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AMS on the International Space Station  

•  Primordial Antimatter 
search with 10-9 
sensitivity 

•  Indirect Dark Matter 
search (e+,   , γ)	



•  Relative abundances of 
nuclei and isotopes in 
primary cosmic rays 

•  γ rays astrophysics 

The purpose of the AMS experiment is to perform accurate, high statistics, long period 
measurements of charged cosmic rays (O(GV) - O(TV)) and γ rays (E>1GeV) 

p   
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Cosmic Rays Flux 
Ref: B Beischer et al 2009 
New J. Phys. 11 105021 
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TRD  
Identify e+, e- 

Silicon Tracker 
 Z, P 

ECAL  
E of e+, e-, γ 

RICH  
 Z, E 

TOF 
Z, E 

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

 Magnet 
±Z 

A precision, multipurpose, up to TeV spectrometer 
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AMS:	
  the	
  facts	
  

•  5	
  m	
  x	
  4	
  m	
  x	
  3m	
  
•  7.5	
  tons	
  

•  300k	
  readout	
  
channels	
  

•  More	
  than	
  600	
  
microprocessors	
  
reduce	
  the	
  data	
  

rate	
  from	
  7	
  Gb/s	
  to	
  
10	
  Mb/s	
  

•  Total	
  power	
  
consumpEon	
  <	
  2.5	
  

kW	
  	
  

The detector 
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Cape Canaveral, KSC - May 16, 2011 @ 08:56 AM 

May 16th 2011: launch! 
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Houston, JSC - May 16, 2011@ 07:56 AM 

May 16th 2011: launch! 
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ISS - May 19, 2011 
AMS installation completed 

May 19th 2011: installation! 
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May 19, 2011: 
AMS installation 

completed Starlight 

WSGT 

NASA Internet 

MSFC 

CERN GRID 
Internet 

CERN GRID Internet 

On orbit @ 400 km  



Payload Operation Control Center (POCC) @ CERN 
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May 19, 2011: 
AMS installation 

completed 
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Orbital parameters 
<Acquisition rate> ≈ 500 Hz 

Average life 
time fraction 
Texp/1000 
days ~ 80 % 

Dead	
  &me,	
  …	
  +	
  
Run	
  quality	
  	
  

La
Et
ud

e	
  
La
Et
ud

e	
  

Longitude	
  

Longitude	
  

LiveTime > 70% 

Geomagne&c	
  
Cutoff	
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Thermal environment 

SUN 

SUN 

SUN 

AMS-02 is not a free-flyer 
! attitude and sun exposition cannot be 

controlled! 
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Flight electronics for thermal control 
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 
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Seasonal effects on Tracker 
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Tracker layers alignment accuracy 
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Silicon Tracker 

9 layers of double sided silicon microstrip detectors 
192 ladders / 2598 sensors/ 200k readout channels 

1 

5 
6 

3 
4 

7 
8 

9 

2 

Coordinate resolution  10 µm    
à  20–UV Lasers to monitor inner tracker 

alignment 
à  Cosmic rays to monitor outer tracker  

alignment 
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Silicon Tracker charge resolution 

Tracker L1 Charge measurement 

Thanks to several energy deposits in silicon and 
the High Dynamic Range of the Front End 
electronics, the Silicon Tracker has a very 
accurate charge resolution 

 ! ~ 0.1 c.u. 

The first layer (L1), used as a 
standalone charge detector has a 
charge resolution (~ 0.3 c.u.) that 

allows the identification of the 
fragmentations, being at the top of 

the intrument (TOI) 

Heavy nuclei fragmenting to Boron 

Abundances	
  not	
  corrected	
  for	
  detector	
  efficiencies	
  
H	
  and	
  He	
  prescaled	
  

En
tr
ie
s	
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Time of Flight (TOF) 

TOF 1 and 2 

TOF 3 and 4 

Z=2
 Z=6

 σβ=2%	


 σTime=80ps	



 σβ=1.2%	


 σTime=48ps	



x103 
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Si	
  

Cl	
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  K	
  Ca	
  Sc	
  Ti	
  V	
  
P	
  S	
   Cr	
  

Fe	
  

Ni	
  

Mn	
  

Zn	
  Up-going particles (fake anti-
matter!) rejection up to 109 



e± 
p

e± p 
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Transition Radiation Detector (TRD) 



16/03/14 M. Duranti 20 

TRD e/p separation 

Pr
ob

ab
ili

ty
 

electron proton 

TRD estimator = -ln(Pe/(Pe+Pp)) 

Pr
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on
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n 

at
 9
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 ε
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80% 
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εe 
•  ISS data 

CUT FIT 

En
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TRD estimator 
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Electromagnetic Calorimeter (ECAL) 
A precision, 3-D measurement of the 

directions and energies of gammas and 
electrons  up to 1 TeV 

50,000 fibers, φ = 1 mm 
 distributed uniformly Inside 600 kg of lead 

17X0 

1.73mm FIBER 

LEAD 

Lead foil 
(1mm) 

Fibers 
(φ1mm) 

 p± e± 
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ECAL e/p rejection 
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Figure 3: (a) The proton rejection measured by the TRD as a function of track momentum
at 90% selection efficiency for e±. (b) The measured proton rejection using the ECAL
and the Tracker. For 90% e± ECAL selection efficiency, the measured proton rejection
is ∼10,000 for the combination of the ECAL and the Tracker in the momentum range
3–500GeV/c, independent of the TRD.
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protons electrons 

Boosted Decision Tree, BDT: 
19 variables describing 
3D shower shape combined 
(B.Roe et al., NIM A543 (2005) 577) 

 
 
protons electrons 

ISS data: 83–100 GeV 

 ECAL estimator 

Fr
ac

tio
n 

of
 e

ve
nt

s 

The Calorimeter thanks to its shower shape 
imaging capabilities can discriminate very 
sensibly eletromagnetic from hadronic showers 

Combining the ECAL energy information with 
the Tracker Rigidity (E/R) the e/p rejection can 
be furtherly increased  
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Full coverage of anti-matter and CR physics 

He,Li,Be,..Fe P e– He, C P e+ 

TRD 

TOF 

Tracker 

RICH 

ECAL 

– – – 

Physics 
example Antimatter Cosmic Ray Physics Dark matter 

γ	





16/03/14 M. Duranti 24 

TRD: 
identifies  
electron 

Tracker and Magnet:  
measure momentum 

ECAL: identifies electron 
and measures its energy 

side 
view 

front 
view 

RICH 
charge (Z) 
of electron 

TOF: Trigger 
and sign of 
velocity 

AMS data on ISS - 1.03 TeV electron 
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High statistics 

To date AMS collected ≈ 45 billion events 

33 months of AMS operations 

≈40 billion events are currently under analysis 
 
 

 Events collected 
 Events reconstructed 

e+/(e+	
  +	
  e-­‐)	
  measurement	
  	
  

e+,e-­‐,(e+	
  +	
  e-­‐),p,He,	
  B/C	
  measurement	
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AMS-02 First Published Result 
  
 “First Result from the AMS on the 

ISS: Precision Measurement of the 
Positron Fraction in Primary Cosmic 

Rays of 0.5-350 GeV” 
 

Selected as a  
“Viewpoint” by APS 
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Positron fraction (0.5 – 350 GeV) 

-  AMS-02 
(6.8 million e+, e− 
events) 

P
os

itr
on

 fr
ac

tio
n 

e± energy (GeV) 	
  

No fine structure in the spectrum 
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Positron fraction @ high energies 

Comparison at high energies 

e± energy (GeV) 

Po
si

tr
on

 fr
ac

tio
n 



P
os

itr
on

 fr
ac

tio
n 

Fit to Data with Model 
χ2/d.f.	
  =	
  28.5/57 

Data 

e± energy (GeV) 	
  

Describe	
  electron	
  and	
  positron	
  fluxes	
  as	
  a	
  sum	
  of	
  a	
  diffuse	
  component	
  and	
  a	
  common	
  
source	
  with	
  a	
  cutoff	
  energy	
  	
  :	
  
	
  

Φe+	
  	
  =	
  Ce+	
  Ε −γe+	
  +	
  CsΕ−γs	
  e-­‐E/Es	
  	
  	
  	
  
Φe-­‐	
  	
  =	
  Ce-­‐	
  Ε −γe-­‐	
  +	
  CsΕ−γs	
  e-­‐E/Es	
  
	
  	
  
	
  

γe-­‐	
  −	
  γe+	
  =	
  −0.63 ± 0.03	
  
γ	
  e-­‐	
  −	
  γ	
  S	
  =0.66±0.05	
  
Ce+	
  /Ce-­‐=0.091 ± 0.001	
  
CS	
  /Ce-­‐	
  	
  = 0.0078 ± 0.0012	
  
1/Εs=	
  0.0013 ± 0.0007 GeV−1, (760+1000 GeV) 

Minimal empirical model 
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•  Dark Matter prediction:  
-  steeper fall at high energies 
-  isotropic positron flux 

Origin of the excess 

24/02/14 M.Duranti 

Cholis	
  arXiv:	
  astro-­‐ph/1304.1840	
   Kopp	
  hep-­‐ph/1304.1184	
  
Astrophysical objects Dark Matter 

AMS PAMELA 

AMS 

Different energy behavior of the positron fraction: 
•  Pulsars predictions:  

-  slow fall at high energies 
-  anisotropic positron flux 

30 
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Positron (e+) flux 

31 

Fermi data above 100 
GeV are off scale  
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Electron (e-) flux 

•  AMS-02 
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All-electron (e++e-) flux 
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Proton flux 
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AMS-02 proton flux and the Pamela’s break 

AMS data, a 3.1% scaling uncertainty not included 
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AMS-02 helium flux and the Pamela’s break 

AMS data, a 3.5% scaling uncertainty not included 
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Boron to Carbon ratio 
B/
C	
  
Ra

*o
	
  



Conclusions 
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•  AMS	
  is	
  the	
  Cosmic	
  Rays	
  observatory	
  of	
  
the	
  next	
  decade	
  

•  AMS	
  data	
  have	
  potenEal	
  to	
  shed	
  a	
  
light	
  on	
  the	
  nature	
  of	
  the	
  Dark	
  Ma`er	
  	
  

•  The	
  observed	
  positron	
  excess	
  may	
  
imply	
  a	
  heavy	
  Dark	
  Ma`er	
  WIMP	
  
parEcle	
  or	
  a	
  new	
  mechanism	
  of	
  
acceleraEon	
  in	
  the	
  pulsars	
  

•  ObservaEon	
  	
  of	
  anomalies	
  in	
  the	
  anE-­‐
proton	
  spectrum	
  would	
  be	
  an	
  
evidence	
  of	
  the	
  	
  DM	
  hypothesis	
  

•  Accurate	
  measurements	
  of	
  the	
  CR	
  
primary	
  components	
  are	
  being	
  
performed	
  

•  More	
  staEsEc	
  is	
  needed	
  
•  AMS	
  precise	
  measurements	
  are	
  

promising	
  new	
  Physics	
  
If	
  nothing	
  happens	
  it	
  will	
  take	
  

data	
  for	
  the	
  whole	
  ISS	
  life	
  (2024)…	
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Overall charge resolution 

TRD"
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1. Tracker Plane 1 

6. RICH 

Multiple Independent Measurements of |Z| 

4. Tracker Planes 2-8 

7. Tracker Plane 9 

2. TRD 

3. Upper TOF (1 counter) 

5. Lower TOF (1 counter) 

Carbon (Z=6) 
ΔZ  (cu)  

0.30 

0.12 

0.32 
0.30 

0.33 

0.16 

0.16 



The (e++e-) flux measurement 
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�(E,E +�E) =
N

obs

(E,E +�E)

�E�T
exp

A
e↵

✏
trig

Φ      = Absolute differential flux (m-2 sr -1 GeV-1) 
Nobs   = Number of observed events  
ΔTexp = Exposure time (s) 
Aeff    = Effective acceptance (m2sr) 
Etrig    = Trigger efficiency 



Acceptance 
Estimated with MC (Geant 4) 

 
 
 

 
 
 
 

 Agenerated = acceptance of the generation surface 
 Nselected = events passing the selection criteria 
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Aeff.(E) =  Agenerated ✕  
Nselected(E) 

 
Ngenerated(E) 

e-!

3.
9 

m
!



Acceptance 
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Preselection 
Selection 

e-!

3.
9 

m
!

The final acceptance (i.e. after the selection cuts) 
is evaluated using MC      

The effect of every 
cut has been checked 

on ISS data and, if 
needed, the value of 

acceptance 
“corrected” (O(%)) 



The trigger efficiency 
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100% efficiency at E>3 GeV 

The trigger efficiency 
has been determined 
with ISS data using 
the “unbiased 
trigger” (a trigger with 
looser conditions, 
pre-scaled by 1/100)  
 



Systematic error: acceptance 
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Track reconstruction: # of e± with a track 
# of e± through Trk acceptance 

σ<1% 

The effect of every 
cut has been 
checked on ISS 
data and, if needed, 
the value of 
acceptance 
“corrected” (O(%)) 
 
The uncertainty on 
the MC/Data 
agreement has 
been quoted as 
systematic  



Systematic error: acceptance 
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The effect of every 
cut has been 
checked on ISS 
data and, if needed, 
the value of 
acceptance 
“corrected” (O(%)) 
 
The uncertainty on 
the MC/Data 
agreement has 
been quoted as 
systematic  

σ<1% 
σ≈2% 

≥ 8 TRD hits used in the estimator 



Systematic error: stability of the signal vs ECAL BDT cut 
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In each energy 
interval the cut on 
the ECAL BDT has 
been varied around 
the working point to 
verify the stability of 
the measurement.  
 
The RMS of the 
estimated number 
of e±, over a wide 
range of BDT cut 
efficiencies has 
been quoted as 
systematic  BDT cut efficiency
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0 10 20 30 40 50 60 70 80 90!
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Systematics: bin-to-bin migration 
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1.7% @ 100 
GeV 
 
The effect is 
not negligible 
only below 
few GeV 



TRD e/p rejection on ISS 
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At high 
energies the 
rejection 
could be 
easily 
improved 
tightening 
the cut  

P
ro

to
n 

re
je

ct
io

n 
at

 9
0%

 e
+  

ef
fic

ie
nc

y 
 

Rigidity (GV) 

70% 
80% 
90% 

εe 



ECAL e/p rejection on ISS 
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ECAL classifier, 
combined with 
the energy-
momentum 
matching, 
exceeds 104, 
below 200 GeV, 
and it becomes 
~103 at E~1TeV  

ECAL BDT (for signal efficiency of 90%) 
+  

E/p>0.75  

P
ro

to
n 

re
je

ct
io

n 
at

 9
0%

 e
+  

ef
fic

ie
nc

y 
 

Rigidity (GV) 



Charge resolution 
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H	
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  Sc	
  
V	
   Cr	
  

P	
   S	
   Fe	
  

Ni	
  
Ti	
   Mn	
  

Co	
  

Resolution: ∆Z ≈ 0.05   for    Z = 1 



The measurement is stable over  wide variations of the cuts 
 in the TRD identification, ECAL  Shower Shape,  

E (from ECAL ) matched to |P| (from the Tracker), … 
For each energy bin, over 1,000 sets of cuts were analyzed.  

Energy range 83.2-100 GeV 
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Positron fraction stability 



24/02/14 M.Duranti 54 

Template fits (positron fraction) 
Fit in e+/e-+e+ measurement : 

The TRD Estimator shows clear separation between protons and positrons with 
a small charge confusion background 

Ev
en

ts
 

TRD Estimator  (83.2-100 GeV) 

protons positrons 



Positron events,  positron fraction in 
each energy bin 
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Positron fraction errors 



●  Data 
--  MC 

Two	
  sources:	
  large	
  angle	
  sca`ering	
  and	
  producEon	
  of	
  secondary	
  tracks	
  along	
  
the	
  path	
  of	
  the	
  primary	
  track.	
  Both	
  are	
  well	
  reproduced	
  by	
  MC.	
  SystemaEc	
  
errors	
  correspond	
  to	
  variaEons	
  of	
  these	
  effects	
  within	
  their	
  staEsEcal	
  limits.	
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Charge confusion (positron fraction) 

56 



300 GeV  Charge 
 confused 

1 TeV   Charge 
 confused 
≈ 2% 

Momentum	
  resolu&on	
  contributes	
  at	
  the	
  O(%)	
  level	
  in	
  the	
  
charge	
  confusion	
  at	
  the	
  TeV	
  energies	
  	
  	
  

�R/R

�R/RMeasured on beam!

Spectrometer resolution and charge confusion 
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8	
  GeV	
  electron	
  reconstructed	
  as	
  1	
  GeV	
  positron	
  

. Bremsstrahlung and delta rays  
provide many nearby tracks with high 
probability  for association of a wrong hit 
to the main track. 
 

Charge confusion sources: interaction in the detector 
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38	
  GeV	
  electron	
  reconstructed	
  as	
  0.8	
  GeV	
  positron.	
  

Charge confusion sources: interaction in the detector 
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Different	
  reconstructed	
  quanEEes	
  are	
  sensiEve	
  to	
  interacEons	
  and	
  
can	
  be	
  used	
  to	
  separate	
  Correct	
  and	
  Wrong	
  Charge	
  Sign	
  assignment	
  

Correct sign 
Wrong sign 

Use	
  a	
  staEsEcal	
  esEmator	
  to	
  build	
  a	
  tracker	
  charge	
  sign	
  
discriminaEng	
  variable	
  	
  

	
  

Correct sign 
Wrong sign 

        0.8  0.9   1   1.1  1.2     1.3   1.4   1.5   1.6!
                                        Tracker charge  !

                 -1.5       -1       -0.5       0.        0.5 !
                     Log10(distance noise hit [cm])!   
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Charge confusion from interactions 
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Tracker charge sign estimator 
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e± energy (GeV) 

Po
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ac

tio
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Pulsar model 

in 10 years 
from now 

Excess origin understanding perspectives 

Background 
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The origin of the excess 
…is there any privileged arrival direction? 

δ ≤ 0.036 at the 95% confidence level 

Analysis of possible deviation of the measured ratio as a 
function of the arrival direction in galactic coordinates (b,l) 

Power spectrum from the coefficient of the spherical armonics: 

Compatible with isotropy in the dipolar mode 
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Isotropic? 

The fluctuations of the positron ratio e+/e− are isotropic 

Si
gn

ifi
ca

nc
e 

( )
 

If the excess has a particle physics origin, it should be isotropic 

 
	
  

Galactic  
coordinates (b,l) 
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Current	
  limits	
  on	
  the	
  amplitude	
  of	
  a	
  dipole	
  anisotropy	
  in	
  any	
  axis	
  in	
  	
  
galacEc	
  coordinates	
  	
  on	
  the	
  positron	
  to	
  electron	
  raEo	
  in	
  the	
  energy	
  range	
  from	
  16	
  

GeV	
  to	
  350	
  GeV	
  

δ	
  ≤	
  0.030	
  at	
  the	
  95%	
  confidence	
  level	
  

In	
  10	
  more	
  years,	
  AMS	
  will	
  
reach	
  a	
  sensiEvity	
  of	
  	
  

	
  
δ	
  =	
  0.010	
  at	
  95%	
  C.L.	
  

	
  
for	
  a	
  dipole	
  anisotropy	
  in	
  the	
  
positron	
  to	
  electron	
  raEo	
  

Time since May 2011 (years) 

Sensi&vity	
  to	
  anisotropy	
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1998: AMS prototype at KSC (Florida) 



•  10 days of data taking in orbit: 
◦  400 Km altitude 
◦  latitudes <51.7o 
◦  all longitudes 

•  108 events recorded 
•  Physics results (Phys. Rep. 366 

(2002) 331) 

◦  precise measurements of 
primary fluxes 
◦  detection of secondary fluxes 

(quasi-trapped) 
◦  antimatter limit at 10-6 
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June 2nd - 12th 1998: 
AMS-01 pilot experiment on Discovery STS91 


