Astroparticle experiment

1) Charged cosmic rays (CRs) and AMS-02 experiment

2) High-energy gamma rays: H.E.S.S. and Fermi-LAT

Goal of the lectures
- Selected topics and instruments in astroparticle physics
- Scientific debates (historical illustration with CRs)
- Complexity of data analysis (illustration with AMS-02)
- Variety of detection principles, ‘research activities’, etc.
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Astroparticle experiment 1

Charged cosmic rays (CRs) and AMS-02 experiment

I. Cosmic ray discovery
II. Cosmic ray puzzle: sources, transport...
III. CR experiments: overview

IV. AMS experiment: data analysis

V. Recent results
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Ionic conductivity of gas

Study of

atmospheric <

electricity

Natural
radioactivity

1785 — Charles Coulomb
Charge loss (“electricity dispersion”) occurs mainly through air

1879 — William Crookes
Speed of discharge decreases with P. ionization of air is the direct cause

1895 — Wilhelm Rontgen (Nobel 1901)

Discovery of X-rays (or Rontgen rays)

1896 — Henri Becquerel, Marie & Pierre Curie (Nobel 1903)
Discovery of spontaneous radioactivity

1897 — Joseph John Thomson (Nobel 1906)
Discovery of electron

1900 — Henr1 Becquerel
p radioactivity = electrons

1903,1914 — Ernest Rutherford (Nobel 1908)
a radioactivity = helium
y radioactivity = similar to X-rays but shorter wavelength

End of 19" century — J.J. Thomson

Electric conductivity of gasses increases with X-rays and radioactivity

Theory of 1onic conductivity of gasses

I. Discovery



Ionic conductivity of gas

1785 — Charles Coulomb

Study of Charge loss (“electricity dispersion”) occurs mainly through air

atmospheric < -
electricity 1879 — William Crookes

\ Speed of discharge decreases with P: ionization of air is the direct cause

[ 1895 — Wilhelm Rontgen (Nobel 1901)
Discovery of X-rays (or Rontgen rays)

1896 — Henri Becquerel, Marie & Pierre Curie (Nobel 1903)
Discovery of spontaneous radioactivity

1897 — Joseph John Thomson (Nobel 1906)
Natural Discovery of electron

radioactivity .
1900 — Henr1 Becquerel

p radioactivity = electrons

1903,1914 — Ernest Rutherford (Nobel 1908)
a radioactivity = helium
y radioactivity = similar to X-rays but shorter wavelength

Start of 20" century
— Radiation constantly ionizing the air
— Discharge of electroscope explained by very few ions in air
What is the nature of the unknown source of 1ons?

I. Discovery



Proof of an extraterrestrial radiation

* A decade of unrewarded efforts...

1902-1909 — Improvements of apparatus, data at ground, sea, mountain level... w/o shielding
Review of Kurtz (1909)

oyt '.ation from the earth’s : " Resolutely rejected
* radia T here; as improbable!

* radiation from space.

Electroscope: speed of
discharge related to

distance change between
the wires (microscope F)

* Tonisation constant with altitude (whereas decrease expected)

1909-11 — A. Gockel: 3 balloon flights @ 4500 m (unpressurised detector)
1909-10 — T. Wulf: electroscope + measurements at Eiffel tower
1909-12 — D. Pacini: underwater (require non-terrestrial radiation)

* Proof of existence: V. Hess (1911-1912) - “ultra-gamma radiation”

1911: First measure of y-ray attenuation in air, predict absorption for d>500 m
— “there should be other source of a penetrating radiation in addition
to y-radiation from radioactive substances in earth crust”

Chamder 1

(*~]
=
T

80
Chamber 2
1912: flights at # times, # atmospheric conditions (wind, pressure, T)

[3 Wulf electroscopes: (non-)hermetic, w/o shield (sensitive to y-rays)]

— “can be explained by the assumption that radiation of the big penetrating

ability is coming into our atmosphere from above and even its bottom layers”

s
o
T

lonization rate [lon pairs/{(cm®s)]

S
T

lonization rate [lon pairs/(cm?s)]

1 Kolhorster

Hess
7 4 6 2 4 6 8

... and confirmation by Kolhorster (1913-1914) Alitde o) Altude [k
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Characterization of the radiation

* First World War... delayed interest until 1921 (USA), 1923 (Germany)

* Another period of doubt... [Millikan = Nobel 1923]

1922 — Millikan & Bowen: unmanned balloons (15 500 m reached)
— High altitude radiation (10 km), but 4x smaller than expected

1923 — Millikan: absorption factor of high-altitude radiation in lead
— “The radiation for the most part nevertheless has a local origin”

1926 — Millikan & Cameron

Pushed for alternative explanation
* High altitude radioactive pollution
e Particle acceleration up to high
energies during thunderstorms

— “These rays do not occur from our atmosphere and consequently can be rightfully named by ‘cosmic rays’”

* Another heated debate: neutral (Millikan) or charged (Compton) particles?

1930s

— cosmic rays are charged particles

West—East CR asymmetry (Johnson, Seidl, Burbury, Fenton)
— the largest part of primary CR are positively charged particles

Latitude surveys (Clay, Compton, Rossi...) + Stormer’s theory (1910-1911)

I. Discovery



Human nature and ethics

* First World War... delayed interest until 1921 (USA), 1923 (Germany)

* Another period of doubt... [Millikan = Nobel 1923]

1922 — Millikan & Bowen: unmanned balloons (15 500 m reached) Pushed for alternative explanation
— High altitude radiation (10 km), but 4x smaller than expected * High altitude radioactive pollution
* Particle acceleration up to high

1923 — Millikan: absorption factor of high-altitude radiation in lead energies during thunderstorms

— “The radiation for the most part nevertheless has a local origin”

1926 — Millikan & Cameron
— “These rays do not occur from our atmosphere and consequently can be rightfully named by ‘cosmic rays’”

Ehe New York Times

VOL LJOOM . M 37579 Cewesstey 31 19083

* Another heated debate: neutral (Millikan) or charged (Compton) particles?

Clay (discoverer of latitude effect in 1927): "Mr Millikan [...] is violating the truth,
as he does, for his own profit, without any scruples"

MILLIKAN RETORTS
HOTLY 70 COMPTON

Alvarez (Nobel 1968, PhD student of Compton) on Millikan: “First of all, I do not [N COSMIC RAY CLASH
believe latitude effect, but if you really have this effect, then I first discovered it”

-

Rival  Theorists
to Session
's Scientists.

i

Debate
Brings
of

CR Romancing: The Discovery of the Latitude Effect and the Compton-Millikan Controversy
Historical Studies in the Physical and Biological Sciences 19, No. 2 (1989) 211-266 THEIR DATA AT VARIANCE
M. De Maria and A. Russo

New Findings of Mis Ex-Pupil
The Discovery of CRs: Rivalries and Controversies between Europe and the US e TITa B
Historical Studies in the Physical and Biological Sciences 22 (1991) 165-192 cschespen g
M. De Maria, M. G. Ianniello and A. Russo
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Opening the space age

PHYSICAL REVIEW VOLUME 73, NUMBER 23 FEBRUARY 1, 1948

The Cosmic-Ray Counting Rate of a Single Geiger Counter from Ground Level
to 161 Kilometers Altitude
J. A Vayn Actexn anp H. E. Tater®
Applied Physics Laboratory, Johns Hophkins Universily, Silver Spring, Maryland
(Received October 16, 1047)
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II. Cosmic ray puzzle: sources, transport...




Experimental milestones

Mountain altitude < 5 km CREAM balloon ~ 40 km AMS-02 (on ISS) ~ 300 km

CR Extensive o — TeV GW —
dischery shoTvers © ’l © leﬁre ¥ I|’ astronlomy \ll | ?
\J \J \J Yy v \J vy
- — >
1910 1930 1950 1980 2000 2020
- > > <«—>
e, u,m K, A Elementsup to U  'Be - *Mn

Cosmic rays < Particle physics } + Astromarticle ohvs
N : stroparticle physics
Particle physics Astrophysics p phy

II. CR puzzle




Charged vs neutral cosmic rays

* Neutral species
v Gamma-rays
v Neutrinos

— Astronomy

Two categories

Multi-messenger
approaches
Multi-wavelength
observations

* Charged species
v Leptons
v Nuclel

Observation types

point-like, extended, diffuse emissions

Fermi-LAT
(y-ray> 1-GeV)

30 orders of magnitude
A

source: Swordy — U.Chicago)

— Spectra & anisotropy maps
(diffusion/deflection in B)
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12 orders of magnitude II. CR puzzle



Cosmic ray sources?
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Transition galactic vs extragalactic
— CR sources and transport?
— Origin of spectral features, composition, anisotropy? IL. CR puzzle

Virgo cluster (ESO)




dN/dE (of nuclei) [1/(m2 srs GeV)]

Galactic CR data (E~10°-10" eV)

Elemental spectra

Energy units
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Rigidity R — 2_“ _ % —pnB [GV]  Magnet (AMS)
[
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En(=T) = 2
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— Origin of ‘universal’ power law (E>%)7
— Abundances of elements/isotopes?
— CR anisotropy (8<107)
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Bauch et al., AASR 53 (2014)

Antiprotons, e+, e-, gamma:

primary or secondary? I1. CR puzzle



dN/dE (of nuclei) [1/(m2 srs GeV)]

Galactic CR data (E~10°-10" eV)

Elemental spectra

104_ T IIIIII| T IIIIII| T IIIIII| T IIIIII| T IIIIII| T IIIIII| TrrTTiTyh
- (s s s e -
s Beringer et al., PRD 86, 010001 (2012) -
IO :_ QoO000og _:
T Hex 107 _ ]
L [ <] .
104k P g ]
E C x 107" %000, , o 5
i 0x 107 oqa:o%"“ iy ®e ]
= e ,. E
|0_¥'_— nooouo ﬁq}‘.:t, . Gg 5 ® ]
- NeX 107 ooy, e, 4 Sy, b, i 2 §
: -10 s . LT
012k Mg x 10 W00, °. i T % i
B ; _12 oo% G\%o c’n‘,._o ® e, =
- Six 10 ﬁh'noon Onb ‘DQ "‘\% bl 5
. Sx 107" oy ‘qv\g‘? LS
- -] -~ -~ b |
g Arx 10716 °°~Q_ oy, Y. k. 3
IU—QU:_ e ‘h‘.nuono b = Ob LI \%'hi _:
:: Cax 10 m.ﬂﬂononxﬁo -\&* Q?‘%} «.f ::
L o ~ 2N ]
10724L Fex 102! meg, ~—“w. 'n‘ S ]
. . : & .
E g, LI ~ =
- o AMS o HEAO-3 Vo i“{\ 3
_oF * BESS o CRN e TwCC E
107""F e CAPRICE = CREAM ey . E
- °JACEE TRACER ﬁ?@ 5
B e HESS w5 ]
[0-32L © ATIC i T
[ o RUNJOB ]
el ol Lol Lol Ll ol Lo

0.1 1.0 10.0 100. 103 104 105 106

Kinetic energy per particle (nucleus) [GeV]

— Origin of ‘universal’ power law (E**)?
— Abundances of elements/isotopes?
— CR anisotropy (8<107)

Protons and He
Vs
diffuse y-rays, pbar, e and "

Beischer et al. (2009)
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N.B.: rare CRs produced by H,He + ISM

— How well do we know the astro. production?
— Is it a good place to look for dark matter?

II. CR puzzle



Nuclear interactions and abundances

Galactic
wind

© Mark A, Garlick # space-art.co.uk
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Diffusion: secondary-to-primary ratio

© Mark A, Garlick # space-art.co.uk

Secondary species

21y 3 - B/C ‘é‘éi‘S-y’ to measure
(‘H, "He, Li-Be-B, sub-Fe)

and ‘abtmdant’

Génolini, Boudaud et al (2019)
Primary species P: source/diffusion ~ R***®

Secondary species S: (0"~ . P)/diffusion ~ R**?
— Secondary to primary ratio ~ ¢ . R®

II. CR puzzle


https://lpsc.in2p3.fr/crdb

Dark matter search: (1) tranport calibrated on B/C

Galactic
wind

Mark A. Garlick / space-art.co.uk

II. CR puzzle



Dark matter search: (11) “background” for rare channels

Galactic
wind

Mark A Garlick f space-art.co.uk

— Same propagation history for B/C, or pbar/p
(apply previously derived parameters)

II. CR puzzle



Dark matter search: (111) “signal” for rare channels

Universe (after Planck)
* 68.3 % dark energy

* 26.8 % dark matter

* 4.9 % ordinary matter

Galactic
wind

— Same transport but different origin AN

(from DM halo)

Milky-Way dark matter halo

—3p  * ~spherical halo

 radius ~300 kpc

Indirect detection

-
Stanc% Afk
matte/ /&atter
>

Production (colliders)

UOI}09)9P 10II(]

II. CR puzzle



Theoretical milestones

Transport parameters: K and & (diffusion normalisation and slope), L (diffusive halo size), V_(convection)

E gain/losses

Variation

CR
dischery

\/
—---
1910

Transport (diff+conv) LdtdSthphlL losses 5 \W Sources (prim+sec)
,__—/\_\
J b 2 | pinNi —
V- (K(E.DV)+ V- V@)V + Traa+ L) N + s (b N =cl— )
m; HIJ
Stellar CR streaming ]‘)1ffu51,o.n regime PIC-MHD
| thesi generate waves holds’ in strong .
nucleosynthesis in plasma B fields s1ms
. B field
Fermi Modern shock amplification
mechanisms wave acceleration in shocks
Extensive ) . — TeV .
shoTvers e ,l & leﬁise Y Il) astronomy v G|W 49
\J \J Y |V \J \ B\
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1930 1950 1980 2000 2020
- > = > «—>
e,un KA Elementsup to U  'Be - *Mn
Cosmic rays , Particle physics
= <: P y } + Astroparticle physics
Particle physics ™ Astrophysics
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III. CR experiments: overview




Last steps before detection... Solar modulation

1. Transport in the Galaxy
— Interstellar (IS) spectra

size ~ 30 kpc .

: e <t> ~ 20 Myr :
.8 P *s X 5 _ I

3 . .

 “3-. : ‘. "\ B
X Mg

Mark A. Garlick / soace-art.co.uk
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Galactic
Cosmic Rays

‘\ .

Bow Shock’

10
_ -Size Sy 1 OO AU Kinetic energy (GeV)

<t>~ a few years

| 2. Transport in the Solar cavity
| — modulate CRs (< 10 GeV/n)
[time-independent]  [time-dependent] 111. Detection



Last steps before detection... R cutoff

1. Transport in the Galaxy . 3. Earth magnetic shield
— Interstellar (IS) spectra ; — Cut-off rigidity R _(at Earth)

: __ size~30kpc i
St i < 20 Myr

& o e

size ~ 10* km

Mark A. Garlick / soace-art.co.uk

- A . e [ =10 ]
AMS — -~ I i % R Nt
AMS—01 proton data _..mag| regions: [0.9 — 1.0]

[0.8 — 0.9]
[o.7 — 0.8]
[0.6 — 0.7]

Galactic . ; - & [0.5 — 0.6]
Cosmic Rays e - — - / 1 1 J [0.4 — 0.5]
\ A . . A \ / W ) III,- ,-'I A |D.13' U."1|

> 4 P vocer 57 o . I . ks
o " /N ] - [0.2 — 0.3]

v [0 - 0.2]

Bow Shock’

size ~ 100 AU

50.0 100.0
<t>~ a few years

| 2. Transport in the Solar cavity
| — modulate CRs (< 10 GeV/n)
[time-independent]  [time-dependent] 111. Detection



Last steps before detection... atmosphere

1. Transport in the Galaxy : 3. Earth magnetic shield
— Interstellar (IS) spectra ; — Cut-off rigidity R_(at Earth)

size ~ 30 kpc I

TS <>~ 20 Myr B

_size ~ 100 AU
<t> ~ a few years

: 2. Transport in the Solar cavity
| — modulate CRs (< 10 GeV/n)
[time-independent] . [time-dependent]

Balloon (h~40 km)
Atm. ~ 5 g cm™

4. Atmosphere
— CR showers

II1. Detection



Detection: direct vs indirect

N 104
i:‘ 102'_ h Fluxes of Cosmic Rays
[ [ ME — .L.-ﬁx‘a
“Direct” CR detection (< 10" eV ~ PeV) <. 'B .« (1 porticle per m*~second)
* Detectors “above” atmosphere (balloon or space) " |- . Ground-based
* “Particle physics”-like detectors i’ e oce
L (Kascade, Auger...)
— Identification of CR nature and energy 19k e
- QQ (1 particle per m*—year)
1613:: PAMELA {-5.?& v
sf AMS CREAM
13 . 1) . 15 i
Indirect” CR detection (> 10~ eV) 5 CALET
—iaf
10k DAMPE
* Ground-based detectors b
10 b
* Use atmosphere as “calorimeter” 3 —
. =25 rti r km*— r .-
* Measure shower properties Ol - S SERR ST "
10'23r \II|‘1
1 RTTIT SRRTTTT MRTT MW, L
— Reconstruct CR most likely nature and energy N Y S IS 7 R - S St R

Energy (eV)
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Balloon-borne
experiments

MASS (1989-1991)

HEAT (1994-1995)
BESS (1994-2000)
ATIC (2000-2007)

TRACER (2006)

CREAM (2004-2010)

Scintillator

‘ Upper TRD

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO
OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

Cerenkov

‘ Lower TRD

oooooooooooooooooooooooooooooooo
OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

Silicon Det.

size ~ 1m

CAPRICE (1994-

Major GCR experiments

Magnetic Spectrometer
« Calorimeter »

Voyager (1976-...) —
HEAO3 (1979-1981)

IMAX (1992)

1998)
AMSO01 (1998)

FERMI (2008-...)

PAMELA (2006-2016)
AMS02 (2011-...)

CALET (2015-...)

DAMPE (2015-...)
ISSCREAM (2017-2019)
ALADINO, AMS-100 (2050)?

Experiments
n space

3

1

/ !

- —— A,-8cm?x 0.15mm
I -9cm? % 3mm

/EI 7 x6m
G\E: == —— (;- 9cm?x6mm
\
i

size ~ 3 cm

By - Bem?x 2mm

II1. Detection



IV. AMS experiment: data analysis

— slides adapted from L. Derome (LPSC)




Installed on ISS in May 2011
— Cireular orbit, 400 km, 51.6°
— Continuous operation 24/7
— Average rate ~700 Hz (60 millions particles/day)

More than 100 billion events so far!
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Installed on ISS in May 2011
— Circular orbit, 400 km, 51.6°
— Continuous operation 24/7 %

— Average rate ~700 Hz (60 millions pa il
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A(lpha) M(agnetic) S(pectrometer)

TRD
Identify e*, e

A TeV precision, multipurpose TOF
spectrometer in space. Z, B

*******

Identify e*,e-
E ofe*,e,y

=)
/
:

~1H
Gl 5m x 4m x 3m

7.5 tons

IV. AMS



A(lpha) M(agnetic) S(pectrometer)

Sub-detector redundancy

10° e Particle ID and its E (and/or R)
l ‘ e Calibration

210 * Control systematics

Charge reconstruction
with tracker and time-of-flight
20

RE
il ToF Char®®

Each analysis specific (flux/ratio, leptons/nuclei)—
* ID and E (or R) measurement
* Background from other particles

* Background from interaction in detector

30

+ rely on

- Beam test
- In-flight data
- Monte Carlo sims

IV. AMS



AMS data analysis: proton flux

F(R) =

N (R)

T (R) Ay (R) €

Z=1 Horizontal
particle

Accepted  Rejected

trig.

Trigger

High-Z

Accepted

(R) dR

e, Trigger efficiency

trg

TOF + ECAL Trigger

Accepted

0
T
3
i)
-
i)
@
—
0
-
e
Q
@
H
o
8
Rate o
8trg

Geographic latitude

-150° -100° -50° 0° 50° 100° 150°
Geographic longitude

AdouosToTIIFA

-150° -100° -50° 0°
Geographic longitude

50° 100 150° [\ AMS



AMS data analysis: proton flux

F(R) =

N obs.(R)
T,,, Exposure life time (s)
Texp. (R) Aeff. (R) gtrig.(R) dR
Re<5 GV Re< 13 GV Re < 60 GV

WA N
% oL  Low-R particles 3 ] 'Q’Q" "&\&0’0’0’&
& only access poles WA ,0' “““‘
g ; WYY WY
3 ke 000G OB, 5 SN

-100 0 100 -100 0 100 -100 0 100
Geographic longitude [°] Geographic longitude [°) Geographic longitude []
80000 —————T———————rr
H || — 03/08/2011
oo} H | |— 05/08/2011
e
L%i - — T o is R-dependent
20000 — T o varies with ¢ (ISS orbit)

10 100
Rigidity [GV]

IV. AMS



AMS data analysis: proton flux

N s (R)
F(R) =

(R) Ay (R) €

trig. (R) dR Aeff Effective acceptance (m? sr)

exp

* Differential flux (to measure)
dN

ME) = 40dsdidE / / 045 ~ =
Sa J (g

* Number of events N(E)
- crossing the detector surface S

Simple telescope (&=1)

- from all directions (solid angle €

- with detector efficiency & r,C

— for CR flux (cst & isotropic)

NseEZ
Ngen
AcCoen, =T 3.9% m?sr

/ / / / E+_ z,y,0,8)d0.dSddE’

Acc(E) = Accgen




AMS data analysis: proton flux

R Measured rigidity (GV)
Nobs (R)
F(R) =
exp (R) Aeff (R) gtrlg.(R) dR
.
Rigidity measurement B, =~014T
“Trace curvature in B” a 1/R L =~3m
N.B.: MDR=max. detectable R Zy = ~10 pm
MDR :~2TV \
g —rr
i U —
Uncertainty on R . e 2 (i
1 x 1_ | = }73
A () =cst=MDR § ' |—Protonmc— /7 g - :
R % - ® Test Beam 1 e I o
L=t T
_510-1¥/ 180GV | inml
AR R 2 o | ] y g
? — m v 1 10 102 103 L Tracke% } ECAL

Rigidity (GV)

IV. AMS



AMS data analysis: proton flux

R Measured rigidity (GV)
N obs.(R)

F(R) =
Texp. (R) Ay (R) Smg.(R) dR

0 L
Finite energy resolution E ifi/i‘jﬁ;’R =
— bias measured spectra Trfe Q — Measured
Unfolding necessary... Speb spectrum
-- — IR 1/R 1/R
10’ Response matrix : .
= < Deformation & MDR
G X — X |
: ) S
4, E z
Unfolding —
1k - i
1 10 10° 10° !
S S350 log(R) log(R)

IV. AMS



AMS data analysis: proton ﬂux

AMS-02 proton flux
Aguilar et al., PRL 114 (2015)
— based on 300 million events

.. and uncertainties

— most difficult part of the analysis
_, stat. uncertainties sub-dominant
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V. Recent results




Dark matter detection in CRs?

Stecker, Rudaz & Walsh, PRL 55, 2622 (1985)

15 (m?s~"sr'GeV ")
=

|T|l|| 1 f[l|TIII | T 1 11
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1

1 10
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Give me 3 possible conclusions
from this plot?

__ First pbar data

(ballon-borne)

Astrophysical
“background”
(secondary pbar)

Dark matter
contribution

(m =20 GeV)

V. Results



Dark matter detection with AMS-02?

Boudaud, Génolini et al. (2019)

"ﬁ‘; 10t e 4__h++ I
T
..:I:: ¥
A LM
o
-
L
5 4+ AMSG2 ()
.T — Baseline prediction
Ea 12} I Total uneertainties
Mif
|| =
e ==
o
E*— ==
Z
i
/ 1 Parents Transport
_aq 4 | NS Total
i 10 100 10
R [GV]
Antiprotons

— Seems consistent with astrophysics only

— Several groups working on X-sections




Dark matter detection with AMS-02?

c L Aguilar et al., PRL 110, 1102 (2013) i
% Accardo et al., PRL 113, 121101 (2014
£ Solar T 1l
S |, modulation
s |, effect % i T
w1
o
: 1
il
10—1 + a

A FERMI
O PAMELA
AMS-01

;pﬁi{

HEAT

CAPRICE98
CAPRICES4
B #* T593 e

lllJ L i ll.Ll.JlJ o il I.JI.J.]J.J i L i

1 10 10°
positron, electron energy [GeV]

Positron fraction, e, ¢" and e+e" spectra used to
test astrophysical and/or dark matter hypothesis

* Contribution from local SNRs/pulsars?
— e.g., Delahaye et al., A&A 524, A51 (2010)

* Dark matter hypothesis?

— e.g., Boudaud et al., A&A 575, 67 (2015)
[N.B.: no boost, Lavalle et al., A&A 479, 427 (2008)]

N.B.: see also e- and e+ in Aguilar et al., PRL 113, 121102 (2014)


http://adsabs.harvard.edu/abs/2013PhRvL.110n1102A
http://adsabs.harvard.edu/abs/2014PhRvL.113l1101A
http://adsabs.harvard.edu/abs/2014PhRvL.113l1102A

Unexpected results: breaks

— Spectral break at ~ 300 GV
— Different slope H and He

><1 0’

1 5 X1 O LI I ] ] ] mrriri I ] ] ] rmrrri I 6-0
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S 4 e _
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010 --26 . Teng *”‘*‘m . —4.0
e T : e ~upexpected |
& T ¢ l T
! 4 . He e
E e LT LA %M
— -+ oot Currap, =20 ___ unexpected
. got 8000000, eNtmom.; - ----

N 5-|-13 . Models 2.0
lm -1- ¢ o' 'Q..‘ Li -
X T R m’;’“n .V |

X :° C
S 7 e
LL +: .o Momentum/Charge [GV] Odg/s expected_
0 (] ..l L L Ll L L1 I [ L L L1 L 11 I 1 1 1 Ll L Ll I L 0
1 2345 10 20 10% 2x10? 10% 2x10°
— Break seen 1n all data Aguilar et al.,

(primary and secondary species)

— most likely transport (not source spectrum)
[coupling CR/B/gas via MHD]

PRL 120, 021101 (2018)


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.021101

Conclusions

— A bright present (and near future) for HE cosmic-rays

ISS - CREAM CALET

AMS JEM - EUSO
&

Alpha Magnetic Extreme Universe Cosmic Ray CAlLorimetric Electron | ) T
Spectrometer Space Obsevatory Energetics and Mass Telescope DAMPE satellite
Installed in 2011 Proposed ~2021 Installed in 2017 Installed in 2015 Launched in 2015

... and a lot of theoretical work to understand the data!

For more on CR phenomenology,
play with the propagation code USINE

https://Ipsc.in2p3.fr/usine/



https://lpsc.in2p3.fr/usine/
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