Latest Results from the
the AMS experiment
on the International Space Station
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Extensive measurements of the cosmic ray nuclei have been
carried out in the range of ~“GeV to 100 TeV energy range:
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AMS: A magnetic spectrometer in Space with
large acceptance.

Matter and antimatter have
opposite electric charges;
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AMS: A TeV precision, multipurpose magnetic spectrometer
Transition Radiation Detector Particles and nuclei are defined by their
Identify e*, e charge (£) and Time of Flight
Z,E
energy (E) or (P) —
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The Charge and Energy are

measured independently by L RO
many subdetectors - 5



Transition Radiation Detector (TRD) :
Identify e*, reject P

Prob. of radiation o<y = E/mc2 =
Proton radiate ~2000 less than e*.

AMS TRD Prototype = X7 Beamtest

Data (Symbols) vs Geant3™ MC (Line)
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Time of Flight System (TOF)

Measures Velocity and Charge of particles
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Silicon Tracker
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9 planes reconstructing the
particle trajectory with 5-
10 micron coordinate
resolution
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This provides a maximum
detectable rigidity
(momentum/charge) :
2 TV for |Z|=1 particles

and
3.3 -3.6 TV for |Z|=2-8 nuclei



Rigidity resolution dR/R
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AMS Ring Imaging CHerenkov (RICH)

Measurement of Nuclear Charge (Z2) and Velocity to 1/1000

Particle
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Calorimeter (ECAL)

A precision, 17 X;, 3-dimensional measurement of the
directions and energies of light rays and electrons
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May 19, 2011: AMS is installed on the ISS

and data taking started
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Ku-Band
< High Rate (down):
Fllg ht Operatlons # Events <10Mbit/s>
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May 25, 2017: AMS measured its
100 billionth cosmic ray event
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Goals of AMS:

1. Search for the signature of Dark Matter in Cosmic
Rays fluxes.

2. Search for the anti-matter signals in the Cosmic Rays.

. Search for unexpected new phenomena.

4. Understanding the production and propagation of
cosmic rays.

W

Experimental results:
* Fluxes of various cosmic ray components as
functions of Rigidity (spectrum).
* Flux ratios between cosmic ray components as
functions of Rigidity.
(Rigidity = Momentum/Charge = P/Z, unit: GV=GeV/Z)
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Flux x R27 [m2s-'sr'(GV)'7]

AMS cosmic ray spectra (® x R>7)
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AMS results greatly improved the precision of cosmic
ray spectra measurements. As in the following Examples:
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Spectra of cosmic ray nuclei (Z>1)

19



Entries

Cosmic Nuclei
AMS has seven instruments which

independently identify different elements

AZ (c.u.) for Z=6
Tracker Plane 1 0.30

TRD 0.33
=== Upper TOF 0.16

[*:: Tracker Plane 2-8  0.12

=== Lower TOF 0.16

RICH 0.32
0.30

20



For nuclei, it is critical to understand the probability that
the nuclei breaks up while passing through the detectors.

a) » Carbon Data 27-36 GV C
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Charge measured by Tracker L1 -



Spectra of nuclei provide crucial information of cosmic ray
propagation. Important features:

Do not expect exotic sources.

In the collision of primary cosmic rays with ISM, the secondaries
are produced with the same velocity. In the nuclei we studied,

this implies that the secondary nuclei are produced with roughly
the same rigidity (p/Z) as the parent nuclei.

Nuclei with the same rigidity follow the same path during
propagation in the galactic magnetic field.
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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

parent

Secondary cosmic rays carry information about propagation of primaries,
secondaries and the ISM.
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Flux x R?” [m?2s1sr'(GV)"’]
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Flux x R?” [m2s'sr!(GV)"]
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Proton

Primary nuclei

 Identical behavior above
20 GV in rigidity.

* Differences below 20 GV
are mainly due to solar
modulation.

Nitrogen is unique in its
spectrum behavior
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Secondary nuclei

(produced by collision of
primary cosmic rays with ISM)

* Li, Be, B have the same
spectrum.

* distinctively different
from the primaries.
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General expectations of Standard Cosmic rays models:

1 D ocR”
-}/.5

Primary cosmic rays at production (He, C, O)

Primary cosmic rays detected. (after
propagation loss)

Flux(d)

Secondary cosmic rays (Li, Be, B) produced
with proportional spectrum
(Reca": Rsecondaryz Rparent)
R-7-26 .
Secondary cosmic rays detected.
(after propagation)

(in log-log scale) Rigidity (R)

Propagation effect: high rigidity particles escape from the galaxy faster.
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Observed spectra strongly support our
understanding of cosmic ray nuclei
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B/C Flux Ratio

Secondary to Primary ratio

~
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The B/C ratio provide information
of the density of ISM.

Value of 0 in good agreement with
the Kolmogorov turbulence model.

Rigidity (GV)
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Flux x EZ" [ m™?s-'sr1 (GeV/n)"']

The AMS Result on the Nitrogen Flux

Converted from Rigidity assuming 1*N/°N =1
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Flux x B> [ m2s”'sr (GV)']

Nitrogen:
Nitrogen contains both primary and secondary components
The spectrum is a mix of primary and secondary spectra.
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Spectral Index vy

The spectra index y indicates that N spectrum is closer to

secondary at low rigidity, and become primary at high rigidity.
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@, x R*" [ m?ssr1GV']

A fit is performed to express Nitrogen flux as linear sum of Oxgen (primary)
and Boron (secondary) fluxes, and the spectrum agrees very well with

@, = 0.09 @, + 0.62 Dy,
25

—
- AMS

—— D =Dh+D}

dF= 0.09x®D; Dy= 0.62xD,

20

15

10

Note: N/O ~ 0.12 in the Sun



Beryllium-to-Boron and the age of cosmic rays

''Be 2> 1B+ e +V,

The 1%Be half-life is 1.35%10° 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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Looking closer to the secondary spectra, we notice
that Be flux shows deficit below 30GV.
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Flux ratio
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 Li and B are stable, and are produced
through the same mechanism. Li/B
ratio are basically constant.

» 10Be (~¥10% in production) decays.
10Be with larger rigidity has longer
life time due to relativistic time
dilation. =»Be/B ratio rises with
rigidity.

 The mean escape time of cosmic ray

nuclei can be derived from Be/B
ratio.
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There are also unsolved problems of the nuclei spectra:

1. What about Proton? Proton is also primary!

2. The flux cannot be described by a single power law. Power
law index changes at ~300GV.
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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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Break of cosmic nuclei spectrum

The Flux cannot be described by a single power law as has traditionally been assumed
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Nuclei spectra changes
power law index (Break) at
~300GV.

 The Secondary spectra index

change more than primary spectra.

* Possible scenario:
* Propagation
* Injection spectrum
* Local source at LE or HE

* Ay of secondary is larger than Ay
of primary -> Break of the spectra
is likely a propagation effect.
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With increasing statistics through 2024, we will measure
the elements up to iron and beyond.

1A VIIIA

13 14 15 16 17
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Measurements of CR species probes different Galactic volumn

Assuming Kolmogorov model
Propagation distance:
<X>~ 2.7 kpc R¥2 (A/12)1/3

Effective probed volume of 1GV nuclei

I. Moskolenko, AMS days 2018



Elementary Particles in Space

e, et, p, p are the only stable elementary particles in
the cosmic rays

Elementary particles in the cosmic rays are uniquely
important because, in addition to probing the
production and propagation of cosmic rays, they are
also sensitive to the fundamental physics processes.
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Example: Dark Matter

Collision of Cosmic Rays with the Interstellar Media will produce e*, p...

p, He + ISM = e*, p + ...

Dark Matter (y) annihilations X * X — ev, I_J + ...
create extra e* and p
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/ Collision of “c‘.rdihary’;(;osmic Raysﬁbduce e+, p...

‘M: Turner and F. Wilczek, Phys. Rev.' D42.(1990) 1001 ,

Positrons: y + y > e* + ...

my=800 GeV

my=400 GeV

Collision of Cosmic Rays
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Donato et al., PRL 102, 071301
(2009)

1 O2 e* energy [GeV] 400 e 500

* o By

Flrst Result from the AMS. QKISS PreC|S|on Measurement'of the Positron «
Fractlon in Primary Cosm1c Rays of.0. 5 350 GeV, PRL 110 (2013) 141102

I. Cholis et al., JCAP 0912 (2009) 007

f

S'e'lectecrby APS‘as a Highlight of the Year 2013 » :
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p, p, €, et are all charge 1 particles, the key
issues for measurement are:

1. e/p separation:
e p:e*~2000, e :p~10-100,
e proton rejection at 10° is needed.

2. Charge confusion estimator:
Rejecting charged confused p and e in the
measurements of p and e*.
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424 GeV positron

Electron/positron identification
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Selection of the signal:
The p signal is well separated from the backgrounds.

Events
10°

104

103

RICH velocity

102

10

B S|gn(R)><A-|-RD -

25 215 105 0 05 1 15 2 25 |

TRD + Tracker
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Selection of the signal at high rigidities.
Background rejection close to 1 part in a million.

Absolute Rigidity range 175-
211 GV

v2/d.f.=138/154
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Charge confusion is estimated by building an Charge
Confusion estimator, A.

Acc is based on E/p, track fitting quality, extra hits,
signals amplitude of Tof and Tracker.

% 10‘1;5 * Data o
T 102f ° MC b
2 100
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5 10° ”'ﬂ *‘ l”ﬁl 1[ fmmf
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Flux x R%” [m2s1sr(GV)""]

AMS cosmic ray spectra (® x R>7)
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Unexpected Result:

e* and antiproton exhibit same spectra behavior as
proton from ~40 - ~450 GV.

a '\-EA-.‘,,._““
) ..00!"““. - o o
...O...o. h.‘* ?. P Y

—y

(@]
>
[

M

p, e"x2750, |c_)x5500Jr

\ e  spectrum is
. ex25 « ae as .
b distinctively different.

-'+

—_
(&)
w

Flux x R?7 [m2s'sr'(GV)""]

Hex0.05, Cx1.5, 0x1.38' |

' .,m;fmmwnum muuA Ak
10° asttili
- ‘A’A“AA
N ‘A‘;‘A “WW“N“
TP ¢ *
e Pant o B Nx4

........

10l Bx2 Lix2.8, Be><55 {4 |

| IIIIIIII | llllllll | llIIIllI |

1 10 10?

51

Rigih?tsy [GV]



Electrons show a much softer spectrum, with
spectra index y ~-3.1

A

Protons are primary
cosmic rays.
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M. Aguilar et al., Phys. Rev. Lett. 117, 091103 (2016)

Electrons are primary, but
they loss energy due to
synchrotron radiation
during propagation. The
spectrum of electron is
expected to be softer than
other particles in CR.
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Proton, antiproton, positron have very different production
and propagation properties. It is unexpected that they share
the same spectra behaviour.

S
S Antiprotons are secondary
£ w0007 V0 P e spearum
R | CHasee N ifferent spectrum than
E 5\,1.3“.‘.:.. ! proton
N Terea s by :
o n +
X
E ! :
™ "\-.,_' Positron loss energy
"o equally in the Galactic
e "‘” ™ magnetic field as electron,
* . but shows very different
‘4 spectrum.
10+ k
1 1 | 1 1 | I
102 10°
M. Aguilar et al., Phys. Rev. Lett. 117, 091103 (2016) IRigidityl [GV] 23



Many models proposed to explain
the physics origin of the observed behavior

1) Secondaries: production in propagation
2) Particle origin: Dark Matter
3) Astrophysics origin: Pulsars, PWNe, SNRs
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Interpretation based on Secondary production:

(a)

L ¢

* The same rigidity dependence of e*, p, p is oyl T :
intriguing, suggesting a secondary production &
of e+ and p Z o

10°

* Evidence of secondary production: The ratio — e e L
of e* to p is in agreement with the production o / - ol T \* : 2
ratio in high energy proton-proton collision, ;:10 AN (;p/q); { :,;
indicating they are both from high energy 5107 41°%

proton collision with ISM? IRigidity| [GV] 1
(S. Ahlen, G. Tarle, arXiv 1410.7239; P. Lipari, PRD 95, 063009; B. o700 200 300 200 500
Katz et.al., MNRAS 405, 1458 (2010); K. Blum et. al., PRL 111.211101)

Px0.0073

000¢+

* Problem: It is very challenging for any model
to describe simultaneously all four spectra
and the nuclei spectra.

Flux x R%” [m2s'sr'(GV)"7]

Production rate up to 1TeV
et /p~1.8

L Ll I 1
10°
IRigidityl [GV]




Positron Fraction

Propagation: R. Cowsik et al., Ap. J. 786 (2014) 124

The model (pink band) fits well the AMS

positron fraction (gray circles)

The AMS positron fraction
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Alternative explanation of Positron excess: the

smoking gun of an unknown source of positrons:
Dark matter, pulsar, PWNe, ...
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AMS data is precise enough to look into details of
Electron and Positron spectra separately

250 .
s Electrons Positrons
i 28.1 million events 1.9 million events
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The positron spectrum is now extended to 1TeV

T
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Bl _Epergy[GeV]
1 10 10?
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Analysis of the positron data:
1. Three distinctively different power spectrumat E > 10 GeV
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Spectrum break at
25.2 + 1.8 GeV and
284127 GeV

The break at 284 GeV is
established with 3o
significance.

E' D, [GeV2m2srisT]

16

15k

_ (b)
- AMS-02
= — Fit with Eq.(3)
£~ --- Extrapolation withAY=0
= i E,with its 68% C.L. band

50

+ AMS-02

— Fit with Eq.(3)
[ -- Extrapolation with AY=0}

[ i E, with its 68% C.L.
-l 1 'l |l l A

Energy [GleV]
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Describe the positron spectrum by a Diffuse term
plus a source with exponential cutoff:

o (B) = 55 [Ca(B/E)V + Co(E/E)Ys exp(~E/E,)]

Diffuse term  Source term with exponential cutoff

25
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N ™ Positron Spectrum
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= . .
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1/E; =1.23 +0.34 TeV?,
the cutoff is established with 4c significance



(5) Anisotropy of et

Astrophysical point sources like pulsars will imprint

a higher level of anisotropy on the arrival directions of

energetic positrons than a smooth dark matter halo.

0.03

C, is the dipole moment
Current value

0.02- Preliminary result, please refer
to our forthcoming publication
in PRL

L™
L™
#-.“
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CQIIIQ .......
resx Ar>»
fEfuey

The anisotropy in galactic coordinates The fluctuations of
J = 34 /Ol/4ﬁ- positrons e* are
- isotropic

16 < E [GeV] < 350.

® Pulsars

0_01 - ...'.'n....,::‘ .......................................................................
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Pulsar Model based on D.Hooper, P.Blasi & P.D.Serpico, JCAP 0901 (2009); K.lota, PTP 123-4 (2010) 743
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i
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Significance

Galactic
coordinates (b,l)

Data taking to 2024 will allow to explore anisotropies of < 1%
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Analysis of Electron data:

e AMS-02 o CAPRICE
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1. Two region of different power law spectrum:

e
o . AMS-02 b)
s 0.014 Fit with Eq.(3)
o« 2006 /©, 08 Extrapolation with Ay=0
£ i E,and 68% C.L. band
o
>
Q
S,
Q
£ 100 {
(11 "“-.,_
Tl AY
Preliminary data, .~
please refer to our
50 forthcoming
publication in PRL
] __ Energy [GeV]
20 1 100 1000
Eo=42.1727 GeV Ay =0.094 + 0.014

No drop-off above 284 GeV as in positron spectrum.
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Flux Ratio of Elementary Particles p/p
is energy independent above 60 GeV

e S ——
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PRL 117, 091103 (2016)
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Electrons and positrons in the cosmic rays show
different behavior, they originated from different
sources?

Flat antiproton/proton ratio : coincidence or some
physics reason behind?

At present, there is no single model that describes all
data simultaneously.

To understand the true nature of the positron and
antiproton spectra, we need:

* Tune cosmic ray models by latest nuclei data.
* More statistics to extend the rigidity range.
 Combine other measurements.

* Advances in theory



By 2024, AMS will have enough data to extend
the positron and antiproton spectra, and provide
stronger constraint on cosmic ray models
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I. Cholis and D. Hooper, Phys.Rev. D88 (2013) 023013

J. Kopp, Phys. Rev. D 88 (2013) 076013
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Complex Antimatter in Cosmic rays

A Status Report
AMS in Space

The Big Bang origin of the Universe requires

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




To date we have observed
a few events with Z = -2
and
with mass around 3He
at a rate of ~1 anti-helium
in 100 million helium

S. Ting, Colloguium at CERN, Dec. 2016



An anti-Helium candidate:

LITTTITETT
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Momentum = 40.3 2.9 GeV/c

Charge =-2
Mass = 2.9610.33 GeV/c?
Velocity = 0.99730.0005 c
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Antihelium and AMS

At a signal to background ratio of 1/10°,
detailed understanding of the instrument is required.
Detector verification is difficult.

1. The magnetic field cannot be changed.

2. The rate is ~ 1 per year.

3. Simulation studies: 2.2 million CPU-Days,
10 times more events than He data

The few events have mass 2.8 GeV and charge -2 like 3He.

Their existence has fundamental implication in physics.

We are developing systematic checks on the detector to
ensure that the events are not from detector effects.
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Conclusions:

* AMS has made precision measurement of CR spectra from 1GV
to 3TV. Primary and secondary nuclei spectra provides new
understanding of CR propagation.

* Unprecedented precision reveals new features in cosmic ray
spectra:

* Proton spectrum differs significantly from other primary
particles.

e Change of nuclei spectrum index at ~300 GV.

* Same spectra behavior of proton, antiproton, and positron in
40 — 450GV rigidity.

* Positron excess.

e Operation of AMS for the lifetime of the ISS will extend AMS
measurements in rigidity range, to resolve some of the
mysteries of the CR.
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