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AMS is observing charged comsic rays in the
O(GeV)-O(TeV ) energy range

e*,p (<<1%)

AMS has collected

208,592,047,799

cosmic ray events
Last update: September 5, 2022, 8:35 AM
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AMS-02: OBJECTIVES

> Primordial antimatter search (anti-nuclei) with sensitivity of 10-°

Dirac’s Nobel Speech
“We must regard it rather as an accident that the Earth [...] contains a
preponderance of negative electrons and positive protons. It is quite
possible that for some stars it is the other way about.”

> Indirect Dark Matter search (e+ p, ...)

Ordinary matter

Dark Matter

| 27%
Dark Energ

68%

Sy
B0 +
SR
S
2!
P~
o +
DA

x

Xtx<ptp
Production

> Improving the knowledge about CR source, acceleration and propagation in the Interstellar Medium
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AMS-02: OBJECTIVES

PROTONS AND NUCLEI FLUXES RARE COMPONENTS OF CRs (e, e*, p, ...)
» 1 electron every 102-103 protons

» 1 positron every 103-104 protons

« 1 anti-proton every 104 protons

Protons - Chance of selecting a proton randomly: ~90%.
nuclei - “easily” selected by charge value

Major challenge: a correct measurement of the charge.

What is needed?

—> Particle identification and E measurement up to TeV:
> e/p separation at the 10 level by means of independent detectors
> Z: redundant measurements to evaluate fragmentation along the detector
> Charge sign: matter to anti-matter separation (magnetic field!)

—> Statistics
> Acceptance & efficiency: size
> EXxposure time: space

Maura Graziani IPA2022 05/09/22 - 4



AMS-02: A TeV precision magnetic spectrometer in space

Time Of Flight
Z

i i
- o 15

i ‘Iﬁw"-u‘

Transition Radiation Detector
Identifies e*, e-

op=1.2%
OTime=48pS

e of 20 Layers

Z, Rigidity=p/Ze

< f

Charged Particle

[

y-side strip

Ring Imaging Cherenkov : I/L

Zp o
Isotopic composition &

Intensity > Z2







PRIMARY COSMIC RAYS NUCLEI > Directly fr_om their sources-

Informatlon about
CRs sources s
CRs acceleratlon mechamsm

Interstellar medlum (ISM)

Fa ;ﬂ_:c::.;. .
. o0 S WY o
' NGRS Fl ¢
% t 3

Each nuclel (| e. charge)/bas dlffrent

Cross sectlon wﬂ/b;the ISM

9 Differen’t»ilint'ormation!



PROTON AND HELIUM FLUXES
x10°
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Protons e AMS 10 Years 1.12 billion events - Helium CREAM
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Kinetic Energy (GeV)
AMS provides the most accurate He measurement in the energy range 1 GeV to 1.6 TeV

Traditional Understanding of CR flux: Single power law ® ~R ~/

- Both p and He fluxes show a clear break in the power law around ~ 300 GeV
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He, C, O, Ne, Mg, Fe & Si FLUXES

All nuclei fluxes cannot be decrbed by a single power law Ne, Mg, Si
— . S — # He, C, O, Fe
L o He/40 -
o ClA.7 .
0~ . om. Mgt -1 |Ne, Mg, Si ‘ He, C, O, Fe\

Fex1.3

| ) \ /
2 different classes of primary RC,
RN =

caracterized by a different rigidity
dependency

With AMS-02 is the first time that

Flux x R [ m2s7sr!(GV)'"7]
N
o

10— —
- - we observe this behaviour
| 2 2 a3 221 2 n
10° 2x10° _ 10° 2x10° Unexpectedly, Iron is in the He, C, O
Rigidity R [GV] primary cosmic ray group
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SECONDARY. COSMIC RAYS NUCLEI > Produced by the collision of primary
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SECONDARY COSMIC RAYS LI, BE, B & F FLUXES
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The secondary fluxes a
exhibit a spectral
hardening at 200 GV as
do the primary cosmic
rays

Secondary and primary
Cosmic rays have
distinctly different

spectral shapes

Secondary Cosmic Rays
also have two classes
above 30 GV
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SECONDARY NUCLEI AND THE SPECTRAL HARDENING ORIGIN

R~7 /I & R~ 3
10° b - 10° b S
5 5 N
L Lo
5 E
= 1071 E = 1071 E
&~ - & =
a2 = R4 n
== injection [ ====injection
—=== primary after diffusion D & R~ === primary with a break in D
=== secondary === secondary
10—2 L1yl L ranuld L1 1111 10—2 Ll L rrnnd L1 111l
10° 10! 107 10° 10° 101 107 10°
R [GV] R[GV]
If the hardening in CRs is related to the injected If the hardening is related to propagation properties in
spectra at their source, then similar hardening is the Galaxy then a stronger hardening is expected for
expected both for secondaries and primary cosmic rays. the secondary with respect to the primary CRs.
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SECONDARY TO PRIMARY RATIO

LVC Flux Ratio
a
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10° 2x‘.l03.

M. Aguﬂar et aI Phys Rev Lett 120 (2018) 021101
1

Be/O Flux Ratio Li/O Flux Ratio

B/O Flux Ratio

I
:......-\ y Li / O
E ,‘“H\i ]
iy
I Ay=0.19+0.06] ! {»1[
I ]
Rigidity R |GV]
102 el PP | PRI |

e |

”i*iﬂ‘}}i
Ay =0.15£0.07 H

L3 I

10" ,é...---"'\-...,,\ [ Be/o —

_Rigidity RfGv]

e
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B/O

Rigidity RIgVI

b

1

34 10 20 10%2x10?

10° 2x10°

Which is the origin of the specitral
index change ~200 GV?

Above 192 GV all six secondary-to-
primary flux ratios harden.

Average hardening of 0.145 + 0.022 is
observed, with a significance: 6. 5o

Secondary hardening is stronger
respect to the primary one

This favors the hypothesis that the

flux hardening is an universal
propagation effect.
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Protons
Hellum




RARE COMPONENT OF CR e e, '*antl p _:TQ e i;'i_-__:-a e

Supernovae
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ELECTRON AND POSITRON SPECTRA BEFORE AMS
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Positron Spectrum

IPA2022 05/09/22 -

16



LATEST ELECTRONS AND POSITRONS RESULTS
250

200
AMS

50 million
electrons

3.4 million 150
positrons ¢

B
e d

Y 100

o0

Energy [GeV]
0 0

L 10 100 1000
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ORIGIN OF COSMIC POSITRONS

Positron flux cannot 25 -
be described by a _ o AMS 3.4 million positrons Model
single power law... = 20 . — of cosmic ray collisions + + +
1:9, : Astrophysical Joumal 729, 106 (2011) ++* } It
77 B st
Low energy NE 15 — 1»:1' ?
positrons mostly ¥ - - M . $
come from cosmic 8 10 °
ray collisions — -
" T
w -
High energy _
positrons? B
0

1 10 100 1000
Energy [GeV]
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ORIGIN OF COSMIC POSITRONS

Positron flux is well described by sum of low-energy part from cosmic ray collisions plus a high-
energy part from pulsars or dark matter., which dominates at high energies

2
¢e+ (E) = % [Cd (E/El)Yd + C (E/Ez)ysexp(_ E/Es)]

Collisions Pulsars or Dark Matter

o AMS positrons H
— Fit

More information about this source?
« Anisotropies
* antiprotons

 Electron flux

* Higher energies

L 10 100 1000
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POSITRON ANISOTROPIES

Astrophysical point sources will imprint a higher anisotropy on the arrival directions of energetic
positrons than a smooth dark matter halo.

Dipole anisotropy: C; is the dipole moment

North-South
direction
Egst—V\(est Forward-Backward
direction

Pulsar direction

Events/pixel

For 16 < E <500 GeV currently at 95% C.L.: 0 <0.0150
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ELECTRON FLUX

- (E) = SE)[Ca(B/Ea)™ + Cy(E/Ep)"" + 7.CS (E/E,)" exp(~E/ES)]

250

© 200

®
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Power law a Power law b

Ry « AMS electrons

Z
/
)
f Fit result
]
[y

N fs71:30%061

1 10 100 1000
Energy [GeV]
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positron-like source term

Electron spectrum favors the
contribution of the positron-
like source term (@95%C.L.)

|

charge-symmetric nature
of the high energy positron

source term
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ANTIPROTON-TO-PROTON RATIO

The antiproton-to-proton flux ratio shows unexpected energy dependence distinctly different from
antiprotons from collision of cosmic rays

p/p flux ratio
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p from collision of cosmic rays
G. Johannesson et al 2016 ApJ 824 16

100 200 300 400 500
|Rigidityl [GV]
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A SAMPLE OF RECENT THEORETICAL MODELS EXPLEINING AMS DATA

DARK MATTER

ASTROPHYSICAL
SOURCES

PROPAGATION

Maura Graziani

Positrons
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Installation of one additional
sylicon tracker layer (~7 m?):
layer 0 (LO)

* Acceptance X3

Flight Support Structure

L —

Layer-1
Bridge-Latches

TRD
Bridge A'

Brackets &8 L

20" AMS-02 202 AMS-02.01 202 AMS-02.02
InstalledOnISS 1°Upgrade:UTTPS 2°Upgrade:L0
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CONCLUSIONS

« AMS is providing simultaneous measurements of different cosmic ray species with O(% )

accuracy in an extended energy range

* new phenomena are being highlighted by these measurements whose nature will be further

clarified as more data will be collected by the experiment.

AMS-02 will continue to take data until the end of ISS mission (currently set to 2030)...

| Positron flux up to 2 TeV and electron flux up 3 TeV:
— the positron-like source in the electron flux will be established at 4c level | | . .5 . Vatter
- |[Improving the measurment of antiproton-to-proton ratio search

| Positron anisotropy: pulsar exclusion @99.93% C.L.

| First measurment of nuclei with high Z (=15) for R=35GV | Understanding of the Interstellar Medium
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Solar physics



& Low energies (E<30 GeV)
- Solar Modulation of Cosmic Rays (CR)

‘ Voyager: 1
B>0.3uG 5
3 s E E
S A 4
¥ © g
pa— m
S g
%) =
g T 3
(3]
&
v an an
\[%iager 2 1984 1989 1995 2000 2004 2009
« Large time scale effect (~11 years);
« Small time scale effects (~days);
« Depends on CR mass, charge and energy;
Pgar

Knowing the solar modulation of CR:

Galactic CR - correct undesrtanding of galactic CR

> Space weather Maura Graziani
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Why electrons and positrons?
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Electron and Positron fluxes in time

positron flux (m sr s GeV)”
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At = 27 days

Both fluxes exhibit

profound short - and

long - term variations.

The short-term
variations occur
simultaneously

in both fluxes with

approximately the same

relative amplitude.

Maura Graziani
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Charge sign-dependent effects

0.22
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[1]: analytical model by Gleeson & Axford 1968. Modulation potential ® from NM; e+/e- LIS from Bisschoff et al. Apj 2019
[2]: FF with charge sign dependent effect. e+ /e- LIS from Bisschoff et al. Apj 2019. Solar Parameters constrained with AMS-02 p and antip

[3]: SolanPropbased 2D model from Tomassetti PRD 2015. e+ /e- LIS from Bisschoff etal. Apj 2019. Solar Parameters constrained with p data
[4]: Semianalitical charge sign dependent 2D model from Kuhlen & Mertsh PRL 2019. Model constrained with AMS-02 data on e+ /e- between 2011 and 2017

At = 27 days

All four models fail to
reproduce the long term
dependence of AMS
positron ratio.

AMS-02 data provide
novel information on the
e* and e flux time
dependences.
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Summary

electron v.s. proton electron v.s. positron positron v.s. proton
Different mass, opposite charge Same mass, opposite charge Different mass, same charge
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Electron and positron



Transition energy for positrons
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Origin of Cosmic Electrons

Traditionally, Cosmic Ray
spectrum is described by a power
law function.

Change of the behavior at ~50
GeV and at ~1 TeV

Fit to data

CEV, E < Eo]

P, -(E) =
e~ (£) CEY(E/Ey)%,E > E,.

A significant
excess at
E;=49.5+5.6 GeV
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AMS.02.02 — The Upgrade effect on electron measurement

The upgrade will extend the energy range of the electron flux measurement from 2 TeV to 3 TeV and
reduce the error by a factor of two.
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AMS.02.02 — The Upgrade effect on electron measurement

The upgrade will establish the charge-symmetric nature of the high energy positron source term
@99.994% C.L.

B (B) = S(B)|Ca(B/Ea)™ + Co(B/E,)" + 1.5 (B/E,)" exp(— E/ES)]
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Pand He may have same spectral index at highest rigidites ngldlty (R) [GV]
Physics Reports, 894, 1 (2021) :
AMS found that proton flux have two components,
one is like Helium and another is unique to proton flux.
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ray nuclei with Z>14 will allow AMS to study
', propagation properties in the Galaxy at different
-f" * distances. The precision

: “ AMS data will provide the most comprehensive
information on the cosmic ray propagation
model.

The effective propagation distances
for p, He, C,and Fe for 1 GVrigidity.
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Latest AMIS Results: Sulfur Rigidity Dependence
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Sulfur belongs to the samg’tiass’as Ne, Mg, and Si.

102 2><1O2

0.1

0.2

| —— Fitto o« R° R>6 GV 5=0.006+0.006 =

ngldlty [GV]

o e aaaal M

345 102 2><102 10° 2x10°
50 x10°

[ —— Fitto « R’ R>86 GV 5=-0.054+ 0.024 y2= 18 .
40 |- .
30 T ——

-3 \\
20 |-
10

C ngldlty [GV]

345 10 20 102 2x102

44 24



3{) ' oo R ) ) oo Ty

N o He/140

=

» 0/5.1
e Fex1.3

®@ > O O

20

i ?
(‘.‘J@m-h 4’
10 Raa W ¢ 4B‘i'
L A Aﬂ'lh
o Lix14 Bidaia s ;
o Bex2.8

Flux x B [ m2s'sr! (GV)"]

30 40 102 2x10? 10°
Rigidity R [GV]

05/09/22 Maura Graziani

2x10°

45



