| CALET observations during s - W
the first 5 years on the ISS 9V SRSk & e

o "i\~ '
5 ¥
L T S

' Pier Simone Marrocchesi

University of Siena and INFN Pisa
for the CALET Collaboration

,,.‘.H -'j")
NS el & =

%% 'jElectron PN
?if?jf"ﬁTelescope 0 7




CALET instrument in a nutshell

Field of view: ~ 45 degrees (from the zenith) Geometrical Factor: ~ 1,040 cm?sr (for electrons)  Thickness: 30 X, 1.2 M

CHD - Charge Detector

- 2 x 14 plastic scintillating paddles

- single element charge ID from p to Fe and above (Z = 40)
- charge resolution ~0.15-0.3 e

MAPMT

IMC-FEC

IMC — Imaging Calorimeter

- Scifi + Tungsten absorbers: 3 X, at normal incidence
- 8x 2 x 448 plastic scintillating fibers (1mm) readout individually
- Tracking ( ~0.1° angular resolution) + Shower imaging

TASC — Total Absorption Calorimeter 27 X, 1.2 A,

- 6 x 2 x 16 lead tungstate (PbWO,) logs -

- Energy resolution: ~2 % (>10GeV) fore,y ~30-35% for p, nuclei
- e/p separation: ~10°

Proton 10 TeV
—_—

Simulated
Shower
Profile
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Charge ldentification with CHD and IMC

Single element identification for p, He and light

nuclei is achieved by CHD+IMC charge analysis I i e
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Deviation from Z2 response is corrected both in CHD and IMC using a core + halo ionization model (Voltz)
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Energy Measurement in a wide dynamic range 1-10° MIPs

APD (100mm?2)
< $8664-1010

PD(5.8mm2)
$1227-33BR

APD gain ~50

\High Gain Shaper

> The linearity was calibrated by using UV laser irradiation on ground :
“\_LowGain shaper _ 1) The linearity is confirmed in the range of 1.4-2.5 %.
Pl —2 2) The whole dynamic range is confirmed to cover from 1 MIP to 10° MIPs.

High Gain Sh
> e APD-H | APD-L | PD-H | PD-L

Low Gain Shaper 1.4% 1.5% 2.5% 2.2%

The correlation between adjacent Ko . Example of energy distribution in one PWO log

gain ranges is calibrated by using APD-L PD-L
in-flight data in each channel. 0.1% : 0.1%

APD-High

<

Y3-CHO3

2%

nwumoer of Events

g
g
2

Y3-CHO3 Y3-CHO3 B Y3-CHO3
3 >

PD-High

g B
g 8

APDHigh:ADC Output [ADU]
&
g

g
T VSHV\
3

g
g

g JF APD-L/PD-H: ; : PD-H/PD-L:
APD-H/L: E ¥ 0 ' 0.1%
0.1% : 1 0% 4 0

PD-Low

APDLow:ADC Output [ADU]
8
S
3 2 2
;Tlll‘l Hllml‘l IIIIIT1 1 f IHTITII T H]IIII THHITT T IH]ITII' T

o B

g

1000 1200 000 1500 2000 2500 3000 ' B0 1000

400 600 800 )0 [] 500 |. 400 600 1
APDLow:ADC Output [ADU] PDHighADC Output [ADU] PDLow:ADC Output [ADU]

ISCRA 2021 — MEPhi, Moscow, June 8-10, 2021



The first five years of CALET observations on the ISS

Time [hr]

45000 : : Geometrical Factor:
= [151013-210228] High Energy Trigger (1966 days) 5 . .
400003_ Total Observation Time (1 .67><10°sec) * 1040 cm? sr for electrons, ||ght nuclei
350005_ Live Time (1.43x10%sec) . 1000 cm?sr for gamma-rays
E Ll ) e 4000 cm?sr for ultra-heavy nuclei
30000 —
25000; (7)) = <,
20000 o 10° L e g 151013-210228
E > == T .
15000 w _F - Number of HE triggers
10000~ ~61o7 = " ~1.3 billion
500(); D o —‘—_ Total number of >GeV triggers
- | . | | 2% ¢ ~ | ~2.7 billion
01601()1 1 l161231I I l171231l I 1181231I I I200101I l 1201231 = - _—_
Date [yymmdd UT] Z10° & -
High-energy trigger statistics: NS [19.0,60.0] GeV R
10 zg 60 L e 2220215 =
* Operational time > 2000 days sF  “©F i S AA : _—__
10 E 20 |- =
* Live time fraction > 85% FE &.F l E T
10° & i .
« Exposure of HE trigger 0 = “F ’ Tyt
~178 m? sr day -0 i S t
1 - 'GOFI““SIOH'{t;d"%éo”'.éoldmzslo‘mac;omééo J[J[
* HE-gamma point source exposure E longitude
~35 zd (f C b G . ) IIII| | IIIIIII| | IIIIIII| | [IIIIII| | IIIII]I| | IIIIIII| | IIIIII| L1t
-> M~ day {ior Lrab, béminga 1 10 102 10° 10 10° 108 107

ISCRA 2021 — MEPhi, Moscow, June 8-10, 2021 TASC Energy Deposit Sum [GeV]



COsm IC- ray d I I-QIECtrOn SpeCtrU m CALET spectrum is consistent with AMS-02 below 1 TeV

Phys. Rev. Left. 120, 261102 (2018) Present measurements cluster into 2 groups:
AMSO02 + CALET and FERMI + DAMPE
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Current statistics: x 2.3
(~400 events, > 1TeV)

CALET 2018
uncertainty band (stat. + syst.)
AMS-02 2019
DAMPE 2017
Fermi-LAT 2017 (HE+LE)

10° 10°
Energy [GeV]
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COsm iC‘ ray d I I'GIECtrOn SpECtru m CALET spectrum is consistent with AMS-02 below 1 TeV

Present measurements cluster into 2 groups:
AMS02 + CALET and FERMI+ DAMPE
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ys. Rev. Lett. ,
[11 GeV, 4.8 TeV]
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with DAMPE within errors.
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CALET observes a suppression of the
flux above 1 TeV consistent with
DAMPE within errors

E3 flux[m2sris'GeV*?]

Current statistics: x 2.3
(~400 events, > 1TeV) _ No peak-like structure at 1.4 TeV in

: CALET measurement irrespective of
L] CALET 2018 binning

uncertainty band (stat. + syst.)
AMS-02 2019
DAMPE 2017
Fermi-LAT 2017 (HE+LE)

10° 10°
Energy [GeV]
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Cosmic-ray all-electron spectrum

5250
= [ » Search for spectral features above a few
8 TeV
.:_w 200 - e CALET electron candidate events with E
NB B >~10 TeV are being studied with
E B dedicated event-by-event analysis
5150 et el
= B il i %H * footprints of a possible nearby source
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100}~ 3 | |
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50— uncertainty band (stat. + syst.) S
- o  AMS-022019
i . DAMPE 2017 f
— ¢ Fermi-LAT 2017 (HE+LE)
O 1 L | | IS -’ J | 1 1 [ — — | L 1 1 1 | [ 1O |58 |
10 10° 10°

Energy [GeV]

ISCRA 2021 — MEPhi, Moscow, June 8-10, 2021 Pier Simone Marrocchesi 8



Cosmic-ray proton spectrum
e —=

— 3x10* 2018: CALET confirms proton spectral hardening
"'> CALET Collaboration, Phys. Rev. Lett. 122, 181102 above a few hundred GeV with a deviation from a
8 Highlighted as “Editor’s Suggestion” single power law at >30
- 4
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Cosmic-ray proton spectrum

< 3x10
> CALET Collaboration, Phys. Rev. Lett. 122, 181102
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2018: CALET confirms proton spectral hardening
above a few hundred GeV with a deviation from a
single power law at >3c

Energy ranges 50 GeV — 500 GeV and 1 TeV — 10
TeV can each be fitted with single power laws
Progressive hardening up to TeV energies
Smoothly-broken power law fit gives low energy
index consistent with AMS-02, but larger change
in index and higher break energyI

|

‘ Specury Fit Resdls

iy T .
T Pyt .

E*? x Flux [m?sr's'GeV'7)

\ smooth transition of the power-law
| spectral index from -2.87 + 0.06 (including
L i piall \ solar modulation effects in the lower

| energy region) to —2.56 + 0.04 (1-10 TeV)

10°
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E*" x Flux [m? sr-! s-' GeV'']

oroton spectrum

The next challenge is the region from 10 TeV to 100 TeV being explored by
balloon-borne (e.g.: ATIC, CREAM) and space instruments (CALET, DAMPE,
NUCLEON).

4 'p'_ :
10 '“‘-'»\._._'_ :::4.:',:.' s <f 25 --—.1
—  Proton Spectrum SR
8x10° |- - . ‘
. Current statistics of CALET:
7X10‘ x 1.7 (~5000 events, AE>1 TeV) ‘ i
6x10° ¥ RWSUZ
| CREAM-III
=~ Yl 1 A NUCLEON (IC)
Sx10 N NUCLEON (KLEM)
% CALET-2019
x| ()3 | [y uncertainty band (stat. + syst.) for CALET
& DAMPE-2018
R uncertainty band for DAMPE
Ix10° Lo el RN N N NE R Corand
10 10° 10° 10* 10°

Kinetic Energy [GeV]
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**°"" DAMPE: Sci. Adv. 20195 (2019)'

Flux x E27 (m2sr's™' GeV'7)
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AMS-02 (2015)

6000 PAMELA (2011)
ATIC-2 (2009)

4000 CREAM | + 111 (2017)

#— NUCLEON-KLEM (2018)
1

10 10° 1(|>3 T 1'6“ 107
Kinetic energy (GeV)
- DAMPE reported a spectral index
softening |Ay = -0.25 + 0.07 from
~-2.60 to ~-2.85. above 10 TeV at

Epreak =[13.6141 Tev| with ~30% error

- DAMPE flux is consistent with AMS-02
and CALET up to 200 GeV. Above, the
flux is higher (close to the limit of
the systematic error band )

STAY TUNED FOR CALET UPDATES
AT ICRC 2021 !
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Spectra of cosmic-ray nuclei from C to Fe

Spectral hardening of Carbon and Oxygen
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Spectra of Carbon — Iron

Oct.13, 2015 — Sep.30, 2020 (for 1818 days)
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Oct.13, 2015 — Oct.31, 2019 (for 1,480 days)

(a) Carbon
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— Fit with DPL
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(b) Oxygen

m CALET
= Fit with DPL
- = Fit with SPL, exirapolation with Ay=0
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Carbon
v = —2.663 + 0.014
o =215+ 54 GeV/n
Ay = 0.166 £ 0.042 (4.00)

with y?/d.o.f. =9.0/8

Phys. Rev. Lett. 125,
251102 (2020)

Oxygen

v = —2.637 £ 0.009

Ey = 264 £ 53 GeV/n

Ay = 0.158 £ 0.053 (3.00)

with y?/d.o.f. = 3.0/8




I[ron — analysis (charge selection)
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lron spectrum

Flux x E2®vs kinetic energy per nucleon

CALET —J— Statistical uncertainties
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Jan 1, 2016 — May 2020

Iron Single Power Law fit:

50 GeV/n, 2.0 TeV/n
v =—2.60 = 0.02(stat) = 0.02(sys)
with y?/d.o.f. =4.2/14
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Iron spectral shape and normalization

AMS-02 Phys. Rev. Lett. 126, 041104 (2021)

CALET  Phys. Rev. Lett. (accepted April 12, 2021) Flux normalization:

* consistent with ATIC 02 and TRACER at low
energy and with CNR and HESS at high energy
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+ CALET (normalized to AMS-02) * intension with AMS-02 and SANRIKU (balloon)

<

0
B avee Spectral shape:

Flux x E27 normalized to AMS-02(*) normalized to AMS-02:

| _l _r - similar spectral shape

‘ » CALET E27 x Flux vs kinetic energy/n

— - comparable errors above 200 GeV/n
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Spectral hardening:

e CALET iron data are consistent with an SPL
spectrum up to 2 TeV/n. Beyond this limit, the
(*) please note that the flux is multiplied by E%7 an not x E>®as in the previous slide present statistics and large systematics do not

. L L L R F— allow to draw a significant conclusion on a

10 10° Kiretic Enetayper n:ﬁ;leon (GeV/n] possible deviation from a single power law
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Ultra-heavy cosmic-ray nuclei (26 <z <40)

Onboard trigger for UH events

CHD-X/Y . Measurement of the relative abundances
IMC-1+2 [ of elements above Fe through 4,Zr
IMC-3+4 |
A special UH CR trigger uses the lg—'Fel "" _g
CHD and first 4 layers of the IMC to g CALET Preliminary E
achieve an expanded x 4 geometric 0 e ==
factor GF ~ 4400 cm? sr s F Ni :
%‘ 102 -
é B Zn ]
F e ¥ 3
100000 - ; : <e:) - Ge ]
CALET Preliminary E = ! . Kr 7r E
. H 1 !; == NIO:
above Ni: Z-even i I SuperTIGER Walsh B g B
3OZn' 3ZGel 34se 10 E * %
E are resolved M — CALET _ | .
3 ]0—61:||r|||||||1wtll\lllh:t%l\llllltl
26 28 30 32 34 36 38 40 42

Z

The CALET UH element ratios relative to ,¢Fe are
consistent with SuperTIGER and ACE abundances.
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CALET y-ray Sky (>1GeV) and GRBs

* Effective area ~400 cm? above 2 GeV
* Angular resolution < 0.2° above 10 GeV)

* Energy resolution ~5% at 10 GeV

Gamma-ray sky map LE-y trigger (E >1 GeV)

Identified bright point-sources (E >1 GeV)

Mk 421 (]

ISCRA 2021 — MEPhj, Moscow, June 8-10, 2021

Exposure map for GRB 200101A (LEG)

® GRB position

+ gamma-ray event ’
k ;

- Follow-up observations of GW events in
X-ray and gamma-ray bands

- MOU with LIGO/Virgo

CGBM: dedicated Gammay-Ray Burst Monitor
with energy range 7 keV-20 MeV

from 2015/10/05 to 2021/04/08
246 GRBs (44.6 GRBs / year)

216 Long (88%) 30 Short (12%)

Pier Simone Marrocchesi




4 In addition to the aforementioned astrophysics goals, CALET
is able to provide a continuous monitoring of space weather
phenomena affecting the near-Earth environment, including

Space Weather Phenomena witly CALET
N

& solar energetic particles (SEPs) at high geomagnetic latitudes

@ inner-belt protons in the South-Atlantic anomaly (SAA) region

™ relativistic electron precipitation (REP) events in the inner boundary
of the outer radiation belt

U.bb ‘ T T T T [ T T T | T T T T ‘ T T T

12,00002"2;382 miles — - "’ _ T e ; - ?é
O, o5 —_ o gl
GPS Satellites f o - O
12,500 miles -o o =y . | | : I
- d B “ ]
D 045 L j_..-r" SEPs 10° O
— L - _| - I
4 Geosynchron?usomil10$0) -_'% .“i ': : : x
Dyna':nl}f: gbss::-av'alory q.) 0.4 - P ] =l O
c d0 (@)
(@) . %
go.ss - = 10t
 ISSCALET 3 . 2
i o 0.3 — oD
G — -1 P
S REPs i G
o 0.25 — _
] 3
1 1 10
02 1 | 1 | | | 1 1 | ‘ 1 1 1 | | 1 | | 1_
1 2 6

3 4
L-shell [R ]

ISCRA 2021 — MEPhj, Moscow, June 8-10, 2021 Pier Simone Marrocchesi



Solar modulation

« Since the start of observations in 2015/10, a steady increase in the 1-10 GeV all-electron flux has been observed to present
* In the past two years, the flux has reached the maximum flux observed with PAMELA during the previous solar minimum period

50 T T T T
25 - -
=5 CALET preliminary | CALET preliminary (Rm}mn%’f“i‘y“_'é%y?’(‘ﬁ1;‘;‘28},’,!3 .S_‘éj‘y"('ém,,,,
L % 1 01.72GeV~2.GeV
e v DS ©3.GeV~3.36GeV
—— — 04.54GeV~5.GeV La100
g == Long-term variation . 20 (each 3x(27-days)) 3
3. B = of all-electron flux & 5
| e = = g
o e = = observed by CALET B 3900 5
> 4 N £
] —— : 1.5¢ 2
T: =% 'S 13700
“ 3.5 i E
kS +7 ’ “ 10
= _
£ : Long-term variation of the all-electron and proton fluxes
g & d with NM t rate at Oulu and t numb
g | o | compared wi count rate at Oulu and sun spot number
2 l 1 1 1 1 1 I
&q::) '+‘,-., 8 03 2016 2017 2018 2019 2020 2021
5 3 £ 10— _ 3
05F ® PAMELA ¢ : 2006-6-1 ~ 2009-12-31 (Adriani ctal., ApJ, 2015) * 4 ] = 105 CALET preliminary 4100 =
AMS-02 e +¢* : 2011-5-15 ~ 2017-5-9 (Aguilar et al., PRL, 2018)T % 100 "'.Y A g
® CALET ¢ +¢* (2015-10-21 ~ 2015-11-16) “ﬂ % 95 3900 ;
] = 90 3
E i ® CALET Proton 3700 3
e 23 —— Neutron Monitor (Oulu) ;
& : — e s g 2016 2017 2018 2019 2020 z
2 4 6 8 10 s Year

Energy [GeV]
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Main science goals and status of the analysis

* Unravel CR acceleration and propagation

o
Scientific Objectives Observables Energy Reach Explored Range “

Cosmic-ray origin and
acceleration

Galactic CR propagation

Nearby CR sources
Dark matter

Gamma rays
Heliospheric physics
Gamma-ray transients

Space weather

Electron spectrum

Proton spectrum

Carbon and oxygen spectra
Iron spectrum

Elemental spectra of primaries
Ultra-heavy abundances

B/C and sub-Fe/Fe ratios

Electron spectrum
Signatures in electron/gamma spectra

Diffuse and point sources

Solar modulation (low energy electrons)

GW follow-up and GRB analysis

Relativistic electron precipitation

ISCRA 2021 — MEPhi, Moscow, June 8-10, 2021

* Search for nearby sources and dark matter

1GeV-20TeV
10 GeV — 1 PeV

10 GeV — 1 PeV

10 GeV — 1 PeV

10 GeV — 1 PeV
> 600 MeV/n

Up to some
TeV/n

100 GeV — 20 TeV
100 GeV — 20 TeV
1GeV-1TeV

1 GeV-10 GeV

7 keV — 20 MeV

>1.5 MeV

Pier Simone Marrocchesi

11 GeV —4.8 TeV
50 GeV - 10 TeV

10 GeV/n—2.2 TeV/n

50 GeV/n -2 TeV/n

10 GeV — 1 PeV
> 600 MeV/n

to 3 TeV/n

to 20 TeV
to 20 TeV
1GeV-1TeV

1 GeV-10 GeV

20 TeV (ECAL)

>1.5 MeV

published in PRL 120, 261102 (2018)
published in PRL 122, 181102 (2019)

published in PRL 125, 251102 (2020)

accepted in PRL (12 April 2021)

preliminary (see ICRC 2019, 034)
preliminary (see APS 2020 L10.00006)

preliminary (see ICRC 2019)

preliminary (see ICRC 2019)
ApJL 829:L20 (2016)
AplJS 238:5 (2018)

see, e.g., ICRC 2019, 112
ApJL 829:L20 (2016)

Geophys. Res. Lett., 43, 4119 (2016)




Summary and Future Prospects

O CALET was successfully launched on Aug. 19th, 2015

0 More than 5.5 years of excellent performance and remarkable stability of the instrument

O Linearity in the energy measurements established up to 10° MIP [ Astropart. Phys. 91, 1 —10 (2017) ]
O Continuous on-orbit calibration updates

O HE trigger operational for > 2000 days with > 85% live time fraction

O Total number of > GeV triggers ~2.7 billion

Extended operations approved by JAXA/NASA/ASI in March 2021 through the end of 2024

STAY TUNED for the analysis updates at ICRC 2021 !
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Examples of observed events in CALET flight data

Electron, E = 3.05 TeV Proton, Eiasc=2.89 TeV
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