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CAILLEA" payload

CALET launch on Aug. 19*, 2015 on
Japanese H2-B rocket

ASC
(Advanced
Stell
Compass)

CHD (Charge
Detector)

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

MDC (b

Receiver) : = i
! Data Controller)

Calorimeter)

* JEM Standard Payload

* Mass: 612.8 kg

* Size: 1850 mm (L) x 800 mm
(W) x 1000 mm (H)

* Power Consumption: 507 W
(max)

e Telemetry: Medium (Low) 600 |

(50) kbps (6.5 GB/day)

CALET started scientific

observations on Oct. 13*, 2015 |

More than 4.5 billion events
collected so far.
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CAL:

* 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,: 7 keV ~ 1 MeV
* Soft y-ray Monitor (SGM) (8 sr)
Scintillators BGO: 40keV ~ 20MeV

Data Processing & Power Suppy:
* Mission Data Controller (MDC)
CPU, telemetry, power, trigger etc.
* HV-BOX (Italian contribution)
HV supply (PMT: 68ch, APD: 22ch)

Support Sensors

e Advanced Stellar Compass (ASC)
Directional measurement

* GPS Receiver (GPSR)
Time stamp of triggered event (<1ms)
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Field Of View: ~45° from Zenith 5

Geometrical Factor: ~1040 cm?sr (for e)

i
\
\
Total thickness: 30 X, (1.3 \) ‘

A 30 radiation length deep calorimeter designed to detect electrons and gammas up to |

20 TeV and cosmic rays up to 1 PeV |
CHD (Charge Detector) | }

Q

MAPMT e ————— " A————— 14x2 plastic scintillator paddles \

CHD-FEC PMT

VA Chip AL T — | ° Single element charge ID from p to Fe and above (Z = 40)

Assembly Y _ ’ ° Charge resolution: 0.15 e (C), 0.35 e (Fe) |
IMC-FEC T S \

° SciFi belts (8x2x448, 1 mm?) + Tungsten plates
(7 layers: 3X,=02X x5+ 1.0X x2) \

° Track reconstruction and particle ID (up to Z = 14), shower imaging |

> Angular resolution: ~ 0.1°, Spatial resolution on top CHD: ~200 pm ‘
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° 16 x 12 PWO logs: 27 X, (for e ), 1.2\ (for p) \
° Energy resolution: ~ 2% for e (>10 GeV), ~30-35% for p and
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Nearby CR sources Electron Spectrum 100 GeV — 20 TeV
Dark Matter Signatures in e/~ spectra 100 GeV — 20 TeV

CR origin & acceleration Electron spectrum 1 GeV — 20 TeV
P-Fe individual spectra 10 GeV - 10° TeV
Ultra heavy Ions (28 < Z < 40) Few GeV/n

Galactic CR Propagation B/C sub-Fe/Fe ratios Up to some TeV/n

Solar Physics Electron flux <10 GeV
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Transient Phenomena (GRBs, Gamma & X-rays 7 keV — 20 MeV
e.m. counterpart of GW)

. . 6
* Wide dynamic range (1-10° MIP) CALET can cover the whole energy range
« Large thickness (30 X, 1.3 X, ) ‘ previously investigated in separate subranges
* Excellent charge ID (0.2 &) by magnetic spectrometers and calorimeters
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CALED observation omn orbit

[151013-240430] High Energy Trigger (3123 days)
Total Observation Time (2.65x10°sec)
Live Time (2.28x10%sec)
Dead Time (Fraction 14.2%)

60101 161231 171231 181231 200101 201231 211231 221231 240101
Date [yymmdd UT]

High-energy trigger (> 10 GeV) statistics:
9 Operational time 3123 days (> 8 years)™
(*) as of Apr. 30, 2024
© Live time fraction ~ 86%
© Exposure of HE trigger
> 275 m? sr day
2 HE-gamma point source exposure
~4.2 m? day (for Crab, Geminga)

Number of Events

15.10.13-24.04.30
Number of HE triggers
~2.07 billion
Total number of >1 GeV triggers
~4.55 billion

ALL PARTICLES

Knee

1PeV

~ 9 orders of -

-+

magnitude

102 10° 104 10° 10° 107
TASC Energy Deposit Sum [GeV]
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CALET candidates events

Electron 3 TeV Helium 700 GeV

XZ view YZ view
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Charge Identification with CAL:

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

+ Fight

+ EPICS (al)
[ZJEPICS p

EPICS Ho
[CIEPICS

4 Flight
4 EPICS (al)
[JEPICS p

10 JRE
GHD-Y Charge
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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
due to saturation of signals occurring in the IMC layers.

2K

- Sc

~"_*V

=Mn
=Co

— MC Total

200 < E;p/GeV < 800

Number of Events

pegde LII_L.LJ._.LLLJ‘ anu | 1.1.1.%
5 55 6 65 7
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all electrum’ spectrum

|IIII|IIII|IIII|I'1

e.. PRL 131 191001 (2023)

[10.6 GeV — 7.5 TeV]

CALET

i uncertainty band (stat. + syst.)
AMS-02 2021
DAMPE 2017
Fermi-LAT 2017 (HE+LE)

—
<o

10°
E [GeV]

) Up to 2 TeV the CALET spectrum
is consistent with AMS02
_) Below 1 TeV present measurements

clustered into 2 groups:

J AMS02 + CALET and FERMI+DAMPE
possibly indicating the presence of unknown
systematics

Updated spectrum using 2637

days of CALET observations:

Oct. 13, 2015 — Dec. 31, 2022
7.02 million events
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T'he all electrum’ spectrum

High energy region: statistics increased x ~3.4
since PRL 120 261102 (2018)

[10.6 GeV — 7.5 TeV] CALET observes a flux suppression
above 1 TeV with a significance of > 6.50
considerable improvement with respect
to our previous publication
PRL 120 261102 (2018) (~40)

i uncertainty band (stat. + syst.)
AMS-02 2021
DAMPE 2017
Fermi-LAT 2017 (HE+LE)

Advanced analysis is ongoing

for electron identification above 5 TeV
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'he proten sSpectriim

=
>
[}
O
w
=
7
[
g
—
o
=
—
e
X
L
ci
8 a

PRL 129 101102 (2022)
[0 GeV - 60 TeV]

Proton Spectrum
CALET-2021
] uncertainty band (stat. + syst.)
t  AMS-02
¢+ CREAM-III
t DAMPE
uncertainty band (DAMPE)

10°
Kinetic Energy [GeV]

CALET confirms proton
spectral hardening above
a few hundred GeV with a
higher significance of
more than 200;

CALET observes a spectral

softening starting around

10 TeV comnsistent, within the
errors, with the measurement
reported by DAMPE.
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T'lie proton spectral index

Fit from 80 GeV to 60 TeV with
Double-Broken Power Law (DBPL)
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10° 10°
Kinetic Energy [GeV]

E Y
1 Ge\/) LR

D E) = F>T 2l % (

Spectral Index

Energy dependence of spectral index

Sliding Energy Window: 5 bins

CALET 2023 (statistical error only)

CALET 2023 (systematic error included)

10° 1wt
Kinetic Energy [GeV]

The fit gives a spectral index hardening
A~= 0.28 0™ from ~ = -2.83 and a

-0.02
spectral index softening A~ = -0.34 "

with x?/d.o.f. = 4.4.

Spectral hardening Spectral softening
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T'he helium: Spectrim

PRL 130 171002 (2023)
[40GeV — 250 TeV]

10° 10*
Kinetic Energy [GeV]

CALET observes spectral
from a few

hundred GeV to a few tens

TeV with a significance of

)

CALET observes a
spectral softening
starting above few tens
of TeV comnsistent, within
the errors, with the

measurement
reported by DAMPE.
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T'he helium spectral index

Fit with a Double Broken Power Law (DPL)

|
H“HHHH

|

E, —332TeV

# CALET I
Fit with DBPL E, = 51'32 Tev

103: 10*

Kinetic Energy [GeV]
y=—2.703" g (stat ) “oope (syst ); A y=—0.25745 (stat ) oo5(syst ) ;
E,=1319"; (stat )" (syst)GeV ; S=2.7*%%(stat )35 (syst);

A y,=—0.22"% (stat ) oo (syst); E,=33.27%5(stat ) 5% (syst) TeV ;

Spectral Index

o(E)

—4— CALET
[ Uncertainty band (stat. + syst.)

= (‘ ( g

1
Kinetic Energy [GeV]

HARDENING

SOFTENING
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Proton & helium' in comparison

Kinetic Energy per Nucleon

~4-CALET -%- CREAMI 4+ pCALET -4 He CALET
AMS02 1 DAMPE p AMS-02 He AMS-02
- NUCLEON  § ATIC02 . 4-p PAMELA 4 He PAMELA
—‘% 4.-:% . ' L) ('D> >
$ %ﬁ 2 Both proton and helium spectra have a
B T £ similar structure of and
S He § pudedde il & 1
A 2 e g ST H l % around same region of
rigidities.
Kintic Enargy [GaVi) rgdyiov b |  The softening of p & He spectra around
© PaueLacao T 10 TV indicates a possible relation to
[ st +sat eror EMEE el the energy limit of shock wave

acceleration in SNR.

o
2 °
oc ©
> o
=] x
c =]
e P
T 2

a

10° 3
Kinetic Energy [GeV/n] Rigid‘i‘tJy [GV]

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 the future.

C. Checchia
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Carbon & OXygen &
Spectra

E27 x Flux [m2 sr's™ (GeV/n)'’]
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» TRACER

ATIC PAMELA
PAMELA

HEAO3-C2 Carbon

CRN

¥ TRACER
AMS-02
CALET

CREAM-II

AMS-02
CALET
CALET uncertainty band

]
I)#v
Mﬁ%%

i
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PoS(ICRC2023)058

10°
Kinetic Energy [GeV/n]

ATIC
HEAO03-C2
CRN
* TRACER
CREAM-II
AMS-02
CALET
CALET uncertainty band

o Oxygen
e Carbon x 1.1
e« Boron x5

&
.

e Q@éé’%{’é%&% bod

1

oi’q’(x

\“

PoS(ICRC2023)058

10°
Kinetic Energy [GeV/n]

’....'1'
'Qo" [=]

HEAO3-C2

Boron

CALET uncertainty band

10°
Kinetic Energy [GeV/n]

5 j%‘fﬁ”’w

aa_a,._a,n‘u—-—-ﬂ—?“?-wéz _________

10°
Kinetic Energy [GeV/n]

C and O fluxes harden in a similar way |
above 200 GeV/n. |
B spectrum clearly different from C-O as |
expected for primary and secondary CR.
The flux hardens more for B than for C |
and O above 200 GeV/n, albeit with low |
statistical significance.

B fit |
~= —3.03 &£ 0.03 |
E, fixed from C-O |
A~ =0.32 = 0.14 |

x2/dof = 5.2/11 |

C-0O fit
N = —2.66 =+ 0.02

, = (260 + 50) GeV/n
A~ = 0.19 + 0.04
x2/dof = 23/25

Double Power Law |
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C/O & B/C & B/ © ratio
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B/O flux ratio

o
e

.
CALET .
®— GALET uncertainty band CALET uncertainty band

Kinetic Energy [GeV/n] Kinetic Energy [GeV/n]

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.

C/0 flux ratio

ATIC C/O = 0902|:003,
HEAO3-C2
. CREAM-I XQ/dOf = 8.1/13

o AMS-02

o CALET PoS(ICRC2023)058

CALET uncertainty band

10°
Kinetic Energy [_GeV/n]_

* At E > 30 GeV/n the C/O
ratio is well fitted to a
constant value = 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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T'he iron & mickel spectra

Systematic uncertainties
TRACER
CRN - spacelab2

i CALET —]— Statistical uncertainties POS(ICRC2023)061

Total (stat.+syst.) uncertainties
ATIC 02 (2003)
AMS02

. inaly
pré
1%

\ CALET iron flux

10

03
Kinetic Energy per Nucleon [GeV/n]

158.49 < Eq,q /GeV < 251.19

Number of Events

Time period: Nov. 2015 — Dec. 2022

Iron is consistent within errors with
TRACER, ATIC and CRN

Nickel similar to HEAO3-C2 and NUCLEON
though with different spectral shape

CALET nickel flux PoS(ICRC2023)061

@ CALET Statistical uncertainties
Systematic uncertainties Total (stat.+syst.) uncertainties
CRISIS (1977) Balloon (1975) - G. Minagawa
HEAQ3-C2 (1979/10 - 1980/06) NUCLEON

Hel
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-
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T'he iron and nickel spectral indexes

Flux x E*® [m?sr's (GeV/n)' ]

[C_—1 CALET total error PoS(ICRC2023)061
& CALET stat. error

—— DPL it

— SPL it i
[

CALET Iron preliminary fit

20 30 4050 102 2x10°
Kinetic Energy per Nucleon [GeV/n]

(6
* N = —2.56 + 0.01(stat) + 0.03(sys) O(E) = - ( = )Ay

« x?/DOF = 2.7/5

®(E) = C<

SPL Fit_
I GeV )

27 E > Ej

N = —2.60 + 0.01(stat) 4+ 0.08(sys)
x 2/DOF = 0.8/3

Ay = 0.29 £ 0.2%

E = (428 +314) Gev/n

|:| CALET total error
E CALET stat. error
— SPL fit
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M

CALET Nickel preliminary fit

30 40 50

60 70 10° 2x102

Kinetic Energy per Nucleon [GeV/n]

From 20 to 240 GeV/n
the nickel flux is

consistent with the

SPL Fit

E \7
(D[E)*C( )
1 GeV

® N = —249 + 0.03(stat) 4+ 0.07(sys)
* x*DOF =0.1/3
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Ultra heawvy: cosmic ray nuclei
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¢ | Preliminary

million events)

CALET TASC Scaled

CALET UH (Rigidity)
SuperTIGER (TOA)
SuperTIGER (TOIl)
ACE-CRIS

Preliminary extension
toZ=44

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

A subset of events pass through the
top of the TASC (~65 million
events) with energy information.

CALET TASC Scaled
CALET UH (Rigidity)

3
Odd'even pairs i iuperT\GER (TOA)

Preliminary

5

AR
PoS(ICRC2023)088 l

27-28 29-30 31-32 33-34 35-36 37-38 39-40 41-42 43-44
Z

The CALET UH
element ratios
relative to Fe are
consistent with
Super-TIGER
and ACE
abundances.
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CAILLEAF Acray: Analysiss @verview

and GW! Follow-up

* Observations with high-energy (HE) trigger are always active
(E > ~10 GeV)

* Observations with low-energy gamma (LEG) trigger are active
at low geomagnetic latitudes (E > ~1 GeV)

* Trigger of CGBM instrument prompts CALET to temporarily
activate LEG mode to search for transient counterparts

* Transient analysis pipeline allows for quick follow-up of GRBs
or LIGO/Virgo GW triggers

Observations corresponding to triggers in LIGO/Virgo O3-O4
run was analyzed.

o
@
kel
=
@
°
p=}
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©
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50 100 150

0
Figure from Asaoka et al., AP 100, 29 (2018)

CGBM has detected 327 GRBs as of June 2023.

Duration distribution measured by SGM (40 — 1000 keV)

60

50 -

40 1

30

31 short GRBs.
20
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10, mean=0.50s _
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CALEAN y-ray Sky' Viapr and! Energy Spectra

~-ray sky map LE-v trigger (E >1 GeV) ~-ray sky map HE trigger (E>10 GeV)
= = Nov. 2015 — Dec. 2022 & ==
. '//'if \ Lol .
7 %

The spectra for point sources and diffuse components are found to
be consistent with those by Fermi-LAT.

571 g1

E? flux [GeVcm™

571 g1

E? flux [GeV cm™

Effective area: ~400 cm? (>2 GeV)

Angular resolution: < 0.2° (> 10 GeV) \
Energy resolution: ~2% (> 10 GeV) \

Gamma-ray spectrum |

Observed vs. Fermi data

veraged Fermi data [on plane]
d Fermi data [off plane]
ET} on plane
(CALET) off plane

10°
Energy [GeV]

fveraged Fermi data [on plang]
eraged Fermi data [off plane]
ALET) on plane

(CALET) off plane

Energy [GeV]

7. 1] < 80° & | b|< 8°, “Off-plane”: |b|> 10°]
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Solar Modulation and Drifs Viedel

Since the start of observations

increase in the 1-10 GeV all-electron flux has been

observed.

In ~2020, the flux has reached the maximum flux observed
with PAMELA during the previous solar minimum.

CALET preliminary
Long-term variation
of all-electron flux
observed by
CALET

® PAMELA e~
2006-6-1 ~ 2009-12-31
(Adriani et al., ApJ, 2015)
® AMS-02 e +e”
2011-5-15 ~ 2017-5-9
(Aguilar et al., PRL, 2018)
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® CALET ¢ +¢*
2015-10-13 ~ 2015-10-30

4
Energy [GeV]

in 2015/10, a steady Solar Modulation during Solar Cycles 24-25 Transition

CALET preliminary
O Electron
O Proton

Drift Model

= Electron

Good correlation of NM counting
rate at Oulu station (black line)
with the CR e- + e+ flux increase
in the 1-10 GeV until ~half a year
after the beginning the new solar
cycle 25.

Normalized NM Count Rate Cyw [%]

i
|
|
|
Count rate of a neutron
monrlior at the Oulu
stati(%n
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2016.0 20170 20180 2019.0 20200 2021.0
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We have observed a clear charge-sign dependence of the solar modulation of
GCRs, showing that variation amplitude of C,_ is much larger than that of C,
at the same average rigidity.

We also have succeeded in reproducing variations of C,_ and C, simultaneously

with a numerical drift model of the solar modulation, which implies that the
drift effect plays a major role in the long-term modulation of GCRs.

We also find a clear difference between ratios, C, /C

xv during the descending

phase of the 24th solar cycle and the ascending phase of the 25th solar cycle.
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* CALET was successfully launched on Aug. 19*, 2015. The observation campaign started on Oct. 13", 2015.

* Excellent performance and remarkable stability of the instrument were confirmed.
* CALET obtained 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 — 7.5 TeV PRL 131, 191001 (2023) (3¢ 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) 1** paper
Iron spectrum in the range 50 GeV/n — 2 TeV/n PRL 126, 241101 (2021) 1** paper
Nickel spectrum in the range 8.8 GeV/n — 240 GeV/n PRL 128, 131103 (2022) 1** paper
Boron spectrum in the range 8.4 GeV/n — 3.8 TeV/n PRL 129, 251103 (2022) 1% paper

Helium spectrum in the range 40 GeV — 250 TeV PRL 130, 171002 (2023) new

XIX Vulcano Workshop 2024 - 29/05/2024

Preliminary analysis of ultra-heavy cosmic-ray abundances PoS(ICRC2023)088 preliminary
Solar modulation and drift model PRL 130, 211001 (2023) new
* Analysis of gamma-ray sources and transients continues:

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)

C. Checchia






“MIP” peak in PWO: Obs. vs. MC

- APD(100mm?) = e
« 58664-1010
MIP calibration determines
the conversion factor from

ADC unit to the energy
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- §1227-33BR
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\High Gain Shaper
Fles The whole dynamic range was calibrated by UV laser irradiation on ground :
LowGain shaper 1) The linearity of each gain range is confirmed in the range of 1.4-2.5 %.

el Ed 2) Each channel covers from 1 MIP to 10% MIPs.
High Gain Shaper
|~ - APD-H | APD-L | PD-H PD-L

Low Gain Shaper 1.4% 1.5% 2.5% 2.2%

—

The correlation between adjacent FTTET e 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%
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Charge Identification with CALET

* Charge identification for p, He and light nuclei is achieved
by CHD+IMC;

* Charge identification for heavy nuclei is achieved by CHD
due to saturation of signals occurring in the IMC layers.

e e . =3

B & =

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

e

CHD charge resolution
(2 layers combined vs. 2)

‘ 15 20

10
CHD-Y Charge

22 24 26 28
Z

Atomic number Z
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Energy measurement
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energy resolution:
< 2% above 20 GeV using both TASC
and IMC Including the calibration errors

MIP Calibration: 1.000 + 0.013 (sys)

14 15 16
Calculated Rigidity Cutoff [GV]

Beam Test Calibration (CERN-SPS in 2015):
° MC energy tuning with beams of accelerated
ion fragments (A/Z = 2) of 150 GeV/c/n.

° Good linearity up to maximum available

¢ 19 GeV/n beam
= 150 GeV/n beam

beam energy (~ 6 TeV)
° Fraction of particle energy released in TASC

is ~ 20% 1000 2000 3000 4000 5000 6000 7000
Kinetic energy per particle (GeV)

1000 2000 3000 4000 5000 6000
Kinetic energy per particle (GeV) o

Energy resolution 30-35%
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Eit and poessibleinterpretation ot

CAILLEA" all-electron spectrum

Fit range: [30 GeV — 4.8TeV]

~ =-3.15 + 0.01
A~ =-0.77 £ 0.22
E, = 761 £ 115 GeV

S = 0.1 (fixed)
x?/dof = 3.6/ 27
e CALET 2023
Broken Power Law Fit
—— Fit w/ Exponentially Cut-off Power Law
—— Single Power Law Fit

SBPL:
J(E) = C(E/100 GeV) [1 + (E + E,) &/s] -5

10! 102 103

— all-electron flux
secondaries and distant SNRs
all-electron flux from all pulsars

® CALET all-electron flux
AMS positron flux

= positron flux
secondaries
positron flux from all pulsars
electron flux from local SNRs:
== Combined local SNR
Vela
—— CygnusLoop
- Monogem
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Spectral fit te B/ & B)/©) ratio

SPL and DPL fit

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

o B/O
= B/C Leaky-box fit with free 2,
—— B/O Leaky-box fit with free 2,
-=== B/C Leaky-box fit with *,=0
---- B/O Leaky-box fit with A,=0

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

SPL fit: I'-0.376 £ 0.014 (X2 /dof = 19/27)
DPLfit: AT'= 0.22 & 0.10 (}? /dof = 15/26)

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

10°
Kinetic Energy [GeV/n]

Op(E)  AE)Ap
Oc(E)  AE)+ Ap
Op(E)  AE)Ap

Do(E)  A(E)+ Ag

1 Qo (E)

+
/lc_>3 CDc(E) /10—>B

1 Oc(E)

1

1

= kE° + Ao

+
Ao  DQo(E) Ac-B

Fit A=
parameters | fixed

A, free

Kinetic Energy [GeV/n]

58.3/38

0.61 = 0.01 0.81 & 0.04

17.9/37

Significance of A,#0 > 50

= Residual path length
could explain the flatten-

ing of B/C, B/O ratios at |

high energies.
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