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Physics of Charged Cosmic Rays

C‘:D. Anderson

1912: Dlscovery of Cosmlc Rays 1932: Discovery of positron

Discoveries of
1936: Muon ()
1938: 102 eV CR
1949: Kaon (K)
1949: Lambda (A\)
1952: Xi (=)

1953: Sigma (2)

Cosmic Rays with energies of 100 Million TeV have been observed.
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Search for Antimatter in Primary Cosmic Rays

A. BUFFINGTON, L. H. SMITH, G. F. SMOOT &
L. W. ALVAREZ

Space Sciences Laboratory, University of California, Berkeley

M. A. WAHLIG

Lawrence Berkeley Laboratory, University of California



AMS is an International Collaboration

It took 650 physicists and engineers 17 years to build AMS

NETHERLANDS
ESA-ESTEC
NIKHEF
USA
MIT - CAMBRIDGE FRANCE
NASA GODDARD SPACE FLIGHT CENTER LUPM MONTPELLIER
NASA JOHNSON SPACE CENTER LAPP ANNECY ;
UNIV. OF HAWAII LPSC GRENOBLE ¢
UNIV. OF MARYLAND - DEPT OF PHYSICS
PORTUGAL
LAB. OF INSTRUM. LISBON
SPAIN
CIEMAT - MADRID
I.LA.C. CANARIAS.

MEXICO
UNAM

BRASIL

IFSC — SAO CARLOS INSTITUTE OF PHYSICS

FINLAND
UNIV. OF TURKU
UNIV. OF-OULU RUSSIA
ITEP
ST KURCHATOV INST.
RWTH, AL
KIT - KARLSRUHE
UNIV. OF KIEL
' ' KOREA
EWHA
i KYUNGPOOK NAT.UNIV.
CHINA
1 TURKEY CALT (Beijing)
- METU, ANKARA IEE (Beijing) o
IHEP (Beijin
SWITZERLAND i (B:ijir?;)
ETH-ZURICH SJTU (Shanghai)
UNIV. OF GENEVA SEU (Nanjing)
SYSU(Guangzhou)
SDU (Jinan) TAIWAN
ITALY ACAD. SINICA
asl (Taipei)
IROE FLORENCE CSIST (Taipei)
INFN & UNIV. OF BOLOGNA NCU (Chung Li)
INFN & UNIV. OF MILANO-BICOCCA NCKU (Tainan)
INFN & UNIV. OF PERUGIA
INFN & UNIV. OF PISA
INFN & UNIV. OF ROMA
INFN & UNIV. OF TRENTO

The detectors were constructed in Europe and Asia and

assembled at CERN, Geneva
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+ NASA Presents: AMS - #69 {¢re
The Fight for Flight 2017)

1h 3min Documentary 17 October 2017 (USA)

NASA has produced a documentary about the Alpha Magnetic
Spectrometer (AMS), a particle physics experiment on the
International Space Station. The film covers the history of this ...

Edit

Storyline

NASA has produced a documentary about the Alpha Magnetic Spectrometer (AMS), a particle
physics experiment on the International Space Station. The film covers the history of this
revolutionary experiment and the man behind it. Originally proposed in 1994 by Samuel Ting,
a Nobel laureate and MIT Professor of Physics, and built by over 600 physicists and engineers
all over the world, the Alpha Magnetic Spectrometer is by far the most complex physics
experiment ever launched into space. The goal of the instrument is to help researchers unlock
the mysteries of antimatter and better understand the structure of our universe. While still
under construction, the AMS experiment suffered a major setback because of the Space
Shuttle Columbia tragedy in 2003. Soon after, the decision was made to cancel the space
shuttle program, and as a result the AMS was removed from the manifest. After ten years and
$1.5B spent, there would be no ride to the space station. This film tracks the AMS's 23 year ...
Written by National Aeronautics and Space Administration




The physics of AMS on the Space Station:
Study of Charged Cosmic Rays

Charged cosmic rays have mass.
They are absorbed by 100 km of
Earth’s atmosphere (10m of water).

To measure their charge and
momentum requires a magnetic
spectrometer in space.
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AMS on ISS provides long

term (20 years) precision

measurements of charged
cosmic rays.




“Its time we face reality,

my friends....

We re not exactly

rocket scientists.”




The AMS-01 Detector

Approval: April 1995, Assembly: December 1997, Flight: 10 days in June 1998
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AMS is a space version of a precision detector

Fransition Radiat used in accelerators
ransition rRadiation Time Of Fliaht

Detector (TRD) Detector (TOF)
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300,000 electronic channels,
650 fast microprocessors

5m x 4m x 3m -

7.5 tons : 0




Transition Radiation Detector (TRD) built by RWTH:
identifies Positrons and Electrons, rejects protons to <1 in 1000
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Precision — CAT scan using vertices

Layer
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Vacuumcast

Primary Ol
particle TAS
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Tracker stable to 2 microns over eight years
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Outer tracker stable to 2 micron over 8 years

Maximal Detectable Rigidity — 2TV for Z=1 particles



Ring Imaging CHerenkov (RICH)

Measurement of Nuclear Charge and its Velocity to 1/1000
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Electromagnetic Calorimeter (ECAL) to measure
the highest energy electrons in space with ~2% accuracy

Lead foil ) One of 1296 cells (9x9 mm?)

A S S DG s S E S e S S A AS S SSSSS S 8 a8

A precision, 17 X,, TeV, 3-dimensional measurement of the
directions and energies of light rays and electrons



AMS is a unique magnetic spectrometer in space

Matter Antimatter
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Cosmic rays are defined by:
Energy (E in units of GeV)

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



Calibration at CERN

with different particles at different energies

400 GeV/cTestBeam Data

—— 400 GeV/c Simulation ~

Measurement - Prediction
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-0.01 0 0.01




‘May 16, 2011, 08:56 AM \
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Total weight: 2008 t
AMS weight: 7.5t



/' AMS installed on the ISS

' Truss at 5:15 CDT and
taking data since 9:35 CDT
May 19, 2011




POCC at CERN in control of AMS since 19 June 2011
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Payload Operations
- and Integration Center,
. MSFC, Huntsville, AL

4

Mission Control Center,
JSC, Houston, TX



LAT =-37.6 INC =51.6
ALT =230.0 D/N: 0:45:57
LON=-52.5 BETA=67.3
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AMS on ISS
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AMS Operatlonsv |

Astronaut at VB

(LR R ]
] \ sassumssm
.......

llllllll

DRS Satellites

\\\\\

,,,,,,,

< Ku-Band

< Events <10Mbit/s>
<+ S-Band

Commanding: 1 Kbit/s
Monitoring: 30 Kbit/s

IS

| e —
e ——
1]
)]
B A
\ “y
A g
' nu+
J11)
Y.,

White Sands Ground
Terminal, NM

AMS Payload Operations Control and
Science Operations Centers
(POCC, SOC) at CERN AMS Computers
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s Low Rate (up & down):
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Unique properties of AMS:

Measurements above Accuracy of
test beam rlgldlty the r|g|d|ty scale
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The accuracy of the rigidity scale is found to be 0.033
TV-1, limited mostly by available positron statistics.
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AMS Physucs Results: -
on the Orlglns of Cosmlc P05|tron;

VNew Astrophy5|cal Sou/rces Pulsars, ... " . - o~ | «/‘ i

Protons,
_Helium, ...

Positrons,
antlprotons
r mCoIhsrons

A

Dark Matter

~ Positrons,
antiprotons .
from Dark Matter

&
EIectrons / ‘

Dark Matter .
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Cosmic Electron and Positron spectra before AMS
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The data have created many theoretical speculations.
Standard assumption was (PDG):

Flux=C- (Energy)y Y is the Spectral Index



Comparison with other recent measurements
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Towards understanding the origin of cosmic ray positrons
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CEV, E < Eo,

Fits of the datato @, +(F) = CEV(E/EO)A”, E > E,.
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The Origin of Positrons

Low energy positrons mostly come from cosmic ray collisions

25 B i I 1 1 1 T 1 il I 1 1 1 T 1T 1 I 1 1 1 LB I _
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= 20 __ Model based on positrons from * _'
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The positron flux is the sum of low-energy part from cosmic ray collisions plus

a high-energy part from a new source or dark matter both with a cutoff energy E;.

Collisions New Source or Dark Matter

@+ (E) = [Cd(E/El)Vd +C5(E/Ey) exp(~ E/E,)|
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At high energies positrons come from
dark matter or new astrophysical sources with a cutoff energy E..

E? Vs o
P+ (E) = =5 | C5(E/E2) " exp(~ E/Ey)
25 LI I I I I LI I I I I I i I I I LI I

* AMS positrons (data-collision term)

The cutoff energy E, = 810333 GeV
is established with a confidence of +
more than 99.99%.

1 10 100 1000
Energy [GeV]



Positrons from Pulsars

1. Pulsars produce and accelerate positrons to high energies

without a sharp cutoff.

2. Pulsars do not produce antiprotons.

Magnetic field lines

35



AMS Physics Results:
Antiproton data show a similar trend as positrons.
Antiprotons cannot come from pulsars.
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Dark Matter

__CoII|S|on of Dark Matter produces posﬂrons and antlprotons

Dark Matter partlcle have mass M and they move sIowa
~ Before coII|S|on the total energy 2M

_ Electrons, Protons

Dark Matte '

~ Positrons, Antiprotons Dark Matter

- %

~The conservatlon of energy and momentum requwes that‘ -
the p03|tron o] § antlproton energy must be smaller than M .

So there is a sharp cutoff in the spectra at M.

E - - o



Positrons and Dark Matter 2018
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Positrons and Dark Matter by 2028

AMS will provide the definitive answer on the nature of dark matter
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The contribution from cosmic ray collisions is negligible
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AMS Physics Results:
The Origins of Cosmic Electrons

1

EIectrons from cosmlc ray coII|5|ons

AMS 28.1 million electrons

1
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Energy [GeV]
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1000
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Origins of Cosmic Electrons d A= 0.094:0.014
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The electron flux can be described by two power law functions:

@, (E) = S(E)[Ca(E/Ea)y“ + c,,(E/E,,)y”]

solar&  power Power
low-energy a law b

law

What is the origin of power law a and power law b?
25()""I L L L

e AMS electrons

200

150

100

Power law b

E’d, [GeVZ m2 srsT]

50

]
00 1000

0 1
Energy [GeV]

42



250

200

150

3
E @, [GeV°m2srisT
o
o

o)
(=)

No source term in the electron spectrum
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AMS Physics Results:

Electrons originate from different sources than positrons;
the electron spectrum comes from two power law contributions.
The positron flux is the sum of low-energy part from cosmic ray collisions plus

a high-energy part from a new source or dark matter both with a cutoff energy E;.
250IIII| I I IIIIIII 1 | IIIIII| I 1 IIIIIII

Electrons

200

150

100
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Power law b
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50
Positrons

10 100 1000
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Physics of cosmic electrons to 2028
What is the origin of power law a and power law b?
Is there a cutoff for electrons at higher energies?
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Positron Anisotropy and Dark Matter

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

The anisotropy in galactic coordinates

Events/pixel Events/pixel

Currently at 95% C.L.: positrons: ¢ <0.019
for 16<E<350 electrons: o <0.005 46



Elementary particle fluxes show three distinct patterns
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Precision Study of Cosmic Nuclei through the lifetime of ISS
Accuracy of ~ 1%, Energy range 500 to 3,000,000 MeV

Exploring an uncharted region from 2011 to 2028 and beyond
10%4 covering close to two 11-year solar cycles

1084 | e
1074 | | Current data (2011 to 2019)

10°+
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104§
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Primary Cosmic Rays

Primary elements (H, He, C, ..., Fe) are
produced during the lifetime of stars.

They are accelerated by
the explosion of stars (supernovae).

LS
.. Supernovae ‘.

Proton

-
- .

g Helium
8, #
ohs _
Carbon =
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AMS Measurement of the proton spectrum
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AMS Physics Results:
3 Proton Flux
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The proton flux cannot be described by the traditional theory
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Before AMS there were many results on Primary Cosmic Rays
(“elium, Carbon, )
from balloon and satellite experiments
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AMS Physics Results:
Surprisingly, above 60 GV, the primary cosmic rays
have identical rigidity (P/Z) dependence.
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Secondary cosmic nuclei
(Li, Be, B, ...)
Interstellar are produced by the collision of
primary cosmic rays and
interstellar medium
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Lithium  Flux x B> [ m?%s'sr! (GV)"]

Physics Results on Lithium and Beryllium
The rigidity dependences are identical above 30 GV
Fluxes are different by a factor of 2.0 £ 0.1
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AMS Physics Results:
Secondary cosmic rays Li, Be, and B also have identical
rigidity dependence but they are different from primaries
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The ratio of secondary flux
to primary flux directly
measures the amount and
properties of
interstellar medium.

Interstellar

medium Before AMS, the B/C ratio
was assumed to be x R4

with A a constant
for R > 60GV.
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AMS Physics Results:

The Secondary/Primary Ratios # kR*
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AMS Helium Isotope Ratio

Helium (3He, *He) interaction cross sections
with the interstellar medium (p, He) are

significantly smaller than those
of heavier nuclei (Li, Be, B,C, N, O, ...).

Therefore, helium travels larger distances,
probing a larger Galactic volume.

Explicitly, the 3He/*He ratio probes the properties
of diffusion at larger distances.
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Spectral Index

AMS Helium Isotope Ratio — Spectral Index
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Are heavier elements Ni and Zn different from He, C, ... Fe?

Primary elements (He, C, ..., Fe)
are produced during the lifetime of stars and
then accelerated by
the explosion of stars (supernovae)

Ni and Zn are produced
during the explosion of stars.
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How manaé classes of cosmic rays exist in the universe?

< 4 [ o Helium AULUELRT
F’>‘ 0 o Carbonx30 I| -
g \ s »  Oxygenx28 v Sulfurx840 % * b
,IF’ T T rrT , | % 1
A T AR A I B
' - gy ! Y + f i

€ 2 | %W*W + -

~ [ 443 I
X D e $$$¢?¢ ; -

1 |- - Lithiumx200 ! : by $ | -

> - o Berylliumx400 |-

™ _ + Boronx145 Secondary n ]
0 e . e . 1

30 40 10°  2x10? 10° 2x10°

Rigidity R [GV]



Flux Ratio

Flux Ratios Ne/O, Mg/O0, Si/O, and S/O
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Preliminary data, please
refer to the forthcoming
publication in PRL
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The measured spectra of Cosmic Rays break at ~200 GV.
Is there a break for all the elements? Why?
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How old are cosmic rays?

10Be (Z=4) decays with a half-life 1.4x10° years 1°Be — °B+e™ +v..
Precision measurement of the rigidity dependence of Be/B ratio
provides information on the age of cosmic rays
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The measurements of radioactive Aluminum (Z=13), Chlorine (Z=17),

and Manganese (Z=25) spectra will precisely establish the age of cosmic

rays as they (like Be) are radioactive clocks. .



Complex anti-matter

The Big Bang origin of the Universe requires
matter and antimatter
to be equally abundant
'ql),: at the very hot beginning

# AMS is orders of
magnitude more sensitive
" than previous experiments
on balloons and satellites
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Search for Baryogenesis

New symmetry breaking __ Proton has finite lifetime
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No explanation found for the absence of antimatter.
No reason why antimatter should not exist.
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Observation of heavy antimatter

anti-*He track in Y-Z bending plane

== ~2.05 =% 0.05

Cherenkov cone in R- Iane) 3.81 * 0.29 GeV/c?
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Date: 2017-173:06:11:40 = +2




Complex Antimatter

The rate in AMS of antihelium candidates is less
than 1 in 100 million helium. At this extremely low

rate, more data (through the lifetime of the ISS) is
required to further check the origin of these events
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Solar Physics over an 11-year Solar Cycle: 2011 - 2028

Cosmic rays (high energy) = |

Solar system

~==__ Heli

P

C osm1 rays (low energy)
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AMS Results on Structures in the positron and electron fluxes in 6 years
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Proton Flux (m? sr's1GV?)
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Solar physics

Identical daily time variation of the p, He fluxes
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Solar physics over a complete 11-year solar cycle
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Solar physics over a complete 11-year solar cycle
Carbon and Oxygen
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All AMS Publications in Physical Review Letters

These results do not agree with previous measurements.
Explanation of these results require new comprehensive theory.
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After 8 years, the cooling system for the silicon tracker requires an
upgrade, known as the UTTPS.
To install it, four EVAs were performed by two astronauts.
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The UTTPS cooling system is made possible through the strong support of
NASA, DOE, MIT 2=, DLR |-, ASI [lf |, CSA[** |, and Taiwan* i
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WELCOME

CERN Courier - digital edition

Welcome to the digital edition of the January/February 2020 issue of
CERN Courier.

On the cover of this issue, NASA astronaut Drew Morgan is photographed
400 km above Earth’s surface installing a new coolant system for the Alpha
Magnetic Spectrometer (AMS) during a crucial spacewalk on 2 December.
Masterminded by charm—quark co-discoverer Sam Ting of MIT, and
assembled and overseen by an international team at CERN, AMS has

been attached to the International Space Station since 2011. Its various
subdetectors, which include a silicon tracker embedded in a 0.15 T magnet,
have so far clocked up almost 150 billion charged cosmic rays with energies
up to the multi-TeV range and produced results that contradict conventional
understanding. The new coolant system (which was delivered by an Antares
rocket on 2 November) will extend the lifetime of AMS until the end of the
decade, allowing more conclusive statements to be made about the origin
of the unexpected observations. A full report on the unprecedented AMS
intervention — and a taste of the experiment’s latest results — will appear on
cerncourier.com following the final extravehicular activity by Drew and his
colleagues in mid-January.

Meanwhile, in this issue we investigate an intriguing anomaly in nuclear
decay rates seen by the “Atomki” experiment, learn about the wider value

of anomalies to phenomenologists, talk to theorist John Ellis about the past,
present and future of the field, and explore high-level attempts to solve the
flavour puzzle. KATRIN’s quest for the neutrino mass, outreach for visually
impaired audiences, the latest results from the LHC experiments and careers
in visual effects are among other highlights of this first issue of the 2020s.

To sign up to the new-issue alert, please visit:
http://comms.iop.org/k/iop/cerncourier

To subscribe to the magazine, please visit:
https://cerncourier.com/p/about-cern-courier
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The accuracy and characteristics of the AMS data on many different types of cosmic
rays require the development of a comprehensive model of cosmic rays.

AMS will continue to.collect and analyze data for the lifetime of the Space Station
because whendﬁéﬁ&%ﬁﬁ@sion instrument such as AMS is used to explore the
unknown,” new ande(.cit{ng discoveries can be expected




