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CALET Payload

CGBM (CALET
Gamma-ray

Burst Monitor)

FRGF (Flight Releasable
Grapple Fixture)

ASC (Advanced
Stellar Compass)

Calorimeter

> 2y,
Launched on Aug. 19t, 2015 - i~ S
by the Japanese H2-B rocket

n

\
*\
A
i
'\
R
™
W
—
B

Emplaced on JEM-EF port #9
on Aug. 25", 2015

MDC (Mission
Data Controller)

- Mass: 612.8 kg
- JEM Standard Payload Size:

1850mm(L) x 800mm(W) x 1000mm(H)

- Power Consumption: 507 W (max)
- Telemetry:

Medium 600 kbps (6.5GB/day) / Low 50 kbps
ISVHECRI 2024 (Puerto Vallarta, Mexico)




Overview of the CALET Detector

cHoFEC CHD — Charge Detector
electron 1TeV - 2 layers x 14 plastic scintillating paddles
e  _SciBar CHD - single element charge ID from p to Fe

MAPMT and above (Z =‘40)
! = - charge resolution ~0.1-0.3 e
IMC-FEC B =a| [
= = —-— P~ IMC IMC — Imaging Calorimeter
: - = SaiFi - Scifi. + tungsten absorbers: 3 X,

- 8 x 2 x 448 plastic scintillating fibers (1mm)

readout individually
% - tracking ( ~0.1° angular resolution) + Shower imaging
PMT B - angular resolution: 0.2° for gamma-rays > ~50 GeV
Py i ! > TASC
ASC-FEC e o ~ TASC — Total Absorption Calorimeter
: PW - 6x 2 x 16 lead tungstate (PbWO,) logs: 27 X, 1.2 A,
APD/PD 7 . " )
= - energy resolution: ~2 % (>10GeV) fore,y

— ~30-35% for p, nuclei
- e/p separation: ~10°5

Scintillating Fiber oy : Scintillator(PWO) =
:+ 64anode PMT T + APD/PD
~ -‘ or PMT (X1)

FXFZXES Ry

ISVHECRI 2024 (Puerto Vallarta, Mexico) 4



Examples of Event Candidates

Electron, £=3.05 TeV Proton, Eqpsc=2.89 TeV

X-Z View i Y-Z View e [ X-Z View f Y-Z View -p
o . o ot ‘
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B X-Z View C Y-Z View F Y-Z View P
O~ mom[] z Uy | S| mEm B 1
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- ELE 7 - ] [ >
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Orbital operation for the first over 8.5 years

Geometrical Factor: g
. 1040 cm? sr for electrons, light nuclei Energy deposit (in TASC) spectrum: 1 GeV-1 PeV
« 1000 cm?sr for gamma-rays *UE) = |
« 4000 cm?sr for ultra-heavy nuclei D108~ . 15.10.13-24.04.30
L = - = Number of HE triggers
High-energy trigger (> 10 GeV) statistics: B107 = — ~2.07 billion
« Orbital operations : 3123 days (>8 years) s — Total number of >1 GeV triggers
as of April 30, 2024 Q. L — ~4.55 billion
« Observation time : 2.65 x 108 sec g = —
- Live time fraction: ~ 86% Z 5L _-__
« Exposure of HE trigger : ~320 m?2 sr day = —
_E 70000:— [151013-240430] High Energy Trigger (3123 days) 104 E_ __-..
z - Total Observation Time (2.65x10%sec) ~ -
g 600001 Live Time (2.28x10°sec) 10% = =
C Dead Time (Fraction 14.2%) = T
50000 — — e
40000:— 102 E_ *++
- - +
30000 — 10 = +.|.
100005— 1 =_Illl | Illlllll | lIIIlIlI | Illlllll | lIIIlIlI | Illlllll | lIIIlllI+l L1
- 1 10 10° 10° 10 10° 10° 107
Qe0T0T 161231 171231 181231 200101 201231 211231 221331 290101 TASC Energy Deposit Sum [GeV]

Date [yymmdd UT]
ISVHECRI 2024 (Puerto Vallarta, Mexico) 6



Capabilities of the electron measurements

— 20
. . . 2 - )
- Energy calibration in space have been done by the =18 Energy resolution TASC only (w/Calib. Error)
penetrate particles of cosmic-ray protons and helium nuclei GZJ e TASC+IMC (w/Calib. Error)
. . . C ° TASC only (Ideal
- Very-wide range read out of energy deposited in TASC was & b o e T:Ai((ldeai)
. c C N o + ea
calibrated by a UV pulse laser on the ground 8 o 8
. . o " S
= The energy resolution of electrons is <2% above 20 GeV % fol— .
. ape . . . . ~ - " 8
- Imaging capability with thick calorimeter provides W st . .
. .- . -5 s
powerful electron/proton identification < e 7 °,
= The total BG protons are less than 10% up to 7.5 TeV s T, e, .
o . . . _ o™ n td
with 70% electron efficiencies 2F D“Eﬂa---f5335;;;-“'-"""
— DDDDEE;DDDD BQQQQQDDDG
. . 0 Il | lllllll | | I]]IIII | | IIIIII% | | IIIIII|
3TeV electron candidates | | Corresponding background 1 10 102 10° 10*
- oW = e Energy (E) [GeV]
0:“ 10" o F
] o 948.7 < E/(GeV) < 1503.6 t Flight Data
A0 — o L0 x¥dof.=2.15 for-0.2<Rpp <03 MC Electrons
s S = = MC Protons
C é - —{— MC Total
.205_ 10° Z 10? |
30— E %‘
: o -
- 10 = T
40— E
i 1 - g
50— 1 1 |i } i — -+ L 1
- B -0.8 -0.6 0.4 —0.2 0 0.2 0.4 0.6
oV 10 BDT Response (R__)

BDT
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Electron + positron spectrum

Electron Flux x E3- vs. Energy

250

I I O L L O B R B B B R R = T

PRL 131, 191001 (2023)

2537 days of CALET observations:
Oct.13, 2015 — Dec. 31, 2022
7.02 million events > 10 GeV

= This work
~ uncertainty band (stat. + syst.)
50 1) AMS-02 2021
i DAMPE 2017
& Fermi-LAT 2017 (HE+LE)
O | | | | I I I | I | | | | I I I | | | |
10 10° 10°
E [GeV]
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Electron + positron spectrum [rri131, 191001 (2023)

Electron Flux x E3- vs. Energy
250 O Up to 2 TeV: CALET spectrum is consistent with AMS-02

O Present measurements cluster into 2 groups:
AMS02 + CALET and FERMI+ DAMPE

200 — T
o - possibly indicating the presence of unknown systematics
>
s L 2 =2
& 150 —
£ 100
m - = This work
— — : .
50 . ‘. o A::;e(;t;l;(g lband (stat. + syst.) 2537 days of CALET observations:
- . DAMPE 2017 Oct.13, 2015 — Dec. 31, 2022
- o Fermi-LAT 2017 (HE+LE) = 1] 7.02 million events > 10 GeV
O 1 I 1 I I T | I I 1 [ I T |’; | | [ |
10 107 107

E [GeV]
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O Fits of the CALET all-electron spectrum in 30 GeV — 4.8 TeV

» Broken power law < 10
y=-3.15*x 0.01,Ay =-0.77 = 0.22 8
Eb =761 = 115 GeV (x?2 /NDF=3.6/27) B

« Exponential cut-off power law £ .
y=-3.10 = 0.01 ,f —

Ec = 2.854=+ 0.305 TeV (x2 /NDF=12/28)

 Single power law 101
y =-3.18 = 0.01 (x2 /NDF=56/29)

CALET 2023
Broken Power Law Fit
Fit w/ Exponentially Cut-off Power Law
Single Power Law Fit

The significance of both fits of softening spectrum is morethan 6 0 4 o o3
E [GeV]
O Possible spectral fit in whole energy region et S i i
« Positron contribution is fitted using AMS-02 flux | T m—
with secondaries + pulsars < T — onag
& ® S positron flux.
» CALET electron + positron flux is fitted B e
with secondaries + pulsars + SNRs E e
v 10T

A possible contribution from the Vela SNR:
Energy output of 0.8 x 1048 erg in electron CRs above 1 GeV

10°
ISVHECRI 2024 (Puerto Vallarta, Mexic: 10t




Entries

Observations of Cosmic-ray Nuclei

With excellent charge-ID of individual elements CALET is
exploring the Table of Elements in the multi-TeV domain

—
o
&

—
o
A

—r
o
w
lnlu,u] luuud 1nmu! 1111||,ul L1

-
o
N

10 .....

Charge distribution from Proton to Nickel
( periodic table of elements by CALET)

i

T
\.\'-
.,

Flux [m?srisGeV

—
|
-
N

3l

25 1o 15
GHD-Y Charge O: published data

10°F

10°
’
10°°
10°°

10°°

107"
1078

1072
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Preliminary spectra of Carbon — lron

~ Cx10°
[ oy ® CALET Preliminary
—_80 X 103 i iy,
— ¢ ATIC ¢ CREAM
~ ¢ TRACER s RUNJOB e
¢ CRN ¥ HEAO 3-C2 1t
— ¢ AMS-02 4 PAMELA
~ 4 JACEE
_llllllll | IIIIlIII | IIIlIIIl | IlIIllll L 111 101l
10 10° 10° 10* 10° 10
Kinetic Energy per Particle [GeV]
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Charge Identification with CHD and IMC

Single element identification for p, He and light nuclei is achieved by CHD+IMC charge analysis.

C)"Q B o 03— o
4 @ - Charge separationinBto C:~7 0 A
- Charge separationinBtoC:~5¢0 - 9 P ' " e
L Ne = 0.25— .///
0'3 | O /7/7V7/ : ////.
B C o - - : S| /)// Ca
» B — 0.2 s
02— //L’//} - N € ///(/
B D He ////// C c , -~ Mg
- /vv//"/ 015 — ’ . e
=" IMC charge resolution with multiple e e 0 CHD charge resolution
C dE/dx sampling in scintillating fibers 0_17x/ B (2 layers combined vs. Z)
0t=—1 . L e Lo b by e b Lo b0 1 7\P||\\1|\1|[\11J11Jx1|\ L ol b b |
0 1 2 3 4 5 6 7 8 9 10 n 0 2 4 6 8 10 12 14 16 18 20
z z
Atomic number Z .
ber zZ
CHD IMC 7 , . 7 Atomic nu'm
‘»§6°°§— LE: 63. < E,, _/GeV < 200. ém- égﬁgg:f") 3‘1 o k: : - Nlﬁ ) :
8 F Brof [1EPICS He E ; ; | : 3
S50F p He E [CJEPICS @ 55
Low “E
Energy F
qw%@% 05 1 15 2 25 3 SSZW‘
’ Zcvp
£soC HE: 630.< E,,_/GeV < 2000. oo .
s f E &]EPICSS E
3 - ~EPICS Ho =
2 3 [C]EPICS @ g
3
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Energy measurements for nuclei

Charfacterlshcs of CALET calorimeter: Beam calibration at CERN-SPS with lon fragments at 13, 19 150 GeV/n
- thickness: 30 X, for electron, 1.3A for proton 5 sssess our MC simulations
-o(E)JE : 2% for electron, 30% for nuclei = Discrepancies are included into the systematic uncertainties
= Apply the energy unfolding for nuclei
to obtain primary energy spectrum 3 1900] L e E
Response matrix Energy distribution m(£12005— E
% 035 _.(L) : T T I T T T I T T T I T T T I UL I T T T t 1000; —
105 c B . 800}~ =
§ - G>J 250__ Beam test data s soof— _
T o - — MC simulation . - ]
I ko) B A a0t E
41 - -
10 - Carbon 150 GeV/c 200f -
C Q - . 067006 2006" 30064000 5006 6000"
L E 150- = Kinetic energy per particle (GeV)
=, n 7]
10°E Z r 1 2 E luti :
- R 1 u ok Energy resolution =
3 1001~ o [ S E
i - - LA T 1 I A .3
1025_ 50— _ o.és% LIS ! %
I 0-05 : 1 1 1 l 1 1 1 l 1 1 1 I s ”Al l 1 1 1 l 1 1 1 ; 0-1_52; ;
10 Oxygen % 200 400 600 800 1000 1200 . -
Lol Lol Lol Lol E (GeV) = E
102 10° 10* 10° TASC 00~ 4000 2000 8000 4000 5000 6000 7000

Total particle energy (GeV) Kinetic energy per particle (GeV)
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Systematic uncertainties

0.2 :_ Shower energy correction s Trigger threshold
B E ————— Geometrical acceptance + Track quality Off-acceptance rejection cuts
o . . = 015 [ susds « Charge cut Energy independent
The stability of the spectra by varying the analysis cuts and T S A . iy
different MC simulations for efficiencies and unfolding. 01 T tomen
0.05 _—
. . -, e e
Main sources of systematic uncertainties: e
. . 0.05 [=
Normalization: =
. . 01—
" Live time = .
s 0.5 Helium
* Long-term stability =
. Energyscale 0'27—|||1|(|)2 | |||||1|(|)3 | |||1|1|(|)4 ! |||||||5
10
Kinetic Energy [GeV]
« 0.3
Energv dependent: % : Total systematic uncertainties
. = - === Charge identification
- Trlgger é 02__ —_ - II\E/Ir:rsgi:]z:t:Zn (Epics vs. Geant4) C
- TraCking Ig E ;:?::; unfolding
- Off-acceptance rejection cuts ol T — ==
= Charge ID 0__// """"""""""""""""" 1
- Background subtraction e e e
* Energy unfolding —0.1:_——1_'_'
- MC model (EPICS, FLUKA, Geant4) ., total systematic uncertainty band
_0.3:I| 1 1 IIIIIII 1 1 lIIIlI| 1 1
10 10 10°

ISVHECRI 2024 (Puerto Va v E (GeVin)



Proton spectrum

Flux x E27 vs. Kinetic energy [Oct.2015- Apr.2023]

PRL 129, 101102 (2022)
+ PoS(ICRC2023) 092

Fitting by DBPL Function

_ x10°
&= L —E 16—
> 16000— Proton > [ Proton E.=9.8+3.2-2.1 GeV
Ao B & L
<, 14000— E M '
B - = Y o= -2.55
- 120000 3 1 (Vo= v+ A7)
—_— j‘?‘ P —
=< 10000 o
E : 10—
- B g =-2.94
X 80001~ T y=-284 ¢ (yyli Vb By
" 6ool-- Proton Spectrum N E,=553+44-38 GeV
- CALET-2023 B 0
| EEEReeS uncertainty band (Stat + Syst) 6L L I Lol | Lol
4000 — AMS-02 10° 10° 10t
- CREAM-III [50Gev_60-|-ev] Kinetic clenergy [GeV]
2000— DAMPE Energy dependence of power index
— unclertalnty band (DlAMPE) | | g —2_4;— Sliding Energy Window: 5 bins
0 1 | | I | | | | I | 1 | | T | 1 1 | I I | E _253_
10 10° 10° 10* 10° T 6E
_ Kinetic Energy [GeV] 8 ,.E
Double Power Law Function: HARDENING SOFTENING A 7 sE
Ay 71 =
E \? AN A e
o(B)=C (&) 1+ (&) | [1+(£) iy
32 ¥ CALET 2023 (statistical error only)
-33 i_ | CALET 2023 (systematic erronl' included) |
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Helium spectrum PRL 130, 171002 (2023)

Flux x E26 vs. Kinetic energy [Oct. 2015 - Apr. 2022] Fitting by Double Power Law (DBPL) function
. Helium Flux x E?© £
8 - = _
- Proton - =-2.45 + +
7 % F {' J -----
= % °F $ 14 | ot ¥ . 767
T °E P =2;0++++H |
> — E r
e F =
,(73 5 — S E Ey = 1319 133 (stat) tﬁgz (syst) GeV
E-) 43_ & E 25_ § CALET 5
(\'lE E B : 1;— """" Fitwith DBPL By =382 (stait) 135 (syst) TeV
= 3%\‘7‘ ok ] R B
X =y 102 10° 10* 10°
© N Kinetic Energy [GeV]
W 2 .
- AVS-02(PRL-2015) % CREAMH (ApJ-2011)  [50GeV-250TeV] Energy dependence of power index
1—_ ) ) 2.35:
= ! DAMPE(PRL-2021) = ¢  CALET (this analysis) « PRL 130171002 ya
_ I ol ! Ll I Ll 1 Lol L L1 - +CALET.
0 10° e it e 245 "] Uncertainty band (stat. + syst.)
: : = fitting the dat ing =2 bi
Klnetlc Energy [GeV] é 2sE- 1tting the data using Ins
Double Power Law Function: HARDENING SOFTENING T 25
Axy Y1 8 -
E \7Y \°|° g\ o E
—_ = = = 265—
O(E) = C (gev) 1"‘(5‘0) 1+<E1) :
27—
2.75E ] — ]

10° 10* II ......105
ISVHECRI 2024 (Puerto Vallarta, Mex Kinetic Energy [GeV]



p/He Flux Ratio

24

22

20

18

16

14

12

10

Proton/Helium Ratio vs. Energy/nucleon

Proton / Helium Ratio

PRL 130, 171002 (2023)

Proton/Helium Ratio vs. Rigidity

The spectral index of helium is harder than that of proton (by ~0.1) in the whole

rigidity range.

Possible change of the spectral index of p/He ratio seen above 10 TV will be
carefully checked by analyzing higher statistics data in future.

ISVHECRI 2024 (Puerto Vallarta, Mexico)
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— § CALET -
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E27 x Flux [m?2 sr's? (GeV/n)'"]

E27 x Flux [m? sr's1(GeV/n)'7]

50

45
40
35
30
25
20
15
10

50
40

30

20

10

W »h OO

Flux x E27 vs kinetic energy per nucleon [8.4 Ge

50

Energy Spectra of B, Cand O

V- 3.8 TeV]

PRL 129, 251103 (2022)
+ PoS(ICRC2023) 058

Kinetic Energy [GeV/n]

E o ATIC < E 5 atc 5 - Boron v PAMELA
= i E%Egléécz Carbon | % 45 4 HEAO30? Oxygen % - A (H:E:los-cz
- o e S wE 3 cean <L ¢ °F it
= o AMS-02 K £ o AWS02 {’ - o CALET
= > gﬁ::g uncertainty band % ® 35 = : gﬁtg uncertainty band % { H $ | Aol 2 CALET uncertainty band
3 T e b p £ gﬁ S
3 RTTYR S G AT M R
é ng@@cmf ¥ I ? ?Qé jé% ii sl : | u ZX i Do@@é?@@ ; o e o oo ® oo @ > T + T j zx E q '{* %%%é%
LN RN SRR S A *‘ T MR gkt e ‘%ﬁ ; Y oef T.f.,fié%h%%% %
ii [ £ 15 :qo [m] ¥ : i 3 b ! '[
: o i ety
;_J il il 1| 52_. | 1| Ll :.. L | 1 ool
10 10 Kinle?ic Energy [GeV/n] 10 10 Kin!e(t)ic Energy [GeV/n] 10 10 Kinla(t)ic Energy [GeV/n]
[ o ongen C-O fit « C and O fluxes harden in a
[ x 1.1 u -_ . .
| g g A . _ v =-2.66 £0.02 similar way above 200 GeV/n.
] B I S Fitting with double Eo = (260 = 50) GeV/n _
E f ! power law function Ay =0.19 = 0.04 B spectrum cIearIy different
. i - y2/dof = 23/25 from C-O as expected for
m : ¢ (&%) E<E, primary and secondary CR.
n : O(E) GeV A B fit
L 0 X = y D 1it
- 1o B e (&) (E%) E >Ey y=-3.03+0.03 » The flux hardens more for B
I : ) ]AYB E, fixed from C-O than for C and O above 200
. Ay=0.32 +0.14 GeV/n, albeit with low
N N L x2/dof = 5.2/11 statistical significance.
10 102 10
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B/C flux ratio
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* Flux ratios of B/C and B/O are in good agreement with AMS-02 and lower than DAMPE result above 300
GeV/n, although consistent within the error bars.
« C/O flux ratio as a function of energy is in good agreement with AMS-02.
« At E > 30 GeV/n the C/O ratio is well fitted to a constant value 0.90£0.03 with x%/dof = 8.1/13.
= C and O fluxes have the same energy dependence.
« At E <30 GeV/n C/O ratio is slightly softer.
= secondary C from O and heavier nuclei spallation
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Leaky Box Model fit

e B/C
o B/O
I~ —— B/C Leaky-box fit with free A
—— B/O Leaky-box fit with free A,
-=== B/C Leaky-box fit with A,=0

--== B/O Leaky-box fit with 2. ,=0
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PRL 129, 251103 (2022)
+ PoS(ICRC2023) 058

Simultaneous fit to B/C and B/O (E>25 GeV/n) with same
parameters except normalization

SPLfit: I'=-0.376 = 0.014 (x2/dof = 19/27)
DPL fit: AF =0.22 = 0.10  (x%/dof = 19/26)

Leaky-box model fit [ApJ 752 69 (2012)]

Dz(E)  AE)p [ 1 Do(E) 1
®c(E) AME)+ g [Acop  Pc(E) Aoop

A(E): mean escape path length
AME) = kE=° + A
Ao : residual path length
0 : diffusion coefficient spectral index

Fit parameters  1,=0 fixed Ay free
Significance of A\p70 > 50
2) 0
k (g/cm?) 13.1+£0.2 13.0£0.3 = Residual path length
d 0.61+0.01 0.81+£0.04 could explain the flatten-
ing of B/C, B/O ratios at
Ao (g/cm?) 0 117 £ 0.16 high eneraies.
yv2/dof 58.3/38 17.9/37
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Energy spectra of Fe and Ni PoS(ICRC2023) 0061
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« Larger (60% more) data set from PRL (2021) © 0.24
 The absolute normalization is lower %
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Fe (SPL) Fe (DPL Ni (SPL) E \Y
~ ~ ~ ¢ (—) E < Ey
y=-2.56 =£0.03 y=-2.60 *=0.08 y=-2.49 = 0.08 O(E) = GeV iy
x2/dof = 2.7/5 Eo = (428 * 314) GeV/n x?/dof =0.1/3 c (GE—V)V (Eﬁ) E > E,
€ 0

Ay =0.29 = 0.27

?/dof = 0.8/3
x°/do / - The significance of the fit with the DPL in the studied energy range for Fe is

not sufficient to exclude the possibility of a single power law
- Ni flux is consistent with the hypothesis of an SPL spectrum in 20 — 240 GeV/n
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Summary and Future Prospects

O CALET was launched on Aug. 19th, 2015. The observation campaign started on Oct. 13th, 2015.
Excellent performance and remarkable stability of the instrument have been confirmed.

O As of Apr. 30, 2024 with live time fraction close to
86%. Nearly 4.55 billion events collected with low energy trigger (> 1 GeV) and 2.07 billion events
with high energy trigger (> 10 GeV).

O Accurate calibrations have been performed in the energy measurements established in 1 GeV-
1PeV.

O Following results of the cosmic-ray spectra have been obtained by now.

« Measurement of electron + positron spectrum in 10 GeV- 7.5 TeV.

« Direct measurement of proton and Helium in 50 GeV ~ 60 and 250 TeV energy range, respectively
and of Carbon and Oxygen spectra in 8.4 GeV/n -3.8 TeV/n: Spectral hardening was consistently
observed around a few hundred GeV/n. B/C flux is precisely measured up to 3.8 TeV/n.

« Iron and Nickel spectra, and the ratios to light elements were measured to energies beyond those

covered by previous experiments.
O Continuous observations of GRBs, Solar Modulation and REP events have being carried out.



