface units

of E:f' Total 15,360 pixels
o i 512 pixels per FSU (64x4x2)

-08 -06 -04 -0.2 0.0 0.2 0.4 0.6 0.8
X [m]

55 Photo Detector Modules (PDMs)= 126,720 pixels
1 PDM = 36 MAPMTs = 2,304 pixels



POEMMA: Hybrid Focal Plane

Wavelength (nm)

*® 55 Photo Detector Modules (PDMs)= 126,720 pixels
1 PDM = 36 MAPMTs = 2,304 pixels

x10® .
UV Fluorescence Detection using MAPI,, . Cherenkov Detection
. - g i i e .
with BGS3 filter (300 — 500 nm) develope: .., 0k with SiPMs (300 UL hm)
JEM-EUSO: 1 usec sampling ¢ ok 20 nsec sampling
5 Elementary Cell (EC)
§ 00 SiPM (8x8)
) _% 2000
0.8g iﬂ
Z 1500 e ——— £
0.6 b/
4
1000
5 05 ‘ 3 80
i 500 &
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gsoj § 04 E o0 “00 a0 40 00 60 700 800 o0o ; 60 Gc S25°>sS20ns
I § 03 \ L RS S S SELiIsE E ) signal into single pixel
g I,‘E'; 0.25 g 40
501 o
of 02 =30
0.15 \\ 20
. Ts o5 o4 2 oo oz oi 0o o3 0
005 X [m]
0
%00 400 500 600 700 800 0 05 1 15 2 25 3 35 4 45
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POEMMA: Mission (Class B)

Mission Lifetime: 3 years (5 year goal)

Orbits: 525 km, 28.5° Inc

Orbit Period: 95 min

Satellite Separation: ~25 km — 1000+ km

Satellite Position: 1 m (knowledge) fegem

Pointing Resolution: 0.1°
Pointing Knowledge: 0.01°

Slew Rate: 8 min for 90° = 11.74m
Satellite Wet Mass: 3860 kg '
Power: 1250 W (w/contig)

Data: < 1 GB/day

Data Storage: 7 days

Communication: S-band

Clock synch (timing): 10 nsec

! 5.00m !

Operations:
- Each satellite collects data autonomously
- Coincidences analyzed on the ground
- View the Earth at near-moonless nights,
charge in day and telemeter data to ground
- ToO Mode: dedicated com uplink to re-

3(9:”@@3: satellites if desired Bari SiPM Workshop 2019 11

Dual Manifest Atlas V




Quasi-nadir UHECR Stereo UHECR mode

Sat 2 | Sat 1

UHECR observation
In stereo
(Fluorescence)

Satellite Separation ~300 km
Larger SatSep maximizes GF
Lower SatSep minimizes Eqpes

Tilted limb-viewing neutrino mode

Measurements occur during dark, quasi-moon less nights:
Fluorescence Duty Cyle: 11%
Cherenkov Duty Cycle: 20%

! Above Limb observation Sat2  Sat1
Earth skimming neutrinos

SAT 1 & SAT2
(Cherenkov)

s L

”7
ol UHECR observation
>, °
/ In stereo
77
C? (Fluorescence)

Satellite Separation ~30 km
When both in Cherenkov light
pool can use time coincidence to
reduce PE threshold in light of air
glow background.

7’




POEMMA: UHECR Performance: see arXive: 1907.03694

significant increase in exposure
Uniform sky coverage to guarantee the discovery of UHECR sources
Spectrum, Composition, Anisotropy E-; = 50 EeV
Very good energy (< 20%), angular (< 1.2°), and composition
(Oymax < 30 g/cm?) resolutions .
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POEMMA: Air fluorescence Neutrino Sensitivity

Effectively comes for free in stereo UHECR mode:

POEMMA'’s excellent angular resolution allows for
efficiently selecting neutrino events started = 2000

g/cm?2 atmospheric column depth.

Y—pixel Number

Y—pixel Number

3-Oct-2019
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POEMMA Tau Neutrino Detection: see PhysRevD.100.063010

High-Energy Astrophysical Events generates
neutrinos (v,,v,) and 3 neutrino flavors reach Earth
via neutrino oscillations.

POEMMA designed to observe neutrinos with E >
20 PeV through Cherenkov signal of EASs from
Earth-emerging tau decays.

C T 1 YTYT‘ nYYT.lr T 11017 ) TI1T D | TI‘L
¢ Y PSS 360° (¢ 5 I - V
= 10 E Ad = 360" (gp = 0.2) - tau
i Ap = 30° (g5 = 0.2)
o~ L — = { .=U.2) -
£ : o~ o —
2 L | === IceCube all-flavor (HESE) -
:" ol IeeCube \,‘ “ lL\L) | 525 km Alt, 100PeV EAS, EmergAng=10 deg, 0 km AllSTART 525 km Alt, 100PeV EAS, EmergAng=10 deg, 0 km AIIS'I’:\R'I'
; 10 XN >
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= £ s
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= 10°F = 2 \-L'-ﬁ_u_,—-"rr‘ 003
L = - < 60
) e 3 ‘E
S k- - g 0.02
\,J U 40 ’
Fary 3
= 10 E =
- E e ] 20 001
1 sl 1
0 7 1 0 0
10 10 10 2100 -80 -60 -40 20 O 20 40 60 80 100 200 300 400 500 600 700 800 900

Cherenkov Light Distribution Profile (km) Wavelength (nm)
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ToO Neutrino Sensitivity: see arXiv:1906.07209
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10°

10

10
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IceCube, ANTARES, Auger Limits for
binary neutrino star merger GW170817

One orbit sky exposure assuming
slewing to source position

1.0 ‘ ‘ ‘
107
2.72e-01
0.5k g 12.26e-01
£
10 11.81e-01 3
o o
9/ 0.0} 4 =
E 11.36e-01 £
n =
19.05e-02 ™
—0.5}) ,
14.53e-02
1.0 : ‘ : L10.00e+00
0 1 2 3 4 5 6
RA (rad)

Long Bursts

No. of #’s | No. of v’s | Largest Distance for
: S Model Ref >
poiretlay at GC at 3 Mpc 1.0 v per event R R
TDEs 1.12 x 10° 0.77 2.64 Mpc Dai and Fang [17] average
TDEs 5.62 x 10° 3.88 5.91 Mpc Dai and Fang [17] bright
Lunardini and Winter [18]
TDEs 2.23 x 10% | 1.44 x 103 115.20 Mpc Msver = 5 X 106 Mg
Lumi Scaling Case
Lunardini and Winter [18]
TDEs NA* 1.07 x 10 100.03 Mpc Msvsu = 1 X 10° Mg Strong
Scaling Case
RFGBW [19] — FSRQ
Blazar Flares NA* 1.91 x 102 42.96 Mpc proton-dominated advective
escape model
IGRB Reverse 4 ; N
Shock (18h) | 988 10 0.69 2.49 Mpc Murase [15]
IGRB Reverse 7 S QF sl N ) 5
Sholtte aia) 2.05 x 10 143.75 37.36 Mpc Murase [15]
a o 1 5 S ~ 4
BH-BH merger | 694 x 10° |  47.84 20.75 Mpe o POl e Y
SRS 3.48 x 10° | 2.4 x 10* 477.8 Mpc Koieratab iSSR0l
merger taur ~ 10 S
NS-NS merger| 3.58 x 10° 24.75 12.76 Mpc Fang and Metzger [21]
WD-WD merger 20.06 0 33.46 kpc XMMD [22]
Newly-born
Crab-like pulsars| 1.56 x 102 | 1.07 x 1073 98.27 kpc Fang [23]
(p)
Newly-born 4 . 7 ’ <
o) 2.1 x 10 0.13 1.1 Mpc Fang [23]
Newly-born 4 53 Mpe - 2:
Ay 4.07 x 10 0.26 1.53 Mpc Fang [23]
Short Bursts
No. of v’s | No. of v’s | Largest Distance for
y Model Refer:
Uil s at GC at 3 Mpc 1.0 v per event ikt
sGRB Extended
Emission 2.23 x 10® | 1.55 x 10® 117.44 Mpc KMMK [16]
(moderate)
sGRB Prompt | 8.10 x 10° 69.19 26.66 Mpc KMMK [16]

(*) Not applicable due to mismatch with mass of SMBH at the GC and/or lack of blazar-like jet.

Bold: = 20% Prob of an
eventin 5 years




POEMMA: upward t-lepton EAS Cherenkov considerations

- bt Aa | Bz (33 km) | Br(p#m) | Bz (1000 km) Ideg Earth Emergence Angle
h " Gance v Earts rtce 1 3.6 / 70 \ 8.2 —_ :
: i ) 5.2 10.0 1.7 E sl
_ R, . -
. sing, = o 3 6.6 12.3 14.5 -
48 oy sl 4 7.9 14.4 16.9 = ’
Ryth  Ry+h Ro+a 5 9.1 16.2 19.0 = 90% Decay Fraction
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Air Glow Background in Cherenkov Band

. CUMULATIVE SUM: Night-sky arglow spectrum, VLT/UVES (Hanuschik, 2003; Cosby, 2006) Requirement for < 1e-2
L 314 nm - 900 nm background events per
g Use to calculate effective PDE (for year leads to high PE
: [y ey SiPM): <PDE> = 0.1 thresholds
i — 15[00] " 12,090 photons/m?2/sr/ns > 10 PE (dual Cher
£ v o 314 nm - 1000 nm measurement)
‘E 500 - 700 ~25,000 photons/m?2/sr/ns 20 PE (single Cher
: | — 314 nm = 500 nm measurement)
. * Davelerighylm] 570 photons/m?/sr/ns
7
\ _van Rhijn formula for airglow layer with h = 90 km_ Viewing at angles away from
= B it i /] nadir views more optical depth of
3 . S O air glow layer.
% x6 for viewing limb from 500 km
2 Work by Simon Mackovjak

Zenith angle (z [deg])



SiPMs now have high PDE in Fluorescence Band but ...

PDE results: Nepomuk Otte

S s Nitrogen Fluorescence:
g 50 o2 FBKZNUV-HD3—4 - A band from <300 nm = > 1000 nm
- . . ; ;
- el R Dominated by lines arou.nd 3?%7.1,. 357.7,391.4 nm
- QE/PDE needs to be optimal in this band
30 - Use filter (usually BG3) to constrain wavelength band to reduce
i background from air glow
- Issue with this filter with transmission above 700 nm
10
‘_!_1‘ 0.5
: 200 300 400 00 600 700 800 900 1000 % 045 | UltroBiAlkc+ BG3 effQE
Wavelength (1’11’1’1) g CUMULATIVE SUM: Night-sky airglow spectrum, VLT/UVES (Hanuschik, 2003; Cosby, 2006) -§ 04
£ £ o3
%0/ ; 1ot é 0.3
o | e & 025
70; E l'lS'I]
| E | 314 - 500 570 0.2
= rUE “_z B 314 - 700 2020 0.15 -
5 E o 500 - 700 1450
- % 500 - 800 5030 0.1
30% Bkg Bkg g i ‘ : : 500 - 900 12090 0.05
i ' 300 400 500 600 Wavelengﬂ:ﬂ[onm] 800 900 1000
% 500 >10,000 , B0 300 400 500 600 700 800 900
0 __________________________________________________________ Wavelength (nm)
200 300 400 500 b(i(]ambda [nn:(])U 800 900 1000 1100

Princi ple Carve http://www.pgo-online.com



Summary

- POEMMA will open two new Cosmic Windows:

- Space-based measurements provides order of magnitudes improved sensitivity

- UHECRS (> 20 EeV), to identify the source(s) of these extreme energy messengers

- neutrinos from astrophysical Transients (> 20 PeV), and high sensitivity to UHE neutrinos (> 20 EeV)
- Neutrino t-lepton induced Cherenkov signals span 300 nm £ A £ 1000 nm:

Wide spectral range of SiPM’s and nsec time response critical in the detection

PE signal range: 10 PE to 10,000+

Advances in PDE improvements helpful

Large air glow background leads to high PE thresholds (for triggering and analysis)

- UHECR and UHE neutrino measurements may benefit for PDE improvement in fluorescence band
- Huge air glow background and wide SiPM spectral requires additional constraints on UV filter

- If leads to significant reduction if effective PDE, science affected via increased UHECR and UHE
neutrino EAS energy thresholds

- However, benefits do exist:
- Lower mass for SiPMs vs PMTs, SiPMs do not require high voltage
- Leads to mass savings ... in Space MASS = COST!
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POEMMA: Diffuse neutrino flux sensitivity

PhysRevD.100.063010 Fig. 22

All flavor Sensitivity Limit:
- Syear 10
- 20% duty cycle
- 10 PE threshold with time

coincidence to reduce air glow
background ‘false positives’

- 2.44 events/decadeo(@BW EL)s. 12
- 17% hit for ignoring u channel

II T TTTTT ! T TTTTT ! IIIIIII|
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OI

- Viewing to 7° away from Limb
(or to ~20° Earth Emergence
Angle)
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POEMMA: Neutrino mode example configuration
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| Field of view: 45 ° Limb dist.: 2639 km
Above limb angle: 2.0 °
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POEMMA: anomalous ANITA upward EAS

525 km Alt, 600PeV EAS, EmergAng=35 deg, 2.5 km Altg, nr

arXiv:1803.05088v1

25()00
TABLE I: ANITA-I,-1II anomalous upward air showers. é()()(x) 0 CONE= 1.0 de g
event, flight 3985267, ANITA-I 15717147, ANITA-III % o= l.e-3sr
date, time | 2006-12-28,00:33:20UTC {2014-12-20,08:33:22.5UTC DS()(}()
Lat., Lon.(!) -82.6559, 17.2842 -81.39856, 129.01626 g
Altitude 2.56 km 2.75 km he L
e SR, o =0 100 80 -60 40 -20 0 20 40 60 80 100 OEFF Ty deg
R/]il.i)[:ziz) _2275; iﬁ)z 4’ 1529063230%87 _35607122063 ;63;4615;2%7 Cherenkov Light Distribution Profile (km) o = 2.e-2sr
Bl 0.6+0.4 EeV 0.56703 Eev 3 008
! Latitude, Longitude of the estimated ground position of the event. g e
2 Sky coordinates projected from event arrival angles at ANITA. g 006 T Ie pto n
3 For upward shower initiation at or near ice surface. é 0.04 S INAR ,YCT ~ 60 km
alt [km] elevation [deg] alpha [deg] beta_e [deg] & om — Rayleign for 1.2 EeV
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GF’s similar (~*200 km? sr): 2 events/70 days (ANITA 1-3) -> ~2 events per year for POEMMA




