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CALET PAYLOAD

CGBM (Calet
Gamma Ray
Burst Monitor)
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CALET launch on CALET was emplaced on Japanese JEM Standard Payload

Aug. 19*, 2015 on Experiment Module — Exposed Facility Mass: 612.8 kg

Japanese H2-B (JEM-EF) port#9 on Aug. 25%, 2015 Size: 1850 mm (L) x 800 mm (W) x 1000
rocket mm (H)

Power Consumption: 507 W (max)

CALET started scientific observations on Oct. 13™®, 2015. More than 4 billion events
collected so far.
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OVERVIEW OF CALET PAYLOAD

The main detector of the CALET payload is a calorimeter (CAL) to observe high-energy cosmic rays and gamma rays from 1

GeV to 10 TeV. In addition, the Gamma-ray Burst Monitor (CGBM) covers the gamma-ray energy range from 7 keV to 20
MeV

CAL
CGBM

* Charge Detector (CHD)
* Imaging Calorimeter (IMC)
* Total Absorption Calorimeter (TASC)

CGBM (CALET Gamma Ray Burst Monitor)

* Hard X-ray Monitor (HXM) x 2 (3 sr)
Scintillators LaBr, : 7TkeV ~ 1MeV

* Soft Y-ray Monitor (SGM) (8 sr)
Scintillators BGO : 40keV ~ 20MeV

Data Processing & Power Supply

* Mission Data Controller (MDC)
CPU, telemetry, power, trigger etc.
e HV-BOX (Italian contribution)

TASC

HV supply (PMT:68ch, APD:22ch ) s : S CAL
HV-BOX

Support Sensors

* Advanced Stellar Compass (ASC)
Directional measurement

* GPS Receiver (GPSR)
Time stamp of triggered event (<1lms)
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CALET CALORIMETER INSTRUMENT

PMT SCIN
. -
— . -
VA Chip ="
Assembly ol
Ll
IMC-FEC *
, SciFi
o | - =y
PMT
8 a
§ TASC-FEC g
PD/APD
®

BASE PANEL

PWO

(Charge Detector)

A 30 radiation length deep calorimeter

designed to detect electrons and gammas

up to 20 TeV and cosmic rays up to 1 PeV

= TASC

IMC
(Imaging Calorimeter)

TASC
(Total Absorption Calorimiter)

Measure Charge Particle ID, Energy,
(1 <7< 40) Tracking Dynamic range: 1 —10° MIP (1 GeV —1 PeV)
AZ/7Z = 0.15 for C, 0.35 for Fe AX at CHD = 300 pm
Geometry / Plastic Scintillator Scintillating fibers 448 x 16 (X,Y) 16 PWO logs x 12 layers (X,Y)
Material 14 paddles x 2 layers (X,Y) 7 W layers, total thickness: 3 X Total thickness: 27 X , 1.2 N
e Paddle size: 32 mm x 10 mm x 450 mm Scifi Size: 1 mm® x 448 mm Log size: 19 mm x 20 mm x 326 mm
Readout PMT + CSA 64-anode MAPMT + ASIC APD/PD + CSA

FRANCESCO STOLZI

PMT + CSA (for trigger)
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CALET OBJECTIVES

Science Objectives Observation Targets Energy Range

Nearby CR Sources Electron Spectrum 100 GeV — 20 TeV
Dark Matter Signatures in Y/e spectra 100 GeV — 20 TeV
CR Origin and Acceleration  Electron Spectrum 1 GeV — 20 TeV
p-Fe individual spectra 10 GeV -10° GeV
Ultra Heavy Ions (26<Z=<40) Few GeV/n
Galactic CR Propgation B/C subFe/Fe ratio Up to some TeV/n
Solar Physics Electron Flux <10 GeV
Transient Phenomena (GRB, Gamma and x-rays 7 KeV -20 MeV

e.m. counterpart of GW)

o . . 6

Wide dynamic range (1-10° MIP) CALET can cover the whole energy range
» Large thickness (30 X, 1.3 A) |:> previously investigated in separate subranges
* Excellent charge ID (0.2e) by magnetic spectrometers and calorimeters
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* Charge identification for p, He and light nuclei is achieved by CHD+IMC;
* Charge identification for heavy nuclei is achieved by CHD: saturation of signals occurring in the IMC layers.
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CALET EVENT CANDIDATES

Helium 700 GeV

Electron 3 TeV
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ALL-ELECTRON SPECTRUM

Electron Flux x E30 vs. Energy
250 O Upto 2 TeV: CALET spectrum is consistent
11 GeV, 7.5 TeV] with AMS-02
- O Below 1 TeV : Present measurements cluster
into 2 groups:
AMSO02 + CALET and FERMI + DAMPE
possibly indicating the presence of unkown
systematics

A DAMPE 2017
0 Fermi-LAT 2017 (HE+LE)

2 3
10 Energy (GeV) 10

= i Preliminary spectrum is
= " updated using 2637 days of
b i CALET observations:
i L . CALET Oct.13, 2015 — Dec. 31, 2022
= © " uncertinty band (stat. + syst) 7.02 million events > 10 GeV
50 — * AMS-02 2021

_e
-
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ALL-ELECTRON SPECTRUM

Electron Flux x E3° vs. Energy

High energy region: statistics increased x ~3.4
since PRL2018

11 GeV, 7.5 TeV]

TeV region

N : ﬂ% CALET observes a flux
L suppression above 1 TeV with a

|lll||l|l[l[ll|l[ll|l

" - significance > 6 o,
O uncertainty band (stat. + syst.) ST & ;“’L a considerable im provement with
o B 1
5 i 1L respect to the result published
0 e AMS-022021 | = e A L2018 (et o,
A DAMPE 2017 A S0
¢ Fermi-LAT 2017 (HE+LE)
0 ! L Ll L ! I B B | [ T B
10 102 10° Advanced analysis is going on for

Energy (GeV) electron identification above 5 TeV.
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PROTON SPECTRUM

Phys. Rev. Lett. 129 (2022)

% 16000 — [50 GeV, 60 TeV] * CALET confirms proton
= e , spectral hardening
'—Z B +i+ above a few hundred GeV
— & D\ : : —
o 12000~ T 1] i with a higher significance of
E ;'*#@ o . +++ 8 4[| 1| more than 20 si ;
< 10000f— P T gina;
= - et = M
I 5 b
.x_x Siblim * CALET observes a spectral
= 000l Proton Spectrum softening starting around
= 4 CALET-2021 10 TeV stent. withi
. [ ] uncertainty band (stat. + syst.) S GOIISNSEI, oY LLbIIII0
4000 4 AMS-02 the errors, with the
_ $ CREAM-III
2000 ; DAMPE measurement
n ~ uncertainty band (DAMPE) | reported by DAMPE.
0 | L1 1 111 | | | L1 1 111 I ] 1 L1 1 111 1 | 1 1 1 111
10 10 10° 10* 10°

Kinetic Energy [GeV]
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PROTON SPECTRUM

Fit from 80 GeV to 60 TeV with Double-Broken Power Law (DBPL)

16X10°
15F- The fit gives a spectral index
. 14 hardening A~= 0.28 02+0'O4 from
E 18E E, = 58412 GeV ~ = -2.83 and a spectral index
v 12E, softening A~ = -0.34 " with
£ ﬂ | 2/dof =44
u—; “3;— | Fy =934 Te\f’k‘T
o .} o
= Ei Statistical errors
7k
got ] § o ey gy Ew oy m pas]
10° 10° 10*
Kinetic Energy [GeV] _
E \7 (E) [1 (E Tl (EY W
¥ = -|— S 4 _|_ -
d'(E) = E?7 x C x X h(E : E E
( ) (]' GEV) d ( ) Spectral hardeningjI Spectral softeningl
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HELIUM SPECTRUM

Phys. Rev. Lett. 130 (2023)

10’
B._
- [40 GeV, 250 TeV]| | * CALET observes spectral
'E ~] || hardening from a few
= i l + e | hundred GeV to a few tens
- = 4 % ijj lj 114%¢ TeV with a significance of
PRSP = N Lot | Bl 'l 8 sigma;
U R = ) ITE T o u s, Foe e ol BN o
".“m 4 o O e :_u"‘r L T_"”. llllll i T | . ‘ 4
E 7 o 0 TSR T i 2 * CALET observes a spectral
g 3= ' softening starting above
® I AMS-02 (PRL-2015) —4— CREAM-| (ApJ-2011) | few tens of TeV consistent,
w2 1 :
— v DAMPE(PRL-2021) ¢ NUCLEON (AdSpR-2019) within the errors, with the
1= T ATIC02 (2009 § | CALET (this analysis) B
- | | | | reported by DAMPE.
0 i [ I I N I I 1 Bl I [ N l | N

10° 10° 10* 10° 10°
Kinetic Energy [GeV]
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HELIUM SPECTRUM

Fit from 60 GeV to 250 TeV with Double-Broken Power Law (DBPL)

g X10°
; | | The fit gives a spectral index
o E,= 1319*“3(@tat)+f§’1(eyet) GeV L hardening A;V:0525f3.'812(5t?1[)f3f8§(Syst)
| it by [from = =205 ) 55 0
5 f* {. + " : " 5 b ﬁ and a spectral index softening
t-

Ay = —0.22151; (stat) G4 (syst)

+++

Ej = 33.2fg_'§(stéit)le_'?(syst) TeV

E?® x & [m2srls1GeV'®]
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p/He ratio as a function of kinetic energy
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p/He Flux Ratio
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PROTON TO HELIUM RATIO

p/He ratio as a function of rigidity
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* Good agreement with previous measurements from magnetic spectrometers up to their
maximum detectable 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.
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Charge measurement with CHD and IMC

F

ZIMC

With excellent charge-ID of individual elements CALET is
exploring the Table of Elements in the multi-TeV domain
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Preliminary Spectra of Carbon — Iron
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Flux x E27 vs kmetlc energy per nucleon [8.4 GeV- 3.8 TeV]
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power law function Eo = (260 50) GeVin | Sl B - el .
Ay =0.19 £ 0.04 Ry 862 ° : * B spectrum clearly different
e (&) gy /ot = 23/25 % : from C-O as expected for
®(E) = ; A\ o S F primary and secondary CR.
(G ’ (E”) sl y=-3.03 1 0.03 % E: * The flux hardens more for B
E, fixed from C-O ab than for C and O above 200
iy i o} 1| | Gevin, albeit with low
- iyl p o van g o s paeiny 5 b4 statistical significance.
10 10° 10°
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B/C flux ratio
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* Flux ratios of B/C and B/O are in agreement with AMS02 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 x2/dof = 8.1/13.

= C and O fluxes have the same energy dependence.
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FLUX RATIO BETWEEN LIGHT NUCLEI

C/He and O/He ratio with constant fitting O/C ratio with constant fitting
o B.DSDE o 2.0
5 0.0455- & C/He CALET — Constant Fit to C/He T 185 ¢ O/CCALET X*/ndl  5.042/5
s 0-040E- © O/He CALET — Constant Fit to O/He < 18E°  —Constant Fit Gl bl
50.0355- S14f
W 0.030E- . 1.2E S ¢ 4
0_0252_ & & e -~ e —o o9 & — g 1.0F o # o L ® L) +
0.020F- _ 0.8F-
0.015E- PRELIMNARY  2/nar  a226a/4 | osf PRELIMINARY
= po 0.0256 + 0.0002 ==
0.010E- 0.4E
0.0055- He ratio 025~ O/C ratio | |

The flux ratio between light nuclei (He, C, O) is constant above 100 GeV/n.
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IRON ENERGY SPECTRUM
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Fit from 50 to 800 GeV/n, with SPL & DPL

& 35
< [ | CALET total error
E 3 § CALET stat. error
n - —— DPL{it
% 25— —— SPLfit
E
gLu 2 2 —— = - ¥
i | -
L 454 (\]

1 , '\(\

- \\“\ Iron
0.5 ?(e
ok - L
W Kinetic Energy per Nucleon [GeV/n]
SPL Fit
E 4
®(E)=C = DPL Fit
| GeV

* ~=—2.56 + 0.01(stat) £+ 0.03(sys) O(E) = [ E<Ek

« x *DOF = 2.7/5

The significance of the fit
with the DPL in the studied
energy range is not sufficient
to exclude the possibility of a
single power law

[‘"’%)y (*.:'")iw E > Ej

* ~ = —2.60 + 0.01(stat) + 0.08(sys)
* x ?/DOF = 0.8/3

s Ay =10.20 + 0.27

« E = (428 +314) Gev/n




NICKEL ENERGY SPECTRUM

Flux x E?*® vs kinetic energy per nucleon

- CALET Nickel Flux [8.8 GeV/n, 240 GeV/n]
E— & CALET ) | Statistical uncertainties

;— Systematic uncertainties Z ' Total (stat.+syst.) uncertainties
— ¥ cCRisIs (1977) %  Balloon (1975) - G. Minagawa

— ¥  HEAO03-C2(1979/10 - 1980/06) ®  NUCLEON

= :
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o — .

=9 Statistics x 1.3 since PRL 2021

— 1 1 1 LI | s ¥ s ¥ ¥ Y —— 1

10 102
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Fit from 20 to 240 GeV/n, with a SPL

&
§0-25 CALET total error
:@ - } CALET stat. error
S
- 02 = -
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E |
015 w
> C [
>
5 O
L -
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0.05—
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10

SPL Fit

E /
OE)=C
| GeV

* N =—2.49 4 0.03(stat) + 0.07(sys)
« x *DOF = 0.1/3

10°
Kinetic Energy per Nucleon [GeV/n]

From 20 to 240 GeV/n
the nickel flux is
consistent with the
hypothesis of an SPL
Spectrum.
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IRON TO PRIMARY ELEMENTS FLUX RATIO

Fe ratios to He, Cand O Fe ratios to He, C and O normalized at 100 GeV/n
o HUE : 12/ ndf 5.666 / 4 "-"U'35: . .
= E  FeRatios S oisross || S “Flux Ratios normalized at 100 GeV
E i s Fo/C CALET 22 et 4508818 o 0.30
P : + 0. S =
*_ 15§ Fe/OCALET aindt 393374 | © 0.250 +Fe/0 x 1.00 +Fe/C x 0.88 ¢ Fe/He x 33.75
i) E . FE‘/HE CALET po 0.0046 + 0.0001 E E
10_1 —_ ’ . 2 " P ——¢t 3¢ — 3 m 0.20 :_ ’
S ] - 5
: PRELIMNARY | 3 015 amEg el
10_2=— 0-10;_ ' T
= e § S STRE PRELIMINARY
103wl L ] _— .t..ula 0.00:""l T Ty L
10 10° 10 10 102 10°

Kinetic Energy per Nucleon [GeV/n] Kinetic Energy per Nucleon [GeV/n]

Fe/O, Fe/C and Fe/He are compatible with a constant above 100 GeV/n within errors.
= Fe, O, C, He follow similar propagation
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0.201
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0.14F-
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The Ni/Fe flux ratio is constant in all the energy range
thus Ni and Fe have very similar behavior.

The present energy range of nickel flux does not allow
to fit the Ni/* ratios with a constant above 100 GeV/n.

At low energy the Ni/O, Ni/C, Ni/He flux ratio show an
increasing trend also visible in Fe/* ratios.

Kinetic Energy per Nucleon [GeV/n]-
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Mesurement of the relative abundances

» A special UH CR trigger uses the
CHD and the first 4 layers of the
IMC to achieve an expanded x 4
geometric factor GF ~ 4400 cm? sr
without energy information.

(~260 million events)
» A subset of events pass through
the top of the TASC (~65 million
events) with energy information,
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The CALET UH element ratios

relative to Fe are consistent with Super-TIGER and ACE abundances.
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GW FoLLOW-UP
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[

* Observations with high-energy (HE) trigger g 80—~ LE-y :
are always active (E > ~10 GeV) ;%jz : '

207

* Observations with low-energy gamma (LEG) 0
trigger are active at low geomagnetic 20

-40

latitudes (E > ~1 GeV) 60

-80
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* Trigger of CGBM instrument prompts 0 50 100 150 200 260 300 350
Figure from Asaoka et al., AP 100, 29 (2018) Longitude [deg]
CALET to temporarily activate LEG mode
Time distribution (T,,) of GRB durations
* Transient analysis pipeline allows for quick ou :
follow-up of GRBs or LIGO/Virgo GW - i ST
triggers 2 _H
40 ; \
Observations corresponding to triggers in 0. : |
LIGO/Virgo O3-O4 run was analyzed . | P
20 | :
Short
No candidate of EM counterparts was found in 10| mean=0503 4/
CALET data. We obtained upper limits of I I . Yo
. 0.01 0.1 1 10
high energy gamma-ray flux Too [S]
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Gamma-ray sky map LE-y trigger (E >1 GeV)

%> Effective area: ~400 cm? above 2

GeV

> Angular resolution:< 0.2° above 10

GeV
Energy resolution: ~5% at 10 GeV

Preliminary

Gamma-ray spectrum

Observed vs. Fermi data
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The spectra for point sources and diffuse components are

found to be consistent with those by Fermi-LAT

TEVPA2023, NAPOLI

FRANCESCO STOLZI

107 Averaged Fermi data [on plane]
—t- Aweraged Fermi data [off plane]
[ (CALET) on plane
1) (CALET) off plane
10-2 s
CC¢ : P4
T=ableL
—..h.-‘—\—-
107 T r——
= .
: D T"'I"'-I-—-
e LEy (>1 GeV)
T
10° 100 107
Energy [GeV]
107 A Averaged Fermi data [on plane]
—t- Aweraged Fermi data [off plane]
[ (CALET) on plane
[0 (CALET) off plane
10—3 PR -~
¥ P rig
e e—— i
: ——— =
1 ¥ 'I-—.‘-_-- i .
b — T = t—
1 i =
HE (>10 GeV) PP il
107 - = =
| ‘ * S5iS!
10t 108 10*

Energy [GeV]
ane”: |7] < 80° & | b|< 8°, “Off-plane”: |h|> 10°

24



SUMMARY AND FUTURE PROSPECTS

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

* CALET is able to obtain precise measurements of the fluxes of CR electrons up to the TeV region, the

energy spectra of CR nuclei from proton to nickel up to hundreds of TeV and secondary-to-primary ratios of

individual elements:

All-electron spectrum in the range 11 GeV — 4.8 TeV

Proton spectrum in the range 50 GeV — 60 TeV

Carbon and oxygen spectra in the range 10 GeV/n — 2.2 TeV/n
Iron spectrum in the range 50 GeV/n — 2 TeV/n

Nickel spectrum in the range 8.8 GeV/n — 240 GeV/n

Boron spectrum in the range 8.4 GeV/n — 3.8 TeV/n

Helium spectrum in the range 40 GeV — 250 TeV

Preliminary analysis of ultra-heavy cosmic-ray abundances

* Analysis of gamma-ray sources and transients continues:

PRL 120, 261102 (2018)
PRL 129, 101102 (2022)
PRL 125, 251102 (2020)
PRL 126, 241101 (2021)
PRL 128, 131103 (2022)
PRL 129, 251103 (2022)
PRL 130, 171002 (2023)
(ICRC2023)

GW follow-up and GRB analysis with CGBM & CAL : ApJL 829:1.20 (2016)
Counterpart search in LIGO/Virgo O3 with CGBM & CAL: ApJ 933:85 (2022)

(2™ update)
(2" update)
1% paper

1% paper

1% paper
new

new

preliminary

Extended operations approved by JAXA/NASA/ASI in March 2021 through the end of 2024 (at least)
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Duration [hrl

Tlme duration of observation (day by day)

Geometrical Factor:

+ 1040 cm? sr for electrons, light nuclei
« 1000 cm?sr for gamma-rays

« 4000 cm?sr for ultra-heavy nuclei

High-energy trigger (> 10 GeV) statistics:

» Orbital operations : 2818 days (>7.5 years)
as of June 30, 2023

« Observation time : 2.39 x 108 sec

+ Live time fraction: ~ 86%

+ Exposure of HE trigger : ~250 m? sr day

Number of Events
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per day
‘ on average
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High Gain Shaper
>_q PET_5

\\Low Gain Shaper

>

r

\High Gain Shaper >

APD >
PWO CSA
PD >

The correlation between adjacent

gain ranges is calibrated by u
in-flight data in each channel.
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The whole dynamic range was calibrated by UV laser irradiation on ground :

1) The linearity of each gain range is confirmed in the range of 1.4-2.5 %.
2) Each channel covers from 1 MIP to 10° MIPs.

L= APD-H | APD-L | PD-H | PD-L
[\, Low Gain Shaper 14% | 15% | 25% | 22%
o
Example of energy distribution in one PWO log
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B/C, B/0 anD C/0 FLux RATIO

II1III|

——— IEI.!"D SPL fit

Egaaa

« B/C

o B/O
—— B/C DPL fit
—— B/O DPL fit
---- BFC SPL fit

SPL and DPL fit

10 10°

10°
Kinetic Energy [GeV/n]

s« B/C

o B/O
= B/C Leaky-box fit with free &
—— B/O Leaky-box fit with free 3.,
==== B/C Leaky-box fit with 4,=0

---- B/O Leaky-box fit with i =0
T | |i 1 1 I | . | I|

Leaky Box Model fit

10 10?

10°
Kinetic Energy [GeV/n]

parameters except normalization

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

SPL fit ['=-0.376 £ 0.014 (y?%/dof = 19/27)

Al'=0.22 £ 0.10

DPL fit

Leaky-box model fit [Ap) 752 69 (2012)]
Op(E) B AE)Ag | % Op(E) 1 GOp(E)

(x2/dof = 15/26)

AE)Ap I O(E) 1

Oc(E) AME)+Ag |dcsp  Oc(E) lo_g

A(E): mean escape path length
ME) = kE—® 4+ 2,

Ap : residual path length

O : diffusion coefficient spectral index

Fit parameters ;=0 fixed A free
k (g/cm?)) 13.1£0.2 13.0+03
5 0.61 £ 0.01 0.81 £ 0.04
Ao (g/cm?) 0 147 £0.16
y2ldof 58.3/38 17.9/37

Oo(E) ~ AME)+ g |do—p

DOo(E) Ac—B

Significance of A;j#0 > 50
=> Residual path length
could explain the flatten-
ing of B/C, B/O ratios at
high energies.




BEAM TEST CALIBRATION

The energy response of the TASC derived from the MC simulations was tuned using
the results of a beam test carried out at the CERN-SPS in 2015 with beams of
accelerated ion fragments of 150 GeV/c/n.

* Correction factors are:

> 6.7% for E_, .. < 45 GeV;
> 3.5% for E_, .. > 350 GeV;
> linear interpolation for 45< E_ ., <350 GeV.
U0 . e
* Good linearity up to maximum available S |l 10 covinbean

beam energy (~6 TeV) between the observed
TASC energy and the primary energy. ‘
* Fraction of particle energy released in TASC
is ~20%.

* Energy resolution around 30%. ol

61000
Kinetic energy per particle (GeV)
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