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Highlights from CALET
after 7 years of observations on

the International Space Station
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CALET instrument in a nutshell

Field of view: ~ 45 degrees (from the zenith)

Geometrical Factor: ~ 1,040 cm?sr (for electrons)  Thickness: 30 X, 1.3 A
CHD-FEC

CHD — Charge Detector
- 2 layers x 14 plastic scintillating paddles

- single element charge ID from p to Fe and above (Z = 40)
- charge resolution ~0.1-0.3 e

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

§ Yy R TASC — Total Absorption Calorimeter 27 X, 1.2 A,
JASCFEC . - 6x 2 x 16 lead tungstate (PbWO,) logs

‘ - Energy resolution: ~2 % (>10GeV) fore,y ~30-35% for p, nuclei
1 TeV electron shower - e/p separation: ~107

APD/PD

BASE PANEL - angular resolution: 0.2° for gamma-rays > ~50 GeV

Gamma-ray 10 GeV Electron 1 TeV Proton 10 TeV

Simulated
Shower
Profile
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Examples of CALET event candidates

electron ~3 TeV helium ~700 GeV
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Energy Measurement in a wide dynamic range 1-10° MIPs

“MIP” peak in PWO: Obs. vs. MC
APD(100mm?) - s
$8664-1010

wrion

PD(5.8mm?2) MIP calibration determines

‘/51227-338R " the conversion factor from
ADC unit to the energy

O s ek

APD gain ~50

High Gain Shaper _ = = R iy
The whole dynamic range was calibrated by UV laser irradiation on ground :
Low Gain Shaper | 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 108 MIPs.

High Gain Shaper

APD-H | APD-L | PD-H | PDL
Low Gain Shaper 14% | 15% | 25% | 22%

Example of energy distribution in one PWO log

The correlation between adjacent APD-H PD-H
gain ranges is calibrated by using APD-L PD-L
in-flight data in each channel. 7% 0.1%
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Energy Measurement: energy scale and resolution

TASC only (w/Calib. Error)
TASC+IMC (w/Calib. Error)
TASC only (Ideal)
TASC+IMC (Ideal)

3.5 % higher than measured energy

oe

‘- Absolute energy scale calibration
{' for electrons using rigidity cutoff

Tracer/Data E_Ratio)

Simulated energy dependence
Cutoff Energy Ratio (Tracer/Data) of electron energy resolution:
Correction Factor: 1.035 + 0.009 (stat) < 2 % above 20 GeV -
MIP Calibration: 1.000 + 0.013 (sys) using both TASC and IMC and

N Y S B S S including the calibration errors

16
Calculated Rigidity Cutoff [GV]
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* 19 GeVin beam

= 150 GeV/n beam

AE/E (68% containment) [%)]
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Beam calibrations at CERN-SPS with
ion fragments at 13, 19, 150 GeV/n

€ linearity assessed up to ~6 TeV with
primary beam of “°Ar at 150 GeV/n

Energy resolution ~ 30% -
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CALET orbital operations

——

during the first 7.5 years)

Geometrical Factor:

. 1040 cm? sr for electrons, light nuclei
. 1000 cm?Zsr for gamma-rays

. 4000 cm?sr  for ultra-heavy nuclei

High-Energy (HE) trigger statistics:

Operational time >2700 days
Live time fraction >85%

Exposure of HE trigger
~250 m? sr day

Number of HE events
~1.8 billion

Total number of >GeV triggers
~3.9 billion

HE-gamma point source exposure
~4.8 m? day (for Crab, Geminga)
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Cosmic-ray all-electron spectrum (update: as of May 30, 2021)
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solar modulation
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CALET (51_live213_bin3_try13_hs_EShift1035)
uncertainty band (stat. + syst.)

AMS-02 2019

DAMPE 2017

Fermi-LAT 2017 (HE+LE)
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10°
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Electron Flux x E3-0 vs. Energy

O Below 1 TeV: CALET spectrum is consistent
with AMS-02

O Present measurements cluster into 2 groups:

AMS02 + CALET and FERMI + DAMPE
possibly indicating the presence of unkown

systematics.

Preliminary spectrum is
updated using 2057 days of
CALET observations:
Oct.13, 2015 — May 30, 2021

Energy [GeV]
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Cosmic-ray all-electron spectrum (update: as of May 30, 2021)

Energy loss due to Synchrotron
and Inverse Compton: dE/dt = -bE2
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High energy region: statistics increased x 2.6
since PRL2017 = Observable electron sources in the TeV

region should be located at a distance
< ~1 kpc with age < ~10°yr.
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= Softening of the spectrum is expected
above 1 TeV
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O Above 1 TeV CALET observes a

flux suppression with a significance

B CALET 2021 : > 6.5 0, a considerable improvement
uncertainty band (stat.+syst.) T with respect to the result published

O No peak-like structure at 1.4 TeV
in CALET measurement irrespective
of binning.

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

| | lllllll

Statistics x 3.4 as of Dec. 2022

10° & => Updated results coming soon
Energy [GeV] P y "
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Cosmic-ray proton spectrum PRL 129, 101102 (2022)

Fit with Double Power Law (DBPL) Function

Flux x E27 vs. Kinetic energy 1610
= - - Proton
= 16000} o E, =9.37 4 Tev.
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Cosmic-ray helium spectrum PRL 130, 171002 (2023)

E?% x @ [m?sris'GeV')
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Kinetic Energy [GeV]

CALET preliminary helium flux is consistent with DAMPE

within the errors from ~70 GeV to ~50 TeV

(present analysis: ~ 50% reduced acceptance inside fiducial region ~ 510 cm2 sr)
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Kinetic Energy [GeV]

Double Broken Power Law (DBPL) fit:
7 = =2.703 5506 (stat) T509 (syst)
Ey = 13197;° (stat) 73] (syst) GeV
E, = 33.278(stat) )3 (syst) TeV
Ay = 025082 stat) 32 syst)

Ay, = —0.22+8'?g(stat)+° 03 (syst)
S=2.710%(stat) 55 (syst) §; =30
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Proton/Helium ratio

E?8 x & [m?sris'GeV' ]

R28 x & [m?sris GV

Proton & Helium spectrum vs. Energy/ nucleon

PRL 130, 171002 (2023)

Proton/Helium ratio vs. Energy/ nucleon
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Both proton and helium have a similar spectral structure with hardening and softening breakpoints at similar rigidities.
However, the spectral index of helium is harder than that of proton (by ~0.1).
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Charge Identification of CR nuclei with CHD and IMC

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

IMC charge resolution with multiple
dE/dx sampling in scintillating fibers

CHD

IMC

LE: 63. < E,,_ /GeV < 200.

P He

¢ Flight
+ EPICS (al)
[IEPICS p
EPICS He
[CIEPICS e

b L L e s L
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CHD charge resolution
(2 layers combined vs. Z)

Narber of Everts
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Observations of cosmic-ray nuclei from C to Fe

Preliminary spectra of Carbon — lron

106 i With excellent charge-ID of individual elements CALET is
[ :Cx 10 : ; ; i
- chcrmy,, ® CALET Preliminary exploring the Table of Elements in the multi-TeV domain
10°F%0 x 10° o ol
1::10Ne><101 ictribiiti i
S Charge distribution from Proton to Nickel
— 12lVIg X
1070
3 S, e T e S —
R [ A S R S N o TR
0 107 S x10° 1 Fe—_
<\I|m 10—9:: 104 =
£ [ ,,Cax 10k,
x = |
E 10712 :: 26F€ x 10 \ WY e
15[ =y N T .
107" = ¢ ATIC ¢+ CREAM
~ ¢ TRACER % RUNJOB ey, 10=
1078 ¥ CRN Y HEAO3-C2 b
— ¢ AMS-02 4 PAMELA 0
o1 4 JACEE
10 _I [IIIIII I IIIlIIl 1 III]II| |1 IIIIII| L 111 LUl CHD\’\,C15 20 20 30
10 12 16° _ 10* _ 10° 10 e g o5 10 ®
Kinetic Energy per Particle [GeV] CHD-Y Charg
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Carbon and oxygen: spectral analysis

m CALET
— Fit with DPL
- - Fit with SPL, extrapolation with Ay=0

DPL fit
y=-2.663 £ 0.014

Eo = (215 + 54) GeV/n
Ay =0.166 + 0.042
x4/dof = 9.0/8

,L__'
—
c
S
>
]
2
»
‘I_L
(%3]
o
E
X
=
L
X
~
N
L

(a) Carbon {  PRL 125 (2020) 251102

|

y = —2.626£0.010
y2dof = 27.5/10

(b) Oxygen

m CALET
— Fit with DPL
- - Fit with SPL, extrapolation witn Ay=0
Systematic uncertainties are modelled

in the 2 minimization function with a
set of nuisance parameters.

SPL fit
v = -2.622+0.008
y2dof = 15.9/10

E*” x Flux [m? sr's™ (GeV/n)']

DPL fit
y = -2.637+0.009

Eo = (264 + 53) GeV/n
Ay =0.158 + 0.053
x2/dof = 3.0/8

10°
Kinetic Energy [GeV/n]

-
o
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PRL 125, 251102 (2020)

Carbon

CALET

I
n
)

[ — uncertainty band (stat. + syst.) for CALET

Spectral Index y
S
(o))

|
I
g

Spectral Index y
0 S
~ (o]

|
10?
Kinetic Energy [GeV/n]

Single Power Law hypothesis excluded at
3.90 level for C and 3.20 for O
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C/0O flux ratio PRL 125, 251102 (2020)

-
D

(c) C/O flux ratio [10 GeV/n, 2.2 TeV/n]

Fit to a constant
0.911+£ 0.006 @ E> 25 GeV/n

\

B T

-
NN

C/O flux ratio

-
N

‘a

C/O flux ratio
o o
o o

©
»

AMS PRL 125 (2020) 251102

HEO3-C2
CREAM-II

®  CALET

o
N

—— Fit with a constant value

1

1 11 1 I 1 1 1 1 1 1 1 1 1
107 10° 10 10°
Kinetic Energy [GeV/n] Kinetic Energy [GeV/n]

The C/O flux ratio as a function of energy is in good agreement with the measurement reported by AMS

Above 25 GeV/n the C/O ratio is well fitted to a constant value of 0.911 £ 0.006 with y2/dof = 8.3/17

- C and O fluxes have the same energy dependence.
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E*” x Flux [m? sr' s (GeV/n)'"]

E?7 x Flux [m?sr's™(GeV/n)'"7)

Energy spectra of cosmic-ray Boron and Carbon

w 4 wn
Hﬂlllllllllll

N

-

(a) Boron «  PAMELA

CALET B flux normalization . éEgAM

is consistent with PAMELA HEAO3-C2
CRN
TRACER
AMS-02
CALET
CALET uncertainty band

o

3

(b) Carbon

CALET C flux normalization
is consistent with PAMELA

 aoapatsRseuEhsd
33

L -
o2 (| :
OL‘l.-...’.....'

4

Kinetic Energy [GeV/n]
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PRL 129, 251103 (2022)

CALET B, C fluxes are consistent with PAMELA and with most of the previous experiments.

Shapes are similar to AMS-02 but the absolute normalization is significantly lower ( ~ 27%)

Spectral fit with double power law:

($))
o

e Carbon
e Boron x5

w b
o O

N
o

-
o

E27 x Flux [m? sr's™ (GeV/n)"7]

~

__.hardening around 200.GeVin

102 10°
Kinetic Energy [GeV/n]

Pier Simone Marrocchesi

Ye = —2.670 + 0.005

Ay = 0.19 £ 0.03

Yg = —3.047 + 0.024

Ayg = 0.25 + 0.12




B/C flux ratio

B/C flux ratio

0.25

o
o

o
-
(6]

o
-

0.05

Direct measurement of the B/C flux ratio

=
w

- (c) B/C flux ratio PAMELA
s ATIC
ey, | + CREAM
1 Fa | +  HEAO3-C2
[ CRN
A . TRACER
- I *J; I} + o AMS-02
L Q3L e CALET
— F;% CALET uncertainty band
- °ff§¢& I
- P
L ‘KT’OF{,
- BT
C CALET: i L !
[ [8.4 GeV/n, 3.8 TeV/n] ¢ % i | +
C PRL 129, 251103 (2022) |
R A | 1 Lol vl 1
10 107 10°

Kinetic Energy [GeV/n]

Fit with a Leaky box model:
A(E): mean escape path length

PRL 129, 251103 (2022)

Precision measurement of B/C by CALET from 8.4 GeV/n to 3.8 TeV/n
At about the same time DAMPE published their measurement of B/C
DAMPE has not yet published their individual B, C spectra

X(E) - AE 5 +/1()

Ag : residual path length
-0 :diffusion coefficient spectral index

=0

/{() : free

§=052+0.02 y*/dof. =13.6/13

§=071+0.11 y*/d.of.= 9.6/12

ALET
) uncertainty band (stat. + syst.) for CALET
L L ool

102

10°

Kinetic Energy [GeV/n]
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C?

B/C flux ratio

o
N

------ SPL fit
—— DPL fit

Leaky-box fit with free A
Leaky-box fit with A, =0

SPL fit in [25,3800] GeV/n:

>

220 GeV/n

ool 1 1

I = —0.366 + 0.018 (¥*/d.o.f. =9.4/13).

DPLfit;: A’ = 0.09 £ 0.05

ool Il { |

Ag = 0.95 +0.35 g/cm?

hint of a non-
null value of A, ?

If so, it would be
compatible with
the hypothesis
that a fraction
of secondary B
nuclei might be
produced near

10

10
Kinetic Energy [GeV/n]

Pier Simone Marrocchesi
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Cosmic-ray iron spectrum PRL 126, 241101 (2021)

Iron Single Power Law (SPL) fit:
2.6 i i
Flux x E%° vs kinetic energy per nucleon 50 GeV/n, 2.0 TeV/n
:S: > - @ CALET —J— Statistical uncertainties Iron Y= —2.60 + OOZ(Stat) + 002(SYS)
£ — Systematic uncertainties Total (stat.+syst.) uncertainties . Wlth Xz/dof =47 / 14
> —  # Sanrku TRACER ' i
8 G F ATCO2 2009 %  NUCLEON (KLEM - 2019) !
= | A CRN-spacelab? d%  CREAM-I ! ! 2 E —Fe
- B ¥ HEAcaCE 1 avso : | s - 501.19 < E; o [GeV] < 630.96 Mn
Y b & HESS. (2004-2006) ' : 5,2l i
w ' 510 F W Cr
o 3 £ i = MC Tota
£ B = — ota
x | S F # Flight
= N S
L B
>< 2 __.-'-.-T
©
@ .
L 33
11—
— | A ) N T
— 30 31
B PRL 126, 241101 (2021) [10 GeV/n 2 TeV/n] Zop
0 L ] ] A | I L1 L ' I Spectral hardening:
10 107 o 10°
Kinetic Energy per nucleon [GeV/n] * CALET iron data are consistent with an SPL
Flux normalization: spectrum up to 2 TeV/n. Beyond this limit, the
*  Consistent with ATIC-02 and TRACER at low energy, and with CNR and HESS at present statistics and large systematics do not
high energy, while in tension with AMS-02 and SANRIKU (balloon). allow to draw a significant conclusion on a

possible deviation from a single power law.
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Cosmic-ray nickel spectrum PRL 126,131103 (2022)

Flux x E26 vs kinetic energy per nucleon

" 03 — . 2E CALET Nickel Flux [ Total Error
F’C\o 28 = Nickel Flux = 0'22 z & CALET - stat errors
S E - - > osE —— SPLfit
8 0.26 - ® CALET [8.8 GeV/n, 240 GeV/n] I Statistical uncertainties ? o2 = y = —2.51 + 0.04(stat) + 0.06(sys)
=024 Systematic uncertainties Total (stat.+syst.) uncertainties o . % o10F
%022 §  CRIsIS (1977) +  Balloon (1975) - G. Minagawa F_'tt'Tg with a 2 014
" 02F single power ¢ E
» ""E % HEAO3-C2(1979/10 - 1 %  NUCLEON . E o2
~_ 018 03-C2 (1979710 - 1380/06) UCLEO law function % oE /”,
= [V =
—=0.16 — < 0.08F-
5 014 |:> © 006
o E il E
x 0.12F— 004 5=
© = 002 |
©  oqE . . 1 .
= 10 10
0.08 = L Kinetic Energy per Nucleon [GeV/n]
0.06 — 2 - - -
0.04 % & omE Ni/Fe Ratio
0.02 :_ 1 1 1 1 1 1 | 1 1 1 1 1 1 1 1 | 1 1 . t:f 0.08 E_
10 102 Ni/Fe flux z E
Kinetic Energy per Nucleon [GeV/n]  ratio fitted E
¢ 0E; with a constant -
= E .2 < Eppgc [GeV] < 197.2 — Fe . 0.5
Charge g f , -co function. 3
: 5 10 ' MG Totm = : +
Separat|on g [ ol = Ni/Fe = 0.061+0.001
z f E 2 : 0B -
between ¢ z " 3 ? Constant Fit
i ' 0.2~ CALET
Fe and Ni | i aof T HEAQS-C2 (1970/10-1980/06)
- 1 L 1 1 L Ll l L 1 L L Ll L1l l 1
L o o m o 0 1 10 . 10°
Zoox " Zono Kinetic Energy per Nucleon [GeV/n]
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Ultra-heavy cosmic-ray nuclei (26 <z <40)

Onboard trigger for UH events Measurement of the relative abundances

CHD-X/Y | A special UH CR trigger of elements above Fe through 4Zr

IMC-1+2
IMC-3+4 uses the CHD and the (normalized to 10° Fe)

first 4 layers of the IMC
JO M IO MO IC N NI to aChieve an expanded
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UH CHD charge histogram with TASC filter in Pass4.3

Number of events shown: 34439198 CALET Prellmmary

above Ni: iZ-even
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are resolved

Abundance relative to 107 Fe

I preliminary

extension
| to Z=44

“?f i \ “ /m N7 The CALET UH element ratios relative to Fe are
1]} VALY VAL AN consistent with Super-TIGER and ACE abundances.
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ma-ray sky map LE-y trigger (E >1 GeV)
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CALET y—ray Sky Map (>1GeV) and Energy Spectra

Crab binning:PL1.3 LEcon:0.90 HEcon:0.90

LAT parameterization
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Energy spectra for bright point sources

LAT parameterization

Flux [cm~?s~1GeV 1]
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Diffuse Gamm-ray Spe
LE-y + HE

« Effective area: ~400 cm? (>2 GeV)
» Angular resolution: < 0.2° (> 10 GeV)
* Energy resolution: ~2% (> 10 GeV)
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Solar modulation & drift model PRL, 211001 (2023)

wn

* CALET measurement of count rates of low-energy electrons and protons (E

B of lo 8 >~ 1 GeV) for the same rigidity selections. Observations from 2016 — 2020
45 'H»ﬂ 30 f,, with solar magnetic field polarity A>0
= 4o0p < . . . .
g 20 = * Modulation of electrons (i.e. gA < 0) count rates is stronger than modulation
£ f i | il of protons (i.e. gA > 0) count rates
ML I S . , . - . .
ol s L L e . 0: ™ * Consistent with drift model prediction of a larger anti-correlation between
20160 20170 20180 20190 20200 20210

Heliospheric Current Sheet (HCS) tilt angle and GCR intensity for gA <0

(b)

* Results well consistent with numerical model of transport in the Heliosphere
and modulation including drift effect
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(Aguilar et al., PRL, 2018)
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Exposure map for GRB 200101A (LEG) cm?*s 61§‘1

Candidate of GeV gamma-ray detected
by CAL, associated with GRB

® GRB position

00:0.59°
E: 4.92 GeV
AT:105s

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

from 2015-10-05 to 2022-1-31
314 GRBs (~44 GRBs / year)
247 Long (89%) 33 Short (11%)

- Follow-up of LIGO/Virgo GW observations during O3

X-ray and gamma-ray bands
high-energy gamma-ray in the calorimeter

published in Astrophysical Journal 933:85 (2022)
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ASAPP 2023 — 19-23 Jun 2023 — Perugia Sum mary and Future Prospects

CALET was successfully launched in August 2015 and installed on the JEM-EF module on the ISS
* Operational over 2700 days with 85% live time, total triggers approaching 4 billion
Continuous on-orbit updates from ground calibration Astropart. Phys. 91,1 — 10 (2017)
Stable operations over a range of observing modes continue Astropart. Phys. 100, 29 — 37 (2018)
* Analysis of CR events continues, extending to higher energies and charges

All-electron spectrum in the range 11 GeV — 4.8 TeV PRL 120, 261102 (2018) (2" update)
Proton spectrum in the range 50 GeV — 60 TeV PRL 129, 101102 (2022) (2" update)
Carbon and oxygen spectra in the range 10 GeV/n — 2.2 TeV/n PRL 125, 251102 (2020) 15t paper
Iron spectrum in the range 50 GeV/n — 2 TeV/n PRL 126, 241101 (2021) 15t paper
Nickel spectrum in the range 8.8 GeV/n — 240 GeV/n PRL 128, 131103 (2022) 15t paper
Boron spectrum in the range 8.4 GeV/n - 3.8 TeV/n PRL 129, 251103 (2022) new

Helium spectrum in the range 40 GeV — 250 TeV PRL 130, 171002 (2023) new
Preliminary analysis of ultra-heavy cosmic-ray abundances see W.Zober U13.00005 (APS 2023) preliminary

* Analysis of gamma-ray sources and transients continues
Calorimeter instrument response characterized AplJS 238:5 (2018)
GW follow-up and GRB analysis with CGBM & CAL AplJL 829:L20 (2016)
Counterpart search in LIGO/Virgo O3 with CGBM & CAL ApJ 933:85 (2022)

* Analysis of transient heliospheric and space weather phenomena underway
Charge-sign dependence of Solar modulation PRL 130, 211001 (2023) new
Solar energetic particle and relativistic electron precipitation events see A.Bruno ICRC 2021, SH 959

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