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Cosmic Rays Flux 
Ref: B Beischer et al 2009 New J. Phys. 11 105021 

χ + χ → e+ + …. 
Signal/background=e+/p< 1/104 

background rejection > 106 

Search for Dark Matter 
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A Large Magnetic Spectrometer in Space :  
a game changing for  the study of Cosmic Ray  

L. Baldini 2012 
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Par4cles	  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 
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a) Minimal material in the TRD and TOF 
So that the detector does not become a source of e+. 

b) A magnet separates TRD and ECAL so that  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 energy  measurements 

Sensitive Search for the origin of Dark Matter with p/e+ >106 

rejection >102 
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TRD

TOF

Tr
ac

ke
r

TOF
RICH

ECAL

e+ 

e+ 

p 

p 

TRD: 

ECAL: 

P 

e+ 

P 

e+ 



TRD

TOF

Tr
ac

ke
r

TOF
RICH

ECAL

1 

2 

7-8 

3-4 

9 

5-6 

TRD: 5248 Signals 

Silicon Tracker: 
196,608 Signals 

ECAL: 2,916 Signals 

RICH: 10,800 * 2  Signals 

TOF & ACC: 88 Signals 

 Magnet 

AMS Flight Electronics for Data Acquisition (DAQ) 
300,000 channels at 2 KHz,  

650 computers  
designed and built by AMS 



TRD 
24 Heaters 

8 Pressure Sensors  
482 Temperature Sensors  

Silicon Tracker 
4 -Pressure Sensors 

 32 Heaters 
142 Temperature Sensors 

ECAL  
80 Temperature Sensors 

RICH 
96 Temperature Sensors 

TOF & ACC 
64 Temperature Sensors 

 Magnet 
68 Temperature Sensors 

AMS Flight Electronics for Thermal Control 
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1118 temperature sensors, 298 heaters 



Deviation from 1997 measurements in R-Phi coordinates, Z=0 
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•  ISS data 

TRD performance on ISS 
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Data from ISS         Time of Flight System 
Measures Velocity and Charge of particles 

Z=2 Z=6
σβ=2%
σTime=80ps

σβ=1.2%
σTime=48ps

x103 
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Bologna	  	  
Professors	  A.	  Con4n,	  G.	  Lauren4,	  F.	  Palmonari	  



Alignment	  accuracy	  of	  the	  9	  Tracker	  layers	  over	  18	  months	  



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	  	  

Detector performance on ISS RICH 



ECAL Performance 

σ(E)/E = 10.4/√E + 1.4 % 
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Data from ISS: Proton rejection using the ECAL 



Intensive Beam Tests at CERN  

AMS 



Particle  Momentum (GeV/c) Positions Purpose 

Protons 400 + 180 1,650 

 Full Tracker alignment,  
TOF calibration,  
ECAL uniformity 

Electrons    100, 120, 180, 290 7 each    TRD, ECAL performance study 

Positrons 10, 20, 60, 80, 120, 180 7 each  TRD, ECAL performance study 

Pions 20, 60, 80, 100, 120, 180 7 each   TRD performance to 1.2 TeV 

AMS in SPS Test Beam, 2010  



Run/Event 
1329775818/ 60709 

Run/Event 
133119-743/ 56950 

Electron	  E=982	  GeV	   Positron	  E=636	  GeV	  

front 
view 

side 
view 

front 
view 

side 
view 



May 16, 2011 

May 16th,, 2011 
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AMS today 



AMS Operations 

White Sands, NM 

Payload Operations Control  
Center at CERN 

TDRS Satellites 

24 hours 
x 365 days 

x 10-20 years 



IN2P3 – LYON  

FZJ – Juelich  

INFN MILANO BICOCCA 
CNAF – INFN BOLOGNA  
ASDC – ROME   

CIEMAT – MADRID 
AMS@CERN – GENEVA  

NLAA – BEIJING 
SEU – NANJING  

ACAD. SINICA – TAIPEI  

AMS Data Analysis 
Conducted at the Science Operations Center at CERN and in 

the regional centers around the world. 
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In the past hundred years, measurements of 
charged cosmic rays by balloons and satellites 

have typically contained ~30% uncertainty. 

AMS is providing cosmic ray information  
with ~1% uncertainty. 

The improvement in accuracy will  
provide new insights. 

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

24 



AMS	  recent	  results	  	  

25	  



Protons	  

26	  



The isotropic proton flux Φi for the i th rigidity bin (Ri , Ri +ΔRi) is 

Ni is the number of events, 300 million  proton events have been selected; 
Ai  is the effective acceptance; 
εi is the trigger efficiency;  
Ti is the collection time (which depends on the geomagnetic cutoff). 

To match the statistics, extensive systematic 
errors study has been made. 

27 



Systematic errors on the Proton Flux: 
1)	  σtrig.:trigger	  efficiency	  	  
2)	  σacc.:	  
	  	  	  	  	  	  	  a.	  the	  acceptance	  and	  event	  selecKon	  
	  	  	  	  	  	  	  b.	  background	  contaminaKon	  
	  	  	  	  	  	  	  c.	  geomagneKc	  cutoff	  
3)	  σunf.	  
	  	  	  	  	  	  	  	  	  	  a.	  unfolding	  
	  	  	  	  	  	  	  b.	  the	  rigidity	  resoluKon	  funcKon	  
4)	  σscale.:	  the	  absolute	  rigidity	  scale 

28 



300 million events 

AMS proton flux 

AMS-02 
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30 

AMS proton flux 



Solid curve fit of Eq. Φ to the data.  
(Fit to data above 45 GV: χ2/d.f.= 25 /26) 
Dashed curve uses the same fit  
values but with Δγ set to zero. 

Φ 
Φ

Φ
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AMS proton flux fit with two power laws: 
Rγ, Rγ+Δγ  with a characteristic transition rigidity R0  

and smoothness s   
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AMS proton spectral index variation: 
Model independent measurement of spectral index 
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2011	  

2012	  

2013	  

2011-‐2013	  

Spectral	  index	  of	  the	  proton	  flux	  for	  2011	  to	  2013	  	  	  	  



Electrons	  and	  positrons	  
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Measuring electrons and positrons 

TRD	  
(transi4on	  radia4on)	  
to	  iden4fy	  e±	  

ECAL	  
(shower	  shape)	  
to	  separate	  e±	  
from	  protons	  	  

ECAL	  measures	  E	  
Tracker	  measures	  p	  

e±:	  E=p	  
proton:	  E<p	  
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proton electron 

proton electron 

proton electron 

TRD estimator 

ISS data:83-100 GeV 

E/p 

Boosted Decision Tree, BDT: 

ECAL BDT 

ISS data:83-100 GeV 

εe=90% 
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Physics of 11 million e+, e- events 



36 

11 million e+, e- events 

AMS-02 
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Verification of Positron Fraction  
with two independent samples 

Positron fraction analysis with TRD Only 

Good agreement between two independent samples 
37	  
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Positron Fraction from AMS 



The energy beyond which it ceases to increase. 
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Energy [GeV] 

11 million e+, e- events 



Ne±	  	  	  is	  the	  number	  of	  electron	  or	  positron	  events	  	  
Aeff	  	  is	  the	  	  effecKve	  acceptance	  	  	  
εtrig	  is	  the	  trigger	  efficiency 	   	   	   	  	  
T	  	  	  	  	  	  is	  the	  exposure	  Kme	  	  

Measurement	  of	  the	  flux	  of	  electrons	  and	  positrons	  

40 to be presented by Professor S. Schael (RWTH-Aachen) 



Electron flux 
(before AMS) 
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Electron	  Flux	  
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Electron	  Flux	  
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See O. Adriani et al., PRL 111 (2013) 081102 
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Positron flux 
(before AMS) 
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Positron	  Flux	  
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Positron	  Flux	  

46	  



1.	  The	  electron	  flux	  and	  the	  positron	  flux	  are	  different	  in	  their	  magnitude	  and	  
energy	  dependence.	  

2.	  Both	  spectra	  cannot	  be	  described	  by	  single	  power	  laws.	  
3.	  The	  spectral	  indices	  of	  electrons	  and	  positrons	  are	  different.	  	  
4.	  Both	  change	  their	  behavior	  at	  ~30GeV.	  	  	  
5.	  The	  rise	  in	  the	  positron	  frac4on	  from	  20	  GeV	  is	  due	  to	  an	  excess	  of	  positrons,	  	  

	  	  	  	  	  not	  the	  loss	  of	  electrons	  (the	  positron	  flux	  is	  harder).	  

Observa4ons:	  

The	  Electron	  Flux	  and	  the	  Positron	  Flux	  

47	  

spectral index = d log (Φ)/ d log (E)  



The	  (e+	  +	  e-‐)	  flux	  before	  AMS	  
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Combined	  (e+	  +	  e-‐)	  Flux:	  event	  selec4on	  

TRD: 
identifies  
electron 

Tracker and Magnet:  

ECAL: identifies electron and 
measures its energy 

bending 
view 

Independent	  of	  charge	  sign	  measurement	  !	  no	  charge	  confusion	  
High	  selec4on	  efficiency	  :	  70%	  @	  TeV	  	  
Small	  systema4cs	  on	  acceptance:	  2%	  @	  TeV	  	  

49 
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AMS Results: (e+ + e-) flux 

Energy Range: 0.5 GeV to 1 TeV 
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γ = d log (Φ)/ d log (E)  
S

pe
ct

ra
l I

nd
ex

 

51	  



γ=−3.170 ± 0.008 (stat + syst.) ± 0.008 (energy scale) 

E > 30 GeV 

Φ(e++e−) = C Eγ   

The	  flux	  is	  consistent	  with	  a	  single	  power	  law	  above	  30	  GeV.	  
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AnK-‐protons	  
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Antiproton event: 
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AMS	  p/p	  results	  



56 

AMS	  p/p	  results	  



AMS	  p/p	  results	  and	  modeling	  
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Nuclei	  
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Measurement of Nuclei with AMS 

AMS: Multiple Independent Measurements  
of the Charge (|Z|) 

Carbon (Z=6) 
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1. Tracker Plane 1 

6. RICH 

4. Tracker Planes 2-8 

7. Tracker Plane 9 

2. TRD 

3. Upper TOF (1 counter) 

5. Lower TOF (1 counter) 
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AMS Nuclei Measurement on ISS 
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To be presented by V. Choutko, L. Derome, S. Haino, M. Heil, A. Oliva 
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AMS Helium Flux 

To be presented by S. Haino (Academia Sinica, Taiwan) 

50 million events 
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AMS Helium Flux 
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63 

Fit to data 
with Δγ=0 

AMS Helium Flux 

Solid curve fit of Eq. Φ to the data.  
(Fit to data above 45 GV: χ2/d.f.= 20.5 /27) 
Dashed curve uses the same fit  
values but with Δγ set to zero. 
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γ = d log (Φ)/ d log (R)  
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65 16-04-2015 AMS days - He flux 

Single power law fit 
 (R > 25 GV) 

Φp/ΦHe = C Rγ 
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AMS	  
Orth	  et	  al	  (1978)	  
Juliusson	  et	  al	  (1974)	  

AMS	  Lithium	  flux	  –	  current	  status	  

To be presented by L. Derome (LPSC, Grenoble) 



67 Slope	  changes	  at	  about	  the	  same	  rigidity	  as	  for	  protons	  and	  helium	  

Lithium	  flux	  with	  two	  power	  law	  fit	  



Rigidity (GV)
10 210 310

Bo
ro

n-
to

-C
ar

bo
n

0.03

0.04

0.05
0.06

0.1

0.2

0.3

0.4
B/C	  Ra4o	  

Exposure	  Kme	  of	  40	  
months	  

7M	  Carbons,	  2M	  Borons	  

Kinetic Energy (GeV/n)
1 10 210

Bo
ro

n-
to

-C
ar

bo
n 

R
at

io

0.03

0.04
0.05
0.06

0.1

0.2

0.3

0.4

Orth et al. (1972)
Dwyer & Meyer (1973-1975)
Simon et al. (1974-1976)
HEAO3-C2 (1980)
Webber et al. (1981)
CRN-Spacelab2 (1985)
Buckley et al. (1991)
AMS-01 (1998)
ATIC-02 (2003)
CREAM-I (2004)
TRACER (2006)
PAMELA (2014)
AMS-02

To be presented by A. Oliva (CIEMAT) 68	  



Kinetic Energy (GeV/n)
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Cowsik	  et	  al.	  
(2014)	  

Fit to positron fraction by 
secondary production model 
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Will dark matter mistery be  

  solved by Cosmic Rays ?  



Why dark matter ? 

 …because of cosmological observations  !  











What is dark matter ? 

 …we do not really know ! 





Pride and ………… 



……prejudice 



Searches with CR with space borne satellites ? 

 …some advantages :  

   - it must be somewhere out there 
                   - no limit in the mass range 

 …some disadvantages : 

  - only indirect effects of its presence 
  - uncertainties in propagation, clustering 



p, p,e−,e+,γ
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BNL,	  FNAL,	  LHC	  …CP,	  J,	  Υ,	  t,	  Z,	  W,	  h0	  
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SPEAR,	  DORIS,	  PEP,	  PETRA,	  LEP,	  …	  Ψ,	  τ	  	  

Physics	  of	  electrons	  and	  protons	  
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χ

χ

p, p,e−,e+,γ

p, p,e−,e+,γ
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LHC	  

LUX	  
DARKSIDE	  
XENON	  100	  
CDMS	  II	  
…	  

AMS,	  Fermi-‐LAT,	  HESS,	  …	  	  

Three	  independent	  methods	  to	  search	  for	  Dark	  Macer	  
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Collision of “ordinary” Cosmic Rays produce e+, p..  
Collisions of Dark Matter (neutralinos, χ) will produce additional e+, p, …  

The Origin of Dark Matter 

e± energy [GeV] 	  

To identify the Dark Matter signal we need  
1.  Measurement of e+, e−, and p-bar.  
2.  Precise knowledge of the cosmic ray fluxes (p, He, C, …) 
3.  Propagation and Acceleration (Li, B/C, …) 

AMS	  p/p	  results	  and	  modeling	  
11 million e+, e- events 
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The	  Electron	  Flux	  and	  the	  Positron	  Flux	  

spectral index = d log (Φ)/ d log (E)  

γ=−3.170 ± 0.008 (stat + syst.) ± 0.008 (energy scale) 

E > 30 GeV 

Φ(e++e−) = C Eγ   

Energy [GeV] 
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AMS Nuclei Measurement on ISS 
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State of the art before AMS-02 
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On	  may	  19	  2011	  	  AMS-‐02	  	  begins	  opera4ng	  on	  the	  ISS 
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A	  fit	  to	  the	  data	  in	  the	  energy	  range	  1	  to	  350	  GeV	  yields:	  

γe-‐	  −	  γe+	  =	  −0.63	  ±	  0.03,	  i.e.,	  the	  diffuse	  positron	  spectrum	  is	  less	  
energeKc	  than	  the	  diffuse	  electron	  spectrum;	  

γ	  e-‐	  −	  γ	  S	  	  =	  0.66±0.05,	  i.e.,	  the	  source	  spectrum	  is	  more	  energeKc	  than	  
the	  diffuse	  electron	  spectrum;	  

Ce+	  /Ce-‐	  =	  0.091	  ±	  0.001,	  i.e.,	  the	  weight	  of	  the	  diffuse	  positron	  flux	  
amounts	  to	  ∼10%	  of	  that	  of	  the	  diffuse	  electron	  flux;	  

CS	  /Ce-‐	  	  =	  0.0078	  ±	  0.0012,	  i.e.,	  the	  weight	  of	  the	  common	  source	  
consKtutes	  only	  ∼1%	  of	  that	  of	  the	  diffuse	  electron	  flux;	  

1/Εs	  =	  0.0013	  ±	  0.0007	  GeV−1,	  	  
	  	  	  	  	  	  	  	  	  	  	  corresponding	  to	  a	  cutoff	  energy	  of	  760+1000	  GeV.	  −280	  
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Bergstrom,Bringmann,Cholis,Hooper,Weniger 2013  

Also :   Ibarra,Lamperstorfer,Silk 2013  
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Cholis,Hooper 2013  
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CR	  perspecKves	  	  on	  DM	  	  
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Collision of “ordinary” Cosmic Rays produce e+, p..  
Collisions of Dark Matter (neutralinos, χ) will produce additional e+, p, …  

The Origin of Dark Matter 

e± energy [GeV] 	  

To identify the Dark Matter signal we need  
1.  Measurement of e+, e−, and p-bar.  
2.  Precise knowledge of the cosmic ray fluxes (p, He, C, …) 
3.  Propagation and Acceleration (Li, B/C, …) 

AMS	  p/p	  results	  and	  modeling	  
11 million e+, e- events 
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AMS-02: entering the era of precision cosmic ray measurement  
         e+  / e+ +  e-    ratio 
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In 10 years from now 

The expected rate at which it falls  
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AMS	  p/p	  results	  and	  modeling	  
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Ref:	  Donato	  et	  al.,	  PRL	  102,	  071301	  (2009)	  

Comparison of p/p  with Models in 10 more years  
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What about LHC?  
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High	  mass	  DM	  could	  jusKfy	  the	  
physics	  case	  for	  a	  precision	  	  post-‐	  
AMS-‐02	  	  large	  acceptance,	  high	  

resoluKon	  CR	  space	  
spectrometer	  to	  explore	  the	  10	  

TeV	  	  energy	  range	  
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Conclusions	  

•On	   Earth	   experiments	   are	   reaching	   technical	   limits,	   whereas	   indirect	   searches	   sKll	   show	   a	  
promising	  potenKal	  for	  heavy	  WIMPs	  

•Nuclear	  uncertainKes	  affect	  every	  sector	  of	  parKcle	  physics:	  DM	  direct	  detecKon	  (nuclear	  recoil	  
matrix),	  indirect	  searches	  (spallaKonin	  the	  ISM)	  and	  cosmology	  (primordial	  nucleosynthesis)	  

•A	   careful	   	   study	   of	   the	   dark	  macer	   profile	   and	   its	   hypotheKcal	   dark	   disk	   is	   challenging	   but	  
fundamental	  

•ExoKc	   candidates,	   SUSY	   candidates	   and	   SUSY	   antagonist:	   a	   full	   exhausKve	   theory	   which	  
accounts	  for	  Dark	  Macer	  and	  fundamental	  SM	  problems	  in	  not	  available	  yet	  

•A	   mulK-‐TeV	   DM	   would	   grant	   a	   decoupling	   temperature	   comparable	   with	   the	   electroweak	  
symmetry-‐breaking	   one,	   bringing	   out	   dark	   macer	   at	   the	   same	   scale	   and	   with	   a	   possible	  
interconnected	  mechanism	  	  

•AMS-‐02	  should	  soon	  demonstrate	  the	  presence	  or	  absence	  of	  WIMPs	  annihilaKon	  products	   	  in	  
the	  mulK	  100	  GeV	  region	  	  

•To	  explore	  the	  positron	  raKo	  increase	  in	  to	  the	  10	  TeV	  range	  and	  the	  anKproton	  raKo	  well	  into	  
the	  1	  TeV	  range	  a	  new	  generaKon	  of	  precise	  	  parKcle	  spectrometer	  in	  space	  would	  be	  needed	  
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