Elementary particles and nuclei measurements
with the Alpha Magnetic Spectrometer Experiment
on the Internationa\l Space Station (ISS)
\

% ,l -~

' ]?40_241_0. x> g‘h’w;_ &=
= BT T -

SR Sk

“')

Q. Yan/ MIT

PANIC2017, Beijing



There are two kinds of cosmic rays traveling through space

A. Neutral cosmic rays (light rays and neutrinos) can be measured with
satellites and large ground-based and underground detectors

B. Charged cosmic rays: The Earth’s atmosphere is equivalent to 10
meters of water. The properties of charged cosmic rays is difficult to be
measured on the ground. AMS, on the Space Station, is a large-
acceptance, long duration magnetic spectrometer directly measuring
the original properties of charged cosmic rays.

Light rays



Complementary Cosmic Ray Experiments
The Pierre Auger Observatory | Telescope Array
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AMS: A TeV precision, magnetic spectrometer

Transition Radiation Detector Particles and nuclei are defined by their

Identify e*, e charge (Z) and Time of Flight
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AMS installed on the
ISS at 5:15 CDT May
19, 2011
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>100 billion events has been collected by AMS

during its first 6 years operation
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Dark Matter

Annihilation of Dark Matter produces additional e*
which are characterized by a sharp drop off at the mass of dark matter.
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E° Flux [GeV*/(s st m? GeV)]

Electron and Positron flux

(before AMS)
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Electron Spectrum

AMS Results on the Electron and Positron fluxes

The electron flux and the positron flux are different
in their magnitude and energy dependence
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Positron Spectrum
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The origin of the positron spectrum

The AMS results are in excellent agreement
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2024: Extend measurement to 1 TeV
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By 2024 we will be able to understand the origin of this unexpected dat.a1|f1



() Anisotropy of et

Astrophysical point sources like pulsars will imprint
a higher level of anisotropy on the arrival directions of

0.03
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(GeV cm'zsr'1s'1)

E2dN/dE

Elementary Particles in Space

Energies and rates of the cosmic-ray particles

' ' ' CAPRICE +—&—i
: BESSeS - o
10° | protons only A .
faneta | There are hundreds of different
Cheno a kinds (u, m, K, A,...)
all-particle Tien Shan +——x— .
102 oot | wsu —— 1 of charged elementary particles.
oot CASA-BLANCA +—=—
y X DICE
OSitrOnSXx ' C'_;ESGQ :E:: -
Z MRk, k. o TIiEbet - Only four of them,
L 4 A=
Sl y electrons (e-), protons (p),
: N n, HRes —— | positrons (e+), and antiprotons (p),
6 L ntior n 8 - . . - = =
107 | anfiprofons have infinite lifetime,
so they travel in the cosmos
10° | - forever.
-10 ! ] ] ] 1
10 10° 102 104 10° 108 10" 10%

Exin (GeV/particle)

16



Proton Spectrum

y ﬁ2.7
S N
o

[m2srisec! GV'7]

Flux

—h
=

—
N W

b
b

o O

III|IIII|IIIIIIIIIIIIII_T_I.__I._IIIIIIIII_

AMS Result on the Proton flux

—
——
——

300 million protons

Rigidity [GV]

“*+, Unexpected

O
« AMS

II4I|IIIIIIIIIIIIIIIIIIIIIIIIIIIIII

—
o

10°

10% 17



Flux x B [m2srisec? GV']
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PAMELA Measurements of Cosmic-Ray Proton and Helium Spectra

® SCience 0. Adriani et al.

Science 332, 69 (2011);

DOI: 10.1126/science.1199172
PAMELA: “At 230 to 240 GV, the proton and
helium data exhibit an abrupt spectral hardening.”

e AMS PRL 114, 171103 (2015): “In particular,
the spectral index progressively hardens
with rigidity above ~100 GV.”

This is unexpected.

*y

b R C’ed —

Rigidity [GV]

™
{ i BRI b

10

102 10°



ba'ékground rejectlon close to 1 ina mllllon



The Spectra of Protons and Antiprotons:
If p are secondaries, their rigidity dependence should be different than p:

p+ISM->p+...

Unexpectedly p and p have the same rigidity dependence.
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Unexpected Result: The Rigidity Dependence of Elementary Particles e*, p, p
are identical from 60-500 GV.
e has a different rigidity dependence.
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Entries

Cosmic Nuclei
AMS has seven instruments which
independently identify cosmic nuclei
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TV, precision magnetic spectrometer for CR
Nuclei measurement
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Measurement of nuclei cross sections by AMS

The detector components are mostly made of Carbon (C) and Aluminum (Al).
The inelastic cross sections of N+ C, N+ Al are only measured below few GV
(He, C, O ) or not measured (Li, Be, B, N)

L2 L3,4 L56L7,8

R

AMS measured the Survival Probabilities during “Horizontal” runs [~10° sec
exporsure] in which CRs can enter AMS both right to the left and left to the right.

Most importantly, by flying horizontally, AMS was able to make Interaction
cross sections measurements which were not available from accelerators.
24



AMS measured He + C inelastic cross section
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AMS Nuclei + C Inelastic Cross Section
measurements average in 5-100 GV
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Primary Cosmic Rays (p, He, C, O, ...)

Primary cosmic rays carry information about their original spectra and
propagation.

Secondary Cosmic Rays (Li, Be, B, ...)
C 0O,.. Fe+ISM - Li,Be, B+X

Secondary cosmic rays carry information about propagation of primaries,
secondaries and the ISM.




The AMS Result on the Helium Flux

The Helium flux cannot be described by a single power law.
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Helium

PAMELA: “At 230 to 240 GV, the proton and helium
data exhibit an abrupt spectral hardening.”

AMS result: “spectral indices progressively
harden with rigidity above 100 GV.” — Thisis ® AMS

unexpected.
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The AMS Result on the Proton/Helium Flux Ratio

Protons and helium are both “primary” cosmic rays.
Traditionally, they are assumed to be produced in the same sources
and, therefore, their flux ratio should be rigidity independent.
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Spectral Index Rigidity Dependence Proton and Helium

The spectral index varies with rigidity. In particular, the spectral
index is progressively hardening with rigidity above ~100 GV.
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Li Flux x Ex” [ m™2s-'sr-1 (GeV/n)']

The AMS Result on the Lithium Flux
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The spectra of Protons, Helium and Lithium do not follow the traditional
single power law.
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The spectra of Oxygen, Carbon and Nitrogen do not follow the traditional
single power law.
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Extraordinary Properties of Primary Cosmic Rays: above 60GV, the spectra
of Helium, Carbon, and Oxygen have identical rigidity dependence
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The flux ratio between primaries (C) and secondaries (B)
provides information on propagation and the ISM

Cosmic ray propagation is commonly modeled as a fast moving gas
diffusing through a magnetized plasma.

At high rigidities, models of the magnetized plasma predict
different behavior for B/C = kR®.

With the Kolmogorov turbulence model 6 =-1/3
while the Kraichnan theory leads to 6 = -1/2.



The AMS Result on the Boron-to-Carbon (B/C) flux ratio
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Propagation Models to explain the AMS Positron
Flux and Positron Fraction Measurements

R. Cowsik et al., Ap. J. 786 (2014) 124, (pink band)

explaining that the AMS positron fraction (gray

circles) above 10 GV is due to propagation effects. The AMS B/C flux ratio
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Flux Ratios: Beryllium-to-Boron and age of cosmic rays

1'Be 2 1B+ e™ +V,

The 1°Be half-life is 1.4x10° years.

The Be/B ratio rises with energy due to
relativistic time dilation. Be/B provides

information on
the age of cosmic rays in the Galaxy.
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The AMS Result on the Beryllium-to-Boron flux ratio
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With increasing statistics through 2024, we will measure
the elements up to iron and beyond.
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Antimatter in Cosmic Rays

AMS in Space

The Big Bang origin of the Universe requires

matter and antimatter
. to be equally abundant at the very hot
beginning

,gg .

fundamentally change the understanding of
the universe

Anti-Universe ¥

?
AMS Anti-nuclei indepth search is on going!



Conclusions and Perspectives

1. The AMS measurements of the fluxes of electrons, positrons,
protons, antiprotons, helium, and nuclel is providing new,
precise, and unexpected information.

2. The accuracy and characteristics of the data, simultaneously

from many different types of cosmic rays, will soon
determine the true nature of the new phenomena we observe.

3. AMS physics for the lifetime of the Space Station
Accurate measurement of Cosmic Rays including:
a. Continue the study of Dark Matter
b. Search the Existence of Antimatter
c. Search for New Phenomena, ...



