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Space-born Cosmic Ray Experiments in operation
AMS started Ma 2011 | CALET, started August 2015
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AMS is an international collaboration
It took 650 physicists and engineers 17 years to construct AMS
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Prof. Eun-Suk Seo, Univ. of Maryland, has provided AMS with invaluable information

on early, important work on cosmic rays by her and by other groups.
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AMS: a TeV precision, accelerator-type spectrometer in space

Particles and nuclei are defined
TRD: Identify e”, e,”Z by their charge (Z) TOF: Z, E
. — e and energy (E)
or momentum (P).

Rigidity R = P/Z

are measured independently by the
Tracker, RICH, TOF and ECAL
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Dark Matter

Dark Matter annihilation produces light antimatter: e+, p, D
Collision of Cosmic Rays with Interstellar Matter 2/so produces e, 5, D

The excess of e+, B,B from Dark Matter annihilations can be measured by
AMS as the background is small

Ordinary matter is also produced by Dark Matter annihilations,
but it is not distinguishable from the large background

M. Turner and F. Wilczek, Phys. Rev. D42 (1990) 1001; J. Ellis 26" ICRC (1999) 6



Electron and Positron spectra before AMS
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Latest AMS results on positron and electron fluxes
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Properties of the Positron Flux
Observation 1: At low energies, the data agrees well with the
predictions from the collisions of cosmic rays
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Properties of the Positron Flux
Observation 2: Above 8 GeV, the data flatten out
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Properties of the Positron Flux

Observation 3: Above 30 GeV, the data increase again.
Observation 4: It reaches a maximum at ~300 GeV
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Properties of the Positron Flux

Observation 5: The data drops sharply above 300 GeV
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The positron flux appears to be in agreement with predictions
from a 1.2 TeV Dark Matter model (J. kopp, Phys. Rev. D 88, 076013 (2013))

% 25 T T T T T T AL LR R
(O _
L2 - - :
5 20 __ e 1.9 million positrons
'E -
m i : !
W 45 C BT L2Tev
*@J‘ED B ~ Dark Matter
= + Collision of
10 — p Cosmic Rays
_ C“O//I:g,'o,7 oF
5 Co Mic g
i Ws
e IIEnergy [GeVJ |
0 L 1l 1 1 1 L1 1 11 1 1 | . 1 1 1 | .

1 10 10? 10°

13



Many models proposed to explain

the physics origin of the observed behavior
(>2000 citations of the AMS results)

1) Particle origin: Dark Matter
2) Astrophysics origin: Pulsars, SNRs

3) Propagation of cosmic rays

Models based on very different assumptions
describe observed trends of a single measurement.

Simultaneous description of several precision
measurements is difficult in the framework of a
single model

14
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Astrophysical sources: Supernova Remnants
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Positron fraction

Positron excess also can be expressed in terms of
the positron fraction, which explores the same physics
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New Propagation Models explaining the AMS e+ data

Explaining the AMS positron fraction (gray circles) This requires a specific energy
is due to propagation effects. dependence of the B/C ratio
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The observed features of the AMS e+ data
cannot be explained by standard propagation models
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Astrophysical sources: pulsars
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The High-Altitude Water Cherenkov Gamma-Ray Observatory
HAWC Collaboration, Science 358, 911-914 (2017)




HAWC rules out that the positron excess is from nearby pulsars
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(e* + e7) data with AMS and with non-magnetic detectors
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The p/p ratio in comparison with pre-AMS models
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New Models for the P/p ratio

The precision AMS data allow for exploration of new phenomena
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The spectra of electrons and positrons are very different
despite the fact that they have identical mass
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Most surprisingly:

The spectra of positrons, antiprotons, and protons are identical,
but the proton and antiproton mass is 2000 times the positron mass.

The electron spectrum is different
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Traditionally, there are two prominent classes
of cosmic rays:

Primary Cosmic Rays (p, He, C, O, ...)

are produced at their source and travel through space
and are directly detected by AMS. They carry information on
their sources and the history of travel.
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Before AMS: results on Primary Cosmic Rays
(Helium, , Oxygen)
from balloon and satellite experiments
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Flux x B [m?2s'sr! (GV)"]

The AMS results show that the primary cosmic rays
(He, C, and O) have identical rigidity dependence.
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Above 200 GV the data all increase in identical way.
This is unexpected.



Traditionally, there are two prominent classes
of cosmic rays:

Primary Cosmic Rays (p, He, C, O, ...)

Secondary Cosmic Rays (Li, Be, B, ...)
are produced in the collisions of primary cosmic rays. They
carry information on the history of the travel and on the
properties of the interstellar matter.
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Rigidity dependence of Primary and Secondary Cosmic Rays

Both deviate from a traditional single power law above 200 GeV.
But their rigidity dependences are distinctly different.
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New result
Precision Measurement of Secondary Cosmic Ray Spectra
versus Primary Cosmic Ray Spectra
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Combining the six ratios,
the secondary over primary flux ratio (B/C, ...),
deviates from single power law above 200 GV by 0.131+0.03
Secondary/Primary = KR*

A[200-3300GV] — A[60-200GV] = 0.131+0.03
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The nitrogen flux is composed of primary and secondary components
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Galactic Longitude

C-N-O Cycle:tﬁé source of energy in stars
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New observations of the monthly time variation of the e+, e-, p, and He fluxes

are providing key information for studying solar physics
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Flux [GV'ssr' m?]

New observation:

|ldentical monthly time variation of the p, He fluxes
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AMS continous measurement of the e+ and e- flux
in the energy range 1 -50 GeV over 6 years with a time resolution of 27 days.
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Physics of AMS through the lifetime of the Space Station

Examples: Complex anti-matter — He, C, O
Positrons and Dark Matter

Anisotropy and Dark Matter

High Z cosmic rays
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Physics of AMS on ISS: Complex anti-matter H_e, C,0O

33.1 = 1.6 GeV/c
-1.97 £ 0.05

2.93 % 0.36 GeV/c2
2.83 GeV/c?
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Physics of AMS on ISS: Study of complex anti-matter

He,C,O

3He/He flux ratio predictions

From the collision of cosmic rays:
R. Duperray et al., Phys. Rev. D 71, 083013 (2005) 3He/He[8-40]GV =6 X 10-12

M. Cirelli et al., JHEP 8, 9 (2014): 3He/He[8-40]GV = 3 X 10-1

K. Blum et al., Phys. Rev. D 96, 103021 (2017)  3He/He[8-40]GV = 6 X 1010

E. Carlson et al., Phys. Rev. D 89, 076005 (2014) 3He/He[8-40]GV = 1.4 X 10-°
A. Coogan et al., Phys. Rev. D 96, 083020 (2017) 3He/He[8-40]GV ~ 2 X 108

AMS Measurement: 3He/He[8-40]GV = 2 X 108

There are large uncertainties in models to ascertain the origin of 3He

We have also observed two 4He candidates.

The rate of anti-helium is ~1 in 100 million helium.
More events are necessary to ensure that there are no backgrounds.
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Study of anti-Carbon, anti-Oxygen

The observed anti-helium events are all below 100 GV

Analysis of C and O to 100 GV use L2-L8 as for He

By 2024, AMS will have more than
100 million carbon and oxygen to study anti-carbon and anti-oxygen
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Physics of AMS on ISS: Positrons and Dark Matter

Extend the measurements to 2 TeV and determine the sharpness of the drop off.
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Currently, the approved ISS lifetime is until 2024.
The incremental gain between now and 2024 is from 2-sigma to 5-sigma.
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Physics of AMS on ISS: 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 Projected amplitude of
d = 3+/C1/4m Ctis the dipole moment the dipole anisotropy
0.02
positrons electrons Anisotropy of e*/e’ 16 GeV < E < 350 GeV

v

By 2024, AMS will be able to exclude anisotropies
of 1% within3 o
0-01 R AP ————

30

Dipole Amplit&de (8)

0.00 2015 2016 2017 2018 2010 2020 2021 2022 2023 2024

The observation of isotropy at the 3-sigma level
is an important confirmation of the projected
5-sigma effect in the positron flux.
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Study high Z cosmic rays

*++ TrackerPlane 1

Upper TOF

TrackerPlane 2-8

AMS, CALET, DAMPE, ISS-CREAM

46



Physics of high Z cosmic ray spectra at high energies:
A. Probe different galactic distances
Systematic study of propagation as function A (Z) and R.

Effective propagation distance:
<X>~ 6Dt ~ 2.7 kpc R¥2 (A/12) 713

8 " > . protons:  ~ 5.6 kpc R%?

45 *7 ot & Helium:  ~ 3.6 kpc R%?

'; ‘ ) Carbon: ~ 2.7 kpe R%?

Effective distance | II'OIIZ - 16 kpC R8/2
is shown for ~1 GV.

i. Different Z (or A) nuclei probe different distances.
li. Higher energies probe larger distances
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B. Precise data on heavy nuclei, to , up to the TV region.
Particularly interesting is evidence of the flux break at ~200 GV. The

measurements of the and spectra
will precisely establish the age of cosmic rays as are

radioactive clocks.
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C. The lightest elements created by supernova are and
Compare them with elements produced by stellar nucleosynthe5|s

~
- —

o

o

W
v

N

Binding Energy per nucleon [MeV]

—

Big Bang =

Stellar Nucleosynthesis

\ '\\ 8
2 5. Cus As’® Mo’

Ni Zn

7000
6000 F
5000

2 :
€ 4000
o

> =

L 3000
2000 F
1000 F

Charge

Supernovae

Atomic Number
1L L 1 L 1 ] |

I

20

40 60 80 100 120 140 160 180 200 220 240 49



Most of results presented today are unexpected and
require much improved accuracy of theoretical predictions.

‘There are several large scale detectors i.n’sidace |
to study high energy cha;ged’ cosmic rays:
| AMS CALET, DAME,E, ISS- CREAM

AMS is the only magnetlc spectrOmeter in space
| . _in the foreseeable decades.

I o

With the hew precision data we should be able to uncover
. the origin-of many observed unexpected phenomena.

o
"~
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Positron excess also can be expressed in terms of
the positron fraction, which explores the same physics

—~ 0.2 T T T T T T T L LA
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Dark Matter model is based on J. Kopp, Phys. Rev. D 88, 076013 (2013).
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The combined (e+ + e-) energy dependence
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The (e™ + e™) flux deviates from a single power law above ~900 GeV



Additional source of cosmic ray Electron
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28.1 million Electrons Preliminary data, refer to
upcoming AMS PRL publication
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AMS Electron flux disagree with conventional cosmic ray model expectation.
Indicates additional primary source of electron starting ~30GeV
However, due to large background and its uncertainties from conventional cosmic ray
electron, it is difficult to extract source contribution from electron flux alone 58
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Summary of AMS results on Cosmic Ray Fluxes

High energy cosmic ray fluxes have 4 classes of rigidity dependence.
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Precision Measurements of Cosmic Rays:
AMS has seven instruments which
independently measure Cosmic Nuclei

Tracker Plane 1

B Upper TOF
ff Tracker Plane 2-8

; B Lower TOF

W RICH
W Tracker Plane 9

5
S 10°-
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Measurements of proton spectrum before AMS
1.

Protons are the most abundant charged cosmic rays.
2. Before AMS, there were many measurements but the data

have large errors and are inconsistent.
3. These data limit the understanding of the production,

acceleration and propagation of all cosmic rays.
4. The proton flux is assumed to be a single power law = CR’
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AMS results on the proton flux
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The proton flux cannot be described by a single power law = CR’
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together with earlier measurements
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The AMS results on primary cosmic rays He, C, and O.

M. Aguilar et al. Phys Rev Lett, 2017 vol. 119(25) p. 251101

The AMS helium flux is distinctly different from previous measurement.

He flux shows a smooth change of behavior towards high energy starting from 300 GV.
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The AMS Result on the Secondary Nuclei Fluxes

Secondary Cosmic Rays (Li, Be, B, ...

)

are produced in the collisions of primary cosmic rays. They
carry information on the history of the travel and on the
properties of the interstellar matter.
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Secondary Cosmic Rays: Lithium and Boron
Above 7 GV Li and B have identical rigidity dependence

20 Ao Li 1.9 million events

m B 2.6 million events
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Secondary Cosmic Rays: Lithium and Beryllium
Above 30 GV Li and Be have identical rigidity dependence.
The fluxes are different by a factor of 2.
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The flux ratio between primaries (C) and secondaries (B)
provides information on propagation
and on the Interstellar Medium (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
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The AMS Boron-to-Carbon (B/C) flux ratio
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Nitrogen nuclei in cosmic rays

Astrophysical sources, Collisions of heavier nuclei
via the CNO cycle with the interstellar medium

SN+ L

In the Solar SYstem: N/O =0.14



Phys. Rev |
Mar. 1, 1939

H.A. Bethe

Abstract

It is shown that the

most important
source of energy in
ordinary stars is
the reactions of
carbon and

nitrogen with
protons. These
reactions form a
cycle in which the
original nucleus is

reproduced ...
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B. AMS will obtain precise data on heavy nuclei, to , up to the TV region.
Particularly interesting is evidence of the flux break at ~200 GV. The

measurements of the and spectra will precisely
establish the age of cosmic rays as are radioactive clocks.

Events with Z=9 to Z=16 through 2024
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Science Example: Strange Quark Matter — “Strangelets”
E. Witten, Phys. Rev. D,272-285 (1984)

All the material on Earth is made out of u and d quarks

u
u
u u ,
v u Riamond (Z/A ~ 0.5)
u u
u ¥ vu

Is there material in the universe made up of u, d, & s quarks?

S ¢ u
u s
u' >s us
u S Strangelet (Z/A < 0.1)
u S u
dd's v u

This can be answered definitively by AMS.
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Strangelet ® [m?y-sr]
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