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Cosmic Rays and
Extensive Air Showers



vCosmic Rays: Overview

* Cosmic rays are extremely
energetic particles from
outer space (10° ~ 1020 eV)

 Accelerated in extreme
astrophysical environments

* Cosmic rays with energy
E>10185¢eV are known as
“Ultra-High-Energy
Cosmic Rays” (UHECRS)

The Big 3 Questions of
UHECRs

- Where do they come from?

- How are they accelerated to
such high energies?




pCosmic Rays: Energy spectrum

* Flux of cosmic rays arriving at
Earth follows a power law

dN
S S |
1 x E

 For UHECRSs, less than
1 particle / km2/ year

* At FAST, we want to measure
the energy spectrum above
1020 eV with large statistics
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pExtensive Air Showers: Overview

primary

particle * Cascade of particles generated
from a cosmic ray interacting
with an air nucleus

* Three main types of particles
* Muons & neutrinos
* Hadrons
ety

, = O * Primary method of detecting
rL \ cosmic rays above ~ 1015eV

Frank Schréder (2017)



vExtensive Air Showers: Detectors
orimary We will focus on fluorescence

particle

detection!

Measure
fluorescence light
from e+~ & O2/ N2
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pExtensive Air Showers: Parameters

Geometry: Process of inferring i et
Zenith (0) these values from / 9' "CORSIKA Shower
] ] | Images
Azimuth (¢) measurements is known |

Core location (x, y) |as reconstruction

Xmax |

Location of max # of
particles (atmos. depth)

Energy:
Initial cosmic ray
energy ” _



pXmaX & Mass Composition

* “Mass composition” = what nuclei | 'HEAT2019 +FD  +SD  -AERA -
make up observed cosmic rays | QX
+ (Xmax ) is @ proxy for mass _ 8007 bt
composition :E,D Pt T L
. (Xmax> IS energy dependent iiémo s e
» Lighter nuclei around 10185 — 1019 eV L
* Heavier nuclei at the highest energies... . L
__,/—;/’ e QGSJet -11.04
600 oo
 Cosmic ray trajectories are bent by ettt sttt sl
magnetic fields o« Z— 07 ke 10

 Important to know mass composition! Eric Mayotte (2023)



Current Largest
Experiments



vCurrent Largest Experiments

The Pierre Auger Observatory: The Telescope Array experiment:
* Located in Malarglie, Argentina  * Located in Utah, USA
* Area ~ 3000 kmz * Area~ 700 kmz2
* Referto as Auger * Refertoas TA
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pCurrent Largest Experiments

The Pierre Auger Observatory: The Telescope Array experiment:
* Located in Malarglie, Argentina  * Located in Utah, USA
* Area ~ 3000 kmz * Area~ 700 kmz2
* Referto as Auger * Refertoas TA

80;— o = “Resolution”

Counts

Auger / TA Resolutions: «
Xmax ~ 25 glcm2 40?
Energy ~ 10%

l 1

—QOO -150 -100 -50 0 5 1 0 1 50 00
e [gcm




The Fluorescence detector
Array of Single-pixel
Telescopes



(The Fluorescence detector Array of

v FAST Single-pixel Telescopes)

* Next generation cosmic ray experiment * Just 4 pixels!
 Sites in both hemispheres * Ideally want same
» Array of fluorescence telescopes ~ 60,000 km2 resolutions as Auger/TA

Four 20 cm PMTs

ylkm]

& 12 telescopes/
i station

| | { O b [ I | ] I [ | | | O b [ | | | ] I [ | | I [ |
-10 -5 0 5 10
x [km]

FAST aims to measure an unprecedented number of UHECRs above 1020 eV




pFAST: Top-Down Reconstruction (TDR)

Waveform matching:

 Compare data directly to
simulations

* Use minimizer to select the
simulated parameters to test

Maximize log-likelihood:
Nplx mes

S‘Yln Pk (z;]a) )

Probability of observmg S|gnal x; in bin
i of PMT k given shower parameters
aq = (E, Xmax, 0, ¢, x,y)

In L(z
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The result of the TDR depends heavily on the “first guess”




(The Fluorescence detector Array of

pFAST Single-pixel Telescopes)

Two sets of prototypes currently in operation

er

Next step — “FAST mini-array”!
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Research Motivation



pResea rch motivation

WANT TO » Elucidate sources of UHECRs
by
Performing UHECR astronomy (with lighter nuclei)

which requires

Measuring many UHECRs > 1020 eV (with FAST)

SO we need to be able to

reconstruct shower parameters reliably with FAST

(which will also allow)

cross calibration between TA / Auger

v
st




pResea rch motivation

To reconstruct shower parameters reliably with FAST, need to
1. Address issues with the current top-down reconstruction
2. Produce a robust first guess method

3. Check the performance of the full reconstruction chain

4. Apply full reconstruction to prototype data and check results
against expectations and measurements from other experiments



Top-Down Reconstruction
Improvements



WReconstruction Efficiency

Adapted from Albury (2020)

* Biggest issue with current
reconstruction is the efficiency,
first identified by Albury

o
(Xe}
]

o
(o]

o
~

 Efficiency defined as
N rec/N trig

N rec = # showers successfully reconstructed
N tig = # showers triggering >1 PMT

o
o

o
w

Old Reconstruction Efficiency

o
SN
1

 Reconstruction is “successful”
If minimization is successful

o
w

18.6 18.8 19.0 19.2 19.4 19.6 19.8 20.0
log[E/eV]



pWhy does efficiency drop?

Main reason:
Discontinuities in likelihood function

]

* These come from discontinuities

In L(Z

P(zi|pi,0) =
o

Npix Npins

ZZln Pka:z|a
| exp |- T
2T . hof

in the simulated/expected signal
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wWhy does efficiency drop?

Main reason:

Discontinuities in likelihood function
NplX Nbll’lS

In £(Z ZZln Py ( :Bz|a,

* Discontinuities bad for minimizers

* Showers with higher energy
—>higher average signals
—>effect of discontinuities larger
->more failed minimizations

=l 22560

og

— 22540

-2

22520
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22440
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Np.e. in bin 30
x

Scan of likelihood function over zenith .'
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wDiscontinuity Sources

Three Main Issues:
Shower Axis Binning  Azimuthal Difference Directional Efficiency



pDiscontinuity Sources

Three Main Issues:

Shower Axis Binning‘

. . . . It

» Signal in atrace bin .., .. Old binning | #bins =[5
comes from a single  ¢-sw.1.0-5 : —
bin on shower axis ©=46.2,n=5) y = — : :

(6=46.3,n=6)% ; } - - \‘:\ t t /:

* This signal depends Roscope ¥V L e e
on bin size and (9=46.o,n=5)4’ ; , *g : : =/
position ©=46.1,n=6) *

(0=46.2,n=6) § +
. . (6=46.3,n=6) } e
* Old binning method '

caused discontinuities : 1 2 : ;




wDiscontinuity Sources

Three Main Issues:

‘Shower Axis Binning‘

Old binning »  New binning
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pUpdated Efficiency
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0_2‘_3 ¢ With discontinuity fixes

*  QOld simulation

| | 1 1 | 11 1 | |
188 19 19.2

| | |
18.6

* Efficiency (i.e. minimisation success) now ~ 95% across whole energy range



First Guess | —
Neural Networks



POverview

* Albury and Fujii showed that a feed-forward, multi-layer perceptron
can predict the shower parameters with full sized FAST array well

- Resolutions - X _,: 30 g cm-2, Energy: 8%

15

Input Hidden layers Output
FAST 3-Eye Layout

s

5_

Core y [km]

0_

T ® ®

-15 -10 -5 0 5
Core x [km]

10 15

Can a similar model work for current layouts? More complex architectures?



WDataset

o 1 ,OOO , OOO Showe rS 10 { FAST-Single resent| - FAST-TA Present
* 4 layouts

» Showers with significant
signal in >1 PMT
* FAST-Single ~ 2x105 ~104,

Core y [km]
o

* FAST-TA~4.1x105

[FAST-Miniv2 5027
 FAST-MiniV1 ~ 4.7x105
« FAST-MiniV2 ~ 5.5x105 E v %
>
X Uniform (500 - 1200 g cin™2) §
Energy Uniform in log(E /eV) (17.3 - 20)
6 sinf cosf (0 - 80°) v
¢ Uniform (0 - 360°) | | 1L | |
Core | Uniform (in circle centred at (0,0), » = 10 kin) 10 Core?([km] 0 Core?([km] ?




vModeIs

Models Tested: s sof putse T TSFEL DNN
+ Basic DNN: phoani | suocomsiton
+ Identical architecture to previous studies 40 : .
« Use height of PMT pulse, total signal and from =0 '
each PMT as inputs ol

1 « Extension of the Basic DNN - same feedforward architecture
I« Use TSFEL python library to extract additional trace features _

' .« Total of 11 inputs per PMT

e TSFEL DNN 0 500 200 500 500 1000
| Time bin [100 ns]
|
|

 LSTM (Long-Short Term Memory): | pass in ¥a°
 Type of recurrent neural network
« Often used for analysing time series data
« 64 features extracted per PMT

.0 20 40 . 60 80 100
Time Bin (400 ns)



8 TSFEL DNN Performance

Biases and resolutions: X_ .

FAST-Single FAST-TA FAST-MiniV1 FAST-MiniV2
50 | | & 1EYE
y ¢ ¥ 2EYE 3 .
| v v e b o ©%e o o
| | L9 R A ' - ol __'_
e I:i o'i M Jouvet
| X o
R P T
[ v 4
Biases ' °
% —100 1 1 ¢
3
3 150 é 1PMT é 1PMT
Y 2PMT Y 2PMT ¢® 1EYE
. —2007 # 3PMT | ] 3 PMT ¥ 2EYE
More PMTs & eyes is better __| | b apur v e
250
2251
Y
2001 & * 0! {
—_ ¢ ¢
T 175 * ¢ See '.vtt...... +’...o ’ .0...
- g Y 4 Y v + ¢ °
esolutions S50 | : : b
: * Vv v v ® Y y v
§125 . tm gy v e + °
4 ¢ ¢ v v v Y
%100- + + | " v
751 " aEn
501
235 18 19 20 17 18 19 20 17 18 19 20 17 18 19 20

log(E/eV) log(E/eV) log(E/eV) log(E/eV)



 TSFEL DNN Performance

Biases and resolutions: Energy

. (Y ¢ 1PMT ¢ 1EYE ¢ 1EYE
2.51 ¥ 2PMT Y 2EYE Y 2EYE
¢ . 3 PMT ® 3EYE
2.0 ° >4 PMT
S 1.5 *
Biases - || _—
—_ .01 Y
o\ ] T : !
3 051 \® g ¥v ’ |
oD Y - DL ‘ \ AKX ' N LB _—
o1y SEEEE
0.5 ¢ v °
Degeneracy between_—% :
. -1.0
energy and core position
1.21
1.0
)
- S 0.8 . ¢ oo
Resolutions N T T I Jouo
T 0.6 I * i Fgvy ? x5 ¢ °e .
d Y ¢ ° : . vVy °
S L] L u + v Vyvy
0.4 Q’ Y"'vv'v "' vy
o BN BN BN BN
0.2 \
&
0.0 18 19 20 17 18 19 20 17 18 19 20 17 18 19 20
log(E/eV) log(E/eV) log(E/eV) log(E/eV)



wFuII Reconstruction: Summary

* Use TSFEL DNN output as first o B N g I +
guess for TDR (simulations) 2 e | ﬁ} 7 3
%_—1:: | E’;m = %
* 1 0or 2 PMTs - poor resolutions S . % | 3 +
~150 { o | T ¢¢' P
$ Miniv2 ol | | | .. .
* 3 or more PMTs N A
e X ..~40—-50gcm=2 Energy ~ 10% + + *
0.6 .;‘0 0.6 : ”h

 Stereo performs even better!

m m
. . g g <
« Slightly unrealistic results... S os ; S o }
 No shower-to-shower fluctuations 02 t . d
« No atmospheric/calibration uncertainties » | W e e .
* No simulation of electronic response (e.g. p—_—_—_———_—"—— s
_ & & Q& & o« & & & K&
saturated signals) NI R A NI A2



Coincidence event data
analysis



wOverview

* Want to reconstruct real events observed by
FAST@TA and FAST@Auger, ideally using
developed First Guess Methods + TDR

 Current prototypes receive external triggers
from TA/Auger to collect data

* Use events seen by both TA/Auger and
FAST - coincidence events

FASTQTA FAST@Auger
Analysis period 2018/03 — 2018/10 (2018/10 — 2023/02) | 2022/07 — 2022/10
Observation time 65 hrs (182 hrs) 122 hrs
Coincidence events 438 235

Core y [km]

Core y [km]

-2.51

-5.01

-7.5+

—10.0 -

-12.51

—15.0 1

-17.51

75 100 125 150 175
Core x [km]

25 5.0

26 -24 -22 -20 -18 -16 -14 -12
Core x [km]




pMC/Data Comparison

10

* Check whether telescopes
are performing as expected

by comparing simulations toz - i £ 10
data 0 i
O _10- i -20
- “Data” are TA/Auger § ;
reconstructed parameters ; |
% 1o 0 10 20 0 Ca0 30 -0 1o 0 10
Core x [m] Core x [m]
 Simulation details shown Xina EPOS-LHC (500 - 1200 g cm™?)
on rlght Energy E=1°(1-100EeV)
Zenith sin @ cos @ (0 - 80°)
Azimuth Uniform (0 - 360°)
C ”» Uniformly distributed in circle, r = 20 km, centred at
OFe POSTHON 1 (5741 m, —5060m) (TA) & (—14726m, —14846m) (Auger)




pI\IIC/ Data Comparison: FAST@TA

- —— MC (1 PMT SNR>6) A . B 4
n —MC(2PMTSNI3>6) == . - —+——4
* To produce MC ‘Oer —+ TARsconsiion || 10 o0r =
histograms, calculate’ | i Ty T Jr | g [ T
exposure 'E I T1= e L 'E
- Related to numberof | | |1 |
events expectedto .- 1 ) |
be detected : 2;—f~+~*+wf++¢+**  E— e el e R - S -
e e A e B o 1 L o

ki
:+_

» Can’t replicate : : 4 ;
' s | i T e, &

detection process, SO
try two simple trigger : :
conditions instead  ° |

+ >1PMT triggered 1 ]?J_l—‘ | E

Nd
Il
1
i
:{ELFH*
_+_
=
oy

+ >2 PMTs triggered =~ s Sl L : e —
4F 4r o iF
o [ o [ S F
.g ok g 2 l S oET— - -
& . N -t v + t = 054,__:;:—0—l . _._f—e—:z::t:q:_*_ ~ . 31:_#: & ——— + ;-.-__L =
7—150 -100 =50 0 50 100 150 - 5 10 15 -8 -16 -14 -12 -10 -8 -6 -4 2
Azimuth [deg] Core x [km] Core y [km]



pI\IIC/ Data Comparison: FAST@Auger

10

10 10 = %;_ -
— r '—= I E
L L y L_I——I

. Lt
To produce MC %LIL : | i

—

histograms, calculate:
“exposure”

1E

* Related to number of
events expected to ) h: .
g f = T 2 I £
be mj & 2F —+—%=+= .......................................... I SRR & . TN LANPIRIIN SO & 2F — $ T —
S i N = e of e T
1;3 18.5 19 19.5 2( 0 2 4 6 8 10 12 14 16 0 10 20 30 40 50 60 70 80
log(E/eV) R, [km] Zenith [deg]

» Can’t replicate )
detection process, SO - Ty A
try two simple trigger ; - Tl e | == R+
conditions instead " .| ! |

« >1PMT triggered
« >2 PMTs triggered
4 4 4
2 2 e F 1
g2 .. et |4 &%2 - == I o s s Sy
0 g b it I B | _+_:#: g . ;
50 100 150 V—2() 24 22 -20 -18 -16 —1i4 -12 -26 -24 =22 -20 -18 -16
Core x [km] Core y [km]

-150 -100 -50 0 (
Azimuth [deg]



Wlnitial Reconstruction: X

* Reconstruct all six
shower parameters

simultaneously with
TDR

* Use TA/Auger
reconstructed values
as first guess

Counts

Cut Events Remaining
TA Auger

No cuts 438 235

Minimisation 412 215

Time Offset 405 211

X, in FOV 103 116

Relative Error 86 86

- FAST
25k [ Entries 86
B J Mean 752.3
B RMS  156.1
201 TA
- Entries 86
- | Mean 735.7
151 -] RMS  110.2
10F -
5k —II:
0_ | Il L | Il 1 1 1 1 1 1 1 1 1 -l III_“_Ill L il L L il L L L L L
0 200 400 600 800 1000 1200 1400 1600 1800 200
Xmax [g Cm-z]
16: Entries 86
14_ ¥?/ ndf 13.37 /11
C Constant 13.33 +2.71
12 // \ Mean  -3.71+12.61
) 10: Sigma  103.51+17.86
£ F /
S [
6F
4
o
C L
_—l 1 L MI/ 1 1 1 1 1 1 1 | L L
—%OO —-400 -200 0 200 400 600

FAST TA 2
Xmux - Xmax [g cm ]

Counts

Counts

Max

24r _ FAST
2F Entries 86
E Mean 748.9
20 = RMS  215.9
18¢ Auger
16F Entries 86
14 - | Mean 688
= RMS 164.6
12
105
8-
6F
4F
2F
O :I L L II | 1 1 1 1 1 1 1 1 1 1 Il L | L m 1 1 L 1 L 1 L 1 1
0 200 400 600 800 1000 1200 1400 1600 1800 200C(
Xmax [g Cm-z]
14 N Entries 86
C X2/ ndf 8.98/13
12 L = Constant 12.41+2.15
10 L \ Mean 27.24 + 14.43
- Sigma 11591+ 16.18
1 o
o
- \
4
21
—%OOI I ]—400 I—ZOO‘ - 0 — 200 - 400 — 600

FAST Auger 2
sz\x 'Xmax [g cm ]




WInitiaI Reconstruction: Energy

. F FAST F — FAST
¢ ReconStrUCt a” SIX 18; I\Eﬂntries 86 16F I\E,Intries 176832
16 ean 18.07 - ean .
Shower parameters yé RMS  05239|  14F RMSA 0.5737
n TA - — uger
. . = [ Entries 86 12 Entries 86
simultaneously with 1 vem 1001 &
£ 10 RMS 05351 £ 100 a RMS _ 0.5761
TDR 5 - K S o
6F i 6F
* Use TA / Auger £ T J:
reconstructed values - of —
aS f|rSt gueSS 16765 17 175 1810g%§./gv)19 195 20 205 21 356 165 17 175 1810g%§./gv)19 19.5 20 20.5 21
- — Entries 86 - — Entries 86
Cut Events Remainin l8: %2/ ndf 17.41/13 E x2/ ndf 25.74 /14
& 16 Constant 12.30 +2.35 20 / Constant 20.05 + 5.04
14F Mean 0.19+0.06 B Mean 0.10 £ 0.04
TA Auger of N Sigma 0.4 +0.07 s —;Z Sigma  0.23+0.05
No cuts 438 235 5 100 g0
Minimisation 412 215 °F / \ 10p
Time Offset 405 211 J \ |
Xomax in FOV 103 116 ké ; nl : F \Lqﬂ
Relative Error 86 86 e r =Ll S = B e |

5 0 0.5
In(Epps1/Ery)




» TSFEL DNN + TDR?

Machine learning first guess | TSFELDRN [

* From previous analysis, need > 2 tnggered
pixels for reasonable guess

* FAST@TA: 70
« FAST@Auger: 62

300 350 400 450 500 550
S Time bin [100 ns]

* After cuts, number of fits which
“reasonably” match data
« FAST@TA: 30 events Not enoud
* FAST@Auger: 20 events

RECONTRUCTION RESULTS
X 5162 16 (537.73) {863} [g cm™]
n - E:90.92+391 (67.39) {19.26} [EeV]
S‘
h Stat‘s‘]c - 0:4.1+0.5 (11.74) {353} [deg]

¢:28.7+4.2 (77.35) {-100.2} [deg]

x:-14551+£23 (-14080) {-16089} [m]

y:-13378+ 141 (-14920) {-19611} [m]




Energy spectrum and mass
composition with FAST



WEnergy Spectrum with

* Biases in FAST only
reconstruction + low statistics
—>use results with TA/Auger
first guess

Counts

* Only events with energy >1018
eV

- ! FAST@TA
:_ ............................................................................... ......................... Entries 100
H — Mean 18.12
SN SYSSRSE S N S S——— e BRMS  0.5017
B s e O ......................... FAST@Auger
= : Entries 86
S S S— - - L E Yo 17.64
- ] IR . RMS 05737
. ! ' | |
S ! i s
. Ly £
. |

L I .
me 1 . .
Semal g N Enm
6 I6> 17 1]5 18 18> 19 195 20 205 7|

log(E/eV)




pEnergy Spectrum with FAST

» Use exposure calculated with
>2 PMTs triggered condition

* Recalculate FAST@TA exposure
with new maps

* Factor of 2 ~ 10 lower
depending on energy

* Primary reason for discrepancy
IS exposure calculation

* More statistics and accuracy
expected with upcoming FAST
mini-array

J(E) E’ (e':_V2 cmZ s!srl)
-

1019

—+— Auger PRD 2020
| -4~ FAST@Auger
- | —4— TAICRC 2019
- | —+— FAST@TA t .
I L H
e T B e
18 18.5 19 19.5 20)
log(E/eV)




pl\/lass Composition with FAST

« Use reconstructed X_... and

max

energy from same set of
showers

* Predictions for proton / iron
come from simulations

* | ow statistics = no conclusions
to be drawn currently

* Need stereo observation for
quality X ../ energy

max

reconstruction

1200

—$— FAST@TA
--&-. FAST@Auger

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

:— —— Proton (EPOS-LHC)
- Iron (EPOS-LHC)

185 19 195 20
log(E/eV)



pSummary

* Want to find out the sources of UHECRs using FAST
* Need to ensure an accurate and precise reconstruction procedure!

Results:
* Fixed recon. efficiency issue (30% =2 95% @ 1020eV)

* Developed two first guess methods, TSFEL DNN and Template Method (see
backup)
 With TSFEL DNN + TDR, resolutions in X___, ~ 30 g cm-2 and energy ~ 10% achievable
(FAST mini array)

* Reconstructed coincidence events
« Ok agreement between FAST results and TA/Auger results
» First guess methods favour large energy / far core position —> need stereo observation

* First measurements of cosmic ray energy spectrum and mass composition with
FAST



pFutu re

 Stereo observation with FAST Mini Array will verify
viability of FAST design

* New prototype telescopes with reduced cost,
autonomous (solar power), reduced electronics noise

' — , e o

Analysis:

* Focus should now be to improve on
first guess methods here so that they
can be applied to upcoming FAST
mini-array data!
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Backup



PPossibIe sources of bias

* One possible cause of bias /
large widths in the event-by-
event difference distributionsis
non-uniformity in the PMT o ‘

1.0

gain response across PMT
surface

100 0.8

S
o)

=
 Previous measurements =
taken in lab but no in situ
measurements
« Geo-magnetic field

<
S

Relative gain / a.u.

400 0.2

500
500 400 300 200 100 o 00

 Measurements of FAST@TA X/ mm
telescope PMT’ s spatial
efficiency in 2024




pNew directional efficiency maps

20

15

* 0OlId Directional Efficiency Map\ o
'

(4)]

Elevation [deg]
o

* New maps with updated PMT

spatial efficiency _
measurements /I\ |
A v A_ B - ~Azimuth [deg]

N (=) [$))

20 20
r

15 0.35

—
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0.3

(9}
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0.2
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pReconstructing with new maps

* Blue = Reconstruction results using new maps (no scaling)
* Large bias in energy

Counts

Red = Reconstruction results using new maps with scaling

» Match total integral of new maps to total integral of old maps (x1.7)

22H Entries 112 Entries 91 |
205 x?/ndf  16.82/13 X2/ ndf 12.75/11 |
185 Constant 19.40 £ 2.78 ’»r Constant 12.56 £1.95 |
16] Mean  1.39£10.20 f Mean -13.23+14.98 |
1 43 Sigma  93.16 + 9.40 y Sigma  118.74+13.33 |
12F A - \
105
oF \
6
I /]
oF =

T W . L L ] .
—%00 —400 -200 0 200 400

FAST TA -2
Xmax - Xmax [g cm ]

600

Counts

30

| Entries 112 ] Entries 91
25: x2 / ndf 16.58 / 11 x2/ndf  20.81/13
| Constant 15.67 + 2.08 Constant 23.15 £ 4.13
| Mean 0.64 £ 0.05 Mean 0.15+0.03
201 i
1 Sigma 0.48 £ 0.04 Sigma 0.24 +0.03
15: .......
10: ...........
SF
B 1 1 1 . o, _I 1 m
0
-3 -2 -1

0
In(Epasr/Erp)




WA time dependent energy bias?

e IN(Ecagt / E7a) decreasing with time

* Has the structure of the PMT spatial efficiency changed?
(unlikely...)

* Time dependent calibration factor not being accounted for?

D T e e A s e A e —— Original mMaps
---------------------------------------------------------------------------------------- —¢— New maps (unscaled)
______ i . 4 NEW maps (scaled)

In(Eppgr/Evp)
(@)
T IO OT T TTTTTTTTTTTTTTTTTT

_2 e e T e goooooonmemm o | PR P LT
2017-12-31 2020-01-01 2021-12-31




pTempIate Method+ TDR?

« Try events with > 2 triggered pixels. After recon. cuts (no X__, in FOV cut)
* FAST@TA: ~ 170 events, FAST@Auger: ~ 90 events

* Find “good fits” but tendency to guess larger energy / further away core
-> need stereo observation

Comparing which fit is better

_ 351 .
40 Auger Recon Auger Recon.| ,,| H: 5.1
| 4 0:22.7
35 30 .
12 1 |
30 1 25 - I
10 —
1% 25 7 v 20 - v Temp Meth. + TDR | Auger + TDR
g 20 4 g :C, 8 { Better Fit : Better Fit
o Q Q |
Q L O 15 - E—— &) | |
15 - 6 l
101 '
10 - L , - 41 i
5 511 — 21 |
I
0 0 0-— :

16 17 18 19 20 21 22 0 5 10 15 20 -20 -10 0 10 20
Energy [EeV] Distance between telescope and core [km] Likelihood difference [no]



pFuII Reconstruction: Setup

TSFEL DNN First guess + TDR

* Use first guess from TSFEL DNN as input to TDR
* Only use first guesses with values inside the range of the training data

* TDR cuts

e Successful minimization
e X ___in FOV

max

« Relative uncertainty in X__, and energy both < 0.5
* Absolute uncertainty in core x and core y both <1000 m



% TSFEL DNN + TDR?

Counts

Counts

17.5- [ TA First Guess + TDR
: [ 1 TSFEL DNN + TDR
15.0 A
12.5
10.0 A
7.5
5.0
2.5 |
0.0 . L] . ,
0 5 10 15 20
Distance between telescope and core [km]
141 1 Auger First Guess + TDR
12 - 1 TSFEL DNN + TDR
10 A
8 .
6 .
4- e
2 4
0 T 1 T T
0 5 10 15 20

Distance between telescope and core [km]

Counts

Counts

175 [1 TA First Guess + TDR
g [ ] TSFEL DNN + TDR
15.0 1
12.5 1
10.0 1
7.5 1
5.0 1
2.5 1
0.0 T T T T T T T
16 17 18 19 20 21 22
log(E/eV)
17.5 - 1 Auger First Guess + TDR
' 1 TSFEL DNN + TDR
15.0 1
12.54
10.0
7.5+
5.0+
2.5+
0.0 T T T T I T I T T
16 17 18 19 20 21 22

loa(E/eV)

TA

Auger

* Tend to guess further
away shower with
higher energy...



W TSFEL DNN Performance

Core and angular resolutions®

FAST-Single FAST-TA FAST-MiniV1 FAST-MiniV2

6000 ® 1PMT | ] ¢ 1pMT 1 ¢ 1EVE | | ¢ 1E¥E
Y 2PMT Y 2PMT Y 2EYE Y 2EYE
5000 el seMr | | " e
%4000 + *.*‘o. ] ++++++ ‘ ’ f
Core gaooo— ¢+ - # Y ++ ++‘*##¢ ¢ *
: | ++'v+v* + Pytyvyte ‘+ AR .
S 2000 | +#++_-* | vy ++ o +v .,
) 10001 AL v, . lv: vy
More PMTs & eyes is better T e
45

Angular

Angular resolution [deg]
S & & &
I P
— Je—
R
—
<
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*Core distance / opening
angle within which 68% of

U

: 17 18 19 20 17 18 19 20 17 18 19 20 17 18 19 20
reconStrUCted events “e log(E/eV) log(E/eV) log(E/eV) log(E/eV)



POverview

* Flow of the FAST reconstruction

- | Measured PMT traces
Processing




WDiscontinuity Sources

Three Main Issues:

‘Directional Efficiency

o Dlrectlona_ll efficiency map (arr?ount\ 201 s ——
to scale signal based on position of ™A ;
shower axis bin in telescope FOV) 0

* Only defined up to +20°

0.4

0.3

Elevation [deg]
o

0.2

0.1

20 15 —10&-5 0 5 10 15 20
' Azimuth [deg]



wDiscontinuity Sources

Three Main Issues:

‘Directional Efficiency

* Directional efficiency map (amount 0432
to scale signal based on position of g
shower axis bin in telescope FOV) £ |
- Only defined up to +20° 2 :
& 21{
& o
* Small change in geometry can : 20—
cause bin to go from inside to & _1o- 19
outglde map range = 24 s e ero | Zero
—>signal drops to 0 ~201

—>discontinuity ~20 ~10 0 10 20

Azimuth w.r.t telescope pointing [deg]




pDiscontinuity Sources

Three Main Issues:

‘Directional Efficiency

6 =45°
50 - 6 =45.4°
* Fix by smoothing map and using £ |
finer time binning S 211 Y,
. . . - L 01
—>reduces size of discontinuities 2 20—
2
é -10 19 .
* * " "Non-zero | Zero
_20_
—I20 —iO (I) 1IO 2IO

Azimuth w.r.t telescope pointing [deg]



Extensive Air Showers: Detectors

—

primary
particle

telescope
radio light particle for fluores-
antenna  detector detector cence light

Frank Schréder (2017) S——"




Extensive Air Showers: Detectors

primary
particle

telescope
particle for fluores-
antenna  detector detector cence light

Frank Schréder (2017)



pCurrent Largest Experiments

How do the Auger and TA fluorescence telescopes
reconstruct the shower geometry?

Abraham (2010)



WCurrent Largest Experiments

How do the Auger and TA fluorescence telescopes

reconstruct the shower geometry?

“Triggered” PMTs

”100H”95HH90|”

105

120
Albury (2020)

o Lo o o
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[Gap] uonens|3
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110
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Azimuth [deq]



wCurrent Largest Experiments

How do the Auger and TA fluorescence telescopes

reconstruct the shower geometry?

Ve b b b b e by e b
120 115 110 105 100 95 90

Azimuth [deg]

Kuempel (2008)

Possible because of finely pixelated cameras!

Cameras at: Auger — 440 pixels, TA — 256



pCurrent Largest Experiments

How do the Auger and TA fluorescence telescopes
?

reconstruct X__ and energys

. "Shower profile- B\

Thomas Gaissr (016)

* Determine the shower profile
* Amount of fluorescence light
emitted by the shower_ as a
function of atmospheric depth N4

* Xmax from profile maximum, R

$&s
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Energy from integral W R
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pCurrent Largest Experiments

How do the Auger and TA fluorescence telescopes

reconstruct X__

* Determine the shower profile

* Amount of fluorescence light
emitted by the shower as a
function of atmospheric depth

* Xmax from profile maximum,
Energy from integral

* Resolutions (reconstruction
precision)
X ..~250gcmz

max

Energy ~ 10%

Counts

and energy?

80
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50

40

30

20

10

IIIIIllllllllllllIIIIII]IIIIIIIIIIIIIIII

= “Resolution”

[_l N | l_lll'ﬂl
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wFAST: Top-Down Reconstruction (TDR)

W
o

How does FAST
reconstruct the shower
parameters?

Elevation [deg]
N
O3]

N
o

ITTT 7 TTTTTMWTTTTTTTTTTTTITITITTITTI
| | (W] | | I

15

With just 4 pixels —can't <47
utilize same geometrical

reconstruction procedures
as Auger/TA! VB

I
120 115 110 ! 05 100 95 90
v Azimuth [deg]

5




wDiscontinuity Sources

Three Main Issues:

Shower Axis Binning‘

* Signal in a trace bin Top of atmosphere

comes from a single Sl

bin on shower axis
Shower axis

* This signal depends

t1
n u *
on bin size and
position Telescope 7

* Old binning method t
caused discontinuities Ground /§ 2 2




pDiscontinuity Sources

Three Main Issues:

Shower Axis Binning‘

* Signal in a trace bin
comes from a single
bin on shower axis

* This signal depends
on bin size and

position

* Old binning method
caused discontinuities

0=46.0,n=5) }

Old binning

# bins =

, |21t
1,10 ns

( )

(6=46.1,n=5) }
(6=46.2,n=5) }
( ) }

6=46.3,n=6

T

Shower enters
telescope FOV

1

/

Shower exits
telescope FOV

| Fixed binning %
(0=46.0,n=5) } : : e i
1
(6=46.1,n=6) } 1|c
(0=46.2,n=6) } +
1
(06=46.3,n=6) } - -
v
0 1 2 3 5 6
Time (10 ns)



pDiscontinuity Sources

Three Main Issues:

‘Azimuthal Difference‘

* Discontinuity found in azimuthal
difference between telescope pointing
direction and shower axis bins A ¢

* Caused signal discontinuities since
signal from each bin is scaled based on

Ag

* Fix by ensuring A ¢ € (— 180°,180°)

Core y [km]

4 -

—2 1

—4 -

¢ter = — 170°

Gtel — Ppo =-12.62°
Gter — Pp1 =-2.09°
Gtel — Pp2 =-346.82°

X
/
// \\
+180° o/ “N
9 =17682° g __, ¢
/ -
¢1 = -167.91°/./_———;
o = -157.38°,’/’
/
/
/
/
/
/
-6 —4 -2 0

-8

Core x [km]




wUpdated Efficiency

» Using updated simulation,
perform “same” reconstruction
as Albury — TDR with first guess
of true values with smearing

« X . 40 gcm-2

* Energy: 10%
 Core: 300 m
 Arrival direction: 3°

iciency

—
'
.

S TN
- H H H H H H H H H

0.6

Reconstruction Eff

0.4

¢  With discontinuity fixes | . .

0.2

*  QOld simulation

« Efficiency (i.e. minimisation ; , ) |
0 | . I I T I I

success) now ~ 95% across 184 186 188 19 192 194 196 198 20
whole energy range



pModeI Comparison

* Perform hyper-parameter optimization with Basic DNN and TSFEL DNN

* Hidden layer node structure 512/256/128/64/32

* Learning rate 0.0003

* No hyper-parameter search for LSTM (time constraints)

* Train on full dataset and compare validation losses (MSE)

FAST-Single | FAST-TA | FAST-MiniV1 | FAST-MiniV2
Basic 0.1144 0.0827 0.0765 0.0685
TSFEL 0.1006 0.0689 0.0649 0.0570
LSTM 0.0906 0.0672 0.0632 0.0565

 TSFEL DNN faster, more robust (?) when applied to data, so

proceed with it

Bettel than
BasiC DNN



pFuII Reconstruction: Setup

TSFEL DNN First guess + TDR

——e

* Use first guess from TSFEL DNN as input to TDR

* Only use first guesses with values inside the range of the training data

* TDR cuts
* Successful minimization
* Xax iN FOV
* Relative uncertainty in X,,,,,and energy both < 0.5
* Absolute uncertainty in core x and core y both <1000 m



pNeuraI Networks: Summary

Summary

* With only 1 or 2 pixels, can’t predict parameters very well

* Need 3 or more pixels in one eye or stereo observation

« ML + TDR shows ideal theoretical resolutionsin X__ ~ 30 g cm-2 and

max

< 10% for energy — promising! But need to include additional reality...

Shortcomings
* Need to train different models for different layouts
* No uncertainty estimate on first guess



First Guess Il —
Template Method



vaerview

* |s there a way to produce a first guess regardless of the telescope
layout?

* Can we get an uncertainty on the first guess?

Template Method

* Generate a library of template traces for a single telescope

* For a set of data traces, compare traces to each template and select
the best match via the same maximum likelihood estimation as TDR.
Can do for each telescope and combine results



WTempIate Library

* Symmetric response of telescope

=
M

-
[

(s1oamoys Jo #)01boj
N S Q © < N o
m m o~ ™~ ™~ ™~ o™

=
E
o m
h h s000OS @
seccccccceee
s0000cccscceee |
se0000sccccscccee Y
2000000000000000000
0000000000000000000000
EE AR R RN RERRRNNRNRNERENNRNRR NN X J
000000000000000000000000000 | o
 EE R R RN RN NN RR RN N RN RN NN R R R N X BN
200000000000000000000000000000 _
' E AR R R R RN RRERRRERNRERRNRNNNRNNNRRN N N J
' E A AR R R R RN RNRRNNNRRRNNNRRNNNRR N N X J
AR AR AR R R AN RR RN RNRRER NN RRRN NN R RN N X J Te)
 E AR R R R RN NRRRNRNEREERENNNRRNNNNRRN N X J lal_‘
5 R @84 8 =~ ° ¢
w/A 210)
o ) )
N
() ._m nmu. n_Am 3|8
~ -
g o Zg e[S
O |— |0 : 1O
m DS 05 | 8BRS
— wn o ~ |
5 =22 8o | T
> nu.mw n < WW nwmmgm,nw L
c < "n c @ SRS =g N
(0] © e = _
@) D C o | |o | .
N 85 22| B | g4l
_ 3 |
O C 0 = |
2 D) XxE | B _
S = 57T |;
) Q
& 9% c8 |48 |52
3 Ow_ 0, |E<2T0EE
Eo S8 g |EFE| BE
D © = O S
VI SEO X
S R FolL WS
° °




wTempIate Comparison

* For some data (red)
and some template
(blue), need to find

- Best fit time offset ¢

e Scale factor A

* Use same likelihood
function as TDR for
guantitative comparison

Noe / 100ns
w w H

—— Simulation
Fitted template 1 E
—— Un-scaled/shifted template ||

‘Mﬁﬂ

Noe / 100ns
(] w

ime bin [100 ns]

I\ul
N A
/XA : "
/AN \ : AN
NV NDZE . A N ~ NN VY WY, N ORI
AMERMANAOSTE I D IRA AN I DA A S I A AN A
20 40 60 80 100 120 0 20 40 60 80 100 .. 120

Time bin [100 ns]



pParameter Estimation

Single Telescope

Just take the best fitting template

Multiple Telescopes

« Calculate minimum likelihood
maps in slices of core position,

arrival direction and Xmax/
energy

* Interpolate each map on set
grid points and sum —> first
guess given by minimum
locations from each summed
map

Core y [km]

Core y [km]

Minimum Likelihood

! |

Core y [km]

5

IIO\ L I15|
Core x [km]

15[

100

N
(]
(e]

kelihood

13300:

1

L

13200

mimum

M

13100

13000

12900

12800

0 5
Core x [km]

~]
(=
(=]
(=]

Likelihood

o))
O
(=)
(=]

6800

6700

6600

6500

6400

Minimum



wTempIate Method Performance

Geometry:
* Core and angular resolutions ok for many PMTs/eyes and higher energies
» Getting geometry right is most important for a first guess

17.5 18.0 18.5 19.0 19.5
log(E/eV)

2 PMT ¢
3.5- 3 PMT __35;
E. >4PMT 2
2 EYE O 30
V4 ] (- O
:3-0 3 EYE - v
9 % 25‘ o s}
5 2.5 . =
© . 3 20 *
Z 0 EE
o 2.0' |- A o
8 * ch 15' * :
(@) " - )
O 1.5‘ - A - A
. . 5( 10
1.0- : 5- :

17.5 18.0 18.5 19.0
log(E/eV)

19.5




WTempIate Method Performance

X .« & Energy:

» Best case resolutions: [ hal
- | B >4PMT =
« X . ~100gcm-=2 T + * E 300 + b
2 4l 1 1) = ' {
* Energy ~ 50% (also non- 3 t Pl G ‘ 1 4
zero bias) 3 -100] [ 1' f b 3 IS
| 100
—200+ i ] i i i | | | | |
17.5 18.0 18.5 19.0 19.5 17.5 18.0 18.5 19.0 19.5
Why? log(E/eV) log(E/eV)
®
) _ 50l 2.0
* Coarse template spacing . + . t
. oa — =7 2] | ¢
* Method of combining results 2. |, } J 4 Ty t §
. 3 1 ©1.0!
from multiple telescopes and | ZRER S S } u +
energy estimation not ideal o ' ! + °3) ’
175 18.0 185 19.0 195 175 18.0 185 19.0 19.5

log(E/eV) log(E/eV)



pTempIate Method: Summary

Summary

* Flexible method allowing for any telescope configuration to get a first
guess

* Core angular resolutions at highest energies reasonable for first
guess ~ 10° and 1 km in best case

Shortcomings

* Density of templates insufficient for quadratic interpolation around
the minimum - poorer resolutions in X__, and energy

* Time intensive (up to ~4 minutes for single telescope)



wTempIate Comparison

Finding the best toff and A:
 Let rinit = difference (in bins)

between centroid time of first 5 4°°§_
triggered PMT in data and T 350
corresponding PMT in template _3300}
250% .

* Try time offsets 200§
roff € (finit — 5, finit + 5) 150F
1oo§

« At each roff estimate best scale 50
factor A from ratio of signals. Jrvad ey

0 20 40 60

| 12
T|me %m [100 n%]

« Maximum likelihood over all roff
values is assigned to the template



pTempIate Selection

» Comparing every template would take > 1 hr.
* Too long for a first guess, want < few minutes

» Solution: Narrow down search space by only evaluating the
likelihood for templates with similar features to data




Template Selection

e Calculate centroid times
and signal ratios from each

triggered PMT in data

« Compare the differences in
these values to those from

each template

* Only calculate likelihood
for templates which match
the data within a certain

threshold

/100ns

N

Centroid Time: 16.0

Centroid Time: 24.7
Signal Ratio: 0.06

Signal Ratio: 0.56

§400 Centroid Time: 39.4 _ Centroid Time: 28.6
:qésso R Slgnal Ratio: 0.28 — Slgnal Ratio: 0.08




pTempIate Selection

Z B All
§ 120 | ........................... Entries 1786
) - : : : : - | Mean 3.616e+04

On average, how many

candidates for different i | _ _ _

numbers of PMTs? i | StdDev 3.284e404
' 17 R S— e — e

« 2 PMTs ~ 50,000 '—1 . [Entries 1145

. : : s : - | Mean 5.296e+04
¢ 25 mInUteS 80 ................. “ ...................... Std De\{ 2.942€:+04

3 PMTs
. | Entries 457

A T T T T T

- | Mean 7393

e 3 PMTs ~ 7,000 | Std Dev 7518

- 20 seconds 40[HL S— — — YV,
i - | Entries 184

60

-'iiﬂiiu

i | Mean 3055
. 4 PMTs ~ 3,000 20 el fl s s e S0 DY 5958
» 10 seconds e | ? |

i SO ML I O . et R WO A S 1
0 20 40 60 80 100 120 140
Number of candidate templates




pParameter Estimation

Single Telescope

* Just take the best fitting
template a

S BT OO §

. Uncertainty can be visualised 20_ _________________________________________________
by plotting 1/2/3¢ contours on
“minimum likelihood surfaces® ™

........

|||||||||||||||||

) K ot s et N s s
0 20 40 60 80 100 120 0 20 40 60 80 100, 120
Time bin [100 ns] Time bin [100 ns]



pParameter Estimation

Single Telescope

* Just take the best fitting

template

* Uncertainty can be visualised
by plotting 1/2/3¢ contours on

Core y [km]

“minimum likelihood surfaces”
- _/\\ ‘
ALY

15

10

First guess
True

.
5 10
Core x [km]

6420

6400’

6380

Likelihood

mnimum

6360

M

6340

6320

6300

6280



pParameter Estimation

Single Telescope
* Just take the best fitting

template

* Uncertainty can be visualised
by plotting 1/2/3¢ contours on

“minimum

kel

nood surfaces”

1”3
c
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pExampIe Reconstructlon

wlZvu
c C

01 00F

\gso:
Z
60F

40 T O §
ot £ RECONTRUCTION RESULTS
C > : : : ) ) : -
| 11" S \ IRE A Il I ; : ; ; ; Xax: 802 £ 71 (796) [g cm ]
Y] VA 0 I 2T Yl G 1 S_gln — e b 1

_20f E: 179 £17 (17.92) [log(E/eV)]

~ant : : : : : 10 ; 0:29.5+ 1.4 (28.2) [°]
g ¢ 1 1 i 1F 1T 1T & 1 1
S — e P — A— - é ........ — | | ¢:199.1£4.6 (-160.2) []

P | | x:16352 £33 (16360) [m]

a -

Z 60F

il |y 9675457 (-9650) [m]

“40 240 260 280 300 bmSF?oo ns1| 0540260 280 Tame o f?oo n510

* Reconstruct all six shower parameters simultaneously with TDR
* Use TA / Auger reconstructed values as first guess




meax & Energy Correlation

* Depending on shower geometry different " | ieroo - mgen
profiles can appear similar to the telescope : @™ ;
- Causes degeneracy in reconstructed X__. ... _Jelescope FOV
and energy ;
- Solution: Apply X__.in FOV cut
Atmospheric Depth [g cmZ]lSI00 17‘50 20‘00
B T 1 o o £ T o o] T o
UJSOO;_ RS 224 RMS  5376| 300F RMS  7.584 RMS  2.049
200;— _150:— 200; "
1505_ No Xma}( IQOfOV cut 1502— With Xnnax100
100/~ ’J 100F-
C 50— -
505 B 50}~
B—L i J.h._Lr—v-'J(x-L"T'\-r ; : T el i JIL ...........
00 150 100 50 0 50 1(l)0 150 200 —030 -20 10 0 % 30 —900 150 100 —50 0 50 o 100t 150 200
X' . XM 1a/cmA2] ve) Erec [%] Xmax - Xmax [@ cm™]




pXmaX & Mass Composition

* “Mass composition” = what nuclei 0 HEAT2019 -FD  +SD . AERA
make up observed cosmic rays e
P o
* (Xmax) iS a proxy for mass 800 - e
composition g RSPtk ¥ Bt
3 e anl® g
=1V e T E
* (Xmax) IS energy dependent 55700 -
* Lighter nuclei around 10185 — 1019 eV -
» Heavier nuclei at the highest energies.. ‘ L
o / e QGSJet -11.04
o — EPOS-LHC
» Cosmic ray trajectories are bentby skl
magnetic fields o« Z— 10" 10" 107
E [eV]

* Important to know mass Eric Mayotte (2023)



pGuZK Cutoff

1022

5

21
0= | -+
] PT7YcMB 7 N+ T,
: 0
e 1020 jF’ '+"'Fy1:}h“[f3, — jp) '1" .

.0 N Cronin (1999)

10 L W W W W V| VY P - PP PP

100 10! 102 103 104
Propagation Distance (Mpc)




pUHECR energy spectra

-
o

< Tk
< [
-
L ‘
L[ %e, g o e Agreement between Auger
e ® o o : : | ]
| : : and TA below 1019.5eV
- when using same
- . 1 | fluorescence yield model
B —@— TA SD Spectrum(standard) L T .
- —&—— TA SD Spectrum(CIC, s800) w/ AirFly+Auger ‘ and event SeleCtlon
L TA SD Spectrum(standard) w/ AirFly+Auger '
- Auger PRD 2020 ‘ - procedure
10-1 l l I I ~
18 18.5 19 19.5 20 20.5
log(E/eV)

Kim (2023)



pPossible sources

. Tau 1pc Tkpc TMpc
101"’_ I | T T
neutron star
0] 'o’bf
o ; Hillas Plot
AN :
10°] e | PN e : - "
5 g 1 - Size and magnetic field
S AGNjots ] strength of different
[ GRB otspots | astrophysical objects
10-5F SNR -
i IGM shocks
10719 A N B R |
10° 10" 10" 10%° 10%°

Kotera & Olinto (2011) R [em]



Anisotropy

O(Exdger = 387 E€V) - W =25° a(EAuger =482 EeV) - W=25°
CR flux « "~ Li-Ma sig. e
. 45°

. 75° | }
[
10 15 20 -4 _—2 _ 0'
Flux (107 km™ syl Equatorial coordinates Li & Ma significance [o]

Kim (2023)



WEAS components

Primary particle

nuclear interaction
K K° 7 with air molecule \\

T, 1t<— K K’ —)n
+
hadronic / l / \ / \
cascade e e
radiation
fluorescence
Cherenkov
: radio
/ Y Y vyyy v H
- s -
TRETAEE p,nmiK, € YYee¥YY e
muonic component, nuclear fragments electromagnetic
: , component
neutrimos hadronic 1%

Haungs (2015) component



WFIuorescence spectrum

x 102
1500

1000

Nitrogen in dry air

Counts

500

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

290 300 310 320 330 340 350 360 370 380 390 400 410 420
Wavelength (nm)
Abraham (2010) .



pReconstructing shower profile

S0 £ Abraham (2010)

dE/dX [PeV/(g/cm?)]
3
| | |

20 [

10

| |

¥2INdf= 42.45/44

l I 1 1 l 1 1 l 1 1

b

l_ 1 I 1 1 1 L L 1 1 1 1 1 1 1 1 L
200 400 600 800 1000 1200 1400
slant depth [g/cm?]

dEY (X - Xy
dX )\ Xmax —

L l 1 1
1600

Fit Gaisser Hillas function to
energy deposit as function of
depth

Xmax —X

&40
0 I A



W Birds eye view of FAST

FAST@Auger

FAST@TA

s PR




Da = 1240 mm

<

f Spectral
Efficiency

Dm =cca 1600 mm

200

150

I=1000 mm

Mirror / camera

dimensions

=100

50

0 50 100 150 200
x [mm]

Efficiency [%]

200

100

80

P D
o =)

N
o

IIlIIIIII

— Total efficiency
—— Filter transmittance

—— Mirror reflectivity

1 1 I 1 1 1 l 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 l 1 1 1 I 1 1
360 280 300 320 340 360 380 400 420
Wavelength [nm]

200

50 100 150 200 0 50 100 150 200
x [mm]) x [mm]



WTop-down reconstruction

n |1 2 3 4 5 6

x. |1 228 353 472 589 7.04

Table 3.1: Values x,. by which the negative log-likelihood must be increased by to give

the uncertainties on the n reconstructed parameters.

/100ns
w
o
T

N

TR I T R N i L1 i G o oy
200 250 300 350 400
Time bin [100 ns]

200 250 300 350 400
Time bin [100 ns]




WReconstruction Efficiency

* Investigate using simulated dataset of

1000 showers

X max

EPOS-LHC (500 — 1200 g cm™2)

Energy

Fixed (30 EeV)

6

sin @ cos @ (0 — 80°)

¢

Uniform (0 — 360°)

Core

Uniform in circle centred at (0,0), 7 = 10 km

* Use reconstruction of zenith angle as

measure of performance. Other
parameters fixed to true values.

* Initial result:
o 274 events with invalid minimum

« 232 events with 8., >100°

Core y [km]

o)

5

10 A

_10 -

-
-
’/
-

X
% %
-10 -5 0 5 10
Core x [km]




WReconstruction Efficiency

Problem 1a: Binning

* In original simulation, the
method of binning the shower
axis generated jumps in the
locations and sizes of bins

 Why?
 Number of bins set via
n=At/10ns
 Then, length of one bin set via
ti,=At/n
* In above, both n and At
iIntegers

Old binning using # bins

1

t2 —tl
10 ns |
Old binning
(6=46.0,n=5) : t -
(6=46.1,n=5) } t t >
(06=46.2,n=5) } ' t - -
(9=46.3,n=6)1 - - /

Shower enters
telescope FOV

Shower exits
telescope FOV

| Fixed binning %
(6=46.0,n=5) } } ; - |
(6=46.1,n=6) } >
(6=46.2,n=6) } } } - -
(6=46.3,n=06) } <= 1
0 1 2 3 4 5 6
Time (10 ns)



pReconstruction Efficiency

Problem 1a: Shower axis
binning

L. Old binni
. Correct by using fixed t,, =10NS o-w0.1-51, I
and double precision for At z; | —
6=46.2,n=05) } } t - - t t i
(9=46.3,n=6)1 } } - - t } t /-I
» Store fraction of last bin teloscope FOV . . teloscope FOV
- : Fixed binning
included and scale signal 0=45.0,n=5)} : — : «
accordingly ©=46.1,n=6) *
(6=46.2,n=6) } "
(06=46.3,n=6) } i

* Bin centers and sizes now stay ; ; ; ; ; : ;
Time (10 ns)
the same



WReconstruction Efficiency

Top of atmosphere

Problem 1b: Shower axis o
binning profile
Shower

* | ocation of the end of the s
shower profile, which may be r.escope
used to determine binning,
found to change erratically

S A

Zenith Angles

: 44.9°45.0°45.1°45.2°

Ground

Ground ¥ Y End of profile

* Calculated in Auger module(?!)
* Using integers to determine
profile binning
* Fix by copying Offline code
and correcting with doubles

o)) ~ ~ ©
v o ul o
1 1 1

(
®

Dist. from shower core to profile end point [m]
(@)
o
[ ]
o
[ ]

u
(9}
1

44.80 44.85 44,90 44,95 45,00
Zenith [deg]

45.05 45.10 45.15 45.20



WReconstruction Efficiency

Problem 3: Signal re-binning

* After light at aperture calculation
and filter response, multiply by
directional efficiency

* Right plot
« Small circles - 10 ns bin centers
* Big circles - 100 ns bin centers
« Stars - centers of 4th 100 ns bin

Elevation w.r.t telescope pointing [deg]

20 A

10 A

_10 -

_20 -

6 =45°

0 =45.4°

21 A

20

19 A

—20

-10 0 10
Azimuth w.r.t telescope pointing [deg]

20



WReconstruction Efficiency

Problem 3: Signal re-binning

* Efficiency factor for 100 ns bin
 For elevation/azimuth outside
(-20°,20°), efficiency =0
* Inside range non-zero. Boundary has
areas where efficiency = 0.02~0.03 —

doesn’t tend to zero sufficiently
smoothly

* Small changes in geometry can
cause bin inside range to fall
outside range — get discontinuity

Elevation w.r.t telescope pointing [deg]

20 A

10 A

_10 -

_20 -

0 = 45°

0 =45.4°

21 A

20

19 A

—20

-10 0 10 20
Azimuth w.r.t telescope pointing [deg]



pReconstruction Efficiency

Problem 3: Signal re-binning

* Solution Part 1:

* |deally would perform real
measurements until values at
boundary “sufficiently close to 0”

« Emulate by smoothing map.
Extend to (-20.5°, 20.5°) in
elevation/azimuth with zeros, then
use ROOT TH2D.Smooth()

* Right plot - difference between
original and smoothed map

Elevation w.r.t. telescope pointing dir. [deg]
(=)

-20 -15 -10 -5 0 5 10 15 20
Azimuth w.r.t. telescope poiting dir. [deq]




WReconstruction Efficiency

Problem 3: Signal re-binning

e Solution Part 2:

* With smoothed map, calculate signal in
100 ns bins next to edges using
surrounding 10 ns bins directly

* Each 10 ns bin contains less signal so
jumps to 0 are less impactful on final
likelihood

o After fix:
* 82279 events with invalid minimum
« 822 events with 6, >100°

Elevation w.r.t telescope pointing [deg]

20 A

10 A

_10 -

_20 -

0 = 45°

0 =45.4°

21 A

20

19 A

—20

-10 0 10 20
Azimuth w.r.t telescope pointing [deg]



WReconstruction Efficiency

Reconstructing the test data set of 1000 showers with binning corrections

Problem 1: Shower axis binning
« 274->109 events with invalid minimum
. 23220 events with 8,,>100°

Problem 2: Azimuthal difference Original simulation

* 109282 events with invalid minimum | Azimuthal difference
« 20->8 events with 8,,>100° + Signal re-binning

+ Strategy Improvement
Problem 3: Directional efficiency
« 82279 events with invalid minimum
« 822 events with 8,,>100°

Reconstruction state | Failed reconstructions | 6., > 100°
274 232

+ Shower axis binning 109 20
82 8
79 2

1




pReconstruction Efficiency

Remaining reconstruction failures

» Remaining events with invalid minimum caused by artefact of
reconstruction setup

« Starting with true values, occasionally fitter does not search space
thoroughly enough to determine minimum location within specified
tolerance

 Rectify by changing minimizer strategy setting in Minuit2 (from 0 to 1) in
these cases
« Should (almost certainly) not be an issue for real data reconstruction

* After fix:

e 7921 events with invalid minimum
- 221 events with 6,,>100°



WReconstruction Efficiency

Remaining reconstruction failures

 Last event fails because signal re-binning solution not perfect — see
thesis for details

15.2 A
o
§'150 .Avg e o o| ooooo .oAvg e o o| ooooo * oFInoeo e eofe
(@)]
£
< 14.8
g
Q .
8'146 ooooooo Qﬁvglo ° ol ooooo * oFInoeo ° ol ooooo
?
Q
jq:)- 144 o o o o .oAvglo . ol ooooo *oAvglo | ooooo F Inoe
S
c
© 1424 6=45.0°
®
>
Q
W 1409 6=45.2°
6 =45.3°
13.8 - T T . .
18.0 18.5 19.0 19.5 20.0 20.5

Azimuth w.r.t telescope pointing [deg]



Resolutions after improvements

& AOF & F
Ideal resolutions S g %
= TE 8
* Resolutions at 30 EeV 307 i
« Xmax: <5 gcm=2 25F 6
* Energy: 1% 20 JE
* Core: <50m st 4E
« Arrival direction: < 0.5° N . 3 :
* Not representative of true s i
resolutions NS I R PO PO I AU PPN PP SR R <1 IS PO PP IV SO PO R R 90
184 186 188 19 192 194 19.6 198 20 184 186 188 19 192 194 19.6 198 20
* First guess already very good, tog(EleV) tos(EleV)
data-independent ER: E 550f
- Ideal simulations: Gaussian S 29 gt
background, no shower-to- s F g 200
shower fluctuations, no A z
atmospheric/calibration ERE: 7 150¢
uncertainties, no simulation of - -
electronic response (e.g. 1 100r
saturation) - -
0.5 500
Os4 I8 188 19" 193 194 196 198 20 . 084 186 188 19 192 194 196 198 20

[e—

log(E/eV) log(E/eV)



pXmaX & Energy Correlation

14
« When reconstructing X, and energy b
simultaneously, get long tails, even when o y
using true geometry o
S
E 6
1 e B EEE
"”300:_ RMS 24| RMS  5.376 |
n 200
2501 - @
2005— 1502_ Ny
150;— 100" s J6 4 2 0 2 4 6 s
100 B Core x [km]
505— o
_L Ll 1 _JAJM-L"‘H—,LJ..J i 3

900 -150-100 -50 0 50 100 150 200 —030 10 2 30
Xma Q [g/cm"2] (Erec' Etrue)/%rec [%]



meax & Energy Correlation

* Look at difference in reconstruction and true :

=200

values as function of difference between
true and first guess values

« Correlation between energy diff and X _,

— 60

[%

W 40

—:102

800

| | I 1 1 1 -l 1 1 1 ! ! 1 | 1 I
-200 -100 0 1 00
X:'ﬁ(a:x -

200 %00

ax [9 €M

—

©
£

true

<100

>
O
8 €
>

. diff

100

200

300

of

H——o—o—"‘*"*—o—'-.——o—_.—-o-a—é——o-_.- _._+_+_ ——
; IIIIII||III|III| 1
-150 -100 -50 0 50 100 150 %99 250
Ximax = Xmax [g cm?]
+ +t
——0—++_.__.__._—0—0—o——0—+_+_ —— —eo—

111111111111111111111111111111111111111

—150 100 —50 0 50 100 150 29995 250
X = Xinax [g cm?]




meax & Energy Correlation

 Only applies for geometries with high zenith &,
angles coming from behind telescope i.e. ¥,
seeing only last part of profile! oo Ry
—1oo§—
1.4 4 H —2003—
i N =1.35, Xppx = 650 g cm2 —300:—
) 12- i N= 100X =700 g cm-2 077020 30 40 50 60 70 9:'?%9]
0 . X Qb e o
v i —200;—
>0 i —3005— L

i : N ) ' ' ' ' ' _l l 1111 l 1111 [ L1l [ 111 llllllllllllll
0 250 500 750 1000 1250 1500 1750 2000 L [ T R L
Atmospheric Depth [g cm 2] ¢_[deg



meax & Energy Correlation

« Cut out events with X___. outside of FOV of triggered telescopes
* Use telescope location, pointing direction and reconstructed parameters

* Tails in distribution disappear - important cut for FAST

§350 = _|_ Entries 797 ‘?,5)250 :_ m Entries 797
I Mean 0.4868 D F Mean 0.1423
300F RMS  7.584 i RMS  2.049
250 i
200 1501
150 100K~
100 -
g 50/
50 L a
3 Ll 1l 1l l Ll 1 1 l Ll 1 1 l J [ LA LLI Ll l LA L.l I LA 1l 1 L 1 'l I ' L 'l 1 l 1 1 l 1 'l L I I S— | — I L 1
—900 -150 -100 -50 O 50 100 150 200 9.30 -20 -10 0 10 20 30
X:ﬁgx - Xr::g:( [g cm ] (Erec B Etrue)/Erec [ A’]



PFirst guess | — Neural Networks

kstop—1
SNR = 2 — it 5

N Tty \/ kstop — Katart SNR threshold of 6
*g B Noise %
o - Entries 25269 | C =
O 103k Mean 3544| © -
= RMS 0.4137 ) = _
3 =
(Al —
@ =
10?2 = =
L L
10 ;
1 ?
= T S S U U S B SR
0 2 3

5 6 7
SNR Threshold [no]



pFirst guess | — Neural Networks

Resolutions of original FAST 3-Eye layout study
* Xmax: 30 g cm-2

* Energy: 8%

* Core: 465 m

* Arrival direction: 4.2°

Input Hidden layers Output

_’ﬁ
-
>
0
.
O
>

~--------------—

—————————————————————



WFirst guess | — Neural Networks

Output Parameters

* Distributions of output (shower) parameters we want the models
to learn — shapes of core/axis histograms due to layout

I I I [CJ FASTSingle MY | ggo0 4
geo ( 2000 WMW - FASTTA "' AN

WW% FASTMiniv1 7000 - L,
40007 S PP BTN s T B L IR FASTMiniV2 VLT

00000

Energy

00000

00000

00000




FFirst guess | — Neural Networks

Basic DNN
* Input parameter distributions

FASTSingle

—
]
L]
1




WFirst guess | — Neural Networks

Basic DNN

» Feed-forward, deep neural network
* RelLU activation function for hidden layers, Adam optimizer, MSE loss

3 inputs from each PMT with SNR > 6 (other PMT inputs set to 0):

. kstop_l
* Integrated signal — 5, — e signal in jth bin where K, and kg, are determined
j=Fstart from maximum SNR region
= S Zk stop-1 @/’ Si
. . l‘“tOP 1 h SNR = —_ — 1=Kstart
* Centroid time — 7 _ DT SAL3) time of i bin N

]:kstart N ]

* Pulse height -

Lol s 50



PFirst guess | — Neural Networks

Basic DNN
 Additional processing of inputs

* Integrated sianal:
« Take log10 S: = log;((S;)
* Divide by average total (logarithmic) signal over all even

» Centroid time ) Actual inputs

. Subtract earliest centr0|d tlme in event ti =1t —to

* Pulse height:
* Take log10 /i = logio(fi) "
* Divide by average height over all even]”




pFirst guess | — Neural Networks

Basic DNN
 Schematic Input Hidden layers  Output

First
guess




PFlrst guess | — Neural Networks

Basic DNN

* |nitial training setup
* Learning rate 0.001
* 90%:10% Train-Test split,
* Epochs 100 (patience of 10)
* Batch size of 64

 Layer structure (Number of PMTs x 3)/
128/64/6

* Check learning curves, validation
loss vs. % of data set used

Validation

o
e
[

T-Single
TA

Epoch number




WFirst guess | — Neural Networks

Basic DNN e s

* Basic hyperparameter tuning ™ : s

* Varying the learning rate and o o : >
the number of layers/nodes in ... -
each layer ' o

* Best result for each layout with ™| 1.
5-layer structure, 0.003 R T
learning rate o] 7 N N




WFirst guess | — Neural Networks

Basic DNN: Results

— FAST-Single
n n n n n | e
I I l e I l I I l I l I l ———. FAST-MinivV1
——. FAST-MiniV2
2500 3000 2500 n 1
4000 ! 2000 2000
3000
2000 2500 2000 1500
21500 152000 Y 1, 3000 " ” ,, 1500 , 1500
< € £2000 g £1500 £ 1000 2 2
3 31500 3 3 3 3 3 3
81000 S S S 2000 S 1000 S S 1000 31000
1
000 1000 1000 500 500 500
500 500 500
0460 600 800 1000 1200 0260 600 800 1000 1200 0400 600 800 1000 1200 0460 600 800 1000 1200 L1000 -5000 0 5000 10000 210000 —-5000 0O 5000 10000 210000 5000 0O 5000 10000 210000 5000 0O 5000 10000
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pFirst guess | — Neural Networks

Basic DNN: Results AE=IN(E eo/Eqre)
* Biases and resolutions in each parameter as a function of energy.
= EEEER I » Shape of some plots strange
g—zo I . ; : ; ! %180 * i ; E : ; i@ .,
by - "iiiir+ due to range of observable
o f . . showers changing as function of
17.5 18.0 Ener;?/.?Eev] 19.0 19.5 17.5 18.0 Eneé(;}/.[SEev] 19.0 19.5 -,
o o | 1 - energy IR
< 150 F g 09l L 1 ; 1 i - 0 ] l [ I i i I i i ; I ; = 2500 ! i s
& 10 i t § £ 100 ! f : f ! £
g st E0.8 ; ] @ $ : g_zoo { A
g > ° o Pl So7 } ? I 1—300 S ¥ : ! ) »
_Z:: L I ' o2 0.6 i i : i ] : —400 1500 i i : .
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WFirst guess | — Neural Networks

Basic DNN

* Another diagnostic — 2D
histograms of the average loss
for slices in core location, arrival
direction and X /energy

» Difficult regions
 Low energy, high X__,
present in data so OK

« Showers coming from behind
telescopes — as seen before

« Edge of array

- hot




WFirst guess | — Neural Networks

Basic DNN: Results

« Strong energy dependence

seen Iin previous results —
maybe due to uneven

distribution of energles used

in training

. Train on a flat distribution of
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WFirst guess | — Neural Networks

Basic DNN: Summary
* Better results with more telescopes (as expected)

* More data would only give limited improvement
* Tendency to guess towards center of distributions

* Could introduce cuts, separate events by number of PMTs triggered
* However probably more efficient to try and make better model...



WFirst guess | — Neural Networks

TSFEL DNN:

* Extract temporal and statistical
features from 600 bin segment of each £__f

S 10°f ] —— Max to starting bin :
B 5 Last bin to starting bin |

trace e
 Between (t;, — 150, t;, + 450)

* Trace segment determined by

analyzing traces with no noise in
simulations
. N : : . @ 1
Difference between first and last bin above e e e ey e | LT

S p.e. Number of bins

* Difference between max bin of earliest
triggered PMT and first bin




WFirst guess | — Neural Networks

TSFEL DNN:

* Remove features which don’t vary
between traces

Centroid time ~ Signal

. logyo(lz]) = #0 L
* Apply “ ~ o + -0 to remaining feat.

Autocorrelation* ~ Centroid* Entropy*

o Add features from Basic DNN & k., -k

stop "“stop.

Median*

« Remove features with correlation > 0.95

* Left with 11 features—>(* from TSFEL)

eeeeeeeeeeeeeeeeeeeeeeeee



First guess | — Neural Networks

LSTM Network:

Use same 600 bin segments

 Cut first 10 and last 40 bins, re-bin by
factor of 4, gives 100 bin traces (400 ns/
bin)

* Input traces directly to network

« Each PMT trace processed by same LSTN B
layer (extract same features — 64/PMT) .

e Structure is

* nPMTs trace inputs 2> LSTM layer -2
(64*nPMTs) nodes > 64 nodes -
Output layer




pFirst guess | — Neural Networks

LSTM Network
« Hidden state H, (short term memory)

- Internal state C, (long term memory)

LSTM Memory Cell
Input gate

 Processing trace x = {X;, X5, ...., X}
- Ateachtime step t, x, & C,,& H,, are
combined to give C, and H,

« Updated using three different gates which
use sigmoid/tanh activation functions. For
agateg B4

I, = Uyhy_y + Wi, + b,

Output gate

t-1

« Goal: Learn the matrices Ug & Wg and
bias terms b for each gate



W TSFEL DNN Performance

Biases and resolutions: Zenith
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(mean of distribution of
differences between
true and reconstructed
values)

Resolutions

(width of distribution of
differences between
true and reconstructed
values)
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W TSFEL DNN Performance

Biases and resolutions: Core x
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(mean of distribution of
differences between
true and reconstructed
values)
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(width of distribution of
differences between
true and reconstructed
values)
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B TSFEL DNN Performance

Biases and resolutions: Core y

Biases

(mean of distribution of
differences between
true and reconstructed
values)

Resolutions

(width of distribution of
differences between
true and reconstructed
values)
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pFirst Guess | - Neural Networks

Ay [m]

Degeneracy in reconstructed
core position and energy “

Ay [m]




WFirst guess | — Neural Networks

TSFEL DNN Performance:
 Biases and resolutions as function of max SNR
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pFirst guess | — Neural Networks

TSFEL DNN: Summary
* With only 1 or 2 pixels, can’t predict parameters very well

* Need 3 or more pixels in one eye or stereo observation
« 100 g cm-2/40%/ 750 m/8°for 2-Eye stereo observation with FAST-MiniV1
« 75 g cm-2/30%/ 750 m/6.5°for 3-Eye stereo observation with FAST-MiniV2

>101%V
» 2-Eye stereo pointing at each other better than 2-Eye stereo in triangle

 Future Improvements: Filtering to reduce noise in traces/transformer architecture (?), add
telescope location/pointing (maybe help with showers observed in stereo?)




PFirst guess | — Neural Networks

If only 3 or 4 pixels / stereo...:

* Ratio between normalised
number of events expected to be
observed with (top to bottom

4 pixels / >4 pixels /2 Eyes /3
Eyes

and normalised number of events
expected to be observed with at
least 1 pixel
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PTSFELN DNN + TDR: FAST-Single
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% TSFELN DNN + TDR: FAST-TA
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9 TSFELN DNN + TDR: FAST-TA
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% TSFELN DNN + TDR: Summary
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PFirst guess | — Neural Networks

Shortcomings

* Need to train different models for different layouts
« Future FAST layout will have slightly different distances between eyes (surely)
» Current model does not generalize to such a case (would be systematic error)

* No uncertainty estimate given
« Would be useful to know the confidence in first guess
» Assess whether TDR can be reliably applied

* Models which can handle these cases can be built (graphneural networks/Bayesian
networks)— but would require (probably) a lot more data/computation and model complexity



PFirst guess |l - Template Method

Additional triggering: T T

* With only threshold trigger, s
can get false positives in
data due to baseline
fluctuations, anthropogenic
noise

* Introduce timing condition
and pixel grouping condition

(d)

(e) (f)



PFirst guess |l - Template Method

Finding the best roff :

3
« How many values around t, . 2 00 L -
= — All compared templates _|
should we test? 2 -
8 160 Best matching template ]
140

* Take sample of simulated showers, ,,

_III|III|III|III|III|III|III|III|IIlllX

try testing out to +-25 bins - E
80 e

* Red shows offset for best matching -
template — generall within +-5 10 E
20 M -

0 P I R T T R el P .

bl
S

—20 —-10 30

tinit -1 off



PTempIate Comparison

Finding the best toff and A:

« |[deally would fit A at each roff,

e Fitted A
however takes too long 5001 o A from ratio
* Instead estimate A from ratio of 400
signals °
< 300 1
Re) o
Z Sdata ©
test — L : 200
est |
. Sca!e Z . SFemp te -
likelihc . __.._ &=* "t _lihood |
value over all tested roff /A 100 s
O
0 . , . 1
0 5000 10000 15000 20000

Number of candidate templates



WTempIate Selection

What should T

* Take sample of templates > add noise 2

for triggered PMTs, and compare to oric>Ti;

. Choose values of Tmax =10 (1 ms) and Smgy

max

and S__. be?
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WTempIate Selection
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pOne triggered PMT

g)lso:— 6400§E 10f 3
=t ir | ... Extreme
100F- 28 - .
- «xf degeneracy by itself
g § s . 6390§
of o R
However, can still
nelp to constrain
_1503' 10 20 30 40 50 60 70 80 o T T S T T Daramete 'S
6[deg] Core x [km]
E;’”oof % m 17 ., | S Loer M (1 ond 3 Compare templates
o | [ with a signal ratio >
| S & 0.5 in triggered PMT
. andonly try t_z =t .
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20 21
log(E/eV)



pTem

Core y [km]
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WCoincidence data analysis

New signal search algorithm

* Filter trace with finite

—— trace impulse filters
—— filtered trace

w
-

Q.

=

w20 . .
Signal baseline

S  Calculate Sl

O v

g u Fy(i) = Tia ()

Q

O N J BG

5 SNRj(z) — o .

2 oM 7

g for each bin for each filter

'g ~10 Wstd ._W:_‘Zma Vnani

> ¢ S |

= Pstd Pma Pnan Pact .~ « If SNR above threshold for

0 500 1000 1500 2000 2500 3000 3500 . . .
Time [1bin = 20 ns] that filter, PMT is triggered



pBaseline Fluctuations
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WCoincidence data analysis

Energy vs Rp
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FAST
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WCoincidence data analysis

Checkmq low level distributions
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pMC/Data — Exposure calculation

>1PMT triggered
>2 PMTs

2
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PExample Reconstructions
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Wlnitial Reconstruction: FAST@TA
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Wlnitial Reconstruction: FAST@Auger
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I FAST Only Recon. (TSFEL DNN)
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B FAST Only Recon. (TSFEL DNN)
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B FAST Only Recon. (TSFEL DNN)
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WTempIate Method + TDR

Blue = Temp. Method — TA /Auger
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W Template + TDR Examples
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W Construct X, .ax Fails for FAST

Simulation conditions:
. X__ dist. : EPOS (500-1200 gcm-2)

- Energy dist. : E-1 (1018-1020eV) § 1200
o11)
* ¢ dist. © §mfcosH (0-80 deg) 51100
15 ™ 1000
10 900
- | Core pos.
T 800
of V
: 700
_5:_ : .
T s e s g 600
Reconstruct only X, & E (geometry fixe
- Initial X, and E varied by 30g/cm2 and 10%
« Cuts: 400—— . . , 3
* One PMT with SNR>6 log(E/eV)

* Successful minimization
e Ralativia 1infcartaintyy in FE K Y hoth ~ N R



WFAST mini-array

* Future planning, what should spacing be?

3
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Expected number of events/year
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WNumber of showers observed by FAST in

ohe-hight

Above say 1018-5eV

* 1 particle / km2 / year (24/7)
X 60,000 km2 = 60,000 particles per year = 164 a day

* Only observe at night so ~ 50 events per day
* (Ignoring non observation nights e.g. moon out)

* Want to reconstruct all detected events within 24 hr — can be
achieved if reconstruction take under 30 min per event
* TDR can already take 10+mins
* First guess should really be quick a few minutes at most.

* Will need to calculate expected rate of showers passing pre
reconstruction cuts to determine real necessary rate.



PUV Filter Wavelength Response




WNumbers

* Gyro radius of 1020 proton -



WSummary

 Want to find out the sources of UHECRSs

* FAST is a next generation cosmic ray experiment aiming to do so using giant array
of low-cost fluorescence telescopes

* Need to ensure an accurate and precise reconstruction procedure!

Results:

 Fixed recon. efficiency issue (30% =2 95% @ 1020¢eV)
« Removing sources of discontinuities in simulations

* For similar top-down approaches to air shower reconstruction, critical to
ensure smooth changes in signal in every bin
« Introduced X__ in FOV cut
- Important to remove degeneracy between reconstructed X__. and energy
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pSummary

 Want to find out the sources of UHECRSs

* FAST is a next generation cosmic ray experiment aiming to do so using giant array
of low-cost fluorescence telescopes

* Need to ensure an accurate and precise reconstruction procedure!

Results:
* Developed two first guess methods, TSFEL DNN and 200,
Template Method a r++
* Resolutions improve for more pixels / more eyes [ |
» Full reconstruction chain with TSFEL DNN shows promising  =2™]._
results for FAST-Mini Array = 150 5
- Resolutions in X___ ~ 30 g cm2 and energy ~ 10% seem achievable 3 | +g
* Need to ensure simulations match prototypes as closely as ° n .
possible! A




pSummary

 Want to find out the sources of UHECRSs

* FAST is a next generation cosmic ray experiment aiming to do so using giant array

of low-cost fluorescence telescopes

* Need to ensure an accurate and precise reconstruction procedure!

Results:

» Reconstructed coincidence events
* Ok agreement between expectations and data
« Decreasing trend in In(E.,41 / E;5)=>calibration factor?

* First guess methods favor large energy / far core position
» Stereo observation is important for FAST

- First measurements of energy spectrum and mass
composition with FAST
* Need more statistics + careful consideration of uncertainties
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