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Nuclei measurement with CALET

”Standard” model of galactic cosmic rays
» Diffusive shock acceleration via supernovae remnant
e Diffusion propagation in our Galaxy
=> * Same power law spectra for all primary cosmic rays (dN/dE o EV9)
* Acceleration limit proportional to the charge (Ec ~ 100ZTeV), etc.

Unexpected observation results
* Helium spectrum is harder than proton
e Spectra of proton and light nuclei break at R~200GV

Direct measurements with CALET

Precisely measure the energy spectra from proton through iron and nickel

* Energy measurement in 10 GeV — 1PeV: wide dynamic range 1 — 10 MIP
 Charge measurementin Z =1 —40: excellent charge resolution 0.18e(C) - 0.3e (Fe)

= CALET can cover the whole energy range previously investigated in separate
subranges by magnetic spectrometers and calorimeters
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Instrument of CALET

A 30 radiation length deep calorimeter designed to detect
electrons and gammas to 20 TeV and cosmic rays up to 1 PeV

CHD: Charge Detector

PMT
CHD-FE\C \ electron 1TeV Charge measurements (Z=1-40)
: : . - Plastic scintillator paddles 14 x (X, Y)
N T e e e e _’.".:Sanar Unit size: 32mm x 10 mm x 450 mm
MAPMT N‘_;[ ; 1 AZ/Z = 0.15 for C, 0.30 for Fe
t | 1 . . .
IMC-FEC = | = IMC: Imagmg Calorlmeter
. hlv—-| (- — J Arrival direction, Particle ID
| — J_\SciFi - Scintillating fiber belts 448 x 16 layers
= . : . L | Unit size: 1 mm?2 x 448 mm
— | I - Tungsten plates 7 layers
3 X, (=0.2 Xy x 5 + 1.0 XX 2)
PMT AX at CHD = 200um, AZ/Z = 0.20 for C
; Py g TASC: Total Absorption Calorimeter
TASC-FEC Energy measurement, Particle ID
PWO -PWO logs 16 x 12 layers
ARG Unit size: 19 mm x 20 mm x 326 mm

i 27 X, for electrons
1.2 interaction length for protons
Dynamic range ; 1 — 108 MIP (1GeV — 1PeV)
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Observed Events

Proton AETASC =10 TeV Boron AEqpsc = 1.1 TeV

[ X-Z View unit: cm L Y-Z View unit: cm L File{D:lQ()éiZSM MDCTime: 1240237113 EventID:36096 [ E_TASC:1102.6 GeV MIP]
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Charge measurement with CALET

* Charge range: Z=1-40

* Charge resolution:
CHD: 0.15e for C, 0.30e for Fe
IMC : 0.20e for C

Non-linear response of CHD vs Z?
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Charge resolution with CHD
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Energy measurement with CALET

Linearity with beam test

< L L L L L L L B B
@ 1400 e 19 GeV/n beam -
~— | = 150 GeV/n beam ]
» Dynamic range: 1 — 106MIP (1GeV — 1PeV) g12000 7
* MIP calibration have performed on space " 1000 -
- Energy resolution: 30% for nuclei 800 -
600 .
L : . . 400 -
Distribution of deposit energies (AE) in TASC §
w E - 200 -
g 1 08 B __ _ﬁ__‘____—_ H Mg‘ ]
o E- LE — 151013-221130 % Jfo'o'ol' 20003000 J4'o|ob'_'5'o}o'o' 000"
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$ £ region Trigger — o _
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Publications of Nuclei Spectra by CALET

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

Proton: PRL 122 181102 (2019) .. Poster P-003 by K. Kobayashi in this symposium
PRL 129 101102 (2022) New! |

C, O and C/O: PRL 125 251102 (2020) h

Fe: PRL 126 241101 (2021) This presentation _ o ,
Ni and Ni/Fe: PRL 128 131103 (2022) New! | - Othse" nuclei analysis is now ongoing
F.Cx10
B and B/C PRL 129 251103 (2022) New! ::6 ® CALET Preliminary
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. . . . :: oNe x 10’
Charge distribution with CALET T oy
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Carbon and Oxygen spectra  pri125, 251102 (2020)

C CALET Cis consistent with PAMELA and most of the
_ 50— previous experiments. PAMELA did not publish oxygen.
§ 40 :_ T| The spectra show a clear hardening around 200 GeV/n.
(]
S L
w L T de They have shapes like AMS-02 but the absolute
— 30— normalization is significantly lower (~27%)
n — R0
E
3200 i
T L o 3 “F o AMS-02
. if% (fff O w  CALET flux x 1.27 l
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'.-w 30 - . § 45 £ © AMS-02
7 — g3 4 % °E W CALET flux x 1.27 1l * % }
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E?7 x Flux [m? sr' s (GeV/n)"’]

E?7 x Flux [m? sr' s (GeV/n)'""]
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(a) Carbon

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

1
1
m CALET i
1
1

DPL fit :
y=-2.663 % 0.014 :
E, = (215 £ 54) GeV/n ;
Ay =0.166 + 0.042 :
y2/dof = 9.0/8 :

—-
—-
—-

Ay

SPL fit
y = —2.6260.010
y2/dof = 27.5110

—
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(b) Oxygen

== Fit with DPL
- = Fit with SPL, extrapolation with Ay=0 i

m CALET

SPL fit
y = —2.622+0.008
y2/dof = 15.9/10

—-
—-
—

DPL fit

y =-2.637+0.009

Ey = (264 £ 53) GeV/n
Ay =0.158 + 0.053
y2/dof = 3.0/8

-
o

02
Kinetic Eneray [GeV/n]

03

PRL 125, 251102 (2020)

Double power-law (BPL) fit:

¢ (GEV)V B < Eo
A

C (GEV)7 (Eﬂ()) . E > Ey

B(E) =

Single power-law (SPL) fit:
E 2
®(E) =C ( GeV)

The effect of systematic uncertainties
in the spectrum is modelled in the x2
minimization function with a set of
nuisance parameters

Ay? SPL-DPL fits with 2 dof >

SPL hypothesis excluded at
3.90 level for C and 3.20 for O
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C/O flux ratio

PRL 125, 251102 (2020)

C/0O ratio
1.6
L (c) C/O flux ratio
14— 16—
- = I Fit to a constant
o r - 0.911£ 0.006 @ E> 25 GeV/n
.‘3 1 %%@w " 3 *
X - 1 '
> B N Tw n i ] 1] W
=08 n ] _y
o - 0.8 !.“'H'IIIJTl
O - -
0.6 C
n CALET 06
04 :_ © AMS 0.4 :_ m  CALET
T .o HEO3-C2 -
02 — CREAM-II 0.2 [~ —— Fitwith a constant value
: _l 1 || 1 1 1 1 111 I 1 1 1 1 1 1 1 II
1 111 I 1 1 1 1 11 11 I 11 I 1 2 3
10 10° 10° 0 10 Kin1e(t)ic Energy [GeV/n]

Kinetic Energy [GeV/n]

» C/O flux ratio as a function of energy is in good agreement with the one 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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lron spectrum PRL 126, 241101 (2021)

e CALET spectrum is consistent with
e ATIC-02 and TRACER at low energy
* CRN and HESS at high energy
e CALET and NUCLEON iron spectra have similar shape, but different normalization
e CALET and AMS-02 iron spectra have a very similar shape, but differ in the absolute
normalization of the flux by ~20%

=
o

E 2 ® cCALET —J— Statistical uncertainties Iron 'i_' - Iron
E ™ Systematic uncertainties |:| Total (stat.+syst.) uncertainties .1 g 9 :_ { CALET (normalized to AMS-02)
%J ™ $  Sanriku TRACER % E
[~ @ ATIC02(2009) #®  NUCLEON (KLEM- 2019) G sE
S 8 B A CRN-spacelab2 g5 CREAM-I = E —%— AMS-02
e | ¥ HEAO3-C2 0 Ams02 =
2 — & HES.S. (2004-2006) - =
w =
o 3— qlE =
£ ~ = B
— B 5o -
x . = =
T . A _b_cz—dq;—?‘#‘ b
2— x - [ S Y
P ~ =
© . i 3E T ¢
N g =
L e = WBQ—
é 21— o~
Ep[]
11— c
- =
: : Ll l 1 1 1 1 ! l ? £ L 1 L 1 L1 l 1 1
- | | 5 10 10? 10°
0 = '10 ' S '102 ' — =k '103 : : Kinetic Energy per nucleon [GeV/n]
Kinetic Energy per nucleon [GeV/n]
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Spectral index of iron

PRL 126, 241101 (2021)

Fit from 50 GeV/n to 2.0 TeV/n,
with a single power law function Sliding window

—2.30

© - CALET 4 bins / decade > =
F/E\ 25— ® —24F = Fit with a constant function
E 25_ E —2.452— Statistical errors only
= E T -25F
& s - E '\ © _ps5E
S| = O(E) = C( ) W =
o - 1 GeV o T =
g 1:_ € /” %) 2'6§ [ ] - = = 5 L] L] o . °
N : S e : ~2.65F
5 F CALET 10 bins / decade 5oE.
L 25 il =
e f —2.75F
W E —2.8F
= —2.85F-
Bl | | o ' o
—110 1 ] A ] [ £ |102 1 1 TR (O i [ |103 1 90102 2)(102 - .3><102 4X102
Kinetic Energy per Nucleon [GeV/n] Kinetic Energy per Nucleon [GeV/n]
* 10bin/dec:y =-2.60 % 0.02 (stat) & 0.02 (sys)  Spectral index y determined for each bin
* 4 bin/dec:y =-2.59 * 0.02 (stat) == 0.04 (sys) by fitting the data using = 3 bins
= Stable when larger energy bins are used ¢ <y>=-2.61 %+ 0.01

The iron flux, above 50 GeV/n, is compatible within the errors with a single power law

X 12
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Nickel spectrum PRL 128 131103 (2022)

@ 03F . - z'zj ;: CALET Nickel Flux Total Error
Y:EO 28— Nickel Flux = 0'225 & CALET - stat errors
S F > ooE — SPL fit
% 0.26 — ! CALET I Statistical uncertainties &3 02 !
— (R T =
90-24 — Systematic uncertainties : Total (stat.+syst.) uncertainties 35 016 -
%022 §  CcRisIs (1977) 4  Balloon (1975) - G. Minagawa :v: 2125— M
v 02F = 012
®» "°ET X HEAO3-C2 (1979/10 - 1980/06) %  NUCLEON 5 oiE ///—\
N_0.18F [T E
= — x 008
—'0.16 — gm 0.06 F-
= 014 0,045—
— ; 002 .|
x 0.12 — " e
8 0.1 ;— i’ + Kinetic Energy per Nucleon [GeV/n]
0.08 — " {' } il
0.06 +* i-’f- + _
0.04 X 009 - Ni/Fe Ratio
002 f_ 1 1 1 1 1 1 [ 1 1 1 1 1 1 1 1 I 1 1 008 ;_
10 > 0.07 ;— + +
Kinetic Energy per Nucleon [GeV/n] £ 0%F Iy | £—¥—v —+
. .. ) 0.05 F- i
- Similar normalization with HEAO3-C2 and NUCLEON, < E_J‘ ti |
thr9ugh different spgctral shape ous- o
- Asingle power-law fit: 002 - § CALET
Y= -2.51 =+ 0.07 E>20 GeV/n 0.015— o 2 HEAO3-C2 (1979/10-1980/06)

10 102
Kinetic Energy per Nucleon [GeV/n]

_

- Ni/Fe ratio gives a constant value;
0.061 %= 0.001

The nickel flux, above 20 GeV/n, is compatible within the errors with a single power Ialgv
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E27 x Flux [m2 sr' s (GeV/n)'’]

Boron Spectrum

PRL 129 251103 (2022)

(a) Boron
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10°
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e Carbon
I~ e Boronx5

DPL fit
vc=-2.670£0.005
Ayc=0.19+0.03
E,S= (220 % 20) GeV/n
5=-3.047+0.024

Ayg=0.25+0.12 :
L | Lol L1l

10 102
Kinetic Energy [GeV/n]

The B spectrum is consistent with that of PAMELA and most of the earlier experiments,
but the absolute normalization is in tension with that of AMS-02 like C, O and Fe fluxes.

The energy spectra are clearly different as expected for primary and secondary CRs, albeit
with low statistical significance, that the flux hardens more for B than for C above 200GeV/n
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Boron-to-carbon ratio

PRL 129 251103 (2022)

Boron in cosmic rays are produced by the spallation reactions of primary CRs such as carbon
= The B/C (primary-to-secondary) ratio includes a history of the propagation in the Galaxy.

0.95 (c) B/C flux ratio
£, |
0.2 [ ‘Fhl . SPL: '=-0.36620.018 (x2/ndf=9.4/13)
= ~ ' . _ 2 —
o - }&] ‘} ¢ ., DPL: Ar=009%005 (/ndf=8.7/12)
9 B quq,' % =] _1
= N B3 s T
Q N F"'&;\% ! ll 2 !
m B Ok = L
0.1 g 2 T
N ﬂ.‘F’éu[ ] @ | SPL fit
- i ? ‘?é 1 — bPRL flit
0.05— ﬂ {r ? I - —— Leaky-box f!t with free Ay=(0.95+0.35 glem?
- J * L —— Leaky-box fit with A, =0
B 2L 1l ol ol
- ||| 1 1 1 1 |||||2 1 |||3 | 1 1 10 10 102 103
10 10 10 Kinetic Energy [GeV/n]

Kinetic Energy [GeV/n]
- The B/C ratio with CALET is consistent with the one measured by AMS-02
- A DPL function provides a better fit, suggesting a trend of the data toward a flatting of
the B/C ratio at high energy
- “Leaky-box” (LB) approximate fit suggests the possibility of a non-null value of the

residual path length v
esidual path leng B30 FEHSIURSY L



Summary

The measurement of the nuclei energy spectra with CALET has been

performed with a significantly better precision than most of the existing
measurements.

CALET confirmed the spectral hardening in the spectra of proton, helium,
carbon and oxygen, while iron spectrum is hypothesis of single power law
function.

The measurements of boron and B/C ratio indicates a harden more for B than
for C above 200 GeV/n

Our results are consistent with the ones reported by AMS-02, as regards the
spectrum shape and hardening. However, the absolute normalization of our
heavy nuclei data is significantly lower than AMS-02, but in agreement with
other experiments.

We performed detailed systematics checks to search for possible causes of this
normalization issue. We can exclude that it can stem from trigger inefficiencies
differences between MC simulation packages or hadronic models, or lacking
modeling of the instrument.
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