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Indirect Cosmic Ray Measurement

- Power law feature T i
- Spectral features o = e
> “Knee” @E ~ 10156 gV
o “2nd Knee”@ E ~ 1017 eV ;
- “Ankle” @E~ 10187 gV
o “Cutoff” @E~10198¢eV i:
* UHECRs o
- E> 1018 eV A

- Event rate: 1 particle/km?2/year
- extra-galactic origin

— =
= =
) W

E“°F(E) [GeV"* m? s sr]

=
=
T —TTT

Grigorov
JACEE
MGU
Tien-Shan
Tibet07

Akeno
CASA-MIA
HEGRA

Fly’s Eye
Kascade
Kascade Grande
IceTop-73
HiRes 1

HiRes 2
Telescope Array
Auger

F oxobmeomxoOdoOO®oddadD

1
1013

Oct. 25, 2022

FFERCR SN - KRR

15 16 18 19

1017
E [eV]

10" 10 10 10 10

wl vl vl vl v vl il 1y

- Kfz® - 8/, RS



Indirect Cosmic Ray Measurement

« We can investigate the cosmic ray properties by detecting
the EAS particles or photons instead of direct measurements

« Particle detection
- Scintillation detector
- Water Cherenkov detector
- Muon detector
 Photon detection
- Imaging atmospheric Cherenkov telescopes (IACTs)
- Non-Imaging Cherenkov detector array
- Fluorescence Detector
- Radio detection

« E ~ 1012 eV: Air shower array, IACT
« E ~ 101> eV: Air shower array, Cherenkov, Radio
« E ~ 1018 eV: Air shower array, FD, or both



How to measure CR energy

« Air shower phenomena
- Lateral spread:
- Perpendicular to an arrival direction

- Particle density « CR energy
— sampling by Air Shower Array

- Shower profile:

- Cascade continues up to
limitation of particle production

- Atmosphere act as calorimeter

- Light flux <« energy deposition
by EAS charged particles
— detection by Fluorescence Detector

Atmospheric depth (g cm-?)

Lateral distribution

Particle density (m2)
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How to measure CR charge

« Direct measurement

Entries
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https://calet.jp/wp-content/uploads/2022/07/COSPAR22_akaike_pub.pdf

 |Indirect measurement

- mass sensitive parameter
- depth of shower maximum, X, 06
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How to measure CR charge

 Direct measurement
AMS-02

Entries

10 15 e
Tracker Charg

X 10 > Yo =, 0 s
<o =20 1o = GHD-Y Charge
https://calet.jp/wp-content/uploads/2022/07/COSPAR22_akaike_pub.pdf https://ams02.space/advances-data-analysis/improvements-charge-resolution
1.0 -
= o Eros LHC E=10"YeV, 0 =67°
« Indirect measurement o] o oGS L0s
LI 2 O QGSIET II'03 -
- mass sensitive parameter & QGSJETO!
Auger

0.6” [ . ] d

ata

- depth of shower maximum, X,,.,

- u component
(large uncertainty...)
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UHECR detection

Cherenkov photon% ;%

Atmospheric
depth

Oct. 25, 2022

Cosmic Ray particle .. (o

3 Air Shower | Fluorescence Telescope
# ~. particles Hybrld Detector
v - Simultaneous detection
with FD + SD
| 8, O-* °

Surface Detector Array
Detect particle densities and
timing information at ground
Duty cycle: ~100%

- High statistics
Measure shower lateral spread .

Most precise measurement

Fluorescence Detector

Detect air shower
photons
Duty cycle: ~10%

- moonless night
Measure shower profile
— sensitive to mass

composition
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Underground muon
detectors (24+)

Radio antenna array | _ . AR o ' ......
" (I53 antennas’ I7 kmz) .l.t...l. -.g.o' o.o -.o a.o. ....................

Oct. 25, 2022

Sub-array of 750 m |
(63 stations, 23.4 kmZ) [

4 fluorescence detectors
(24 telescopes up to 30°)

LA"J

Water-Cherenkov
0 detectors and
1 665 surface detectors: Fluorescence
water-Cherenkov tanks telescopes
(grid of 1.5 km, 3000 km?)
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Existing tank array 1500m

Pierre Auger Observatory

for low energy extension
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Telescope Array Detectors &

Fluorescence Detectors(FDs) ey - —
Middle Drum(MD) station i D-F TALE=FD™

14 telescopes
+ TA Low energy Extension

(TALE) 10 tel | Surface Detector(SD) array
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iddie Drum 57 q3. 3r° g ’ & .
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B e 3
B bl
X o

T
Ll
g
‘|
/|
o

900000990600 N ’
38222082‘:2 > > B Black Rock Mesa(BRM) station

0000000000000 00 . 12 telescopes

FDs

— = -
" l": ¥ » B ¢ ‘.'
e 9 A
‘Y ‘ AR A 4
‘ 'v’ 2 - - - T8
R 4 2 :
R QO OQOOQOVOODOQOOGN G000 0 QDU v N >
">‘...,:°.¢ 5 50 O ' 04_ ‘, " ‘. A v.',,
7 - 7 4 X g ! . : \
L g 909 : 00 00 W
g P F ® » ‘ © :“ >
5.0
v N
&

Long Ridge(LR) station
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TA Low energy Extension(TALE) & Cfff‘f :

pROJE&

- Low energy target: E > 1016eV

-« Same concept as TA detector
- 10 Fluorescence Telescopes

TA Middle Drum - 80 Surface Detectors, 20 km?2
b 6 « Operation: FD since Sep. 2013
SD since Nov. 2017
60
o f
® 50
20 . & f
MD + 40 SDs with =Py
TALE-FD 400m spacing @ 40:
gsoﬁ—
- C
2 20F
[4+1 L
> C
% 10:—
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c

MDCT o 40 SDs with
14— . ] 600m spacing
| | | |
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Energy Spectrum
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New feature in energy spectrum

F @ Auger found a new feature
- B Suppression in 1 019 - 10195 eV range
7 B new feature )
T - " “instep” $ - 2-step softening after the ankle
ankie . -
e i Combining HiRes, TA SD, and TA FD,
s o a two-step softening exists in the
—~Z spectral index + o, + 0 .
o 107 7-329£002 4010 | northern hemisphere data.
L;] N l =2.51 +0.03 +0.05 I - b.30 deficit above 101925V from
Q [ 7%,=3.0520.05 £0.10 an assumption of no breaks
= L 7,=5.1£03 £0.1 I before the high-energy steepening
l - ]l(;l‘) l l e ]1(;20 I
E [eV] Phys.Rev. Lett. 125, 121106 (2020)
BR/LR Mono Combined (2020) TA SD (2019 ) outside of BR/ LR Obs. Period
0P ey 0% ey Parameter Auger TA
b 2 5 i 3.29+0.02 3.23+0.01
o | A q;’ T ] %) 2.51+0.03 2.63+0.02
f - W « | - 73 3.05+0.05 2.92+0.06
2ot 4 Lot . V4 5.1+£0.3 50+04
> o Eupe/BeV 5.0+0.1  5.4+0.1
Einsiep/EeV 13+1 18+ 1
E.../EeV 46 + 3 71 +3
I I1|8I I 12;5 I I1|9I I 19|5 I l2|0l I 2(}5 I I2I1I I 18I I I‘IISI.&IS‘ I I1IQI I I‘IIQI.&ISI l I2|01 I I2IO.tI'>I l I2I1l Y Tsunesads et al. (Auger+TA Spectrum V\/G)
log, (E/eV) log, (E/eV) Ppos ICRC2021 (2021) 337
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Auger + TA energy spectrum

E;
<\Il; 1038__ +
E F 9% L
(\3 - ..:.ll.'=...... +
L B ® o o é
©
= i Energy resolution at 1079V : ¢ N
Wi = 10% for Auger, 15% for TA
Energy systematic uncertainty:
107 14% for Auger, 21% for TA +
- + I
- —— TA ICRC2019

—eo— Auger PRD2020

1019 1020

E [eV]

Y. Tsunesada et al. (Auger+TA Spectrum WG)
PoS ICRC2021 (2021) 337
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Auger + TA energy spectrum
Energy £4.5% rescaled

E;
I; 38|
e 107F (whole sky) ) :
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e B . n® m® e " lg o °
s T " e neme™ ™ +
Ll ¢
[ ¢
© [ |
W E—>FE =1 £akFE
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7 / _ +
107 E £ 5 (1 +a°F dE +.~
n —&—— TAICRC2019 (E rescaled by -4.5%)
| —@—— Auger PRD2020 (E rescaled by +4.5%)
| | | | | 1 1 | 1 | | | L1 1 1 |
19 20
10 10 E [eV]

Y. Tsunesada et al. (Auger+TA Spectrum WG)
PoS ICRC2021 (2021) 337
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Common declination band spectrum
Energy +4.5% rescaled
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10° ®
B — 88— TAICRC2019 (15.0 < 8 < 24.8, E rescaled by -4.5%)
S ¢
——@—— Auger PRD2020 (15.7 < 8 < 24.8 . E rescaled by +4.5%)
+24.8°
,/"' | ] 1 Lol ] ] 1 Lol
/15 Auger: 35°S 10" 10%° £ ToV
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. Y. Tsunesada et al. (Auger+TA Spectrum WG)
TA: 39° N PoS ICRC2021 (2021) 337
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Declination dependence -
Auger spectra TA spectra
1038_ ) oI ' j oo T Tt . _I L L L L D e _
e I i -
c & ! ]
n ¥
; o e | -
- >
. 2
N>- i 102 — \ —
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i *L E T ‘\ i
T 107F (u1a ™
X \q'F = A
—_ [ —— full fo.v. fit
- o -900° <§ <-425° 1  omc - oae i
N B 425 <5 <173 ] o
& -173° <9 <+21.8° | ® -157° <DEC<24.8° | | | | \
10% 107 188 19 192 194 1 i.o?E/e Jes 20 202 204
E [eV] Phys. Rev. D 102, 062005 (2020) PoS(ICRC2019)298

Auger: no significant declination dependence

TA : Difference of the cutoff energies

log(E/eV) = 19.65 + 0.02 for low dec. band
: / +24.8° - log(E/eV) = 19.84 + 0.02 for high dec. band

- global significance: 4.3¢ (local: 4.70)
150 Auger: 35° S
- 6 up to 60°
TA: 39° N
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Auger energy spectrum v
All energy range
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TA energy spectrum
All energy range

E’xJ [eVZ xm2 xsr! xs1]

1 024

u low energy ankle “..-...l‘* ++ -
ankle
-~ ®m  TASD (2019) .
- ©® TALE Monocular (2017) -
- @ TA Combined (2019) -
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Auger + TA energy spectrum

21

All energy range

N ) , Auger highlight talk in ICRC2021
> o R i
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Auger Telescope Array
knee @ logE ~ 15.5
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2nd knee @ logkE = 17.20 + 0.01 2nd knee @ logE = 17.04 + 0.04
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Oct. 25,2 ___

IFHRCESNEA - HEKRIE - KR - IR RS



Anisotropy



Anisotropy, in highest energy -
(E>1013:75 eV)

Ursa Major Cluster - Super Galactic Plane(SGP)
(D=20Mpc) NIRRT

Perseus-Pisces

Virgo Cluster Supercluster

(D=20Mpc) |

T S

Fornax Cluster
Centaurus

Huchra, et al, ApJ, (2012)
Dots : 2MASS catalog Heliocentric velocity <3000 km/s (D<~45MpC)

TA hotspot is found near the Ursa Major Cluster

TA & PAO see no excess in the direction of Virgo.
Oct. 25, 2022 IFHRCESNER - HIKRE - KR - B RS



New excess of events with E >101°93%eV ~

Galactic plane
Supergalactic plane
90° FOV of TA -

60° Max. Sig. &
~ \‘;\ A
-3 — 30
%f L TS
/ 5 B X .,
: g} %q E ) : -
180° 120° - ‘%’, 60° o! 3007 Y 240, 180°
o R e 5 ol e 7l
-30°
-60°
-90°
3 | I I I
-4 3 2 1 0 1 2 3 4
Skymaps in the equatorial coordinates
Deficit Li-Ma significance Excess

- 685 events with E = 10195 eV (14yrs TA SD data)
- Maximum local significance: 3.8 at (19.0°, 35.1°)
Observed: 66 events
Expected from isotropy: 39 events

- post trial : 3.20
Oct. 25, 2022 IR TIEC I - HEREE - AIBT - B MRS
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Large Scale Anisotropy (E>8EeV)

10°

- —e— Auger SD1500
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Science 357 (2017)
ApJ, Volume 891, 142 (2020)
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Mass Composition
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Auger/TA X,,., measurement
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Ilg(E/eV)

Front. Astron. Space Sci., 04 June 2019

Sec. High-Energy and Astroparticle Physics
IFHRCESNEA - HEKRIE - KR - IR RS




TALE X,,., measurement

« Measured reconstructed (X, ,.x)/0(Xmax) VS- Shower energy
- Nov. 2017 - May. 2022 (4 yrs, 1880 hours)

<Xnax> VS. log, (E/eV) o(X ) plot
850 100
800—
+
750— 80— + +
Sy g L
700— c i '
& & —4 gt
g E 60— gt
> 650— %’,
N =
§ 600 g g ~
550 °
_}— & + TALE Hybrid (Xmax)
5001 break point : 17.05 +0.00 T QGSJETILO4 proton, rec 20— assETas o
before slope: 15.82 +5.40 — QGSIETHO4Iron, rec. proton, rec.
450— after slope : 96.50 +4.33
x2/ndf: 0.41 (p = 0.97) —— XmaxBro 04 ron, rec
40 | l | l | | | l | |
016 16.5 17 17.5 18 18.5 19 qG 16.5 17 17.5 18 18.5 19

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

pbefore = 16 + 5 g/cm?2/decade
pafter = 97 + 4 g/cm?2/decade
log10(Epreak/eV) = 17.1

MC elongation rate [g/cm?2/decade]

Suggest light to heavy below
1017 eV, then getting lighter above

proton iron
pMc 68 + 2 62 + 2




Mass Composition )

<In A> vs log(E/eV)
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