44" SCIENTIFIC ASSEMBLY Gk

1624 July 2022, Athens, Greece

: "_ aMUSEo‘ by the Athenran URANIA

UNIVERSITA
- pISIENA

1240

Caterlna Checchla# (Umver5|ty of Slena)
Francesco Stolzi (University of Slena)
Yosm Akalke (Waseda Unlver5|ty)

on behalf of the CALET coIIaboratlon 0 L e . 4 T
A o - : e B e T  #speaker




CAL ET PAY LOAD

> "‘JEM Standard Payload
'* Mass: 612.8 kg
-+ Size: 1850 mm (L) x 800 mm (W)
: x 1000 mm (H)

-+ Power Consumption: 507 W

R (Mmax)
y -* Telemetry: Medium (Low) 600
- (50) kbps (6.5 GB/day)

CALET was emplaced on
8 JEM-EF port#9 : s . - O e e
on Aug. 25th, 2015 5 . .‘/" - L.] /er) "'fa = ) [ '.: = - p 2 ; 5 ll -‘_ ',,_ - M " 'J ’.-'."':

CALET started scientific observations on Oct. 13t 22015
More than 3 4 b|II|on events coIIected SO far
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?U MEN T

CHARGE DETECTOR

A 30 radlatlon length deep canrlmeter de5|gned to detect eIectrons and CHD
gammas up to 20 TeV and cosmlc rays up to 1 PeV it

Bl - 14x2 plastic scintillator paddles
B - Single element charge ID from p to Fe and above (Z = 40)
| * Charge resolution: 0.15 e (C), 0.35 e (Fe)

C HD FEC

R T
; ‘_ VA Chip I e ————————————— ) e
I 5= mbly e \ Wi s IMC: [MAGING (CALORIMETER
} IMC-FEC : A

— i SciFi belts (8x2x448, Tmm?) +
PMT = — ] . no Tungsten plates (7 layers: 3X, = 0.2 X,x 5 + 1.0 X,x 2)
|| Emmmsr szemsmm S st Track reconstruction and particle ID (up to Z = 14),
] i R i shower imaging
poapD | AT ———— ) SEREeSS ©  /ngular resolution: ~ 0.1°,

ek Spatial resolution on top CHD: ~200 pym

TR;L FEC

PAS @ I OTALTABSORPIIONT CALORIMETIERS

16 x 12 PWO logs: 27 X, (for €), 1.2 4, (for p)

Energy measurement
Energy resolution: ~ 2% for e v (>10 GeV),
~30-35% for p and nuclei
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(a) Carb
Simon et al. (1980)
o ATIC-2

Oneée of main Ob|ect|ves

precise measurement of the transition region for each nuclear species |8

and extension to TeV energy — Spectral hardening 340
< 3x10* '“i 30

: 4 g 6 & 0

MEEIOUEISEICCIIGUINN - | PROTON PRL 122, 181102 (2019) |

Large thickness (30X, , ~1.3 \) P ' % 20
o (T

Excellent charge ID (~.0.1 ) E . o
5 w

\\ / E 10* B

v ZLU o 03 Proto: Spectrégﬁ)géTev

CALET can cover-the whole e >0

energy range previously T 40

; z 2 NUCLEON (KLEM

investigated in separate GESEEREER  urceriaiy bard (st +yet ) for CALET

subranges, by magnetic RG 10°
: Kinetic Energy [GeV]
spectrometers and calorimeters.
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E%7 x Flux [m? sr's™(GeV/n)"")
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Energy spectra of proton, C and O indicate the spectral hardening OXYGEN PRL 125 (2020) 251102

at a. few 100 GeV/n. What about havier nuclei? o
Kinetic energy per nucleon [GeV/n]
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ALYSIS PROCEDUR]

® MC sumulatlon of the apparatus based on EPICS (w/DPMJET-III)

®. ELUKA as additional simulation for Iron
®. ' GEANT4 as additional simulation for Nickel

® Energy measurement: reconstruction of primary energy

through beam test calibration

® Charge reconstruction by measuring the ionization deposits

in the CHD

Event selection:
1) High-energy shower trigger

2) Shower event selection: selects interacting particles

3) IMC reconstructed track
4) Acceptance Cut:
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® . Iron:‘Events. crossing:the detector from top-of CHD to bottom of TASC within. 2 cm from the edge
® . Nickel: Jooser condition to enhance statistics, no condition on the TASC bottom layer

5) Charge consistency Cut: removes charge-changing particles.in the upper part of the detector

6) Charge selection:
® Jron: Ellipse centered in Z = 26
®. Nickel: Ellipse centered in Z =28
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TASC

) Iron Candidate

Event0 20181020-122355
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* 19 GeV/n beam
= 150 GeV/n beam

1000 2000 3000 4000 5000 6000

(

Kinetic energy per particle

1

GeV)

Beam Test Calibration (CERN-SPS.in 2015):

v MC energy tuning with beams of accelerated ion fragments (A/Z = 2).of 150 GeV/c/n.

v Good linearity up to maximum available beam energy (~ 6 TeV)
v Fraction of particle energy released in TASC:is ~ 20%
%

Energy resolution-30-35%

1000 2000 3000 4000 5000 6000
Kinetic energy per particle

(

7000

.

GeV

B

Correction:

> 6.7%forE < 45 GeV;

TASC

1 > 35%forE.... >350GeV;

TASC.—
= linear interpolation for
45 <k % 350-GeY

TASC
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ZE’

" Non- linear response-to Z° due to '~
tHe: 2
<. scintillators is . corrected  using a e

the .quenching - “effect: in

. "halo" model.

Number of Events '_

—
(=}

1

10%
7' 100.00 < E, s [GeV] < 125.89 El\cﬂn
r
10° MG Total
~, o~ P
102

v

| 31.

Zl

remove background

to :
events -interacting .in CHD a Charge - -

In° order

Consistency Cut IS

|ZCHDX CHDY|<1 >

Charge resolution o, for iron- (nickel)
is0.35 e(0.39 e).

o 1250, (14 o) wide semiaxes for-Z

applied: -

Iron (nickel) events are selected within an eIIipée
centered at'Z =26 (28), with 1.25 o, (1.4 0) and
apdid i o

CHDX CHDY/ =

_respectively, and rotated clockwise by 45°
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‘ %104: Iron ) —e— BKG tot (MC) | % g .Nichet 7 I+Ni.(FD). —O-BKG.tot(l;ACt BaCerOUﬂd estlmatlon
@ Theor o~ ogmwo | Hge T Ho(Co-O Halfet® | The number of contamlnatlng events is estlmated by MC.
B iy T — : simulation
= E 10% g s
= f } ST = ) " ” The total contamination is subtracted from the selected
2 g Eog e .
10 o +—f~—+_ - sample before doing the unfoldlng few percent for iron,
adlhe: | ‘T—_r— up to 10% for nickel | :
10 F :#:%#’f | 1 _T— _T T_ P
+H T |3 : el S : -
B iltS e =i MLa s T e L - i
£ . 4E B round fracti £ 71" .| °
o ackground fraction i e —+—+1+— observed levents in eac b|n 0 ETASC
e e e e e e e e e nmmil v N contamlnatrng events in each b|n of ETASC--
3 102 10° 104 - & 10° 10° 10° :
. T, ot S S U unfoldlng operator
- ‘Qﬁ i Mgl . 5 :.'. . e : 5! 4 1 Mg s : e R o e o . : ‘.
Enerdv unfotdrnd b ‘ | Smearlng matrix for iron Smearlng ‘matrix for nlckel ‘
— 035 . 6 Spaiios
-applred to. correct for-bin-to-bin mrgratron effect and g | Iron - EPICS % Nickel - EPICS "
‘obtain’ the primary. energy spectrum. . T - m‘g |
¢ 4 [10] = 104;
The’ smearrng matnx is computed usrng Eprcs MC. |
The unfoldrng is performed by an |terat|ve method - i
; based on the Bayes theorem i a3
“The color scale indicates the proba'bility, for a I .
candidate with a given primary energy, of depOS|t|ng -l o il T I |
2 3 4 » Pt > 3 P S
: 'energy in différent |nterva|s Of Eryis - e PrlmalijEnergy peJ?\lucIeon [G]a(\)//n] % 0 imary 2%y per nucteon [Cevin 5
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 GEANT " brimary energy

Bin width AE of feconstructed TotaILlw

lron: _

: ® 1613 days from Jan 2016 to May 2020 -
g ' ® Live Time: 3.3 x 10 hrs — 85.8% obs time ~

Geometrical factor: Nickel " " 5

Iron: ~ '4‘]6 cm? sr ® . 2038 days from Nov 2015 to May 2021 ;
‘Nickel: ~510 c¢cm2 sr ® Live Time: 4.1x 10+ hrs — 86% osb time: -
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= — Systematic Contributions
. __u: - Total uncertainties I Statistical uncertainties
| ><0 41— Total systematic uncertainties - ------- Energy scale
5 | Charge identification —— Energy unfolding
= | MC model —e— Shower Event
| qu- L Beam test configuration
0.2—
0_
-0.21—
0.4 lron
7\ L1 1 ‘ 1 1 1 L1 | ‘ 1 1 | |- | 1
0.6 10 > 3

: Enerqv Indeoendent

* Live Time. (3.4%)

10
Klnetlc Energy per nucleon [GeV/n]

Long Term stability (2.0- 2 %)
Geometncal factor (1.6%) -

" o4

8 Isotopes compOS|t|on (n|c|<e| only) 2. 2%

R e
F )

Enerqv Deoendent

Ame/me-f:

* Charge identification ¢ MC mo"del
* Energy scale correction * Shower Event
* Beam Test conﬁguratlon s Unfoldlng

0.4

Nickel

0.3

0.2

-0.1
-0.2
Total uncertainties | Statistical uncertainties
-0.3 I Total systematic uncertainties Energy scale
——— Charge identificaton oo Energy unfolding
MC model —— Shower Event
== Beam test configuration ——— Background systematic

|

~ o
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o

1 2
Kinetic Energy per Nucleon [Ge_-V/n]_'.'
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. Iron: Good agreement between CALET and ATIC, Tracer, HESS and CRN

.. ‘Normalization in tension with AMS-02
* Nickel: similar normalization with respect to HEAO3-C2 and NUCLEON,
-, though different spectral shape

%Wwﬁf#+

= : : i ; 2 ;
= Ni/Fe Rati
- #CALET-Fe R = 0.061 * 0.001 (stat.) i
© 45 L CALET-Ni : x?ldof = 2.3/6
— 35 | Total (stat. + syst.) uncertainties
S = [l Total Systematic d
g t
Q - ’l’ ’lr ’l’
O 25 L
N F
‘I_h 2 ; { —— Constant Fit
@ R ! § CALET
?n 1.5 5. 5 ’ % HEAO3-C2 (1979/10-1980/06)
% 10 10° .
= Iron Flux Kinetic Energy per Nucleon [GeV/n] |
—_ sl Iron Experiments o 4 LA x .- T :
X o016 — ¥ TRACER ; I
5 Mo i Sanriu - Nickel to Iron ratio:
T 0.14 £ ; ATIC 02 (2003) :
0.12 — Nickel Experiments 3 NUCLEON (KLEM -2019) | |.
x 0.1 ;— ¥HEAO3-C2 4 CRN-spacelab2 . EXtented resu't Up tO 240 GeV/n
g 0.08 ;i ¥ Balloon (1975) HESS (2004-2006) 5
(TT = # NUCLEON 4 ﬁ:ig':_ﬂz S g
0.04 5 B g = "
ooz Nickel Flux YORSISUOTT) . aws.02 .
E 01 Lo | | | | g < + CALET (normalized to AMS-02)
0 5 o =
10 10? 10 . I
. . N C 4 Avs-02
Kinetic Energy per Nucleon [GeV/n] N G
N
T
B
o

jd*:_ Here CALET flux has been
o multiplied by 1.20 to adjust
to AMS normalization

10?
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To study the energy depend--

1
of T
(4

= aE ence of the spectral index
& A2 g in a model independent
E g 24 Statistical error lron : :
x 1€ -2450  — Fit with a constant function way, the spectral index:is
= B -25F calculated by a fit of
o | Q255
= - 2.60 = 0.02(stat) * 0.02(sys) -l a E
Y x"Zldof::.ZIM e o 2.6 hd - p = - ° : . . = y= d[log(q))]
-2.65F L A
_2.7i_ d[lOg (E)]
275 : : o
Total Error 28 [ <y>=-2.61£0.01 | in-energy windows centered
® CALET - stat. errors . ek = iRt ; : ; Pt
— SPLt e s in each bin and including
= -2.51 * 0.04(stat) % 0.06(sys) 2 —2.9E : : : : e ¢ :
! ldot =033 90107 210°  3x10° 4x10? the neighbor + 3 bins.

Kinetic Energy per Nucleon [GeV/n]

R R

Iron and Nickel fluxes are compatible
within the errors with a single power law R
above 50 GeV/n and 20 GeV/n, respectively. . e

% 4.
L g

102
Kinetic Energy per Nucleon [GeV/n] [

Fitting-intervals:
Iron: 50 GeV/n -2 TeV/n L e
Nickel: 20 GeV/n - 240 GeV/n TR
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CONCLUSIONS

& CALET measured iron and nlckeI quxes between 10 GeV/n and 2 TeV/n and
8.8 GeV/n and 240 GeV/n respectively, with significantly better precision than most of the
existing measurements.

* Above 50 GeV/n (for iron) and 20 GeV/n (for nickel), the spectra are compatible with a
single power law with a spectral index of -2.60 + 0.03 (for iron) and -2.51 + 0.07 (for
nickel).

* The flat behavior of the nickel to iron ratio indicates that the spectral shapes of Fe and Ni
are the same within the experimental accuracy, suggesting also that Fe and Ni have a similar ="
acceleration and propagation behavior, as expected from the small difference in atomic .
number and weight between Fe and Ni nuclei.

- * The uncertainties given by our present statistics and large systematics do not allow us to
- .. draw a significant conclusion on a possible deviation from a single power law.
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2) OBSERVATIONS WITH HIGH ENERGY TRIGGER

ED OBSEVATION Do of barosT ko 4 TASC.

)

[151013-220430] High Energy Trigger (2392 days)
Total Observation Time (2.03x10%sec)
Live Time (1.74x10%sec)
Dead Time (Fraction 14.3%)

2015.10.13 - 2022.4.30
Number of HE triggers
~1.57 billion
Total number of >GeV triggers
~3.39 billion
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i61231 171231 181231 200101 201231 211231 : Hlll 1 | \IIIII| 1 II\IHIl 1 IIIIIII| 1 | \IIIHl 1 IIIHIIl 1 IIIIIII‘v‘kI L LLLI

: 1 10 102 10° 104 10° 10° 107
Date [yymmdd UT] -, ~ TASC Energy Deposit Sum [GeV]
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~ “MIP” peak in PWO: Obs. vs. MC

The correlation between adjacent APD-H
gain ranges is calibrated by using APD-L
in-flight data in each channel.

APD-H/L:
0.1%

3 [z KL
APDLow ADC Cutput [ADLY

W

LowADC Outgut [ADLS

APD

APD(100mm?)

" S8664-1010

PD(5.8mm?2)
. §1227-33BR

TITIRT

\High Gain Shaper _

Low Gain Shaper

High Gain Shaper

Low Gain Shaper o

—

APD gain ~50

[

o

Craias
W

S
Unsatea

MIP calibration determines
the conversion factor from
ADC unit to the energy

100
ACCIADL

82 838
aargy| DaV)

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 108 MIPs.

APD-H

APD-L

PD-H

PD-L

1.4%

1.5%

2.5%

22%

PD-H
PD-L

0.1%

0.1%

Y3CHm

T
PDHigh ADC Outgut [ADU]

Y3.CHOI

PONIGh ADC Quitput [ADU]

/,

[ PD-H/PD-L:
0.1%

Example of energy distribution in one PWO log | o

w g

g
]
t

=1
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Tracking:

based on a combinatorial Kalman Filter that exploits'the fine granularity of IMC to
< .. reconstruct tracks with high precision

S TR R T . -~ Tracking provides:
rec MC : [ ‘ Y i 2
ABy =0y - By ; AX = x"®¢ - xMC * Cosmic ray arrival direction
420000 » 8000 ~* Geometrical acceptance
7000 :

16000 JBOOO; * CHD paddlesand IMC fibers crossed by
| 140007 : - the track (for charge ID)

—

o)

o

o

[=]
I

—

N

o

o

o
I

112000} 5000~
* /10000 0.1 4000
| 8000F- o~ 3000- c~180 um

Iron/Nickel performance:
Angular resolution: ~0.1°
Spatial resolution on top CHD: ~180 um

2000~

- | 2000F . 1000

R R for Y R | : [ I P T ol P I N
—01.5 —1 -0.5 0 05 1 1.5 i Q(.'J.4—0.3—0.2—0.1 0 0.1 02 03 04
LUV Ax [em]
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f,—'\ ;;: CALET Statistical uncertainties ) Iron .- e
S S N Good ag reement betvveen CALET and ATIC Tracer HESS
g 4? L CRN-spacelab? % CREAMHI : !
B oD e | and CRN : i i | i
el Drﬁ‘erent normalrzatron vvrth respect to NUCLE@N and AI\/IS
- . o i ;‘c: —§— CALET (normalized to AMS-02)
._|Ine.t|c .nergy per .nuc‘: eon. [GeV/n] . ; g
8 Here CALET flux has been multiplied by =
g 1.20 to adjust to AMS normalization é
M '
Also, the spectrum has been multiplied i Y
by E2/
10° Jm

Kinetic Energy per nucleon [GeV/n]
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CX& ZCHY)/ZHDX |

- Good consistency
- betweenMCandFD . -

Erasc [GeV] [

Amount of material above the CHD: 2 mm thick Al .-~ - .. Total loss (~10%) of interacting iron events taken
cover(~2.2% X,and 5 x 107 A ) “2. - . into account in the total efficiency.

1
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