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Results of energy spectrum, mass composition and anisotropy
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Increase dipole amplitude above 4 EeV

arXiv:1808.03579 = Need more statistic of ultrahigh energy cosmic rays (UHECRs)
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Requirements for a next-generation ground array
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< - Fluorescence detector Array of Single-pixel Telescopes
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Fluorescence detector Array of Single-pixel Telescopes

+ Target : > 101 eV, ultra-high energy cosmic rays (UHECR) and neutral particles

4+ Huge target volume = Fluorescence detector array

Fine pixelated camera Too expensive to cover a huge area
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Allg S N N e . 4 Each telescope: 4 PMTs, 30°x30° field of view (FoV)
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(¢ 4+ Reference design: 1 m? aperture, 15°x15° FoV
per PMT

S R S 4+ FEach station: 12 telescopes, 48 PMTs, 30°x360°

® P : : : : :
‘ + Deploy on a triangle grid with 20 km spacing, like
/ 37 EeV “Surface Detector Array”.

+ With 500 stations, a ground coverage is 150,000 km?.
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E‘ﬁoresce?wﬁzﬁ*?o?Array of Single-pixel Telescopes
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A conceptual design for a &
large ground array of
Fluorescence Detectors

P. Privitera in UHECR 2012
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PV LASS The full-scale FAST telescope
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> 4 PMTs (20 cm, 8 dynodes R5912-03MOD, base
E7694-01)

» 1 m? aperture of the UV band-pass filter
(ZWB3), segmented mirror of 1.6 m diameter

» 3 telescopes has been installed to cover 30°x 90°
FoV

> remote operation and automatic shutdown

> 425 hours observation by October 2018



Real-time night sky monitoring
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Work: Dusan Mandat, Ladislav Chytka
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Calibrations for FAST

Work: Max Malacari, John Farmer, Dusan Mandat, Petr Hamal I
YAP pulser (YAIO3:Ce Ultraviolet LED illuminating the

scintillator + **! Am source) front of the camera
attached on each PMT surface ™ ™
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rkF4AS DAQ setup tor the FAST telescopes
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Fluorescence detectorArrav of Single-pixel Telescopes

+ Receiving the external triggers from TA FD g 405_
+ 50 MHz sampling and 14 bits, sum up 5 bins to be 100 ns c 3°§_

. _ g 20E

4 Common field-of-view (FoV) with FAST and TA FD — 1o
0 o

4+ Observe ultraviolet vertical laser at the distance of 21 km. TR
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FH ANy Data/MC comparison with vertical UV laser
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Fluorescence detector Array of Single-pixel Telescopes

Spot-size Work: Miroslav Pech, Max Malacari
focal plane 50 mm offset A UV vertical laser at 21 km away
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Fras Atmospheric monitoring, UHECR detections
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Fluorescence detector Array of Single-pixel Telescopes

- 0 Work: Max Malacari, John Farmer
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Fluorescence detector/lrrav of Single-pixel Telescopes

The highest event
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rr Ay Reconstructing the highest event

g g g —g

Fluorescence detector Array of Single-pixel Telescopes

i Work: Justin Albury, Jose Bellido I
Top-Down Reconstruction .
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AN Possible application of the FAST prototypes

4+ Install the FAST prototypes at Auger and TA for a study of systematic

uncertainties and a cross calibration.

+ Profile reconstruction with geometry given by surface detector array (1° in
direction, 100 m in core location).

4+ Energy: 10%, Xmax : 35 g/cm? at 1019° eV

+ Independent check of Energy and Xmax scale between Auger and TA

20 Pierre Auger Observatory

Loma Amarilla
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Summary and future plans

ﬁﬁ%ﬁ%ﬁv of Single-pixel Telescopes
- Fllgoge%cence detector Array of Single-pixel Telescopes
FAST

& Optimization to detect UHECR with economical
fluorescence detector array.

€ 1O0xstatistics compared to Auger and TAx4 with Xmax

& UHECR astronomy for nearby universe, directional
anisotropy on energy spectrum and mass composition

N,.../ (100 ns)

-5200 220 240 260 280 300 320 340 360

Time [100 ns]

&
Time (100 ns)

Installed the 3 full-scale FAST telescopes at Telescope Array site

June 2018

e

&€ Detect a distant vertical laser and UHECRs
T

Olomouc,
.

¢ Stable observation with remote controlling.

¢ We will continue to operate the telescopes and search for UHECR in Z iy
coincidence with the TA detectors. & e°
¢ Plan to install 1st telescope in the Pierre Auger Observatory in 2019 | :
¢ Developing new electronics and preparing for stand-alone operation s L , &r v
http://www.fast-project.org New collaborators are welcome! 16
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Physics goal and future perspectives

Origin and nature of ultrahigh-energy cosmic rays (UHECRSs) and

l

L

particle interactions at the highest energies

5 - 10 years
Exposure and full sky coverage Detector R&D
TAx4 + Auger Radio, SiPM,
K-EUSO : pioneer detection from | Low-cost
space with an uniform exposure in| |{luorescence
detector

northern/southern hemispheres

N

10 - 15 years

!

€€ e o y
Precision’ measurements

AugerPrime
Low energy enhancement

(Auger inhill+ HEAT + AMIGA,
TALE+TA-muon+NICHE)
LHC{/RHICT for tuning models

Next generation observatories

In space (100xexposure): POEMMA
Ground (10xexposure with high quality events) "FAST

\«m\

Fluores or Array of Single-pixel Teles

18



N4

o

'-—J>
)
=

--. e

o
—

1M ]

v e
R

-

C , ‘»
S

2 R

= -
b -
=
K R
-

-

ot

Py o, -

fu
o

- ;‘-
] '*~
- ‘_" 3

A

. <

——

9 ‘.‘.‘ (v‘ /
o LA
. e y -
. l:
/
¥
f:
,

|

,-“‘




T T A A N I T

Fluorescence detector Array of Single-pixel Telescopes

£2 " Data analysis and simulation study

FAST hybrid reconstruction FAST reconstruction

Geometry (given Shower Profile (FAST) 57 EeV Simulation
bv TASD or FD)

¥2/Ndf= 85.3/96

70;—
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50 |-
40 {
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- e A . o : S—-— - ! \\\\ 0 — -
H i =y S C
20 N ’ 1000 -
Ll ; _ : ) S L
Ny
e -5 —e ;
T a"‘."» ",: %,‘1 ""».‘,‘. y 0
; ; ; ’f "«,t ""‘o,d‘ L

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

Photons at diaphragm
T

_____ 10 - ]’L
__________ 0 10k %'—“J ’ . -]000:_1 o
__________ T—— : Slmulatlon 52 EeV T T T T 0 200 400 600 800 - (110((113 )
: : : : : ime ns

'10_. | 40 -5 0 5 10 15

5 7 s 9 10 1'1 2 13 14 1'5 1'6 17 400 500 600 700 800 900 10001100 1200 X [km]

e East, [1200m] slant depth [g/cm?]

56 EeV zenith 50°
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<
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=
>
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I

[
=
e
(=]
I

4000

o
>
e
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Photons at diaphragm

Photons at diaphragm

<
=1 T 1

C 1 1 | I 1 | 1 I 1 | 1 | 1 1 | | 1 1 | I | [ 1 | 1 I | 1 | | 1 1 1 | | 1 1 | 1 1 1 I | 1 1
0 200 400 600 800 1000 0 200 400 600 800 1000

I I . I I I . I I I . I I I | I I I | I I I . I I I . I I I . I I I .
18 182 184 186 188 19 192 194 19.6 Time (100 ns) Time (100 ns)
log(E(eV))

+ Energy: 10%, Xmax : 35 g/cm? at 10195 eV + Fluoresc.ence detector array with a 20
km spacing.

+ Independent cross-check of energy and Xmax scale
with simplified FD. _ + Reconstruct geometry and profile 54




Filter transmittance measurement at site

Intergrating sphere :
AvaSphere-80-Ref]

. )
A\ } = UV filter

Colimator

Optical Fiber :
FC-XX800-2

% Spectrophotometr :
¥ | |\ AvaSpec-ULS2048L-USB2-UA-RS

—~Deuterium/halogen lamp 78W
~ deuterium, 5W halogen
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FEAS Simulation study

[ R g e g S Qe

Fluorescence detectorArrav of Single-pixel Telescopes

by John and Max

°
FASTSimulator 100 . — .
i e | luOr2scence (Direct) - — Fluorescenze Uirect)
e N PP TS ioee P T B L ——— Cherenkov (Mic) - ——— Charen<ov IMe;
- 1 —— Cherenkov (Raylcigh)| - —— Charen4ov 1Ravizigni
80— 60 | Cherankov (Dirae) £ — Charnn<ay (Nireat)
H « Data - Laa
Example usage: TA FD Event 31, 19/01/2017 I ol "
60 2 L o
. L g [ g
— c - - -- o PN—
R, of approx. 3 km, log E = 18. S oL 5 | o
“—— - 0N ﬁlg C'" -+
20 = 50 | | i !
15 -20- —2':'-—
| ‘ll -I Illllllllll LI B | IIllIIIIII IIII -llllllllllllll IIIIIIIIIIIIII I
0 ' ¢ "GC 200 300 400 &S00 60C 700 0 100 z00 30C 40C 500 €00 700
10 Time bn [106 ns] Tima hin [100 nsg]
g 5 2041 || [ Individual PMT responses
— | N BR AR BR
5 0 0 100 200 300 400 500 600 ?OO ]
¢§ T 80 — UM G0 Sum '
S ime bin [1 00 HS] i — | luOrascence (Direct) _ — luorescenze [Unect)
o -5 " ——— Cherenkov (Mic) - ——— Chargn4ov IM ¢!
- —— Cherenkov (Raylcigh)| - —— Charen4ov (Ravizigni
" I 60 Cherenkov (Dirae) Bi— Charnn<ay (Niroat)
-10 wE .:5 Data ) - Laa
15 i e L z 10
'E ik g | g
] £ S 2o S 20
%0 -15 10 5 0 5 10 15 E R B + Z T & Z - p
Azimuth [deg] T - . F— - - - ol Val 0 Lq
Event 31: log,o(E(eV)): 17.98, Zen: 34.0°, Azi: 225.8°, 201 20—
- . . € x L A ) ¢ . w'2 -u thovooolbooor EREREERAEE R -|||| vl o b v oo v |
Core(0.08, 3.14), Rp: 2.86, Psi: 66.3°, Xmax: 815 g/cm LR LN KL LN ML L L g R N LR L (e (R LAt
FoV(854 - 1045), Date: 20170119, Time: 04:02:59.140857145 Time b [100 ng] Tima hin [100 ns]
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£2 " Data analysis and simulation study

T T A A N I T

Fluorescence detector Array of Single-pixel Telescopes

® ®
FAST hybrld reconstructlon FAST reconstruction
Geometry (given Shower Profile (FAST)
bV TASD) c:s;g 70:_ y3/Ndf= 85.3/96 E ; £ . F
Bl —— I_ __________ :\;3 ool - >,15;— 1 S 1
e E 50 |- T 13 10 é%"
w YR _ g 40§_ { ' 5; b 30005—
| . % 30 F l# y : 3 g 2000;—
_________________________________ | . __________ 20 = W ! \\\‘ 0:— E ]000:_
o et Y - _ V. 0 -
0 TLM -10§“%ffjf’ ‘.;/& 2 10005—1 o Lo e Lo L L
: 10E Slmulatlon 52 EeV T T P P T o 200 400 600 800 N 1000
5 , 40 -5 0 5 10 15 . 0 ime (100 ns)
CoLl 5 7 400 500 600 700 800 900 10001100 1200 x[km] 26 EeV zenith 50
Distance East, [1200m] slant depth [g/cm?] c c
& [ % 8000 3 %4000:— 2
g 100_ ....... @..\....\ ......................................................................................................................................... %— %—3000_
En g 6000 g
o © i © 2000
.2 o 4000_ 0
= o o
—8‘ E 2000 - E ]000__
g al o ‘
T R E TS U T r e T, T e
log(E(eV))
+ .
+ Energy: 10%, Xmax : 35 g/cm2 at 10195 oV 1f{*’luoresc:ence detector array with a 20
m spacing.
+ Independent cross-check of energy and Xmax scale p S
with simplified FD. + Reconstruct geometry and profile 4



P AS Top-Down reconstruction with FAST

@;&Znﬁﬁv of Single-pixel Telescopes
: by Justin and Jose
Top-Down Reconstruction y
-Using a v? test to compare pulses bin-by-bin
» 1000,
E E — Auli, t)) S 800 B Siruaios e
A " el
pixel / time t O-NSB —I_ O-S|gna|( t) BDD}
400
200?__-
. 0
m A is a scale factor for shower energy )
m Trace timing fitted as a free parameter w00
. . 0 200 400 600 ED"J“mE (100 I:E]UU
in 100 ns steps (accounts for trigger , 1000 |
timing fluctuations) S 800 —— Qi
S | : | 600
m Signal uncertainty depends on pu: ol
2 2 H 200/
Osignal — Oph — E (1 T Vg) of
/ —zanf-
_400°
Photon to Photo-electron T s i T
time [100 ns]

3 /32



L Comparison betwen data and the best-fit

T et i i A A

result from top-down reconstruction

Simulation
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Simulation condition

Zenith Azimuth Core(X) Core(Y) Xmax Energy
57.7 deg -172.6deg 8.1km -9.0km 850 g/cm? 16.8 EeV
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FAST DAQ System

Camera
- |

of FAST x4

| Ty

Anode & dynode

15 MHz

High Voltage power supply,
N1470 CAEN

low pass filter

All modules are remotely
controlled through wireless

network.

Portable VME Electronics
- Struck FADC 50 MHz sampling,

SI1S3350 for 4 channels
- Updated to SIS3316 for 16 channels Signalx50 ===

- GPS board, HYTEC GPS2092

777,Phillips scientific ' 4 -




Energy spectrum

Energy scale determined by

+10% energy scale ditference in TA/Auger
fluorescence detector (FD)

Fluorescence yield (FY)
Systematic uncertainties: 14% 1n Auger, 21% in TA

TTTTTTT T[T T T T T T T T[T T I T I T T T[T I T T I T T T I TTITTTTTTT ] TA ——O—— Kakimoto et al. [5]
— — o Nagano et al. [6]
1—h 1038 - * * * — 1I—h 1038 — * —
> - XX { . > - o 04 ¢ } * . — o FLASH Coll. [7]
& B .‘.. .OE‘DDDD[:] i — C ° . D.DQDE‘ D[:][:] -
= o o O [:] /)] e .|:|.
o i 05, o0 ? - o i *Cepen l i Auger . AIRFLY Coll.
= i : | = i o | this measurement
= , = . o MACFLY Coll. [8]
% - - % - e TA SD Full Sky (ICRC 2015) .
: ¢ TA SD Full Sky (ICRC 2015) | :, (E rescaled by _5_2%,) %] | —O0— Lefeuvre et al. [9]
@ 10 - - Auger SD Full Sky (ICRC 2017) % = @ 107 - O Auger SD Full Sky (ICRC 2017) % = o Waldenmaier et al. [10]
,,: - | . m: - (E rescaled by +5.2%) - . . | | | | | | .
i i i i 3 4 5 6 7 8 9 10
......... PP P P a1 PP PP PP P P Y337 [Pphotons/MeV]
18 18.5 19 19.5 20 20.5 18 18.5 19 19.5 20 20.5
log, (E/eV) log, (E/eV) M. Ave et al. Astropart.Phys. 42 (2013) 90-102
D. Ivanov et al. (Spectrum working group), ICRC 2017 N T T ;
- reconstructing TA data with Auger FY -
3 i .
x10 012 AE/E = -14% -
— | =« Data [~ n
- | T Moder? ELS result . i i
'g' 5000 — | —— Model-K - t. -0.13 B + o
(% < i i
. o - > B wi i . ¢ % |
g"% s ~ -~ = . ¢ -
40 Mex}, 10 ; ‘i‘x‘xxxxxxxxxxxlixxxxxxxxxx‘x E 4000 x "0.141— + ¢ . ) + -
electrons, 160 pC 0 EENRRRE R 3 - 5 | ]
5 AERERAA i S 3000 2 [ .
Sro QRS QT " -0.15) B
e~ ‘ﬁ ¢ ¢ 10f P Ilixxxixxxixlxixixxx i 2000 :_ E ]
e 2 '.‘5 . ReeRs . LD) - 0.16— E(Auger—FY)/E(TA—FY) —1=- 14‘70—_
3 23 < -« 19 000008 E'IOOO:— L]
135 140 145 150 155 — 17.5 18 18.5 19 19.5 20
Azimuth [deg] O B AT T T LOQw(Em_FYfeV)
0O 20 40 60 80 100 120 140 160 180 200

Beam Charge [pC / Pulse] V. Verzi et al., PTEP. 12A103 (2017),
BK Shin et al., PoS (ICRC2015) 640 TF et al., Proc of ICRC 2017 21
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(a) 18.8 < log,o(E/eV) < 18.9

S. Ogio, ISVHECRI 2018, W. Hanlon ISVHECRI 2018,
TA collab. ApdJ, 858, 76(2018)

19.4 = log(F) <

Ig(E/eV)

199, N =19

80—

——

' statistical

. |systematic |
— stat + sys

(e) 19.4 <log,o(E/eV) < 19.9

AUGF R

CBSEAVATORY

Take away message

TA and Auger

composition measurements (Xmax)
agree within the systematics
18.2 <log, (E/eV) <19.0

V. de Souza et al (Mass Composition
WG), Proc. of ICRC 2017
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S. Petrera, ISVHECRI 2018,

M. Unger et al., ICRC 2017, J. Bellido et al., ICRC 2017 28



AUGER

OBSERVATCRY

T 1 upper limits 95% CL GZK proton| - -~ Z-burst
> —
: = [ GZK proton Il e D
= - - SHDM |
o [~ —— - SHDM I
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LL ] Hy2011 T s
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= N _TAP?2P015 Tt ~
L] x TA 2015
X
— ""'\.' ~
c Tl
-'9 ............ \\
c r v Y N N T ~ s
L e, ‘~,
S ~'“""*~\"\
C_U :"N","\:
_9 ™~ ~— I
-
= SD 2015 -
\ ~
™~
] ] ] ] [ 1 |
10%°
E, [eV]

Pierre Auger collab., JCAP04 (2017) 009

E2 dN/dE [ GeV cm®?s'sr]

Single flavour, 90% C.L.

No GZK y and v at the highest energies

Cosmogenic v models
p, Fermi-LAT, E_ =10 eV (Ahlers '10)
. = p, Fermi-LAT, E_ =3 10"" eV (Ahlers '10)

105 Ve iV ive=1:1:1

C e = IceCube (2015) (x 1/3)

[ =m0 ANITA-I (2010) (x 1/3)
107° E === Auger 1 Jan 04 - 31 Mar 17
1077 =
1085

—h
<
(o)

AAAAA

E. Zas, Proc. of ICRC 2017

AAAAAAAAA

1 p, FRIl & SFR (Ir(ngmpert '12)
| pormixed, SFR & GRB (Kotera '10)
RO Fe, FRIl & SFR (Kampert '12)

Astrophysical sources

— == AGN v (Murase '14)

:
:
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:
:
:
E
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:
:
:
| E1 111

X

107

& Top-down models are ruled out.

€ Auger limits become sensitive to GZK-v and y

M. Unger, Proc of ICRC 2017
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PIERRE

AUGER

Auger dlpole I > 8 EeV, 4.7% dipole with 5.20
Energy Number Fourier Fourier Amplitude Phase Probability
(EeV) ofevents coefficienta, coefficientb, r, P, (°) P(zr,)
4 to8 81,701 0.001+0.005 0.005+0.005 0.005*3835 80 +*60 0.60
R ; 2187—0008i0008 ......... SRR O47+888§ ......... R - S
Energy Dipole Dipole Dipole Dipole Dipole right
(EeV) componentd, componentd, amplituded declinationdq (°) ascension og4 (°)
4108 -0.024+0.009 0.00678685  0.02573367 7574 80 * 60
g O O6Oi%81110 ........... OO65f88c1)39 ................... . 24_%2 .......................... R

above 57 EeV), 20° circle oversampling

+ F > 57 EeV, no excess from the Virgo cluster

+ TA Hotspot: £/ > 57 EeV, 3.40 anisotropy [TA collab. ApJL, 790:L21 (2014)]

+ TA (7 years, 109 events above 57 EeV)+ Auger(10 years, 157 events

+ FIUX pattern correlation [ Pierre Auger collab. ApJL, 8563:1.29 (2018)]

+ With a flux pattern of starburst galaxies, 1sotropy of
UHECR 1s distavored with 4.00 confidence above 39
EeV

+ 9.7% anisotropic fraction and 12.9° angular scale

+ The other three flux patterns: 2.76-3.20
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Possible sites
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4+ Possible sites
4+ Northern: USA

+ Southern: Argentina
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4+ Maintenance-free detector

+ Automated operation in the night, fail
safe to protect detector

+ Powered by solar panel and batteries
and DAQ via wireless-LAN
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Fluorescence detectorArrav of Single-pixel Telescopes

UHECR events
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r'rA Comparison with TA FD result

Fluo rescence detecto - A2 rray of Single-pixel Telescopes
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Mass composition (width of Xmax distribution)

N = 801 events
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Fluorescence detector Array of Single-pixel Telescopes
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First detection of UHECR using fluorescence technique

¢ In 1958, Suga and Oda suggested Fluorescence technique at Norikura Symposium.
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¢ In 1969, first observation by TOKYO-1 (Tanahashi)
100 B e

P ————
- = SEEs
€ Fresnel lens + 55 PMTs "
H] 2 3 4 16 L AN £ Bl 1
s £ b ZE L & 3 | *+ 00
. | | /| ‘. | w | | .. £0 MITSLDISH '

BER TOKYO-10OBRAER

é - = .
- . e 9 ® . r -
4P 4 § | TOKTO-1  ToKYO-3
g v ‘.‘ [ e A 1* | 'C ‘ 0 TO KY O
- A -2
% . y LIR +19 | ] 4 '3
= B M 0. : [ # -
Z_;: ‘ ! 2. ® ® ®
ks e bd e e
Lo L, | | of ! —
o ) PR .{.l.. ' 1000 OO0 LoD 5.000

DELAY TIME (us) WAVELENGTM ( A ) 37



