CT Cosmic-Ray Paper Status

Tobias Heibges

37th JemEUSO Collaboration meeting
06/05/2025 Paris

PHYSICS
COLORADO




P a pe r Stat u S Observation of Cosmic Rays above the limb via Cherenkov Telescope

on-board EUSO-SPB2 mission

° Fi rSt d raﬂ by E I iza a nd Ma h d i Mahdi Bagheri*', Eliza Gazda*", Austin Cummings”, Tobias Heibges*, Eleanor Judd‘, John

F. Krizmanic®, Evgeny Kuznetsov', A. Nepomuk Otte*, Oscar Romero Matamala®,

— Not complete and needs cross checks Lawrence Wiencke:, for the JEM-EUSO Collaboration'

*Georgia Institute of Technology, School of Physics, Center for Relativistic Astrophysics, 837 State Street NW,

* Analysis and simulation chain using

®The Pennsylvania State University, State College, PA, USA

OffLI ne CO m p I ete “Colorado School of Mines, Golden, CO, USA

'UC Berkley, Space Sciences Laboratory, Berkeley, CA, USA

- leferent from Slm ulatlon Chal n used by GT University of Maryland, Baltimore County, Baltimore, MD, USA
g rou p "The University of Alabama in Huntsville, Huntsville, AL, USA

e Different data analysis strategy Abirnet, Tho Extrems Usivecae Space Obeervatiny on s Seper Proseio Ballooe 2 (BUSO-SPEZ) wes lesmchiod

May 13, 2023 from Wanaka, New Zealand as a pathfinder, carrying a Fluorescence Telescope (FT) and a Cherenkov
— Need to CrOSS CheCk Cuts Telescope (CT). The Cherenkov Telescope was able to slew and tilt towards neutrino transient targets and use the

Earth-skimming technique to observe air-showers from cosmic rays above the limb and search for Very-High-Energy

(VHE) tau neutrinos below the Earth’s limb (E 10 PeV). The | m? Cherenkov telescope was equipped with a

L] - -
« Main task: Merging analysis that R e i ,
512-pixel silicon photomultiplier camera, covering 12.8° x 6.4° (Horizontal x Vertical) field of view, that utilized a
have bee n pe rformed novel stereo optical system. The camera signals were digitized with a 100 MS/s readout system. During its two nights

of observation, the CT collected several hours of data from above and below the limb of the Earth. Eventually, the
balloon flight was terminated after 36 hours due to an unexpected leak in the balloon. In this work, we report on the

analysis of air showers from cosmic rays during above the limb observation
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CT Flight Operations

Night 1

Begin Time | End Time | Telescope Status Tilt Pointing
(62500 R Commissioning - -

(=01 200 [1H: 1200 CObservations —hH.4" (.0
(R:12:00) (1523000 Tilting,/Observations | —5.8° to —9.62° 0.0°
15:15:00) (5:35:00 Commissioning —0.62° 0.0"

DS TSI 11224000 Cihservations —9.62° (L0~
11:25:010) 12:02:00 Ohservations —8.62° 0.0°
1200300 1226000 Tilting/ Observations | —8.62% to —2.69° | 0.0°
122600 124200 Chservations — 26097 (L0~
12:43:00) 12:55:00 Tilting /Observations | —2.69° to —9.69% | 0.0°
12:55:00) 133900 CObservations —0.69° (.0
13:40:00) 13:52:00 Obzervations —0.69° 315.0°
13:52:010) - Shutters Closed —5.8" 315.0°
Night 2

Begin Time | End Time | Telescope Status Tilt Pointing
05:37:00) (1540000 Ohservations —8.6" 0.0"
(3:40:00 (15 DE:00 Tilting/ Observations | —8.6° to —1.68° (.0~
05:58-00 [6=46-00 Observations —1.68° Spinning
(4700 (1702000 Tilting/Observations | —1.68% to —7.6G° Spinning
07=02:00) (7= 10000 Ohservations —T7.6° Spinning
07:10:00 (19240000 Troubleshooting —T7.6° Spinning
091000 12400000 Observations —T7.6° Spinning
12:40:00) - shutters Closed —T7.6" Spinning
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Flight Cloud Coverage

Balloon Altiwde

=== Below Limb Observations

« Assumed homogenous cloud cover
- Night 1: low-level (2km)
- Night 2: high-level (12km)

Above Limb Observations
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 Clouds impact neutrino acceptance |
- Need light creation above clouds - i ;
D -ff 0.3 o_x*;
- Requirement on Energy and tau z 1 . S
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General CT Simulation Chain

Earth Skimming VT

VT Intef It\!“ﬁ' 5% - -’_.. '»;t

NS

EAS Profile
Simulation (Cone
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— — Detector. Simulation

500 —— Areal —— Area2 Aread Area 6 Area 8
- Area 1 Area 3 —— Areals Area7 cos(normal)*sin(normal)
Surface Sampling with Nthrows=100000 and Nareas=768 o I '
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EAS Profile
Simulation (Co

1.0

—— Proton —— Helium — Nitrogen Iron

Cosmic Ray / EAS Simulations o)
1. Sample CR composition from _

measurements by Auger and TALE £ 06
2. Inject trajectory into MC EAS Simulation Li

Conex 20.4-
3. Use EASCherSim to estimate Cherenkov ~

light production and propagation to -

detector for each EAS

0055 160 165 170 175 180 185 190 195

loglO(E in eV)
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EAS Profil
Simulation (C

CONEX Longitudinal EAS profile simulation from MC EASChgrSim Cherellwkov |i9ht simqlation based on
Simulation longitudinal EAS profile, which provides

« Accounts for change in energy (beyond simple scaling) * Radial photon profile

« Changes in elongation rate based on primary particle *  Wavelength profile
» Photon timing profile

* Angular photon profile

— r=1lkm « 1016
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EAS / Neutri
Simulatio
.0

|

Simplified model includes:
1. ACP throughput 08
2. Mirror reflectivity

. . . 0.6 |
3. SiPM etticiency L e i
4. Gap eStlmatlon o " %  Measured Camera Efficiency

*
Close to absolute
calibration efficiency 02,
measured in the field
%90 300 400 500 600 700 800 900 1000

Wavelength (nm)
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EAS / Neut
Simulatio

In depth detector simulation OffLine:
Optics simulation (GEANT 4)
Photon PE conversion
Background simulation

Optical cross-talk

Bi-focal trigger

Signal pile up

Output pulse shaping

S O

Digitization
Result: Can not reproduce camera response accurately
. Event by event level

. Derived quantities like trigger rate

Lack of calibration data / understanding of instrument
Only use parts that can be verified: 1, 2

_ _ — Can we rely purely on data?
Need a different approach to estimate the camera response

PHYSICS
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Observation time

Observation Time (min) Events Recorded

As per recommendation from the GT group Night 1 o0 — 35 11250 — 3305
time periods with more than 500events/min  Night 2 136 — 112 20019 — 7694
are considered over triggered and are Night 2 above limb Al — 21 5537 — 1043
remove Night 2 below limb 95 — 78 14482 — 6651
Uptime of the CT: 35 min = Uptime of the CT: 112 min
10’ ! i ol — —
] H ) | N ‘
10’_’ | } 107 |
) 10" - ' nght 1 0] nght 2
ERTY . . Commissioning % 1004 Desperation &
: & Testing & Splash Down
;‘10"' :é-l()*l
i 102 2 102
10°? | ' ' | 103 J
L Al events: 11250 1 All events: 20019
o ‘ ‘ m ’ ' ' . Dovaime: To 0 1074 ’j NM Gocfhvent: 7634
‘cxhold‘: 5(){'] cv'm ts / min Deafitime: Total 0.1 min,
10_5 ﬂ I 1 H mh[w e Threshold: 500 events / min ﬂ l

1310:00 1310:30 1311:00 1311:30 1312:00 1312:30 1313:00 1313:30

. 05-1405 05—14 06 05—1407 05—1408 051409 05—14 10 05—14 11 05—14 12
UTC Time

UTC Time
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Observation Conditions

HVPS 40-44V J 0 _
LVPS 24-26V V4 E \ r\ W \J
CoBo Temp <60C J U L\\/
SiPM Temp <30C (<25C preferred) V4 J S
EMONS <300 pW (<100pW preferred) T i e s
« Two EMONs mounted above and below the Night 2
camera ‘
* No clear labeling of EMON1 and EMON2 Z o
« 2 Scenarios: 80 ! | 2
* One side of the camera sees significantly
more light than the other
O One Of the EMONS iS malfunctioning 05-1405 05-1406 05-1407 05 H,(,),R 05-1409 05-14 10 051411 05-1412

Time
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. . Bottom
Trigger Overview
* Number of times a pixels contains
the larges peak in the event
« Dominated by a few pixels
: Top
« Large discrepancy between top FoV
and bottom of camera
« Separate treatment of the -
backplanes oy
« Expected number of counts:
— Nevents
Npixels
» Pixels more than 50 from
expectation are flagged as
overtriggering Top
FoV

PHYSICS
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Y pixel location
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SiPM row 0

Baseline distribution S
» Baseline defined as the 200 time bins L
before the main peak of the trace e
» Should be free of ringing and other | — .
artifacts T SiMiow

* Unphysical peak in the first 4 time bins R R B L

Time [10 ns]

. . = SiPM 0
 Ringing and general trend unexplained oas -
- 0.00 2N S Z0 RN NG e
SiPM row |
2001 0251 B
g ol 0.001 P
g 100+ é 0.25 S ——
E‘m_ 0.00 N
SiPM row 3
01 025] B
0.00

0 25 50 75 100 125 150 175 200
Time [10 ns]
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Event 1358

Double |,

Unexpected Event Cuts e

Amplitude

Event 763

140
B "”
120 2 _
> - z g 0
HLED II lIII : ;
100 2 20
Bt Sl L
L - i 20
- 0 100 200 300 400 500
Time (10ns)
150 . Event 2345
Baseline
£ 100 e
step
Z 50 5 wE
< <
0 20
0 100 200 300 400 500
Time (10ns) X
80
| ‘ Bad Events | HLED Events | Multi-Peak Events | Pedestal shift Events | z @
Night 1 1973 63 19 76 g v
Night 2 1637 11 10 230 ;é 20
Night 2 above limb 1637 7 10 228 0
Night 2 below limb 0 4 0 2 5

0 100 200 300 400 500
Time (10ns)
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Trigger Threshold Estimation

Baseline and trigger distributions

—— Rescaled trigger baseline
1000 /N0 e Interpolated PE threshold
—}— Baseline
Baseline distribution can be used to estimate Bi- 10°- —H E;li(:zfg;iﬁ;mn
Focal trigger rate for a trigger threshold “a”
_10%
Ptrigger — (2 * Ntimebins — 1) * Npifocal partners ° npixels : P(X > 3)2 i
% 0
Comparison with triggers found in baseline shown = 10
« Saturation at low PE values because only one
trigger can be found in 2us 107
* Most high PE baseline triggers can be identified
as ‘bad’-events by eye but the algorithm does 10
not catch them

Background rate threshold of 1E-7 Hz 50 0 20 40 60 80 100
Amplitude [PE]

Observation Period | m | Top BP threshold ‘ Bottom BP threshold

Night 1 67 64 66
Night 2 above the limb 53 34 53
Night 2 below the limb a7 47 44
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Event 447 . Event 2345

Event Criteria

Amplitude

To select signatures that look like EAS

signatures
1. The event has to have two
bifocal spots each above the
PE-threshold
2. The triggering pixels are not TUm i e o = e
overtriggering Jod il
3. The peak occurs in the same
10ns timebin o | J
Number of bright isch Number of bright piscls Time difference {10
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Signal classification | _

CO0: Event triggered off cross-talk

C1: Event is within 2 pixels of an over-
triggered pixel or in a separate SiPM
matrix

C2: Event is on the edge row of pixels

P: Passing event. The event is by itself,
with the camera fully operational.

150

1002

Observation period ‘ Total number of passing events ‘ Co ‘ C1 ‘ C2 ‘ P

Ampl

Night 1 below the limb 0 0 0 00 75
Night 2 above the limb 8 2 1 3|2 50
Night 2 below the limb 1 0 1 010
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200

Signal classification

CO0: Event triggered off cross-talk

150
2

100 £
zZ

50

200

C1: Event is within 2 pixels of an over-
triggered pixel or in a separate SiPM matrix

de (P

Ampl

50

C2: Event is on the edge row of pixels

P: Passing event. The event is by itself, with
the camera fully operational.

Observation period | Total number of passing events | C0 | C1 | C2 | P

Night 1 below the limb 0 0 0 00 400
Night 2 above the limb 8 2 1 3 |2 &0
Night 2 below the limb 1 0 1 010 %zm

0 100 200 300 400 500
Time (10ns)
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Cosmic Ray Acceptance - OffLine

1020
Top BP threshold r0.00054
Bottom BP/ Full camera threshold
-0.00048
1019
il .I.-.. o
1018 0.00036

km? sr

Energy [eV]
nce in

s
107 0.00024

SEEEEN
1016 0.00012

0.00006

CR Acccepta

1015
30 40 50 60 70 80 90 100

Threshold [PE]

0.00000
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Uncertainty Estimation

Many effect contributing in different ways

Very conservative estimates

Average trigger rate in [Hz]

Deadtime percentage

| Observation Period | Effect Uncertainty
Night 1 Baseline trend 0.3PE
Night 2 Baseline trend 0.4PE
Night 2 above-the-limb Baseline trend 0.4PE
Night 2 below-the-limb Baseline trend 0.4 PE
Night 1 Baseline oscillation 0.2PE
Night 2 Baseline oscillation 0.2PE
Night 2 above-the-limb Baseline oscillation 0.3PE
Night 2 below-the-limb Baseline oscillation 0.2PE

Night 1

Night 2
Night 2 above-the-limb
Night 2 below-the-limb

Extrapolation
Extrapolation
Extrapolation
Extrapolation

(+0.0067 / -0.0935) PE
(0.0047 / -0.0653) PE
(0.00008 / - 0.0012) PE
(0.0140 /- 0.1959) PE

Night 1 1.57 0.20% - 16.7%
Night 2 1.14 0.16% - 13.7%
Night 2 above-the-limb 0.83 0.11% - 9.9%
Night 2 below-the-limb 1.42 0.20% - 16.9%
1 Night |
1600 Night 2 above limb
| Night 2 below limb
1400 ——  500/min
—— Given deadtime 1.44 ms
1200
, 1000
é 800
600
400 =
200 B
. [ I, b
0 103 m;-‘ 10! . 10! - 10°

PHYSICS
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Time between events [s]

5 June 2025

Night 1

Night 2
Night 2 above-the-limb
Night 2 below-the-limb

Extrapolation Top BP
Extrapolation Top BP
Extrapolation Top BP
Extrapolation Top BP

(0.0016 / - 0.0228) PE
(0.0189 /-0.2648) PE
(0.00004 / -0.0005) PE
(0.0142 /-0.1987) PE

Night 1

Night 2
Night 2 above-the-limb
Night 2 below-the-limb

Extrapolation Bottom BP
Extrapolation Bottom BP
Extrapolation Bottom BP
Extrapolation Bottom BP

(0.0171 /- 0.2392) PE
(0.0023 /-0.0322) PE
(0.00004 / - 0.0006) PE
(0.0276 /- 0.3862) PE

Night 1 ADC to PE conversion 16.7%
Night 2 ADC to PE conversion 33.3%
Night 2 above-the-limb |  ADC to PE conversion 33.3%
Night 2 below-the-limb ADC to PE conversion 33.3%
Night 1 Total +11.20PE
Night 2 Total +17.50PE
Night 2 above-the-limb Total +17.50PE
Night 2 below-the-limb Total +17.50 PE

O
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: : e Calibrated Health-LED
SyStem Monltorlng  Flashes at 5 different intensities
 Average values around the
central peak
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Expected number of CR s smee

Distribution in the camera matches
location of events

—&— Simplified Detector Model

1] . ol | — 1El6eV P

10 Offline 10 | TR
£ i — IEI8eV
@) | —— 1E19V
I 100 1072 —— 1E20eV
('\l 1
faa) 2 i
% < \' — 18, qj+|.[:l.[] g |
& -1 det — 109166 S0
o 10~ +2.48 E :
75} & 1
E [!IH — 1 J -} 1,93 e : /\/\’/‘-\_
S 5 :
m 10-6 i
3 102 =
= |
(] I
e |

108 |
§ | Hﬁ“‘“/ﬁ\\“‘\ﬁ
S 1073
o 85.248 86.848 88.448 90.048 91.648
3 Viewing Angle [deg]
(=¥ Event
= 200
- ‘ : = |
1075 : |‘ | | 1l | |
1015 10'6 10'7 108 101° 1020 -!-.

Energy [eV]
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Paper status

First draft by Eliza and Mahdi

— Not complete and needs cross checks

Analysis and simulation chain using OffLine
complete

— Different from simulation chain used by GT group
Different data analysis strategy
— Need to cross check cuts

Main task: Merging analysis that have been
performed

Remaining Items:
— Simulating finer grain energy bins
— Simulating more statistics
— Merging analysis

— Finish writing remaining sections
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Observation of Cosmic Rays above the limb via Cherenkov Telescope

on-board EUSO-SPB2 mission

Mahdi Bagheri*', Eliza Gazda*", Austin Cummings”, Tobias Heibges*, Eleanor Judd‘, John
F. Krizmanic®, Evgeny Kuznetsov', A. Nepomuk Otte*, Oscar Romero Matamala®,
Lawrence Wiencke<, for the JEM-EUSO Collaboration'
*Georgia Institute of Technology, School of Physics, Center for Relativistic Astrophysics, 837 State Street NW,
Atlanta, GA 30332-0430, USA
®The Pennsylvania State University, State College, PA, USA
“Colorado School of Mines, Golden, CO, USA

'UC Berkley, Space Sciences Laboratory, Berkeley, CA, USA

University of Maryland, Baltimore County, Baltimore, MD, USA

"The University of Alabama in Huntsville, Huntsville, AL, USA

Abstract. The Extreme Universe Space Observatory on a Super Pressure Balloon 2 (EUSO-SPB2) was launched in
May 13, 2023 from Wanaka, New Zealand as a pathfinder, carrying a Fluorescence Telescope (FT) and a Cherenkov
Telescope (CT). The Cherenkov Telescope was able to slew and tilt towards neutrino transient targets and use the
Earth-skimming technique to observe air-showers from cosmic rays above the limb and search for Very-High-Energy
(VHE) tau neutrinos below the Earth’s limb (E 10 PeV). The | m? Cherenkov telescope was equipped with a
512-pixel silicon photomultiplier camera, covering 12.8° x 6.4° (Horizontal x Vertical) field of view, that utilized a
novel stereo optical system. The camera signals were digitized with a 100 MS/s readout system. During its two nights
of observation, the CT collected several hours of data from above and below the limb of the Earth. Eventually, the
balloon flight was terminated after 36 hours due to an unexpected leak in the balloon. In this work, we report on the

analysis of air showers from cosmic rays during above the limb observation
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Fig 1 Left: Schmidt catadioptric optics of the Cherenkov telescope. The mirrors focus the light onto the curved focal
plane located between the corrector plate and the mirror. Middle: CAD drawing of the camera without housing. Right:

Half assembled camera (Lego figures for scale).
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HVPS/LVPS

Bi-focal mirror

’ T 1 L ES

Camera

Common Focal Detector

/ M1 M2

OIOIIITIN Coincidence

@I &  Circuit
&

Light Source

Fig 2 Left and Middle: The bi-focal optics duplicates the image and projects it to two separate locations in the camera.
The telescope readout is triggered if two pixels separated by the bi-focal split record a signal within 100 ns. Right:

Partially assembled camera and the readout electronics.
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« X (into page)

il

L L B —
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Camera

Side View

Fig 3 Left: SPB2 Cherenkov telescope mirrors and camera. Right: Simulated snapshot of the SPB2 bifocal optics in
GrOptics.
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Filter Applied # of # of
Events | Event >
140 PEs
= Green N - (3 x VN) 1913 11
Red N- (3 X m 780 11
excluding pix 66
Blue N-VN 235 2
Yellow N-vN, 148 2
excluding pix 66

I
Without any filters: 2893 events total, ~ 16 > 140PEs

20 40 60 80 100 120 140
Amplitude Value (PE)
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Points: 2872

dt (ns)

f * .
e a ® ® o e g
- o "o . . - " - .'..
10 L 8 «_ s %ee .p oA, w e
E & ‘lf- VA .'( ’ r .
~ - . T ‘s !0.' , s . 4
10° (P AS .r,.'! .
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10"5 L . e ® .'c
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f - o .- -
10'=g— ‘ i .
E 2 - .
1071C -
10° s
10° |
AN NN T PP I R 10"
1683.9575 1683958 1683.9585 1683959 1683.9595 1683 96 1683.9605
Unix Time

Fig 9 Label sections on the plot (first and last overtriggered runs, gap for threshold adjustment, events faster then the
dead time, etc). Change x-axis to hrs in UTC, should I make this plot with a trigger time on y axis as well or dt? total
time observed is 45min, however at the beginning there and end of the run there are over-triggered data runs. also

there was a 10min gap in data taking after the first run to adjust the trigger threshold. Therefore he total observation

time with all the dead time subtracted is: ?7?7?? calculate this.
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Number of times a pixels contains
the larges peak in the event

Dominated by a few pixels

Large discrepancy between top
and bottom of camera

» Expectation Poissonian
distribution with mean:

— Nevents
Npixels é 10%
- Difference between top and -
bottom >50
10[.
Separate treatment of the
backplanes
» Pixels that contain more triggers 100A

than 50 from expectation are
flagged as overtriggering
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] ‘m e iz 2 b 2
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2oPols| 1 ] 3 ? 1
'95 2‘,] 2 3 4 5 6 7 8 9 0|1 12 |13

o s el = [«

Number of times a pixel contained the maximum amplitude

104,

103ﬁ

Bottom backplane
B\ ean: 77. 85

Top backplane
Mean: 0.65

= Expectation: 39.10 £ 6.25

||

MW mn

IOO 200
Pixel Index
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Event 447

Event Criteria

itude

Ampl

To select signatures that look like EAS

signatures

1. The event has to have two R

! Event 2345
80

bifocal spots each above the ~

PE-threshold 60
¥}
=
2

2. The triggering pixels are not 20 E
<

overtriggering 0

3. The peak occurs in the same o 4 8 12 16 2 24 28
X
1 OnS timebin Observation Period ‘ Number of events before ‘ Number of events cut \ Number of events after
Night 1 3305 2148 66
Night 2 7694 4135 66
Night 2 above the limb 1043 568 53
Night 2 below the limb 6651 \ 3567 44
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Overtriggering pixels

» Dominated by a few pixels Night 2 above limb

» Large discrepancfy between =
top and bottom of camera

» EXxpectation Poissonian
distribution with mean:
Nevents/Npixels

» Difference between top and
bottom >5sigma

« Separate treatment of the
backplanes

* Pixels that contain more
triggers than 5sigma from

Y pixel location

X pixel location

3 Number of masked pixels | Top BP | Bottom BP | Camera fraction
expectation are flagged as Night 1 37 21 3 T
overtnggermg Night 2 23 8 15 4.5%
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Trigger Overview

* Number of times a pixels contains
the larges peak in the event

* Dominated by a few pixels

« Large discrepancy between top
and bottom of camera

« Expectation Poissonian
distribution with mean:
Nevents

- Npixels
» Difference between top and
bottom >50

» Separate treatment of the
backplanes
* Pixels that contain more triggers

than 50 from expectation are
flagged as overtriggering

Night 2 below limb

Y pixel location

Top
FoV

X pixel location

limb ' li
15m
Bottom

FoV 10°
12- [

oo er o S

109

Y pixel location
Counts

Top
FoV

0 5 10 15 20 25 30
X pixel location

PHYSICS
COLORADO
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View is from the mirror onto the camera focal plane 144 Pixel ID Backplane ID
‘ly
| | | | -
48 | 49 50| 51| 52 | 53 54| 55| 56| 57| 58 | 59 | 60 | 61 | 62 | 63
M| | W | @ | fm | = 1

32 | 33 34| 35| 36 | 37| 38| 39| 40| 41| 42 | 43 | 44 | 45 | 46 | 47

* Number of times a pixels contains —_—

the larges peak in the event 3| b b | k| b k| | kel 0
BLZS 6;7 ST‘E 105'\'\ 125‘\3 14715

m | | 3

« Dominated by a few pixels

Night 2 above limb

° I Number of times a pixel contained the maximum amplitude
Large discrepancy between top -
and bottom of camera U Packplane
Top backplane
« Separate treatment of the : Mean: 7183
10 === Bottom Expectation: 77.55 + 8.81
baCkpla nes == Top Expectation: 0.65 + (.81
« Expected number of counts: o
N events g 0 ’
Npixels ‘ ‘
+ Pixels more than 50 from Ly
expectation are flagged as | ‘ ‘ “ \ =
overtriggering | -

10°
Number of masked pixels | Top BP | Bottom BP | Camera fraction
Night 1 37 24 13 7.2% 0 100 200 300 400 500
Night 2 23 8 15 4.5% Pixel Index
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Overtriggering pixels

* Number of times a pixels contains
the larges peak in the event

* Dominated by a few pixels

« Large discrepancy between top
and bottom of camera

« Expectation Poissonian
distribution with mean:
Nevents

- Npixels
» Difference between top and
bottom >50

» Separate treatment of the
backplanes
* Pixels that contain more triggers

than 50 from expectation are
flagged as overtriggering

3| 54 57| 58
feod fq fisg Jeed = Jssd fird
7 38 1] 42 44
Iz Z| Z Z] = = =
8 0 n 2 13 15 X
1| 22 27 29 | 30
2 | | b
i 10
L[] L 7 8 9 10 n 12 |13 14
Night 2 above limb o | ke

Number of times a pixel contained the maximum amplitude

103

10?

Counts

10

=]
o

|
| w | W|=ﬂ i

Bottom backplane
WS Mean: 0.65

Top backplane
Mean: 77.85

== Bottom Expectation: 77.55 + 8.81
L == Top Expectation: 0.65 + 0.81
“ﬂ ‘

0 100 200 300 400 500
Pixel Index

Number of masked pixels | Top BP | Bottom BP | Camera fraction

Night 1

37 24 13 7.2%

Night 2

23 8 15 4.5%
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Baseline distribution

* Baseline defined as the 200
time bins before the main
peak of the trace

* Should be free of ringing
and other artifacts

« Unphysical peak in the first
4 time bins

* Ringing and general trend
unexplained
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CR-Simulation




Cosmic Ray Simulations

Above the limb VHECR" Cherenkov Light

——
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Expected CR Number

The expected number of CRs for the EUSO-SPB2 flight

N = /'/4 mjected( )dE

where

N, injected — ALherQLhmwTObsE (I)E(E )
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Calculating Expected CR rate

1. Mimic the distribution of VHECRs
1. Inject CR trajectories homogenously and isotropically |
2. Sample the CR type composition

3.  Build first visibility cuts
2. EAS shower simulation

1. Longitudinal shower simulation using MC framework Conex v
2.  Cherenkoy light simulation and propagation through the Atmosphere using
EASCherSim !
3. Estimate the detector response
1.  Simplified detector response model on all showers '
2. More in depth simulation on passing showers o
4. Apply signal search cuts to events !
5. Calculate the acceptance of the detector as a function of energy e
6. Numerically integrate the product of expected flux and acceptance

0 COLORADOSCHO0LOF MINES 5 June 2025 37th Collaboration Meeting, Paris



Cosmic Ray Acceptance - OffLine

1020
Top BP threshold r0.00054
Bottom BP/ Full camera threshold
-0.00048
1019
il .I.-.. o
1018 0.00036

km? sr

Energy [eV]
nce in

s
107 0.00024

SEEEEN
1016 0.00012

0.00006

CR Acccepta

1015
30 40 50 60 70 80 90 100

Threshold [PE]

0.00000
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Cosmic Ray Simulations

— — ¢ A
P i
roperties:
- - - - - - -
- H d isot direction distribut
omogenous and Isotropic airection aistripution .,
00 e PiGton —— Helium —— Nitrogen Iron
* Foll d CR t
oliow measure composlition
0 0 40 o 0 e 0 o 0 0.8
.Be+ -'l‘m le+ dm 5%11 X offset: 6.1e+(3m X offset: 1.2e+(4m X offset: 1.8e+(¥m
_ 10000 .
20 20 E 0 20 2 E 20
=
~ 10000 ™ S
— 1000010000 — 1000010000 —1000010000 ~10000100008 | —100001 0000 10000100008 | 10000100008 2 0.6
y [m] y [m] y [m] y [m] y [m] y [m] y [m] e
=
.2
Y offset: -1.8¢+]Jth Y offset: -1.2e+[J4th Y offset: 0.0+t Y offset: 6.1e+(f5h Y offset: 1.2¢+{Hih Y offset: 1.8e+({HiR g
_ _ 2 _ . L8 _ . _ 4 10000 E‘OA
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~1000010000f | ~10000100008 | — 1000010000 ~1000010000f | ~1000010000§ | ~1000010000f |
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0.2
’ 0, — 0 _— =40 A, 40 _ 740
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Cosmic Ray Simulations

Conex Longitudinal EAS profile simulation from MC Simulation

x10'°
» Accounts for change in energy (beyond simple scaling) ’
+ Changes in elongation rate based on primary particle
EASCherSim Cherenkov light simulation based on longitudinal EAS profile, *
which provides x107 B
- Radial photon profile " — o 2
« Wavelength profile r=3m | £
.. r=4km =2
» Photon timing profile r=sn | 2
*  Angular photon profile Z nll
2 r=8km
E r=9km
§0A4 0
= 300 400 500 600 700 800 900 1000
0.2 Wavelength [nm]
0.0
10! 10° 10! 10° 103 10*

Time [ns]
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Calculating Expected CR rate

1. Mimic the distribution of VHECRs
1. Inject CR trajectories homogenously and isotropically |
2. Sample the CR type composition

3.  Build first visibility cuts
2. EAS shower simulation

1. Longitudinal shower simulation using MC framework Conex v
2.  Cherenkoy light simulation and propagation through the Atmosphere using
EASCherSim !
3. Estimate the detector response
1.  Simplified detector response model on all showers '
2. More in depth simulation on passing showers o
4. Apply signal search cuts to events !
5. Calculate the acceptance of the detector as a function of energy e
6. Numerically integrate the product of expected flux and acceptance

0 COLORADOSCHO0LOF MINES 5 June 2025 37th Collaboration Meeting, Paris



CR Flux - =

1o Confidence Band

1013 ::_— Auger
TALE
. — 102! —— HAWC
* Power-law fit to L

HAWC, TALE and "~
Auger data

®E)=A-E° "

1013 1014 1(')15 1016 10‘17 1(')18 10‘19 1020
Ecr [eV]
Parameter ‘ Value Uncertainty
A 2.16-10% eV Im 257 tsr= ! | + 0.76-10%° eV 'm 25 lar!
B -2.94 + 0.01

PHYSICS
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EAS / Neutrin

Simulation
Cosmic Ray / EAS Simulations g
1. Sample CR composition from measurements : ,- ! . . — %4
2. Inject trajectory into MC EAS Simulation Conex ’ s |

2. Samples vr interaction and 1 propagations in the Earth to estimate Pg
based on NuPyProp/NuLeptonSim tables

107 e
1.0 A

3. Use EASCherSim to estimate Cherenkov light production and
propagation to detector for each EAS

71071

log1y(E,/GeV)

Proton —— Helium —— Nitrogen Iron T \\s& 6 10
uﬂ%%%;ﬁ&y i ] ()2
——— 12
0.8
] e 11073
‘ =
£ 4 4
g 0.6 10 310
3
2 [ SE—— ' ‘ T N 41075
é-o.zl """""""""""""" SR \\'\-)?'\*\
o e N 1 T MG
- 1 1 2 3 4 5 10 15 20 30 lllm
31 j(]vp‘l'(*v.\j
0.2 . =
&, Samples 1 probability based on exponential decay and produces EAS
A s U B a4 4. Uses NuSpaceSim internal EAS model or samples EASCherSim
00557 160 165 170 175 180 185 190 195 shower library

log10(E in eV)

PHYSICS
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Detector Simulation




Detector Response - OffLine

Optics simulation (GEANT 4)

Photon to photoelectron conversion

Background simulation

Optical cross-talk

Bi-focal trigger logic with 50ns coincidence window

- Hardware and Software trigger to detect true bi-focal events
Signal pile up

- Minimum resolvable signal 30ns
Output pulse shaping

- Based on delta function input combined with cross-talk

- Does not fully recover edge cases

Digitization saturation

To be cross checked against
- Data, GT Simulation chain, Lab tests

EASCherSim Light Input CHASM Light Input Photon File Input

» M 4
Ray-Tracing through Detector
Volume
(GEANT4)

v

Sectioning into Pixels

v

Apply SiPM Efficiency

v

Fill Analog Timing Trace

v v
Poissonian Background File Distribution Background
Simulation Simulation
&
Cross-talk Simulation
v
Trigger Pulse shaping
v v
Music Chip Trigger Digitizer Pulse shaping
v v
True Bi-Focal Trigger Digitizer
A &

Save Result File

PHYSICS
COLORADOSCHOO OFMINES 5 June 2025
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Detector Response - Background simulation

. Based on estimated night sky
background measurements

from SPB2
« PE rate of ~180MHz :
« Implemented in OffLine by -
sampling from Poisson -

distribution with a mean of
1.8PE per digitization bin
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Detector Response - Pile Up and Pulse

Shaping

. Pile up:

—  Minimum pulse
shape resolution of
30ns

- 30ns sliding window

« Pulse shaping:

- 1ps laser response
curves for different
input PEs

-~ Pick closest trace in
PEs

0 e MINES 5 June 2025

Energy: 1.50+18 Shower Viewing Angle: 83847 Tilt; -5

Signal Trace

Energy: 1.5e+18 Shower Viewing Angle: 83.847 Tit: -5

Signal Trace
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DeteCtOF Response - « Photon detection efficiency (PDE):
Photons to Photoelectrons ~ ~ >0

- Range 200nm to 1000nm

- Constant with incoming angles
of -60° to 60°

- PDE was applied to the
incoming photons in OffLine

1000

900

50 4 — .80
-70
-60
-40
-20
0

20

800

40 4
700

w
o

600

Wavelength (nm)

2 — 40
€ 60
')
i o — 70
500 & 504 My e
400
10 4
300
o .
200 L2 Y T L2 T T L2 T T
-80 200 300 400 500 600 700 800 900 1000

Wavelength (nm)
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Detector Response — Simplified model

Wavelength dependent PE-threshold
InCIUdeS: Camera Geometry

10 10 PSF Projection

« ACP through put s ..
ll

U

o

» Mirror reflectivity .| )
* SIPM efficiency - 10+ -
 Gap estimation

Close to absolute calibration efficiency
measured in the field

Ioglg(lntensity)
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MUSIC chip  Bi-focal pair § Pixel s/MUSIC

Detector Response - Trigger ————1—+1—

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

« Hardware Trigger

- Coincident signal between two ]
neighboring music chips within 50ns. T T T T T
~ Does not mean a bifocal pair... HI LH LH LH [H
« Software Trigger
] gg ] ] ] |.-"n!\']}]_ |_l_'l.-"«.\i1}l_ \_[:I AND \_HA.\I\ \_Hﬁ..'\'lﬁ \__L_‘.-'a.\'l’l \_[
- Requires that two triggering pixels are

a bifocal pair. &
« Implemented by Diksha Garg
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Above the limb Cosmic Rays

First pass at signal searches:

| | Night 1 | Night 2
. . Event type MNumber | Number
Only hlgh ampIItUde events (>800 ADC COUﬂtS) Cosmic Ray Candidates '_-_JH - 15 .
Extended events M 5
Several CR candidates while looking above the limb Up-ging extended evenis | 1 Il:-_
ealtl or e vents | 17l i
. Some unidentified signals Ll =L X!

“Event Time: 168404535111060734

. [ o Event Time: 168404504926816226
Evont Number: 4479 L I | Event Mumbar: 14532
Lot: -31.963 | Lat: -32.007
Long: -154,.322 | Long: -154.34
Al 22281 | Al 22055
Emon1: 663 r | ‘ Emoni: 607
Emon2: 230 | EmonZ: 256
Tilt: +1.73 | Tile: =1.73
LVPS Voltage: 26 | | LVPS Voltage: 26
LVPS Cur: 3650 |

LWFP3S Cur: 3639

PHYSICS
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Geometries:

» CRs: Isotropic and homogenous

» Diffuse neutrinos: Isotropic and homogenous
* ToO neutrinos: Quasi parallel

Oe\ed‘o‘
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— — Detector. Simulation

500 —— Areal —— Area2 Aread Area 6 Area 8
- Area 1 Area 3 —— Areals Area7 cos(normal)*sin(normal)
Surface Sampling with Nthrows=100000 and Nareas=768 o I '
400
160 (L , —— Mean=130.21, Std=11.74 L M, ] "
‘ JH ‘ 0.035 il g0 ey Wiy 8
‘ ‘ ‘ | | ‘ H 3 1 S Shitlls Y éo.ow
104 0 A L o] LT Lt o |
0.030 1 Ulint Tl | 2
i ’ el L, 0.0051 Py
120/ 0 f\{
= SRR | | FTT | NP Ny p
‘ = 0.025 i o ’ 0.000{ "
100 5 050 02 0.4 06 038 1.0 0 20 40 60 30
2 A cos’(Angle) Angle [deg]
§ é" 0.020 x1073 counts / radius Relative deviation from mean
O 804 =
= AT 7.48 0.0061
O .
601 & = 0.0041
7.46 %
o 0.010 . F o
Sou 2
20. 0.005 % 0.0001
742 —0.0021
0- 0.000- o
0 200 400 600 800 100 150 ~0.0041
HEALPix Index Number of Points per Area La i 5000 10000 15000 6000 8000 10000 12000 14000 16000
Radius [m] Radius [m]
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Shower Library
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