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Purpose of the meeting 

“cross fertilization among different communities 
working on antimatter” 
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Outline !

-Cosmic Rays!
-Dirac equation !
-The discovery of the positron!
-Search for primordial antimatter!
-The Alpha Magnetic Spectrometer!
-High energy antiprotons in Cosmic Rays!
-High energy positrons in Cosmic Rays!



1912   Discovery of Cosmic Rays!

by Victor Hess!



Victor Hess   !
used a hot air balloon and  !

an electrometer!

Nobel 1936!
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The positron story !

P.A.M. Dirac!

R. Millikan!

Dmitri Skobeltzyn! Patrick M.S. Blackett!

Giuseppe “Beppo” 
Occhialini!
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The positron story !

C. Anderson!



C. Anderson 1932 discovery 
of the positron in the Cosmic 

Rays!

Nobel 1936!





The discovery of antiproton (1954)  !

E. Segrè! O. Chamberlain!

Nobel 1959!



A few examples of our past work using accelerators: 

Example 1: The discovery of nuclear antimatter 
New York Times, June 14, 1965, Page 1. 



264_2f/!
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RICH  detector at Brookhaven 



17 17 



 Primordial antimatter in the Universe  

After the Big Bang 
there must have been  

equal amounts of matter and antimatter. 

The Universe began with the Big Bang. 

Before the Big Bang there was 
“nothing”. 



AMS 

LHC 
ILC LEP LISA   

BBO 



20 20 



1) Baryon number (B) is not conserved. 
Otherwise an initially baryon symmetric case could never change. 

2) CP is not an exact symmetry. 
 Otherwise an initially CP-invariant symmetric universe could not 
evolve into a CP-noninvariant universe. 

3) Baryogenesis could have occurred only when the universe was not in 
thermal equilibrium, e.g. during the GUT era or at the Electroweak 
phase transition. 

   Baryon Number Violation 
   No data has yet provided evidence for baryon number violation. 
   Proton Lifetime > 1.6 1033 yr (e+π0 mode) 

   CP Violation 
   Has been observed in KL and B only.   
   Both results are in agreement with the Standard Model. 
   Need a new type of CP Violation for Baryogenesis. 

Sakharov’s Conditions for Baryogenesis (1967)!



Why is the universe so: 
 Big, Old, Flat, Homogenous and Isotropic ? 

These questions were solved by inflation 
(Starobinsky 1979, Guth 1981, Linde 1982, Albrecht and Steinhardt 1982). 

One question remains: What is the origin of the small 
baryon density and, apparently, the matter-antimatter 
asymmetry ?  

Questions not answered by the Big Bang Theory:!
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Planck era                          10-43 sec               1019 GeV 

                                       inflation begins 
GUT era                              10-35 sec               1015 GeV     
                     inflation decay, particle creation starts 
                                      hot Big Bang 

Electroweak                          10-9 sec                 102 GeV 
                          baryogenesis-> baryon asymmetry 

(requires baryon number violation,  
CP violation beyond the Standard Model and  

a Higgs very close to the LEP limit) 

… … … … …  
~ 3K today                                   13.7 Gyr            3x10-4 eV 

Evolution with EW Baryogenesis!



If so, regions of matter and antimatter are either close to each other and 
annihilate or far away from each other, which contradicts the isotropy of 
the CMB (Cohen, DeRujula, Glashow ApJ 495 (1998) 539).  This assumes 
adiabatic fluctuations (i.e. matter and radiation fluctuate together). 

But there could be isocurvature fluctuations (i.e. radiation fluctuates 
independently (differently) from matter and antimatter).  Matter and 
antimatter could be separated by regions of low baryon density and 
uniform photon background.   

In this case annihilation would be weak.  The universe could consist of 
large matter and antimatter domains with small voids - the isotropy of the 
CMB radiation would not be affected.  

Could our universe be matter-antimatter symmetric ?!

AD: Adiabatic Fluctuations 
CI: Cold Dark Matter Isocurvature 
NID: Neutrino Isocurvature Density 
NIV: Neutrino Isocurvature Velocity 
riso: Isocurvature fraction <13% 

(Ωbh2= 0.037, Ωch2= 0.13, ΩΛh2= 0.75, …) 

S. Larsen et al. March 2010 

Constraining Isocurvature Initial  
conditions with WMAP 7-year data 



Isocurvature  
fluctuations 

B non-conservation 

New CP violation with 
 different signs of CP 
 in different domains  

Affleck-Dine (AD) Baryogenesis:  
Baryon charged scalar inflation field 

Consistent with SUSY 

Consistent  
with WMAP 

No annihilation 

Antimatter in the Universe 

Cosmologically 
large matter 
& antimatter 

domains 

Small antimatter  
regions within  
large matter 

domains 

Small globular 
 cluster of 
anti-stars 

These predictions are consistent with current limits (γ spectra, AMS-01) 
AMS-02 will provide 103 to 106 more sensitivity 

Our Universe can have some fraction of antimatter:  

Possible 
Outcomes 



Matter – Antimatter domain separation? 
  γ-ray   ≈ 0.1 GeV from annihilation in 

boundary regions 

• Current limit: separation above 
cluster of galaxy (> 10 Mpc)  

    Steigman, G. 1976, Ann. Rev. Astron. 
Astrophys. 14, 339,  

“Observational tests of antimatter cosmologies” 

•  Observable? 
•  Magnetic fields ?  
•  Survival probability?  

Ahlen, S.P. et al. 1982, ApJ, 260, 20,  
“Can we detect antimatter from other galaxies?” 
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The detection of an antinucleus of He or and higher Z  antinucleus!
would have profound implications on our understanding of the 
fundamental laws of particle interactions!



Search for Antimatter 



Experimental work on Antimatter in the Universe 
Search for 

Baryogenesis 

Proton decay�
Super K 

(τp > 6.6 * 1033 years )  

Direct �
search 

New CP 
BELLE 
BaBar�

(sin 2β= 0.672±0.023 
consistent with SM) 

FNAL KTeV 
(Re(ε’/ ε) = (19.2±2.1)*10-4) 

CERN NA-48 �
CDF, D0 

LHC-b, ATLAS,CMS AMS�
Increase in sensitivity: x 103 – 106�

Increase in energy to ~TeV 
No explanation found for the absence 

of antimatter (no reason why 
antimatter should not exist) 

 Search for Antimatter Universe 

AMS-01 
BESS�
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and warm bore to detect low energy particles that cannot"
penetrate the lower magnet wall. Events are triggered"
by the UTOF in coincidence with LTOF or MTOF and"
recorded without in-flight selection. The ACC is located"
between the magnet and the LTOF to separate antipro-"
ton events from e− and μ− background. The MTOF and"
ACC are not used for the He search."
The superconducting solenoid provided a uniform field"
of 0.8 Tesla for over 11 days of continuous operation in"
BESS-Polar I and over 25 days in BESS-Polar II. Two"
IDCs and a JET-cell type drift chamber (JET) using"
continuously refreshed CO2 are located inside the warm"
bore (0.80 m in diameter and 1.4 m in length). The ax-"
ial positions of incident particles are initially determined"

BESS 

repeated measurement 
of  velocity and 
momentum 

superconducting 
magnet on several 
ballon flights  
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Limit (98% CL) if same spectrum for He and anti He is assumed 

Limit (98% CL)  if different spectrum for He and anti He is assumed 
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  PAMELA 2006-2012 
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1.3m 

PAMELA 

AMS-02 

Acceptance�
21.5 cm2sr 
Astroparticle Physics �
27 (2007) 296–315 

Exposure (5yrs)�
2006-2011 

Acceptance�
              e+          950 cm2sr�
p, He, He, … 4,500 cm2sr 

Exposure ( 20 yrs) 

Published e+ data up to ~ 100 GeV 

e+ energy > 1 TeV 

ECAL Magnet 

P 
e+ > 102 

P 
e+ > 104 

P 
e+ > 106 

Measured rejection at 0.4 TeV 

TRD 

ECAL 

Combined 
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TRD  
Identify e+, e- 

Silicon Tracker 
 Z, P 

ECAL  
E of e+, e-, γ 

RICH  
 Z, E 

TOF 
 Z, E 

Par$cles)and)nuclei)are)defined)by)their)�

charge)(Z))and)energy (E ~ P) 

 Z, P are measured independently by the  
Tracker, RICH, TOF  and ECAL 

AMS: A TeV precision, multipurpose spectrometer 

 Magnet 
±Z 
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6 5m x 4m x 3m 

7.5 tons 
Silicon layer 

7 Silicon layers 

Silicon layer 

TRD 

TOF 1, 2 

TOF 3, 4 

RICH 

ECAL  

Magnet 

300,000 electronic channels 
650 processors 

Radiators 

11,000 Photo Sensors 
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USA 
FLORIDA A&M UNIV. 
FLORIDA STATE UNIVERSITY 
MIT - CAMBRIDGE 
NASA GODDARD SPACE FLIGHT CENTER 
NASA JOHNSON SPACE CENTER 
TEXAS A&M UNIVERSITY 
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MEXICO 
UNAM 

DENMARK 
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FINLAND 
HELSINKI UNIV. 
UNIV. OF TURKU 

FRANCE 
GAM MONTPELLIER 
LAPP ANNECY 
LPSC GRENOBLE 

GERMANY 
RWTH-I 
RWTH-III 
MAX-PLANK INST. 
UNIV. OF KARLSRUHE 

ITALY 
ASI 
CARSO TRIESTE 
IROE FLORENCE 
INFN & UNIV. OF BOLOGNA 
INFN & UNIV. OF MILANO 
INFN & UNIV. OF PERUGIA 
INFN & UNIV. OF PISA 
INFN & UNIV. OF ROMA 
INFN & UNIV. OF SIENA 

NETHERLANDS 
ESA-ESTEC 
NIKHEF 
NLR 

ROMANIA 
ISS 
UNIV. OF BUCHAREST 

RUSSIA 
I.K.I. 
ITEP 
KURCHATOV INST. 
MOSCOW STATE UNIV. 

SPAIN 
CIEMAT - MADRID 
I.A.C. CANARIAS. 

SWITZERLAND 
ETH-ZURICH 
UNIV. OF GENEVA 

CHINA BISEE (Beijing) 
IEE (Beijing) 
IHEP (Beijing) 
NLAA (Beijing) 
SJTU (Shanghai) 
SEU (Nanjing) 
SYSU (Guangzhou) 
SDU (Jinan) 

KOREA 
EWHA 

KYUNGPOOK NAT.UNIV. 

PORTUGAL 

LAB. OF INSTRUM. LISBON 

ACAD. SINICA (Taiwan) 
AIDC (Taiwan) 

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

NCTU (Hsinchu) 
NSPO (Hsinchu) 

TAIWAN 

AMS is an International Collaboration 
16 Countries, 60 Institutes and 600 Physicists 
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   Galactic Cosmic Ray 
Origin &  Propagation  
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                  18 Orders of magnitude in Energy  

7 orders of magnitude in Energy  
15 orders of magnitude in flux Intensity  

7 orders of magnitude in Energy  

15 orders of magnitude in flux Intensity  

   Extragalactic Cosmic  
       Rays Production 
         &Propagation  





AMS mated with the Payload Attach System simulator (A) during Space 
Station interface verification test 

A 

 KSC, October 22, 2010 



Mating of Space Shuttle with�
External Tank and Solid Rocket Boosters  

Transfer of STS-134 
to the launch pad,�

March 10, 2011 



Endeavour:)))))))))110)t)

External)tank:))))756)t)

2)SRB:)))))))))))))))))1142)t)

(solid rocket boosters) 
Total)weight:))))2008)t)

AMS)weight:))))))))7.5)t)

May 16, 2011, 08:56 EDT 



After 123 seconds, �
1,000 tons of fuel is spent. 



Endeavour)approaching)the)Space)Sta$on,)May)18,)2011)



AMS is grappled by the 
Shuttle Arm 
May 19, 2011 



May 19: AMS installation completed at 5:15 CDT, and data  taking started at 
9:35 CDT 
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Payload Operations Control Center (POCC) �
at CERN in control of AMS since 19 June 2011 



AMS collected over 8 billion events 
over the first 6 months 

25OJun) ))13OJul))))7OJun)19OMay) 1OAug) ))19OAug) 7OSep) )25OSep) )14OOct) )1ONov) )20ONov)

924)

1847)

2771)

3694)

5541)

6465)

7388)

    Events collected 
    Events reconstructed 

8312)

9235)

4618)
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Tracker Entry 

Tracker Exit 

0.
27

 X
0 

0.
33

 X
0 

0.
50

 X
0  

a) Minimal material in the detector�
So that the detector does not become a 
source of background nor of large angle 

scattering 
b) Repetitive measurements of momentum �

To ensure that particles which had large angle 
scattering are not confused with the signal. 

AMS goals:  He/He >1010 

Inner Tracker Entry  

Inner Tracker Exit  

Momentum from tracker planes: 

1 2 3 4 5 6 7 8 = 2+3+4+5+6+7+8+9 �



AMS data: He rate 
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Polar region 

Equatorial region 

Quiet period 
Solar Flare, 24/1/2012 

R. Battiston   Irsee 2012 



AMS-02 Antihelium Limits with AMS-02 

Current antimatter 
searches are limited 

y06K301 



Z)=)7)(N))

P)=)2.088)TeV/c))

Z)=)10)(Ne))

P)=)0.576)TeV/c))

Z)=)13)(Al))

P)=)9.148)TeV/c))

Z)=)14)(Si))

P)=)0.951)TeV/c))

Z)=)15)(P))

P)=)1.497)TeV/c))

Z)=)16)(S))

P)=)1.645)TeV/c))

Z)=)19)(K))

P)=)1.686)TeV/c))

Z)=)20)(Ca))

P)=)2.382)TeV/c))

Z)=)21)(Sc))

P)=)0.390)TeV/c))

Z)=)22)(Ti))

P)=)1.288)TeV/c))

Z)=)23)(V))

P)=)0.812)TeV/c))

Z)=)26)(Fe))

P)=)0.795)TeV/c))

AMS data: Nuclei in the TeV range 

R. Battiston   Irsee 2012 



Physics of AMS: Nuclear Abundances Measurements 
Φ

 (s
r-

1  m
-2
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eV

-1
) 

For energies from 100 MeV/n to 2 TeV/n 
with 1% accuracy over the 11-year solar cycle. 

These spectra will provide experimental measurements of  the assumptions that go 
into calculating the background in searching for Dark Matter, �

i.e., p + C →e+, p, … 
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a) Minimal material in the TRD and TOF�
So that the detector does not become a source of e+ from P+A -> P + e+ ...................  

b) A magnet separates TRD and ECAL so that a low energy e+ produced in TRD will be 
swept away and not enter ECAL�

In this way the rejection power of TRD and ECAL are independent 
c) Matching momentum of 9 tracker planes with ECAL momentum measurements 

AMS goals: p/e+ >106 

rejection >102 

rejection >104 
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TOF"
RICH"

ECAL"

e+ 

e+ 

p 

p 

TRD: 

ECAL: 

P 
e+ 

P 
e+ 



Antiprotons in cosmic rays 



Discovery of antiprotons in CR, 1979 

•  p/p ratio 
6 x 10-4 

•  2-5 GeV 

Bogomolov, E.A. et al. 1979, Proc. 16th ICRC, Kyoto, 1, 330, 
“A Stratospheric Magnetic Spectrometer Investigation of the Singly Charged Component 
 Spectra and Composition of the Primary and Secondary Cosmic Radiation” 

From  
Robert E. Streitmatter  
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BESS  Abe et al .  arXiv:1107.6000v2 




Donato et al.  
(ApJ 563 (2001) 172) 

Ptuskin et al. 
(ApJ 642 (2006) 
902) 

        PRL. 105, 121101 (2010)    



Trapped proton flux in the Van Allen belt  
        (South Atlantic Anomaly) 

Integral Pamela flux 
 (E>35 MeV)  
(PSB97 plot by SPENVIS 
project, model by BIRA-IASB) 

A γ0 γ1 χ2/ndf 

nero 0.11±0.01 6.0±0.4 3.1±0.5 7.1 

rosso (2.3±0.3) 10-2 5.9±0.5 2.6±0.6 6.8 

verde (5±3) 10-4 8.1±1.8 4.7±1.8 10. 

Turquoise  0.3 G   < B  
Yellow   0.22 G < B < 0.23 G 
Blue   0.21 G < B < 0.22 G 
Green   0.20 G < B < 0.21 G 
Red   0.19 G < B < 0.20 G 
Black             B<0.19 G   

P/
(c

m
^2

 sr
 G

eV
 s)

 Trapped 

Galactic 

GeV 

Arxiv 0810.4980v1 



Trapped antiprotons 

ApJL 2011 



e+ + e- 

e- 

Flux=A • E-γ"

γ = 3.18 ±0.05 

O. Adriani et al.,  PRL 106 (2011) 201101. 



Positrons in cosmic rays 



All electrons 



Positron flux 



Positron to Electron fraction : the   PAMELA result 

Secondary 
production 
Moskalenko & 
Strong 98 

Adriani et al, Nature 458, 697, 2009  and Astropart. Phys. 34 (2010) 
1 





The Origin of Dark Matter 
~ 24% of Matter in the Universe is not visible and is called Dark Matter 

A Galaxy as seen by telescope If we could see Dark Matter in  
the Galaxy 



Dark Matter Searches 
• Cosmology 
Detection, not identification 

• LHC Search  
Supersymmetry, not necessarily DM 

DAMA 

• Direct Detection 
Local structure and nature 

γ:  Galactic centre 
  Antiprotons: 
  Galactic average 

  positrons: 
  Local galactic 1kpc 

• Indirect Detection  
Various galactic scales   

 1E 0657-56  - Bullet Cluster 



A Challenging Puzzle for Dark Matter 
Interpretation 



1.03 TeV electron 
front 
view 

205 GeV positron 

TRD: identifies  
electron 

Tracker and Magnet:  
measure momentum 

front 
view 

ECAL: identifies electron and 
measures its momentum 

RICH charge of 
electron 

front 
view 

front 
view 

369 GeV positron 424 GeV positron 

AMS data: High energy e± 

R. Battiston   Irsee 2012 
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e+ Energy [GeV] 

AMS data on ISS  
1 TeV 

The Origin of Dark Matter 
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Detection of High Mass Dark Matter from ISS 
MC simulations 

AMS-02 

e+ Energy (GeV) 

e+
 /(

e+
 +

 e
- ) 

mχ=400 GeV mχ=200 GeV 

mχ=800 GeV 

Events sample in first weeks 

Collision of Cosmic Rays 



AMS ATLAS,  CMS, 
ALICE & LHCb  

ISS cost = ~10 LHC. 
LHC has 4 big experiments. 

ISS only has AMS. 

AMS 
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Particle energies observed in space by AMS-02 are  
               already  higher than at LHC detectors  

Today :  
max Pt  = 150 GeV  

Later :   
max Pt  = 400 GeV 



The Cosmos is the Ultimate Laboratory. 
Cosmic rays can be observed at energies higher than any accelerator.   

The most exciting objective of AMS is to probe the unknown; �
to search for phenomena which exist in nature that we have not yet 

imagined nor had the tools to discover. 
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Recent Discoveries in Physics 

Facility! Original purpose,!
Expert Opinion!

Discovery with!
Precision Instrument!

AGS Brookhaven (1960)! π N interactions!
2 kinds of neutrinos,!

Time reversal non-symmetry,!
4th Quark!

FNAL  Batavia (1970)! neutrino physics! 5th Quark, 6th Quark!

SLAC Spear (1970)! ep, QED! Partons, 4th Quark,!
3rd electron!

PETRA Hamburg (1980)! 6th Quark! Gluon!

Super Kamiokande (2000)! Proton Decay! Neutrino has mass!

AMS on ISS! Dark Matter, !
Antimatter! ?!

Hubble Space!
Telescope!

Galactic!
Survey!

Curvature!
of the universe!

Exploring a new territory with a precision instrument is the key to discovery.!



AMS has always received strong support from the world’s scientific community 

Thanks ! 
From Scientific American, May 2011 


