William Creus
Academia Sinica (Taiwan)/CERN (Switzerland)
AMS collaboration

Seminar at ICRR
January 10th 2017




AMS Collaboration

NETHERLANDS

ESA-ESTEC %,

FRANCE NIKHEF <

Sl  GERMANY

. FINLAND
UNIV. OF TURKU

**'  RWTH. Aachen

_

" RUSSIA

ITEP
.. KURCHATOV INST.

LUPM MONTPELLIER
KIT-KARLSRUHE
LAPP ANNECY - veuesenanassseassannne: KOREA
wir LPSCGRENOBLE |  CERNSER-"" ... PR PETLLL . CWHA
USA @‘.--................-:::::::::--:::_‘: e T CHINA KYUNGPOOK NAT.UNIV.
.......... R . “'tteesi. TURKEY ! '
DOE- NASA .‘ JEUUTCTILLLppPtL o CALT (Beijing)
RO EPIPPTTLL et ~ METU, ANKARA “| IEE (Beijing) i
JSC o aannrte IHEP (Beijing) >
@ SWITZERLARD ... NLAA (Beijing) -
: JUPE PORTUGAL * ETH-ZURICH BUAA(Beijing) R
| MEXICO 1 UNIV. OF GENEVA **s,.  SJTU (Shanghai) y,
LAB. OF INSTRUM. LISBON : “**+.SEU (Nanjing) ”
UNAM ) < K ITALY SYSU(Guangzhou)
9 - SDU (Jmaﬁ7~.,
v Asl ..
: IROE FLORENCE **» TAIWAN
SPAIN INFN & UNIV. OF BOLOGNA ACAD. SINICA (Taipe)
CIEMAT - MADRID INFN & UNIV. OF MILANO-BICOCCA CSIST (Taipei)
.A.C. CANARIAS. INFN & UNIV. OF PERUGIA NCU (Chung Li)
R.s INFN & UNIV. OF PISA NCKU (Tainan)
" INFN & UNIV. OF ROMA
%Z"j INFN & UNIV. OF TRENTO
IFSC — SAO CARLOS INSTITUTE OF PHYSICS -

AMS is an international collaboration of 16 countries in 4 continents.
Data are received by NASA in Houston, and then relayed to the AMS
Payload Operations Control Centre (POCC) at CERN for analysis.



The Alpha Magnetic Spectrometer (AMS)

A TeV precision, multipurpose spectrometer
Transition Radiation Detector

(TRD) Time Of Flight
Identify e+, e-

Particles and nuclei are defined
by their charge (2) |
and energy (E, P)
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Transition Radiation Detector
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Time of Flight System
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Tracker

9 planes, 200.000 channels
The coordinate resolution is
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Inner tracker alignment stability
monitored with IR Lasers.

The Outer Tracker is continuously aligned
with cosmic rays in a 2 minute window



Ring Imaging Cherenkov

Measurement of Nuclear Charge (Z2) and its Velocny to 1/1000
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Electromagnetic Calorimeter

A precision, 17 X,, TeV, 3-D measurement
of the directions and energies of electrons and positrons
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Beam Tests at CERN




Launch of AMS-02

>May/16/2011

» Last Endeavour flight
> Total weight 2008 t
»AMS 7.5t
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Ku- :
Opera‘non and Data link Events <10Mbit/s>

S-Band (up & down):
Commanding: 1 Kbit/s
Monitoring: 30 Kbit/s

yload Operations | Payload Operations Contr'o:[
Center (POCQC).in Ta| __ Center (POCQ) at CERN




_ Installed in ISS on 19/May/2011
AMS in Space Starting taking data only 4 hours later
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entary particles in Space

/ There are hundreds of different kinds . o
' of charged elementary particles.

Only four of them,

electrons, protons, positrons, and antiprotons,
have infinite lifetime,

so they travel in the Galaxy.

AMS
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Before AMS : Electron and Positron spectra

» Large errors and inconsistent
» Create many theoretical speculations
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Physics Results 1: The Electron and Positron fluxes
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The electron flux and the positron flux are different
in their magnitude and energy dependence
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Physics Results 1: The Electron and Positron spectral indices

Traditionally, the spectrum of cosmic rays is characterized by a single power law function

® = CE! where yis the spectral index and E is the energy.
Before AMS, ¥ was assumed to be constant for the electron and positron spectra.
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» The electron and positron spectral indices are not constant.
» They are different in their magnitude and energy dependences



Search Dark Matter

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

p, He +ISM — e*, p + ...

Dark Matter (%) annihilations 7y +y —>e*, p + ...

The excess of e*, p from Dark Matter () annihilations
can be measured by AMS

17
M. Turner and F. Wilczek, Phys. Rev. D42 (1990) 1001; J. Ellis 26th ICRC (1999)



Search Dark Matter: Strategies

Indirect Detection by Annihilation
AMS, Fermi, CALET ... (Detectors in Space)

(Detectors in Underground) X+tx—=eL,ny,..
a0 "
2 XMASS p,D.e e’y
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& XENON 100 z
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|l HC (Detectors in Colliders)

Detection by Production
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Physics Results 2: The origin of the AMS positron spectrum

» Collision of Cosmic Rays with the Interstellar Media produce e+

» Unexpectedly, starting from ~8GeV, the AMS e+ data show an

excess above ordinary Cosmic Ray collisions.

» 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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Physics Results 3: The origin of the AMS positron fraction

The excess of the Positron fraction e*/(e* + e7) is
an alternative way to search for signal of Dark Matter
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Alternative Models to explain the AMS positron flux and positron

fraction
 Modified Propagation of Cosmic Rays
* Supernova Remnants
 Pulsars
Examples:

Positron Fraction

R. Cowsik etal., Ap. ). 786 (2014) 124, (pink band)
explaining that the AMS positron fraction (gray
circles) above 10 GV is due to propagation effects.

However, this requires a specific energy
dependence of the B/C ratio
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Alternative Models to explain the AMS positron flux and positron

fraction

M g0t |
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Example: Supernova Remnants
Subir Sarkar: AMS Days@CERN, April 2015
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Alternative Models to explain the AMS positron flux and positron
fraction

 Modified Propagation of Cosmic Rays
e Supernova Remnants
 Pulsars

Excess of Positron flux and Positron fraction can be also explained
by Pulsar sources

AMS also observes excess on Antiproton/Proton ratio and
this is cannot be explained by Pulsars

23



The AMS positron spectrum and fraction expected by 2024
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Physics Results 4: Measurement of Anisotropy

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.
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Physics Results 5: The (e* + e7) flux

The precision AMS measurement of the (e* + e’) flux

contradicts all previous measurements and previous models
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The (e* + ) flux projected in 2024

AMS will be able to distinguish the (e* + e’) flux behavior above 1 TeV
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CALET: Exploring the TeV region

KOUNOTORIS5 (HTV5)/
H-1IB Launch Vehicle No.5

[V successfully launched on August 19

[ KOUNOTORI5 berthed at ISSon August 25

> ..
vasa AHXA Inetalled at Japanese module, Kibo on 26/Auqg/2015



Before AMS: Proton Flux Measurement

> Protons are the most abundant cosmic rays.

> Before AMS there have been many measurements of the proton spectrum.

> In cosmic rays models, the proton spectral function was assumed to be a single
power law @ = CE? with y =-2.7
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Physics Results 6: Precision measurement of proton flux
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New information on AMS Proton flux

The proton flux cannot be described by a single power law = CR’,

x10° as has been assumed for decades
C ! Unexpectedly, we found the spectrum can be described by a double —_
14 pectedly
— power law with spectral indexy below Ryandy + Ay .
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Proton spectral index changing with momentum
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R?” x Flux (m? srs GV7)"

Understanding of the Solar Magnetic field
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Spectra of elementary particles

e- and e+ have much smaller mass than p and D, so they lose much more energy
in the galactic magnetic field due to synchrotron radiation.
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Dark I\/Iatter Antlproton QERIE .
' Cosmlc ray + ISM —>. p +
| ""-i-“‘_.There is onIy 1 Antlproton for 10 000 Protons., &

A percent preC|S|on experlment requiresv :
o background reiection close to 1 in:a million.



Signal Selection

The p signal is well separated from the backgrounds.
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Physics Results 7: The antiproton flux and properties of

elementary particle fluxes
Unexpected Result: The Spectra of Elementary Particles e*, p, p

|_3 have identical energy dependence from 60-500 GV. e does not =
1G: P et
p— : 10 ] 2
™ 4 +10
> - 1
o %% p et T
‘® m <I>Q§ i
o\ __104 OooOo miaoi{jo oﬁ@ oo o ¢ 9 T
‘7, - O Q CP i
o L e p =
el 0054
[— - QQ 1
& T - 00
<« © iy
*9* T (} 1 i
T 3x103 % % -
IRigidityl [GV] 1 4
20 10° 10° 37,

M. Aguilar et al., Phys. Rev. Lett. 117, 091103(2016)



Antiproton-to-proton ratio

» Excess of antiproton is observed by AMS!!!

» Cannot be explained by Pulsars

» Can be explained by Dark Matter Annihilation or
by new astrophysics phenomena
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K. Kohri, K. loka, Y. Fujita, and R. Yamazaki, Prog. Theor. Exp. Phys. 2016, 021E01 (2016).
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Cosmic Rays Interaction

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

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

Secondary Cosmic Rays (Li, Be, B, ...)
C0O,.. Fe+ISM —> Li,Be,B+ X

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



AMS Nuclei Fluxes Measurements

Charge Resolution Z=6

== Tracker Plane 1 0.30

7 instruments to |dent|fy

*= TRD 0.33
»* Upper TOF 0.16

‘»: Tracker Plane 2-8 0.12
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Measuring the interaction of nuclei within AMS: Method

AMS in horizontal position

First, we use the seven
inner tracker layers, L2-L8,
to define beams of nuclei:

Li, Be, B, ...
Second, we use left-to-right Third, we use right-to-left
particles to measure the particles to measure the
nuclear interactions in the nuclear interactions in the
lower part of the detector. upper part of detector.

projectile target products products target projectile




Before AMS : Helium Flux Measurement

» 2" most abundant cosmic rays
» He produced by Supernovas
> As for Protons He spectral function was assumed to be a single power (y = —2.7)
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Physics Results 8: Precision measurement on the Helium flux
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New information on AMS Helium flux
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Helium spectral index

Unexpectedly the Helium index change with the rigidity in the similar
way as for the Proton spectral index but the values are different!!
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Physics Results 9: The AMS proton/helium flux ratio

Proton and Helium are “Primary” Cosmic Rays.
Since Proton and Helium are assumed to be produced by the same
Astrophysical sources, their ratio should be flat.
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Proton-Helium ratio

. independent of the solar activity
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Physics Results 10: The Lithium flux

New AMS results on Secondary Cosmic Rays => Lithium

Similar as Proton and Helium fluxes, Lithium flux cannot be explain by a single power law.
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Physics Results 11: The Beryllium flux

New AMS results on Secondary Cosmic Rays => Beryllium
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Physics Results 12: The Boron flux

New AMS results on Secondary Cosmic Rays =>Boron
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Beryllium to Boron fluxes ratio and age of Cosmic Rays

10Be > 108 + e~ +V,,
The 1°Be half-life is 1.5x10° years.
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Before AMS: Beryllium to Boron flux ratio measurement
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Physics Results 13: Berylllium to Boron flux ratio

Age of the cosmic rays in the galaxy ~ 12 millions years
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Ratio between primaries (C) and secondaries (B)

Provides information on the cosmic propagation and ISM.
In general cosmic rays propagation is modeled as a fast moving gas
diffusing through magnetized plasma.

For high rigidities, the magnetized plasma model shows different behavior.

B/C = kRS

6= -1/3 => Kolmogorov turbulence model

8 = -1/2 =>Kraichnan theory
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Physics Results 14: Boron to Carbon flux ratio

Above 65 GeV, the B/C is well described by the single power law.

In agreement with the Kolmogorov turbulence model of magnetized plasma
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Physics Results 15: The Carbon flux (primary)
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Physics Results 16: The Oxygen flux (primary)
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Physics Results 17: Different momentum dependence for primaries
and secondaries cosmic rays
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Physics Results 18: The AMS Carbon/Helium flux ratio
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Physics Results 19: I[dentical momentum dependence for
primary cosmic rays Carbon and Oxygen
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The Carbon/Oxygen flux ratio

C/0 flux ratio
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Physics Results 20

: lron rate
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Physics Results 21: Search for complex antimatter
in cosmic rays (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




Search for Baryogenesis

Two requirements for the Baryogenesis:

Strong Symmetry Breaking Proton has a finite lifetime
BELLE, BaBar underground experiments
FNAL: KTeV, CDF, DO, NOVA
CERN NA-48 Super Kamiokande
T2K,
\_ LHC: LHC-b, ATLAS,CMS Y \_ y

No evidence for strong symmetry breaking
nor proton decay have been found so far!!!
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Searching antihelium

In five years, 3.7 billion helium events have been collected by AMS when both the
Upper and Lower TOF measure |Z| = 2 with an accuracy of 0.08

Of these, 100 million passed through the full lever arm (L1 to L9) and

are used in the analysis of the helium spectrum.
In our helium publication we used the first 2.5 years of data (50 million events).

In searching for antihelium we use a larger acceptance (L2 to L8)

with 700 million helium events to date. .



|dentification of antihelium

1. Determine direction with TOF. 2. To measure |Z],
10 T use the TOF+Tracker+RICH
or o |z| =2 to separate p,e* from He
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Antihelium Candidates

AMS observed few events with z = -2 and with mass around 3He!!!
At a signal to background ratio of 1/10°, a detailed understanding of
the instrument is required.

Example: Precision measurement of Positron Fraction requires e and p
separation of 1/10°

Positron fraction analysis with TRD+ECAL compared with TRD Only
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Antihelium and AMS

At a signal to background ratio of one in one billion,
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:

Helium simulation to date:
2.2 million CPU-Days =
35 billion simulated helium events:
Monte Carlo study shows the background is small

How to ensure that the simulation is accurate to
one in one billion?

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

It will take a few more years of detector verification
and to collect more data to
ascertain the origin of these events. 6



Summary

1) Precise measurement on the Electron and Positron flux => Spectral indexes not constant
2) Excess on Positron flux and Positron fraction => Our dat fits with the DM model

3) Measurement of the Anisotropy

4) Measurement on the e* + e flux

5) Proton and Helium fluxes described by a double power law function => Spectral indexes
not constant

6) Proton/Helium ratio not constant

7) Positron flux has the same energy dependence as the Antiproton and Proton fluxes

8) Excess on Antiproton/Proton ratio

9) Age of the Cosmic rays (Be/B) => ~ 12 million years
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Summary

10) Measurement on B/C in agreement with the Kolmogorov turbulence model of a magnetized
plasma

11) Different momentum dependence between primaries and secondaries cosmic rays
12) Identical momentum dependence for primary cosmic rays Carbon and Oxygen
13) Iron rate

14) Search for complex antimatter (status report)
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Thank you for your attention

Akemashite Omedetou Gozaimasu!!!



Back up Slides



Coming experiments

Payload Energy Region | Energy Resolution e/p separation . Exposure Total Weight
(Launching Date) (GeV) Instruments* in 5 years** (ka)
tnching (m2 sr day) 9
Magnet Spectrometer (0.15T)
AMS-02 1-2,000 ~10 % 104 -105 + Sampling Calorimeter 55@2TeV 7 000
(2011) (~800) @100 GeV (SciFi + Pb: 17X,) (170@800GeV) !
+TOF+TRD+RICH
CALET “2 % ~105 Imaging Calorimeter (W+SciFi: 3 X))
(2015) 1-20,000 (>10 GeV) Mostly Energy + Total Absorption Cal. (PWO : 27 X,) 220 650
Independent +Charge Detector (SCN)
] Silicon Tracker
(Ch.DAA.A:g:5.)) 5-10,000 ~1.5% ~10° +Total Absorption Cal. (B6O: ~31 X,) 900 1,500
na- ) +ACD Detector +Neutron Detector
- *
GA(A;MA_ 400 1 | ~1% Imaging Calorimeter (2X,) + 730(vertical) 1 700
ussia : -sevra ~4x105 . . B ’
20177) 10,000 (>100GeV) X Main Calorimeter- calocube (25 X;) x10 (all)

Table by S. Torii
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Can we explain AMS-02 antiproton and positron excesses
simultaneously by nearby supernovae without pulsars
or dark matter? (Kohri et al. Prog. Theor. Exp. Phys. 2016 , 021)

ooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

We explain the excess of the antiproton fraction recently reported by the AMS-02 experiment
by considering collisions between cosmic-ray protons accelerated by a local supernova remnant
and the surrounding dense cloud. The same ““pp collisions™ provide the right ratio of daughter
particles to fit the observed positron excess simultaneously in the natural model parameters. The
supernova happened in relatively lower metallicity than the major cosmic-ray sources. The cutoff
energy of electrons marks the supernova age of ~10° years, while the antiproton excess may
extend to higher energy. Both antiproton and positron fluxes are completely consistent with our
predictions in an earlier paper [ Y. Fujita et al., Phys. Rev. D 80, 063003 (2009) [arXiv:0903.5298
[astro-ph.HE]]].
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Can we explain AMS-02 antiproton and positron excesses
simultaneously by nearby supernovae without pulsars
or dark matter? (Kohri et al. Prog. Theor. Exp. Phys. 2016 , 021)
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Fig. 1. Antiproton fraction fitted to the data. The data points are taken from Ref. [1] for AMS-02, and from
Ref. [17] for PAMELA. The dotted line is plotted only by using the background flux [42]. The shaded region
represents the uncertainties of the background flux among the propagation models shown in Ref. [1]. Cosmic
rays below an energy <10 GeV are affected by the solar modulation. We choose the background line and its
uncertainty band only for demonstration purposes. This choice is not essential for our conclusion (see our

discussion of Fig. 3).
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ANOMALOUS GALACTIC COSMIC RAYS IN THE FRAMEWORK
OF AMS-02
(Khiali et al.)

In this paper “ we argued that a transition from diffuse shock acceleration (DSA) to Superdiffuse
Shock acceleration (SSA) in SNRs is an acceptable explanation for the recent results of AMS-02,
especially the proton and helium hardenings at 300 GV. We proposed that the observed break
in proton and helium spectra originates from the source due to different acceleration
mechanisms and finally with different injection forms.”

“the He/p ratio decreases with a single power law and indicates that solar modulation and
interaction of He nuclei with ISM reduces the flux at lower energies. Furthermore, this figure
shows that the abundances of the CR helium are larger than the solar abundance (see Lodders

2003).”

“In addition, this model can be used for recent observed carbon spectrum by the AMS-02
experiment which is similar to that of helium, and for heavier nuclei, which will be provided in the
near future.”



Cosmic-ray hardenings in light of AMS-02 data
(Ohira et al.)

Recent precise observations of cosmic rays (CRs) by AMS-02 experiment clearly show (1) harder
spectra of helium and carbon compared to protons by o R%%®, and (2) concave breaks in proton and
helium spectra at a rigidity R ~300 GV. In particular the helium and carbon spectra are exactly
similar, pointing to the same acceleration site. We examine possible interpretations of these features
and identify a chemically enriched region, that is, superbubbles as the most probable origin of
Galactic CRs in high rigidity R > 30 GV. The similar spectra of CR carbon and helium further
suggest that the CRs with R > 30 GV originate from the supernova ejecta in the superbubble core,
mixed with comparable or less amount of interstellar medium. We predict similar spectra for
heavy nuclei.
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