Charged Cosmic Rays: Experimental Status

News from the dark, LapTh, Annecy, nov. 22-24, 2021

Laurent DEROME, LPSC/IN2P3 — Université Grenoble-Alpes

1




Detection of Charged Cosmic rays

For E < 1015 ev, cosmic rays absorbed in the
upper layers of atmosphere but large fluxes:

e Direct detection in upper atmosphere
or from space.

e Identification of CR/Energy
measurement with particle physics
detectors.

= Precise description of the different
components in cosmic rays:
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Recent and current CR experiments
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CR detection from
space
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Recent and current CR experiments

 Magnetic Spectrometer (i.e. PAMELA, AMS):
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Allows to identification of charge sign: e*/e ™, D, D, He...

C
Accurate and precise rigidity (R = l;—) measurement. Critical points are
e

the alignment of the tracker planes and precise knowledge of the
magnetic field.

Combined with precise velocity measurements, can measure the
isotopic CR composition.

Rigidity range limited by the bending power and tracker resolution.

e Calorimeter (i.e. DAMPE, CALET, ISSCREAM):
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No charge identification, only measuree™ + e~ orp + p

Energy measurment from deposit energy in the calorimeter, mild
resolution for nuclei, calibration depends on hadronic shower model/
simulation, beam tests critical.

Compact detector, large acceptance, can reach larger energy.



AMS installed on the




AMS is a unique magnetic spectrometer in space
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Cosmic rays are defined by:

Energy (E in units of GeV)

Charge (Z - location on the periodic table: H Z=1, He Z=2, ...)
Rigidity (R=P/Z in units of GV)




PMT

CHD-FEC , CHD - Charge Detector
L\ - 2 layers x 14 plastic scintillating paddles
Gt - single element charge ID from p to Fe and above (Z = 40)

- charge resolution ~0.1-0.3 e
IMC-FEC

IMC — Imaging Calorimeter

- Scifi + Tungsten absorbers: 3 X, at normal incidence

- 8 x2x448 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 (PbWQ,) logs

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

Gamma-ray 10 GeV Electron 1 TeV Proton 10 TeV
i

Simulated
Shower
Profile
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The plastic scintillator
detector (PSD)

The silicon tracker (STK)

l:f‘
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The BGO calorimeter (BGO)

o

The neutron detector (NUD)

> PSD: charge measuresument via dE/dx and ACD for photons
> STK: track, charge, and photon converter

> BGO: energy measurement, particle (e-p) identification
> NUD: Particle identification 12




Positrons and electrons fluxes

BEFORE AMS-02

¢ AMS-02 data
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Electrons and positrons spectra have totally distinct behavior:
e Electron mainly produced at sources.
e Positron from collision of CR with ISM but need for

additional source for positron
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Positron Spectrum



AMS Positron Flux
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EX flux[m2sr's 1Ge V)

All-electron (e + ™) Flux
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- T g  CALET observes flux
N s ol suppression above
100—  CALET 20 1 TeV consistent with
B uncertainty band (stat.+syst.) DAMPE V,Vlthm errors
e AMS.02 2015 * No peak-like structure at
50— ) 1.4 TeV in CALET
~ A DAMPE 2017 measurement irrespective
- O Fermi-LAT 2017 (HE+LE) of binning
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 CALET results appear to be consistent with AMS-02
below 1 TeV.
* The differences from Fermi-LAT and DAMPE over the
allowance for error indicate the presence of unknown
systematics in the energy region from 50 GeV to 1 TeV. .



p flux and p/p

Phys. Rep. 894, 1 (2021)
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Cosmic-Ray Nuclei

H : e
102 He Nuclei Identification in AMS
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Each cosmic-ray nucleus provides specific information:

Protons and Helium are the most abundant charged particles in cosmic rays. Knowledge of the
precise behavior of the spectrum is important to understand the origin, acceleration, and
propagation of cosmic rays.

Li, Be, B, F, ... are produced by the spallation of cosmic rays in the interstellar medium: The flux
of these secondaries or secondary/primary ratios (like B/C) are key measurements to
understand propagation.

Other primary (C, O,.. ) can be used to test the universality of propagation/acceleration.
Precise knowledge of both primary fluxes and propagation mechanisms is essential to assess

background (e™, p,...) and expected signal for DM searches.
p 15



Proton Flux

CALET proton flux presented at ICRC21 compared to AMS-02 and
DAMPE results:

- DAMPE reported a spectral index
softening |Ay = —0.25 + 0.07 from
~-2.60 to ~-2.85. above 10 TeV at

13.6“:3;}; TeV| with ~30% error.

Ebreak =

- 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 ).
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Proton Flux

Fit of spectral breaks from CALET data:

p— L (*) free S parameter in DBPL fit
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CALET helium flux presented at ICRC21 compared to AMS-02 and

Helium Flux

DAMPE and CREAM results:

~ 9000

| & AMS-02 (PRL-2015) ﬁ% CREAM-| (ApJ-2011)

E . [50 GeV, 50 TeV]

- + DAMPE (PRL-2021) % CALET (this analysis)

E + statistical error syst. + stat. error

o . Statistical errors only

5

H

o CALET preliminary helium flux is consistent with DAMPE

- within the errors from ~70 GeV to ~50 TeV

E (present analysis: ~ 50% reduced acceptance inside fiducial region ~ 510 cm? sr)
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Latest AMS Measurements of Light Nuclei in Cosmic Rays
Above 200 GV, primary and secondary cosmic ray deviate from a single power law
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Average hardening A=A, — A; =0.140 % 0.025 (significance 5.6 o)
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F, Ne, Mg, Si fluxes from AMS02

PRL 124, 211102 (2020) PRL 126, 081102 (2021)

Nex1.2 (1.8 million Ne) .
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AMS F/Si

Heavier secondary-to-primary flux ratios (F/Si)

Traditionally the light secondary-to-primary ratio B/O (or B/C) is used to describe the
propagation properties of all cosmic rays.

F/Si flux ratio hardens above 175 GV Above 10 GV, the (F/Si)/(B/O) ratio can be described
Average hardening A=A, — Ay =0.15+£0.07 by a single power law with §=0.052+0.007
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The propagation properties of heavy cosmic rays are different from those of light CRs.
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Carbon and Oxygen Fluxes from CALET

e CALET Carbon flux consistent with PAMELA.
(@ C8imon et . (1980) PAMELA did not publish oxygen flux.
HEAOSIC [10 GeV/n, 2.2 TeV/n] » The spectra show a clear hardening around
AM-II 200 GeV/n
e Similar shapes to AMS but the absolute
normalization is significantly lower (~27%)
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Boron flux and B/C from CALET

Latest CALET data presented at ICRC21 compared to AMS-02 and
previous results:

with + 10% variation of isotopic ratio 10R . 11R = 3() - OB i ,
4.5E 5 the flux changes by only ~ 2% B:B=30:70 g (E) = AB® 6= ~03440012(E > 20 Gev/n)
2 /ndf = 5.6/15

flux normalization is consistent
with PAMELA
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+ Preliminary CALET spectra from Ne to Fe presented at ICRC21.
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Flux x R [ m2s7sr! (GV)'7]

AMS Nuclei Cosmic Rays fluxes
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Cosmic Nuclei with both, Primary and Secondary components (N, Na, Al)

3.9 x 108 Nitrogen
0.46 x 106 Sodium
0.51 x 10° Aluminum

Phys. Rep. 894 (2021) 1-116
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Iron nuclei flux
Above 200 GV, Iron flux deviates from a single power law

PRL 126, 041104 (2021)
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Iron and Oxygen have identical rigidity dependence above 80.5 GV
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lron Flux from CALET

Flux x E2®vs kinetic energy per nucleon  [10GeV/n, 2 TeV/n]  analyzed data: Jan 1, 2016 — May 2020
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Isotopes with AMS02

H, Li and Be isotopic fluxes measured by AMS presented at ICRC21:
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Beryllium Isotopic Flux ratios vs Ekn

Weinrich (2020) Balloon

Evoli (2020): SOMAYX
AMS 02 ratio compared _ h=1 kpc o g izléc_’ggls
with recent models from 222 ';‘;2
Weinrich (2020) and Evoli h=9 kpc
(2020). | h=12 kpc

6 8
Exn [GeV/n]

—> AMS data provide strong constraints on the size of galactic halo size 7 (~ 74;¢)
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Conclusions

 AMS taking data since May 2011, AMS has recorded more than
180 billion cosmic rays.

e CALET was installed on ISS on August 2015.
« DAMPE was successfully launched on December 2015.
e awaiting ISS-CRREAM first results

— Large set of data new for all component of cosmic rays with an
extend energy range, over a long period of time and
unprecedented precision.

— New era for cosmic ray physics which can use this unprecedent
set of data to challenge source, propagation model and search
for exotic components.
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Spectra of cosmic-ray nuclei from C to Fe
from CALET

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

Preliminary Spectra of Carbon — Iron
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Observation of anti-He events

anti-*He track in Y-Z bending
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Antihelium candidates

The rate in AMS of
antihelium candidates is
less than 1 in 100 million
helium. At this extremely
low rate, more data and
understanding of MC at
1/10° level is required to
further check the origin of
these events.

Helium Events
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Solar Modulation of cosmic-ray spectra

Low energy cosmic rays from the interstellar medium are
“screened” by the heliosphere, emanation of the Sun’s magnetic field
in the interstellar medium

Cosmic rays (high energy)

Voyager
ECS t al.

tone et al.,
Science 341, 150 (2013)
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Connecting near-Earth space radiation with
Deep Space
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The Solar Cycle

The heliosphere changes with time following the
The Sun has an 11-year solar cycle:
activity cycle shown by - e e e
sunspot number (SSN) 1

B [nT]

2003

S
7

kit Singpots oLt Susspes 1995 1997 1999 2001 2003 2005 2007 2009 2011 2013 2015 2017 2019

i
) Cycle 22 A>0 Cycle 23 A<O Cycle 24 A>0

L e T

Ultraviolet Light Sunspots Uttraviolet Light Sunspots rraviolet L unspots
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300 1 140
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Solar Magnetic field: polarity reversal

At each solar maximum (every 11 years ) the polarity of the Sun’s
magnetic field flips

Generates charge-sign dependent effects on solar modulation of cosmic rays
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Observation of Fine Time Variations in Proton and
Helium Fluxes

AMS Daily Proton Fluxes AMS Daily Helium Fluxes

« [2.97-3.29] GV

. [2.97-3.29] GV
« [4.02-4.43] GV

- [4.02-4.43] GV
. [5.37-5.90]

2021

Flux [m?s7sr GV

,,,,,,,,,,,,,

RERS

Detailed study of solar effects on cosmic rays are important to assess CR Local

Interstellar Spectra
Space radiation measurements are crucial to model radiation hazards for human

travel in space
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Observation of fine time variations in the
electron flux

AMS Daily
Electron Fluxes

¢ [1.00-2.97] GV
[2.97 - 4.88] GV ¢ X 2

[4.88 - 7.09] GV ¢ X 4
[7.09 - 10.1] GV ¢.x 8
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Observation of charge-sign dependent heliospheric

effects: et and e- monthly fluxes - e
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PAMELA installed on Russian satellite
Resurs-DK1, inside a pressurized

container.

p (He,..

/ / GF ~21.5 Ga’SE

Trigger, ToF, dE/dx

F 3
TOF (81)

Sign of charge,
SPECTROMETER  igidity, dE/dx

-
L]

~1.3m

E(ljeEc/ggnlzgteJr?y, e Launched inJune 2006,
T hadron separation * Circular orbit (70.0°, 600 km).
Pamela operations terminated in 2016

s4
vevecrom E.m./hadronic cascac

TECTOR
discrimination

~470 Kg /| ~360 W
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AMS
TRD

Identify e*, e- A TeV precision, multipt::t"apose spectrometer in TOF
space.

7.5 tons

5Bm x4m x 3m

GF ~ 3000 em’ar



Cosmic-Ray Nuclei

H : e
’OZ He Nuclei Identification in AMS
10
107 I l c
10° L g 0
Be N
;gj Ne Mg

10°
102

e 30 o ° Tr

Each cosmic-ray nucleus provides specific information:

Protons and Helium are the most abundant charged particles in cosmic rays. Knowledge of the
precise behavior of the spectrum is important to understand the origin, acceleration, and
propagation of cosmic rays.

Li, Be, B, ... are produced by the spallation of cosmic rays in the interstellar medium: The flux of
these secondaries or secondary/primary ratios (like B/C) are key measurements to understand
propagation.

Other primary (C,0,.. ) can be used to test the universality of propagation/acceleration.

Precise knowledge of both primary fluxes and propagation mechanisms is essential to assess

background (e+, pbar,...) and expected signal for DM searches.
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Nuclei fluxes in AMS

* Charge Z measurement:
« Tracker: 9 layers ( per

layer)
AZ
o« UTOF & LTOF (7~ 4% per plane)

Tracker —> Charge misidentification negligible

12-L8 pe.
7

1 —
: ol iq:cj Data —:
oror Simulation ]

. Rigidity measurement R =

;_B’pcker + Mag
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Proton Flux Measurement

* Proton flux from AMS based on 300 million events released in
2015, compared to PAMELA and recent measurements:

N2\ Z

3 lllllll 3 3 lllllll 3 3 lllllll

«10° [AMS Collab. Phys. Rev. Lett. 114, 171103 (2015)]
[L-_ L | ) T T 5575373 7] ) T T 555 77] ) L ELIL R RL] | ) ) lllll-l
— . AMS-02
= 14 a ATIC-2 )r % %__
[<}) BESS-Polar W .
9 12 2 g;‘;:'l‘_"‘\ ¢+++ ! H“”””Zﬁ%ﬁﬁfﬂ iﬁ: A - -
2 N S -
o 10 4 il E
. i .
» 8 o, —
o ¢¢. -
|§| 6 ¢¢-‘ —:
~ ﬁ] -
al X , A —
Lul & -
X . -
% 2 . . _ —
= # Kinetic Energy (EK) [GeV] ]
E (| T | 2 3 23 2 nu-_l
104

1 10 102 10°

Hardening of the proton flux around 300 GeV.

Precision of AMS data allowed to characterize the shape of the transition.
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Proton Flux Measurement

Fit of the AMS flux with a double power model with smooth transition:

Flux x 'Ifiz'?[m'zsr"seC'1 GV']

14
13
12

11
10

R Y R Av/s s
d=C 1 —
(wev) [+ ()]

<1 03 [AMS Collab. Phys. Rev. Lett. 114, 171103 (2015)]
_l I L) L) L) L) L) L) LI | I L) L) L) L) L) L) LI I _
:_ e AMS-02 _:
— +++++HH”++++ ..... Fit to Model —
:+ pt Hy +2 /NDF=25/26 -
— —
E _ 0.002 0.004 E
. 1= _2'849-+0.002 (ﬁt)fo.oos (sys) _—
- _ 0.032 0.046 =
c Av=0.1 33jro.021 (ﬁt)fo.o3o (sys) —
: oS -
T R, =336, (fit) >(sys) [GV] =
:l | 1 1 1 "I T I I | 1 1 1 L 1 g a1 =
10 102 10°

Rigidity [GV]
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Helium flux from AMS based on 50 million events compared to
PAMELA and previous measurements:

1.2

©c o 9
> o o

Flux x EX” [m™srsec(GeV/n)']
o
N

0

«10° [AMS Collab., Phys. Rev. Lett. 115, 211101 (2015)]

BERARM Al BRI R LA lzt i
T - AMS-02 )f? i
- A ATIC-2 L} f } ‘ 7
— v BESS-Polar A _
[ ¢ CREAM ‘}'#’*%?“ * %’HJ { -
- © PAMELA R A ++ -
N o, B
- F oo i
- ﬁ°¢ __
E Kinetic Energy (E ) [GeV/n] E

ol L33 sl L1 o3 o3l L3 a3 aaaal
1 10 107 10°

- Same hardening as for proton in the flux around 300 GeV.
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AMS Collab., Phys. Rev. Lett. 115, 211101 (2015)

AMS-02
—— Fit to Eq. (2)
0O PAMELA
BESS-Polar

Ruﬁdny(ﬁ)u3v1

10 102 10°

- The He spectral index is different from that of proton, but the rigidity
dependence is similar.
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AMS Collab, Phys. Rev. Lett. 119, 251101 (2017)

— e AMS -
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- Deviation from single power law and hardening of the flux
above 300 GV



He/O Flux Ratio

C/0O Flux Ratio

[AMS Collab., Phys. Rev. Lett. 119, 251101 (2017)]
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Rigidity [GV]
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Precise measurement of primary/primary
ratios :

Universality of primary fluxes?

e < ~30GV: Decrease of the He/O and C/
O linked to the A-dependence of
inelastic cross-sections

 >30GV: decrease of the He/O and C/O
ratio expected due to the contribution
from secondary component for C and
He (computed here in GALPROP, similar
results with USINE) not seen in data.
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Flux x B> [ m2s'sr (GV)"]

Flux x B> [ m2s7sr (GV)'"]

[AMS Collab.,Phys. Rev. Lett. 120, 021101 (2018)]
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107
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10*

Events

10°

102

Tracker L2-L8 Charge

Li, Be, B produced by spallation
processes.

Sensitive to CR propagation
parameters (diffusion, convection,
reacceleration...).

> 20 GV, identical rigidity
dependence.

Low energy < 20 GV, sensitive to
differences in cross-sections and 10Be
radioactive decay:

B (10B from 10Be) > Li > Be (10Be decay)
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Spectral Index y

¢$(R)~R’

O A Helium A Lithium i
| &0 ¢ Carbon
o O Oxygen ® Boron
25 % f _
. A -

]
&
|
»-
-
]
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10 20 30 10° 2x10° 10° 2x10°
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- Hardening of the Secondaries and primaries component in CR.

66



Li/C, Be/C, B/C

and

Li/O, Be/O, B/O
ratios between 2 GV
and 3TV

Based on 5 years of
AMS data collected
from May 2011 to
May 2016:

- Li: 1.9 Mevents
Be: 0.9 Mevents
B: 2.6 Mevents

- C: 8.4 Mevents

- 0:7.0 Mevents
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To investigate the
rigidity dependence
and the origin of the
spectral hardening at
high rigidity :

RA fits for two rigidity
intervals:

[60.3 GV-192 GV] and
[192 GV-3300 GV]
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B/C Flux Ratio

10"

102

10"

102

10"

a) e
3 R 3
50.3' GV “‘#H §'} - § N :
S R
Rigidity R [GV]
aaal i MEEPEPErE T | i PEEPETErE T |
e
b) Rt
e : E
e N
e,
H iiQ#‘+
603GV ﬂﬂ* *
Dot f”{ |
Rigidity & [GV] ‘E
)
“.o ........ ..““.....
..~....~ E
!;"""‘m,, i
— 60.3 GV i“-ifi -3 —
: : *'f*ﬂ‘%‘} ]
Rigidity R [GV]
s aaaal " g aaaal L a2 a2l " L
34 10 20 102 2x10? 10° 2x10°

Li/O Flux Ratio

Be/O Flux Ratio

B/O Flux Ratio

10"

102

10"

102

10"

| @)

* AMS
---- Rafit

60.3 GV

Rigidity R [GV]

“w

LY
)
T
. ¢

192 GV

.b).

* AMS

---- Rafit

R@mqﬁmw

4 :
ot
L‘

]

192 GV

T

:

* AMS

RAfit

g
Wiis

T

192 GV

Rigidity R [GV]
M a3 sl M PR

=

34

10 20

102 2x10?

10° 2x10°

68



RA fits for two rigidity intervals [60.3 GV-192 GV] and [192 GV-
3300 GV] of Li/C, Be/C, B/C and Li/O, Be/O, B/O:

i ; s Li/C ] [ s Li/O
0.2 ; — 0.2~ ;
< i ' | = B/C < i l = B/O
: . § | |
£ 03 I - £ -03|
© © [
= ! £ f
g’. o i 1 8 .04f '
) -0.4 - i 1 & %4 +T
i | Rigidity R [GV] ] A : Rigidity R [GV]
_0.5 raal M L L r a2 a2 331 L M _0.5 ol H 1 L a2 a1 M L
760 102 2x10? 10°  2x10° 60 10°  2x10° 10°  2x10°

- Indications for a hardening on the ratio (average 0.13+0.03)
- Support the interpretation of the hardening in terms of a change
in the propagation properties in the Galaxy.

(See also Y. Genolini et al, PRL 119, 241101 (2017)) 69



Secondary/primary Ratios

Vs E..

Precise data from AMS02
to constrain the processes
describing the propagation
of CR in the Galaxy.

Different ratios can be

used to test the
universality of the
propagation, are

complementary since they
have different systematics

in the model.

[AMS Collab.,Phys. Rev. Lett. 120, 021101 (2018)]
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[accepted for publication in PRL]

Nitrogen flux measurement from
AMS to be published soon.

Spectral index versus rigidity
indicates a transition from a
secondary-like component to a

primary-like shape at high rigidity.
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- AMS
— D=0 +D},
D= 0.09xDy; Dy= 0.62xDy

N
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[accepted for publication in PRL]
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The AMS nitrogen flux fitted to the weighted
sum of the oxygen flux and the boron flux
from AMSO02 over the entire rigidity range:

x2/d.of. = 51/64

OF = (0.090 £ 0.002) x P "I primary Component (.09
DS = (0.62 £ 0.02) x Py ——

Primary Component
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Data before AMS: constraints on the propagation models adjusted on data dominated by
B/C ratio with errors ~10%

- Recent measures:
— Precision at the %-level, detailed description of systematics.
— wide range of energy from GeV to TeV
— Large set of nuclei: Li, Be, B, C, Nand O
— Fluxes and ratios

—> Paradigm shift in the propagation modeling:

— Large dependence to many parameters of the model:
* Inelastic and production cross-sections
* CR Source settings
* Description of the diffusion (low energy, 2 zones, high energy break)

— Need for new methodologies to implement all uncertainties

— Need for new cross section measurements (see Y. Genolini et al. Astro-
ph:1803.04686)
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Antiproton/Proton

Measurement by AMS of the antiproton flux and the antiproton-to-proton flux ratio from 1 to 450
GV based on 3.5 x 105 antiprotons

[AMS Collab., PRL 117, 091103 (2016)]
IIIIIIIIIII IIIIIIIIlIIIIIIIIIIIIIIIIIIIIIIIII
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- Flat Antiproton/proton ratio at high energy in tension with
pure secondary component in standard propagation model 74



Antiproton/Proton and modeling

Secondary production of CR antiproton:  [G. Giesen, et al. arXiv:1504.04276]

103

¢ PAMELA 2012
¢ AMS-022015

)
K
~
D
K
’ — Fiducial
L Uncertainty from: ##  Cross-sections
Propagation

B Primary slopes
Solar modulation

1 5 10 50 100
Kinetic energy T [GeV]
* Large uncertainty in the estimation of secondary antiproton.
* Recent nuclear data from AMS should help to reduce the propagation
uncertainty.
* More statistics and work needed on models to know if extra sources are
needed to reproduce the flat pbar/p ratio at high energy

10-¢
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Positron Fraction

[AMS Collab. Phys. Rev. Lett. 113 (2014)]
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Electron and Positron Fluxes from AMS
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[AMS Collab. Phys. Rev. Lett. 113 (2014)]
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- Shows that the rise of positron fraction is due to positron excess.



CALET — DAMPE - ISSCREAM
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Spectrometer Space Obsevatory Energetics and Mass Telescope
Installed in 2011 Installed in 2017 Installed in 2015
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All electron (et+e-) flux from DAMPE released last December:

[DAMPE Collab., Nature 552, (2017)]
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CALET flux released one day after DAMPE
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[CALET Collab., PRL. 119 (2017)]
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1-DAMPE data in tension with AMS and
CALET.

Comment from CALET paper :

”The difference might be partially due to
the uncertainty in the absolute energy
scale, which would coherently shift the
CRE spectrum up or down.”

2- First direct detection of the (et+e-)
knee.

Can be explained in a two components
model with few local (<300pc) and far
(continuous) sources : break from local

source.
See Fowlie A., 2017. arXiv:1712.05089.
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3- « Dampe Peak »

Low significance

“Exotic” (DM) or “Astrophysical” (Pulsar)
explanations imply fine-tuned physics which
can only be probed by a multimessenger

approach.
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sunspots in visible spectrum

* At low Energy (<20 GV) cosmic ray
spectrum affected by its propagation
in the Solar cavity and the
interaction with the plasma emitted
by the sun.

e This produces a modulation of the
spectrum which follows 11-year
cycle in antiphase with Solar activity
(Sunspot number)

e Simplest model for Solar
Modulation: Force-Field
approximation:

E2 . M2
(E + ©(t))2 — M2

J(E, t) = JB(E + (1))

- Precise measurement of the different components of CR over long period of time

with the same detector needed to understand the solar modulation process.
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Monthly proton flux from PAMELA:
[PAMELA Collaboration, APJ Letter 854 (2018)]

o~ -

%103 Sepl3 CO\] 1.2 * Sepl3
<, Febl3 =1 g * Feb13
T2 > **“‘H* ’ !i”“ ‘ *
qmlO ; Junl2 %‘ 0.8 I ! “‘ Junl2
E 2.

é 10§ .""-_i. Octl1 q; 0.6} i Oct11
= | R '% 0.4 * Marl]1
g 1E % & w

o 3 o

& F ‘Wi 0.2 “ H Jull0

10-1 -.I ral Lol PR 0 1ol PR
10" 110 10 10
Kinetic energy (GeV) Kinetic energy (GeV)

83



[accepted for publication in PRL]

Accurate monthly proton and
helium fluxes over six years during
the maximum of Solar Cycle 24.

Proton and helium fluxes have
nearly identical fine structures
both in time and relative
amplitude.
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[accepted for publication in PRL]

Proton and helium fluxes have
nearly identical fine structures
both in time and relative
amplitude.

p/He flux ratio: long-term decreasei:

in the ratio below 3 GV, also
starting one year after Solar
Maximum.
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Time fluctuation of proton rate for
different rigidities from AMSO02 data:

R < ~3 GV : Peaks associated with Solar flares (SEP)

Normalized Flux
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e+/e- time dependence from

PAMELA provides evidence for

charge solar modulation sign
dependence at low energy.

[PAMELA Collab., PRL 116, 241105 (2016)]
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[accepted for publication in PRL]

High precision monthly fluxes of e+ and
e- from AMS.

Measurement across the solar polarity
reversal show that the ratio exhibits a
smooth transition over 830 + 30 days
from one value to another.

The midpoint of the transition shows
an energy dependent delay relative to
the reversal and changes by 260 *+ 30
days from 1 GeV to 6 GeV.
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e On the experimental side:

— Many experiences are currently taking data: FERMI, AMS02, CALET, DAMPE, ISS-
CREAM

— No/few new experimental projects for the next decade
— Reflections for projects beyond but very exploratory (low level of maturity)

 Many results in recent years and more results to come:
— Wide dataset with unprecedented accuracy:
Measurement of H, He, Li, Be, B, C, N, O fluxes and ratios
+ Heavier nuclei (to be released in the coming years)
+ Isotopes (to be released in the coming years)
+ Time dependence of the different components of the RC

+ LE ISM p & He fluxes from Voyager

- Interpretation of all these data in the context of propagation
models is an important challenge.
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Nuclei flux in AMS

L1

Tracker
L2-L8

a) Lithium

10*

Events

10°

10?
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Events

10?

10° T
: ¢) Boron

C
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3 4 5
Tracker L1 Charge

FIG. SM 2. Charge distributions measured by tracker L1 for (a) lithium, (b) beryllium, and (c)
boron events selected by the inner tracker with rigidity 9 to 11 GV (red circles). The solid black
curve shows the fit of the sum of the charge distribution templates for Li (green), Be (orange),
B (light blue), and C (violet) to the data. The templates are obtained from a selection of non-
interacting samples on L2 by the use of the charge measurement from L1 and L3-L8.”"The charge
selection cuts applied on L1 are shown as vertical dashed lines.



Nuclei flux in AMS
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SM 3. The charge distribution measured by the inner tracker (L2-L8, MDR ~700 GV) for
a sample of carbon events selected with tracker L1 in the rigidity range (a) from 27 to 36 GV and
(b) from 192 to 660 GV. MC distributions (red histograms) are normalized to the non-interacting
carbon peak measured in the data (points).
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Detector Energy Range Energy e/p Selection Key Instrument SQT
(GeV) Resolution Power (Thickness of CAL) (m2srday)
ATIC1+2 10 - <3% ~10,000 Thick Seg. CAL 3.08
(+ ATICY) a few 1000 (>100 GeV) (BGO: 22X))
+ C Targets
PAMELA 1-700 5% 108 Magnet+IMC ~1.4
@200 GeV (W:16 X)) (2 years)
FERMI-LAT 20-1,000 5-20 % 10%-10¢ Tracker+ACD 60@TeV
(20-1000 (20-1000GeYV) + Thin Seg. CAL (1 year)
GeV) Energy dep. GF (W:1.5X +CsI:8.6X)
AMS 1-1,000 ~2-4% 104 Magnet+IMC ~50(?)
(Due to @100 GeV (x 102by TRD’ +TRD+RICH (lyear)
Magnet) (Lead: 17X)
CALET 1-10,000 ~2-3% ~10° IMC+CAL 44
(>100 GeV) (W:3X +PWO:27X) (lyears)
DAMPE 1-10,000 ~1% ~105-10°¢ IMC+CAL+Neutron 180
(>100 GeV) (W:2X +BGO:32X) (1 years)
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Key CR observables but few measurements: s
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Helium flux measurement

Fit of the AMS flux with a double power model with smooth transition:
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AMS installed on ISS in May
2011

Circular orbit, 400 km, 51.6°,
90 mn

Continuous operation 24/7
Average rate ~700 Hz

60 millions particles/day

39 TB raw data/yr

200 TB rec. data/yr

More than 100 milliards of
events collected so far



. Voyager/;l(&/Q launched mT'
. Used tHe g’favity slingshot meth to catapult .
itself to the furthest planets and evef\i\f\uhly beyond the

Hellosph'ere. |

e Payloads still active...cosmic ray telescopes (CRS) \
measure the Low energy CR intensity for almost 40
years. ' g




Voyager 1

Measures CR intensity as it travels to the interstellar space:
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On August 2012, Voyager 1 reached interstellar space at 121 AU.

98



Voya ge r 1 (AU) 25 1 1]0 2]0 %0 4[0 5|0 5]0 7‘0 BIO 9[0 1[|)U 1;10 120 130
o
o .-
2 ]
3 _
: _
& ]
o ]
5 7
T T T . R T T
YEAR
Voyager 1
| | | | | | ] | | | | |
V1 (AU} 121.07 121.96 122.86 123.75 124 .64 125.54 126.44 127.33 128.22 12912 130.00 1309

T

1T IIIIIIIIIIIIIII~III.IIIIIII i
4"-: ool JG] 1 ] s

il : ] ; - ]
e : 2.6

8‘ B
W 3e-01 . ? ! —123
0 2e-01f ? GCRs + LA1/124|122
z ¥ INTERSTELLAR SPACE ¢ IAs/2 | T
) + TAN
E 1e-01 4 IPENH —
é N _ i 3 2 o -
5e-02 |5 G ' B —
AGRS ) _
3e-02 _é —
2e-02 —: © ]
EEE - 1 : i
N (NN N TN NN SN T [N S NS W NN TN TN SN TN NS TN TN W N TN TN YN T SN TN TN SN WA NN NN TN TN T SN SN T SN TN NN SN TN TN SN NN WO WO SO UM |

16932,

0 201275 2013.00 201325 2013.50 2013.75 2014.00 201425 201450 201475 201500 2015.25
YEAR

6 Hour Averaces Since August 2012 no significant gradient or
Wed Aor 8191047 2015 structures = CR not affected by Solar activity.... >

%))



Voyager 1

V1 H & He 2012/342-2014/365
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* Voyagerl measured for the first
time the IS (unmodulated) CR
spectra.

e Also measured electron and
higher charge nuclei (not shown)
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