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Three independent methods to search for Dark Matter
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Light primary cosmic ryas: p, He, C, N, O and e
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Light secondary cosmic ryas: Li, Be, B and e* p
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1912: Discovery of Cosmic Rays
V. Hess

Discoveries of
1936: Muon ()
1938: 10° eV CR
1949: Kaon (K)
1949: Lambda (A)
1952: Xi (=)
1963: Sigma ()

Physics of Charged Cosmic Rays
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1947: Discovery of pions
C. Powell

1932: Discovery of positron

C.D. Anderson
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1- Neutral component:

Y,V
Hubble, Chandra,
GLAST, JWST,

JDEM
P Y Discoveries:
@ 75 (1)  Pulsar,

(2) Microwave,
(3) Binary Pulsars,
(4) X Ray sources,
e solar neutrinos
e (5) Dark Matter,
: Dark Energy

- \ W 7 OOy
O
He,Be,C,Fe ™

2- Charged component: WHIPPLE,
, b HESS,
S. Ting, MIT He,™—~—_= VERITAS,

HiRes SUPER K

AUGER
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AMS is US Dept of Energy (DOE) led International Collaboration
16 Countries, 60 Institutes and 600 Physicists, 17 years

USA

FLORIDA A&M UNIV

FLORIDA STATE UNIVERSITY

MIT - CAMBRIDGE

NASA GODDARD SPACE ELIGHT CENTER
NASA JOHNSON SPACE CENTER

TEXAS A&M UNIVERSITY

UNIV. OF MARYLAND - DEPT OF PHYSICS
YALE UNIVERSITY - NEW HAVEN

MEXICO
UNAM

FINLAND
HELSINKI UNIV.
UNIV. OF TURKU
DENMARK
NETHERLANDS UNIV: OF AARHUS
ESA-ESTEC GERMANY
NIKHEF RWTH-|
NLR > RWTH-III
MAX-PLANK INST.
o UNIV. OF KARLSRUHE
ad
FRANCE R -y ROMANIA
GAM MONTPELLIER - 1SS .
LAPP ANNECY h UNIV. OF BUCHAREST
LPSC GRENOBLE SWITZERLAND
ETH-ZURICH
SPAIN — UNIV. OF GENEVA
CIEMAT - MADRID
.A.C. CANARIAS. ITALY
ASI
CARSO TRIESTE
IROE FLORENCE
INFN & UNIV. OF BOLOGNA
PORTUGAL INFN & UNIV. OF MILANO
INFN & UNIV. OF PERUGIA
LAB. OF INSTRUM. LISBON INFN & UNIV. OF PISA
INFN & UNIV. OF ROMA
INFN & UNIV. OF SIENA

RUSSIA

LK.L

ITEP

KURCHATOV INST.
MOSCOW STATE UNIV.

KYUNGPOOK NAT.UNIV.

CHINA BISEE (Beijing)

IEE (Beijing)

IHEP (Beijing)

NLAA (Beijing)

SJTU (Shanghai)

SEU (Nanjing) TAIWAN

SYSU (Guangzhou)

SDU (JmanﬁCAD SINICA (Taiwan)

AIDC (Taiwan)

CSIST (Taiwan)
NCU'(Chung Li)
NCKU (Tainan)

_.NCTU (Hsinchu)
NSPO (Hsinchu)

The detectors were built all over the world
and assembled at CERN, near Geneva, Switzerland
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AMS: A TeV precision, multipurpose spectrometer

|den;|;|I§,De+ e- Particles and nuclei are defined by their TOF

R charge (Z) and energy (E ~ P)
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Silicon Tracker

Z, P are measured independently by the
Tracker, RICH, TOF and ECAL
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.. WE JUST DECIDED
LAUNCHING MONEY
DIRECTLY INTO SPACE
VAS CHEAPER ...
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A US Air Force C-5 Galaxy
has been used for transport

from Geneva to KSC
25. August 2010
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| B— '
o i T e AMS installed on the ISS 4.
Sk Truss and taking data #=""
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3N 5 to serach for new phenomena.
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PRL 113, 121101 (2014)

PHYSICAL REVIEW LETTERS

week ending
19 SEPTEMBER 2014
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» The electron flux and the positron flux are different in their

magnitude and energy dependence

» Electrons and positrons have a different origin.

Positron Spectrum
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Positron Fraction
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Positron Fraction 2016
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? Comparison of the positron fractiom
- measurement with a Dark Matter model

preliminary
L« AMS 2016
- 17 million events
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AMS Results: (et + e7) flux
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* The origin of the difference between (AMS, CALET, H.E.S.S.) and
(FERMI, DAMPE) is not clear.

« A sharp cut-off in the (e* + e°) Flux is visible at E=1 TeV, the origin
is not understood.



Y 7
The AMS results are in excellent agreem
with a Dark Matter Model
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2024: Extend measurement to 1 TeV
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Entries

Cosmic Nuclei

AMS has seven instruments which
independently identify different elements

AZ for Z=6
Tracker Plane 1 0.30
TRD 0.33
-* Upper TOF 0.16
He *:+ Tracker Plane 2-8 0.12

=== Lower TOF 0.16

RICH 0.32
Tracker Plane 9 0.30
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AMS Proton Flux, accuracy 1%
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M. Aguilar et al., Phys. Rev. Lett. 114, 171103 (2015)
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Understanding of the Solar Magnetic Field:
The proton flux and the effect of the solar magnetic field

. Voyager

— outside the solar system

— E.C.Stoneetal., AMS'OZ

| Science 341, 150 (2013 inside the solar system

Effect of the Solar
Magnetic Field

<+—>

Rigidity [GV]
L gl
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1 10 102 10°

C. Corti et al., ApJ 829, 8 (2016)
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Flux < E*" (m? sr's'GeV'’)

10°
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Kinetic Energy (GeV)
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It was expected that the proton flux could be described
with a single power law with spectral index y=-2.7.
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we will therefore not be able to improve it. 37



PRL 115, 211101 (2015)

PHYSICAL

REVIEW

LETTERS

week ending

20 \’OVEMBL'R 2015

§

Precision Measurement of the Helium Flux in Primary Cosmic Rays of Rigidities 1.9 GV
to 3 TV with the Alpha Magnetic Spectrometer on the International Space Station

50 million helium nuclei
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Flux x R*" Im?grisec GV'7]
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It was expected that the He flux could be described
with a single power law with spectral index y=-2.7.
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The AMS proton/helium flux ratio

Protons and helium are both “primary” cosmic rays.

Their rigidity ratio has traditionally been assumed to be flat.

f
+++++ Theoretical prediction

|
? ++ A. E. Vladimirov, I. Moskalenko, A. Strong, et al., Computer Phys. Comm. 182 (2011) 1156

+++¢

|+$+
|+++
++++++

AMS : this ratio is not flat.

Rigidity (R) [GV]



Helium isotopic composition

0.4
-% - o " PAMELA-CALO(2006/07-2007/12)
= __E preliminary CAPRICES8(1998/05)
£035_% IMAX$2(1992/07)
p3 = BESS93(1993/07)
- BESSS8(199807
2 03 E a
0.25-
£ . e
Bl Tt
e i b ¢ ¢ 0048 0.9 . e
0.15— O +“ ""-+;+ ' . ¢ 511
A9 Q;» - L‘_-+- ]
g4
01— |
0.05
0: : PR T | L 1 ! I N U T I
1 10
Kinetic Energy/n (GeV/n)

41



The AMS Result on the Carbon Flux
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Rigidity dependence of Primary Cosmic Rays
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Above 60 GV,
these fluxes have identical rigidity dependence.



Primary Cosmic Rays (p, He, C, O, ...)
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Li Flux x EZ [ m®s 'sr' (GeV/n)']

The AMS Result on the Lithium Flux

AMS: 2.2 million O Balloon (1971/09)
Lithium Events Balloon (1972/10)

* AMS
-=--GALPROP

preliminary

Theoretical
prediction

10 107
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Secondary cosmic rays Li, Be, and B have identical rigidity dependence.

Be | o ...”Iprelimin.ary- Li
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“Secondary” cosmic rays have a different rigidity dependence than
“primary” cosmic rays.
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s Helium s Lithium

¢ Carbon
o Oxygen Boron

Spectral Index v

preliminary

10 20 30 10% 2x10° 10° 2x10°
Rigidity R [GV]

Above ~200 GV the Li, Be, and B fluxes all harden more
than the He, C, and O fluxes. s8



Flux Ratios: Boron/Carbon and cosmic ray propagation
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f Galactic Disk

The boron-to-carbon ratio (B/C) is important in the determination of cosmic ray propagation.
Boron is assumed to be produced from the collision of primary cosmic rays, such as carbon (C),

with the interstellar medium (ISM), hence the B/C ratio provides information on cosmic ray
propagation.




The AMS boron-to-carbon (B/C) flux ratio

2.3 million boron nuclei and
8.3 million carbon nuclei

C2/HEAO3

Webber et al. foid't
CRN/Spacelab2
AMSO1

ATICO2

CREAM-I
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PAMELA

AMS02

1 10 102 10°
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Positron Fraction

Theoretical models to explain the AMS positron fraction.
Among the 100’s of models there are three classes:

a) dark matter

b) new forms of propagation

c) pulsars.

b) An example of new propagation:

1.00

0.10

0.01

R. Cowsik, B. Burch,

and T. Madziwa-Nussinov, Ap. J. 786 (2014) 124

e
C¢
quq({((((((((((u(k(.k“

Collision of ordinary CR
(Moskalenko, Strong)
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S MS fraction models
e R..(E)

O AMS-02 Fraction
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B/C

0.4
0.3

0.2

0.1

0.06
0.05

0.04
0.03

2.3 million boron nuclei and
8.3 million carbon nuclei

: \ Cowsik (2014)
Ui
s, *
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<
o,
model predicts 6=1/3. 7

Kolmogorov turbulance
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Measurement of Antiproton flux

Physms 1mportance . s

~

Antlprotons Only ~1O 4 of
cosmlc ray partlcles

Produced by cosmlc ray collisions

e.g. pN — p... - "
Probe 6f indirect Dark Matter detectlon
e.g: XX = P.- “”““_“ i

Complementary to xx - e,
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p/p ratio
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AMS results on the p/p flux ratio
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AMS p/p results and modeling

| T | | . I T e
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107¢ Dark Matter
Models from
10°5 Donato et al., PRL 102, 071301 (2009), mDM 1 TeV
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10-°

G.Giesen et al., JCAP09(2015) 023

¢ PAMELA 2012
¢ AMS-02 2015

—— Fiducial
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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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The Space Station has become a unique platform for precision physics research.

7 '\ -~ .
“The most exciting objective of AMS is to probe the unknowny
to search for jaﬁenomena Which exist in nature
that we have not et z’macqz/neof nor had the tools to discover.”
S ffz’ncq



