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Counting rate


•  What is measured in any CR experiment is the 
counting rate dNi/dt, not the flux Ji


•  Practically, in any experiment, data are 
collected for a time T during which Ni particles 
(crossing the detector volume and interacting 
with its active materials) are identified and 
counted


•  The relationship between dNi/dt and Ji must be 
found, i.e. the Instrument Response Function 
(IRF) must be known
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The coincidence counting rate C of any particle telescope depends 
upon the effective dimensions and relative positions, i.e. the geometry, 
of the telescope sensors as well as the intensity of radiation in the 
surrounding space and the sensor efficiencies.  
The experimentalist's task is to compute the intensity of radiation given 
the coincidence counting rate and the parameters (e.g. sensor 
dimensions) of his telescope. This is the task not only of the space 
scientist with instruments in an unknown radiation environment but also 
of the nuclear physicist with his collimated beams. 
For an ideal telescope the factor of proportionality relating the counting 
rate C to the intensity I is defined as the gathering power Γ of the 
telescope.  
When the intensity is isotropic, i.e., I = I0, the factor of proportionality is 
called the geometrical factor G. That is C = GI0. 
Also called geometrical acceptance. 

Counting rate 
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The C(x,t) in a time period T in a detector is given by 

Detector Response function 

J.D. Sullivan, 
GEOMETRICAL FACTOR AND DIRECTIONAL RESPONSE OF 
SINGLE AND MULTI-ELEMENT PARTICLE TELESCOPES,  
NUCLEAR INSTRUMENTS AND METHODS 95 (1971) pp. 5-11 
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Semplifichiamo assumendo che: 
 il flusso incidente sia indipendente da x , 
fattorizzabile come J(E,ω,t) = Jo(E,t)F(ω),  
ci sia una sola specie di particelle α = 1 à 
il # di particelle con E fra E e E+dE contate nel tempo T e' 

dN
dE

= dt dω
Ω

∫ d

σ ⋅ r̂

S
∫t

t+T
∫ F(ω)ε(E, t)Jo(E, t)

e'  il fattore o accettanza geometrica del 
rivelatore G(E,t) in unita’ di area x sr 

Nel caso di distribuzione isotropa, F(ω)dω = dω/4π

A(ω,E) = d

σ ⋅ r̂

S
∫

La funzione di risposta direzionale del rivelatore e' 
definita da 

il term.nell'integrale e' l'area "vista" da una particella che arriva da θ,φ
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dN
dE

= dt dω
Ω

∫ d

σ ⋅ r̂

S
∫t

t+T
∫ F(ω)ε(E, t)Jo(E, t)

Nel caso di distribuzione isotropa, F(ω)dω = dω/4π

A(ω,E) = d

σ ⋅ r̂

S
∫

dN
dE

= dt dω
Ω

∫ A(ω,E)
t

t+T
∫ F(ω)ε(E, t)Jo(E, t)

dN
dE

= dt[ dω
Ω

∫ A(ω,E)
4πt

t+T
∫ ]ε(E, t)Jo(E, t)

=G(E)  
à nel caso di flusso isotropo l'accettanza dipende solo dalla 
geometria del rivelatore e dall'energia della particella 

Detector Response function 
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Nel caso semplice di un telescopio a singolo piano di un 
rivelatore qualsiasi su cui incide un flusso isotropo di particelle e' 
semplice calcolare i fattori geometrici del rivelatore  

A(ω,E) = d

σ ⋅ r̂

S
∫ = cosθ dσ = S

S
∫ cosθ

G(E) = A(E,ω)dω = 2πS
Ω

∫ cosθ dcosθ
0

1

∫ = πS 

Detector Response function 

E' l'accettanza geometrica di un rivelatore a 
singolo piano: non e' l'area S ma πS perche' 
"raccoglie" particelle con dir di incidenza fra 0 
e π/2, cioe' con accettanza differenziale Scosθ
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ACCEPTANCE: measurement of the collection capabilities of the detector14
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FIG. 12: Schematic view of some of the most recent space- or balloon-borne cosmic-ray and gamma-ray detectors (all the
dimensions are meant to be in scale). Only the detector subsystems are sketched (note that the magnets for PaMeLa and AMS-
02 are not represented). For the Fermi-LAT: the anti-coincidence detector (ACD), the tracker (TKR) and the calorimeter
(CAL). For AMS-02: the transition radiation detector (TRD), the time of flight (TOF), the tracker layers, the electromagnetic
calorimeter (ECAL) and the ring imaging Cherenkov detector (RICH). For CREAM-II: the timing charge detector (TCD),
the Cherenkov detector (CD), the silicon charge detector (SCD) and the calorimeter (CAL). For PaMeLa: the time of flight
scintillators (S1–S3), the tracker (TKR), the calorimeter (CAL) and the neutron detector. For each instrument the relevant
combination of sub-detectors determining whether a given event is reconstructable (and hence the field of view) is also sketched.
Trivial as it is, we also note that the calorimeters are made of di↵erent material and therefore the relative thickness does not
necessarily reflect the depth in terms of radiation lengths (this information is included in table IV).

Among the magnetic spectrometers, BESS (see, e.g.,
[81]) is a notable example where the instruments fea-
tures a thin superconducting solenoid magnet enabling a
large geometrical acceptance with a horizontally cylindri-
cal configuration (note that in this case the particles go
through the magnet!). Several di↵erent versions of the in-
strument underwent a long and very successful campaign
of balloon flight for the measurement (and monitoring in
time) of the antiproton [82] and proton and helium spec-
tra [83].

With its unrivaled imaging granularity, the emulsion
chamber technique played a prominent role in the early
days of calorimetric experiments, as it readily allowed
to assemble large—and yet relatively simple—detectors.

In this case it is the data analysis process that is sig-
nificantly more di�cult to scale up with the available
statistics with respect to that of modern digital detec-
tors. Reference [62], e.g, contains a somewhat detailed
summary of more than 30 years of observations of high-
energy cosmic-ray electrons—in several balloon flights
from 1968 to 2001—with a detector setup consisting
of a stack of nuclear emulsion plates, X-ray films, and
lead/tungsten plates. Electromagnetic showers were de-
tected by a naked-eye scan of the X-ray films and ener-
gies were determined by counting the number of shower
tracks in each emulsion plate within a 100 µm wide cone
around the shower axis. At even higher energies, a nice
account of the emulsion chambers (e.g., JACEE [84] and

The more elongated is the detector, the less solid angle it can accept
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47 The cosmic electron and positron flux measurement 

with the AMS-02 experiment

Valerio Vagelli

September 2014

Acceptance

■ Geometrical acceptance plateau at 500 cm
2
sr defined by calorimeter volume

■ Very efficient particle selection does not suppress the acceptance, even at high 

energies

Acceptance 

calculated using 

Geant4 full detector 

MC simulation

ACCEPTANCE: measurement of the collection capabilities of the detector
Tipically measured with MonteCarlo simulations including the detector geometry, 

materials and interactions with the detector

Instrument Acceptance
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Fluxes	
  from	
  (gamma-­‐ray)	
  point	
  sources	
  are	
  customarily	
  measured	
  in	
  par:cles	
  per	
  unit	
  
area,	
  :me	
  and	
  energy,	
  e.g.	
  in	
  m−2	
  s−1	
  GeV−1.	
  When	
  dealing	
  with	
  a	
  (at	
  least	
  
approximately)	
  isotropic	
  flux	
  of	
  charged	
  par:cles	
  or	
  photons,	
  the	
  intensity	
  of	
  such	
  flux	
  is	
  
more	
  conveniently	
  measured	
  in	
  par:cles	
  per	
  unit	
  area,	
  :me,	
  energy	
  and	
  solid	
  angle,	
  e.g.	
  
in	
  m−2	
  s−1	
  GeV−1	
  sr−1.	
  In	
  the	
  first	
  case	
  the	
  conversion	
  factor	
  between	
  the	
  differen:al	
  
source	
  flux	
  dF/dE	
  and	
  the	
  differen:al	
  count	
  spectrum	
  dN/dE	
  measured	
  by	
  the	
  detector	
  
(in	
  s−1	
  GeV−1)	
  is	
  the	
  effec:ve	
  area	
  Aeff:	
  	
  



In	
  the	
  laSer	
  case	
  the	
  conversion	
  factor	
  between	
  the	
  differen:al	
  intensity	
  dJ/dE	
  and	
  
the	
  differen:al	
  count	
  spectrum	
  dN/dE	
  measured	
  by	
  the	
  detector	
  (again,	
  in	
  s−1	
  GeV−1)	
  is	
  
the	
  acceptance	
  G:	
  	
  
	
  
	
  

(73)


It	
  goes	
  without	
  saying	
  that	
  the	
  effec:ve	
  area	
  is	
  measured	
  in	
  m2	
  and	
  the	
  acceptance	
  in	
  m2	
  sr.	
  	
  

Depending	
  on	
  the	
  context,	
  this	
  very	
  same	
  quan:ty	
  is	
  also	
  
referred	
  to	
  as	
  geometric	
  factor,	
  effec:ve	
  geometric	
  factor,	
  
etendue,	
  aperture	
  and	
  geometrical	
  aperture	
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Equa:ons	
  (73)	
  and	
  (74)	
  are	
  effec:vely	
  opera:ve	
  defini:ons	
  of	
  the	
  effec:ve	
  area	
  and	
  
acceptance.	
  For	
  the	
  reason	
  stated	
  above,	
  the	
  concept	
  of	
  effec:ve	
  area	
  is	
  seldom	
  
used	
  by	
  the	
  cosmic-­‐ray	
  community;	
  on	
  the	
  other	
  hand	
  the	
  acceptance	
  (call	
  it	
  with	
  
any	
  of	
  the	
  different	
  names	
  men:oned	
  in	
  the	
  previous	
  paragraph)	
  is	
  relevant	
  for	
  
both	
  cosmic-­‐ray	
  and	
  gamma-­‐ray	
  detectors.	
  	
  
We	
  also	
  note,	
  in	
  passing,	
  that	
  typically	
  we	
  use	
  the	
  equa:ons	
  (73)	
  and	
  (74)	
  in	
  the	
  
other	
  direc:on,	
  i.e.,	
  we	
  divide	
  the	
  measured	
  count	
  spectrum	
  by	
  the	
  effec:ve	
  area	
  or	
  
acceptance	
  to	
  recover	
  the	
  actual	
  flux	
  or	
  intensity.	
  	
  
We	
  shall	
  see	
  that,	
  when	
  the	
  energy	
  redistribu:on	
  due	
  to	
  the	
  finite	
  detector	
  energy	
  
resolu:on	
  is	
  not	
  negligible,	
  this	
  has	
  profound	
  implica:ons.	
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Precision knowledge of the detector acceptance, response and resolution, and 
of the data acquisition in space.

Each factor uncertainty contributes equally to the final measurement.
Systematic uncertainty studies for each factor are fundamental

�(E) =
N

�E �T Acc "sel "trig

The Flux Measurement

Number of cosmic rays collectedFLUX

Acceptance (m2 sr)
usually calculated using MC sims

Exposure Time (s)
also called “Livetime”

Energy/Rigidity (GeV)
size of the bin

Particle selection efficiency
based on the statistical techniques 

employed to extract N

Trigger Efficiency
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The	
  effec:ve	
  area	
  is	
  in	
  general	
  defined	
  for	
  a	
  give	
  energy	
  E	
  and	
  viewing	
  direc:on.	
  
In	
  the	
  following	
  of	
  this	
  sec:on	
  we	
  shall	
  indicate	
  with	
  θ	
  and	
  φ	
  the	
  polar	
  and	
  
azimuthal	
  angles	
  in	
  instrument	
  coordinates.	
  In	
  broad	
  terms	
  (and	
  in	
  a	
  somewhat	
  
arbitrary	
  fashion),	
  the	
  effec:ve	
  area	
  can	
  be	
  factored	
  out	
  in	
  three	
  different	
  
pieces:	
  	
  



where	
  the	
  Ageo(θ,	
  φ)	
  is	
  the	
  geometric	
  cross-­‐sec:onal	
  area	
  presented	
  by	
  the	
  
instrument	
  toward	
  a	
  given	
  direc:on,	
  εdet(E,	
  θ,	
  φ)	
  is	
  the	
  detec:on	
  efficiency	
  at	
  
a	
  given	
  energy	
  and	
  incidence	
  direc:on	
  (for	
  gamma-­‐ray	
  detectors	
  this	
  in-­‐	
  
cludes	
  the	
  conversion	
  efficiency)	
  and	
  εsel(E,θ,φ)	
  is	
  the	
  efficiency	
  of	
  the	
  
selec:on	
  cuts	
  (e.g.,	
  for	
  suppressing	
  the	
  backgrounds).	
  	
  
The	
  formal	
  defini:on	
  of	
  the	
  acceptance	
  is	
  defined	
  a	
  the	
  integral	
  od	
  the	
  
effe:ve	
  area	
  over	
  the	
  solid	
  angle	
  





• Exposure factor: Area • Ω • T 
Counts:  Flux • Area • Ω • T 

 
 
 
 
 
 
Time needed for 10% stat error (sec) 
Area • Ω= 1 m2sr 
            10GeV       100 GeV     200GeV 
p           4               200          700 
e-         500            105           5 • 105  
p/e+  à factor  104- 105  
 
Selection Efficiency assumed 1 

Acceptance 

Ω 

A 

Ω 

A 

L 
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Energy dispersion

•  The energy dispersion DE(E;Etrue) is the probability density to measure an 

energy E for an event with (true) energy Etrue. 

•  In general the energy dispersion depends on the incidence direction and 

impact point of the incoming particle. Unlike the effective area, the energy 
dispersion is not a scalar, but a probability density function. From an 
operational standpoint, the energy dispersion is essentially the distribution of 
the measured energy values for a monochromatic particle beam. It goes 
without saying that the energy dispersion is in general different for different 
cosmic-ray species, most notably it is typically much narrower and well-
behaved for electrons, positrons and photons than for hadrons. 


•  The energy resolution σE /E is typically defined as the half width of the 
smallest energy window containing 68% of the energy dispersion, divided by 
the most probable value of the energy dispersion itself. Difficult as it might 
seem, this definition reduces to the ratio σ/μ in the gaussian case. At any 
given energy the energy resolution is a scalar and it is the figure of merit 
which is customarily used to summarize the information contained in the 
energy dispersion. 
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Energy dispersion


•  When measuring particle spectra binned in energy, the energy 
dispersion originates the phenomenon of the event migration, or 
bin-to-bin migration—namely the fact that events that would 
really belong to a given energy bin are assigned to a different 
(hopefully neighbor) bin. 


•  Strictly speaking, this implies that our operational definitions of 
the effective area and acceptance, equations (73) and (74), no 
longer hold: one cannot divide the count spectrum by the 
effective area or the acceptance to recover the actual source 
flux or intensity. Whether the effect is negligible or not really 
depends on the measurement setup, i.e., the details of the 
energy dispersion and the input spectrum. The effect is 
sketched in figure 59. 
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Energy dispersion
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We	
  note	
  that,	
  when	
  measuring	
  
steeply	
  falling	
  spectra	
  such	
  as	
  the	
  
typical	
  cosmic-­‐ray	
  spectra,	
  a	
  
prominent	
  right	
  tail	
  in	
  the	
  energy	
  
dispersion	
  is	
  poten:ally	
  more	
  
dangerous	
  than	
  a	
  long	
  leb	
  tail,	
  as	
  
even	
  a	
  frac:onally	
  small	
  spillover	
  
from	
  a	
  low-­‐energy	
  bin	
  can	
  be	
  
significant	
  in	
  the	
  next	
  energy	
  bins,	
  
where	
  the	
  number	
  of	
  counts	
  is	
  
much	
  smaller.	
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Interes:ngly	
  enough,	
  a	
  
constant	
  energy	
  resolu:on	
  
σE/E	
  (i.e.,	
  an	
  energy	
  
dispersion	
  whose	
  width	
  
increases	
  linearly	
  with	
  the	
  
energy),	
  when	
  convoluted	
  
with	
  a	
  power-­‐	
  law	
  count	
  
spectrum	
  with	
  index	
  Γ,	
  
causes	
  an	
  offset	
  constant	
  in	
  
energy,	
  as	
  illustrated	
  with	
  a	
  
toy	
  Monte	
  Carlo	
  simula:on	
  
in	
  figure	
  60.	
  



Energy 
dispersion
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which	
  contains	
  the	
  relevant	
  dependencies	
  on	
  Γ	
  and	
  σE/E.	
  Par:cularly,	
  we	
  note	
  that	
  the	
  offset	
  scales	
  with	
  
the	
  square	
  of	
  the	
  energy	
  resolu:on	
  and	
  that	
  it	
  is	
  iden:cally	
  0	
  for	
  Γ	
  =	
  2	
  (interes:ngly	
  enough,	
  this	
  is	
  a	
  typical	
  
spectral	
  index	
  for	
  gamma-­‐ray	
  sources).	
  We	
  also	
  note	
  that	
  the	
  offset	
  is	
  always	
  posi:ve	
  for	
  Γ	
  >	
  2,	
  which	
  has	
  to	
  
do	
  with	
  the	
  fact	
  that,	
  with	
  a	
  steep	
  enough	
  spectrum,	
  the	
  effect	
  of	
  the	
  right	
  tail	
  of	
  the	
  energy	
  dispersion	
  
dominates	
  over	
  that	
  of	
  the	
  leb	
  tail.	
  	
  



Energy dispersion


•  We conclude noting that, when coupling an 
energy-dependent acceptance to the 
(energy dependent) energy dispersion, one 
can potentially get all kinds of spectral 
distortion even in the case of a plain power-
law input spectrum. In general the problem 
must really be studied on a case-by-case 
basis. 
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Absolute energy scale

•  The uncertainty in the absolute energy scale (i.e. in the most probable value 

of the energy dispersion) is another source of potential spectral deformation. 
Verifying the absolute energy scale in orbit is a non trivial task, as there isn’t 
very many spectral features (at know position) available. 


•  The energy scale is typically calibrated on the ground with particle beams up 
to the highest available beam energies, but then extrapolating the response 
at (possibly much) higher energies is a challenge in many contexts. 


•  It is easy enough to show that, in the case of power-law count spectrum 
and a constant fractional error sE on the energy scale—e.g., the measured 
energy is systematically higher or lower than the true energy by a factor (1 + 


•  sE ) on average—the net effect is again a fractional offset constant in energy, 
similar to that induced by a finite energy resolution. In this case the ratio r 
between the count spectra dN/dE in measured and true energy is given by 
the combination of two effects: the numerator dN increases (or decreases, if 
sE is negative) by a factor (1 + sE)Γ, and the denominator increases (or 
decreases) by a factor (1 + sE): 
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Absolute energy scale


•  For Γ = 3, for instance, an error of the absolute 
energy scale of 5% implies a corresponding 
error on the flux measurement of 10%. 


•  As for the case of a finite energy resolution, we 
conclude noting that an energy-dependent 
error on the absolute energy scale (or a 
constant error coupled to a curved input 
spectrum) do cause spectral deformations that 
need to be studied case by case. 
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Correcting for the energy dispersion 

•  if the effect of the energy dispersion cannot be ignored, 

equations (73) and (74) cannot be used, as they relate the 
source flux to the observed counts—through the effective area 
or the acceptance—all evaluated at the true event energy. In 
general, events with true energy E will contribute instead to the 
counts measured at a different energy E′ due to the energy 
redistribution. If we are doing a binned analysis, the count rate 
in the i-th (measured) energy bin will be a sum of contributions 
from the source flux in several (true) energy bins: 
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•  Cij is customarily called the detector response matrix (DRM). If ni is measured in s−1, or counts per second, and Fj in m−2 s−1, the 
detector response matrix has the physical dimensions of an 
area—and it is in fact a generalization of the effective area. 


•  If the detector response matrix is diagonal, we are effectively 
back to the original discussion. 


(91)




Correcting for the energy dispersion 

•  It	
  goes	
  without	
  saying	
  that	
  one	
  is	
  typically	
  interested	
  in	
  using	
  equa:on	
  (91)	
  in	
  the	
  

opposite	
  direc:on,	
  i.e.,	
  to	
  recover	
  the	
  actual	
  source	
  flux	
  from	
  the	
  measured	
  
counts.	
  The	
  reader	
  might	
  be	
  tempted	
  to	
  say	
  that	
  the	
  problem	
  is	
  trivially	
  inver:ble	
  
by	
  doing	
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An	
  effec:ve	
  way	
  to	
  understand	
  that	
  this	
  is	
  actually	
  a	
  terrible	
  idea	
  is	
  a	
  
simple	
  and	
  amusing	
  argument	
  by	
  Barlow.	
  Assume	
  that	
  we	
  have	
  two	
  energy	
  
bins	
  and	
  the	
  detector	
  response	
  matrix	
  reads,	
  in	
  some	
  units:	
  	
  

The	
  reader	
  can	
  verify	
  directly	
  that	
  the	
  inverse	
  matrix	
  reads	
  	
  

(92)




Correcting for the energy dispersion 


•  If we measure n = (10,10), equation (92) gives a flux 
estimate of F = (10, 10)—fair enough. But if we do 
measure (13, 7), which is within a mild statistical 
fluctuation from the previous pair, we get (25, −5), 
i.e. a nonsense. In some sense the answer is right: 
(25, −5), folded with our DRM, gives indeed (13, 7). 
But it’s an answer with little or no physical meaning. 


•  As it turns out, unfolding is a thoughtfully studied 
problem and algorithms exist that can do a decent 
job under many different conditions. 
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Detector response function


•  La	
  risposta	
  in	
  energia	
  dice	
  qual’e’	
  la	
  
probabilita’	
  che	
  una	
  particella	
  con	
  energia	
  
“vera”	
  E	
  sia	
  misurata	
  con	
  energia	
  Emis,	
  R(Emis,E)	
  

•  Entra	
  nella	
  determinazione	
  del	
  rate	
  
dN(Emis)/dtdEmis	
  =	
  ∫dE’G(E’,t)εeve(E’,t) 
εsel(E’,t)R(Emis,E’)Jo(E’,t)	
  	
  
occorre	
  invertire	
  l’equazione	
  per	
  ottenere	
  Jo(E,t)	
  
G, ε, R sono	
  in	
  genere	
  ottenute	
  dai	
  dati	
  e	
  da	
  
simulazioni	
  MC	
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The role of the event selection '



28


In	
  the	
  context	
  of	
  preSy	
  much	
  any	
  scien:fic	
  analysis	
  one	
  has	
  to	
  deal	
  with	
  the	
  
problem	
  of	
  separa:ng	
  the	
  signal	
  (e.g.,	
  the	
  par:cular	
  CR	
  species	
  under	
  study)	
  
from	
  the	
  background	
  (e.g.,	
  all	
  the	
  other	
  species,	
  possibly	
  much	
  more	
  abundant,	
  
that	
  might	
  mimic,	
  in	
  a	
  way	
  or	
  another,	
  the	
  signal	
  we	
  are	
  interested	
  in).	
  We	
  shall	
  
refer	
  to	
  the	
  en:re	
  process	
  of	
  isola:ng	
  the	
  signal	
  from	
  the	
  background	
  as	
  the	
  
event	
  selec:on.	
  	
  
	
  
In	
  general	
  the	
  instrument	
  response	
  func:ons	
  are	
  not	
  intrinsic	
  characteris:cs	
  of	
  
the	
  detector:	
  they	
  always	
  subtend	
  a	
  specific	
  event	
  selec:on	
  and	
  a	
  detector	
  may	
  
very	
  well	
  have	
  different	
  response	
  func:ons	
  in	
  the	
  context	
  of	
  different	
  analyses.	
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If	
  one	
  is	
  interested	
  in	
  measuring,	
  say,	
  the	
  all-­‐
electron	
  (e+	
  +	
  e−)	
  spectrum	
  by	
  means	
  of	
  a	
  
calorimetric	
  experiment,	
  the	
  main	
  challenge	
  
from	
  the	
  standpoint	
  of	
  the	
  background	
  
rejec:on,	
  is	
  the	
  much	
  larger	
  (102	
  –104	
  )	
  pro-­‐	
  
ton	
  flux.	
  The	
  all-­‐electron	
  spectrum	
  being	
  
significantly	
  steeper	
  (Γe	
  ∼	
  3.1)	
  than	
  the	
  proton	
  
spectrum	
  (Γp	
  ∼	
  2.75),	
  the	
  electron-­‐to-­‐proton	
  
ra:o	
  decreases	
  with	
  energy—and,	
  due	
  to	
  the	
  
cutoff	
  measured	
  by	
  H.E.S.S.	
  ,	
  steepens	
  sig-­‐	
  
nificantly	
  past	
  ∼	
  1	
  TeV.	
  This	
  implies	
  that	
  the	
  
detector	
  must	
  feature	
  a	
  proton	
  rejec:on	
  
power	
  of	
  at	
  least	
  105	
  in	
  order	
  to	
  have	
  a	
  rela-­‐	
  
:vely	
  small	
  background	
  that	
  can	
  be	
  safely	
  
subtracted	
  in	
  the	
  data	
  analysis	
  phase.	
  Different	
  
how	
  the	
  event	
  topologies	
  for	
  electrons	
  and	
  
protons	
  are,	
  this	
  is	
  really	
  saying	
  that	
  we	
  are	
  
only	
  allowed	
  to	
  mis-­‐tag	
  one	
  proton	
  in	
  100.000	
  
(while	
  keeping	
  a	
  reasonable	
  electron	
  
efficiency),	
  which	
  is	
  obviously	
  a	
  non	
  trivial	
  task.	
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Life	
  is	
  even	
  harder	
  for	
  gamma	
  rays,	
  as	
  they	
  are	
  sub-­‐	
  
stan:ally	
  less	
  abundant	
  than	
  any	
  of	
  the	
  four	
  singly-­‐	
  
charged	
  CR	
  species.	
  Figure	
  50	
  shows	
  that	
  for	
  any	
  celes:al	
  
gamma	
  ray	
  there	
  are	
  104–105	
  protons	
  of	
  the	
  same	
  energy.	
  
Photons	
  poin:ng	
  back	
  to	
  their	
  sources,	
  this	
  does	
  not	
  
necessarily	
  implies	
  that	
  any	
  gamma-­‐ray	
  analysis	
  is	
  
intrinsically	
  more	
  difficult	
  than,	
  say,	
  the	
  measurement	
  of	
  
the	
  positron	
  frac:on—when	
  studying	
  a	
  gamma-­‐ray	
  source,	
  
restric:ng	
  the	
  sample	
  to	
  a	
  small	
  region	
  of	
  interest	
  around	
  
the	
  source	
  itself	
  can	
  allow	
  to	
  reduce	
  the	
  back-­‐ground	
  by	
  
orders	
  of	
  magnitude.	
  Nonetheless,	
  the	
  measurement	
  of	
  
the	
  faint	
  isotropic	
  extra-­‐galac:c	
  gamma-­‐ray	
  background	
  	
  is	
  
a	
  good	
  example	
  where	
  a	
  proton	
  rejec:on	
  factor	
  of	
  the	
  
order	
  of	
  106	
  is	
  really	
  required	
  (and,	
  to	
  this	
  respect,	
  it	
  is	
  
fortunate	
  that	
  plas:c	
  scin:llators	
  can	
  be	
  used	
  to	
  assemble	
  
efficient	
  an:-­‐coincidence	
  shields	
  to	
  isolate	
  neutral	
  
par:cles).	
  	
  
We	
  should	
  also	
  emphasize	
  that,	
  while	
  much	
  less	
  abundant	
  
than	
  protons,	
  high-­‐energy	
  electrons	
  and	
  positrons	
  
generally	
  look	
  more	
  similar	
  to	
  photons	
  in	
  calorimetric	
  
experiments	
  (they	
  all	
  produce	
  electromagne:c	
  showers),	
  
and	
  can	
  therefore	
  cons:tute	
  an	
  important	
  source	
  of	
  
background	
  for	
  gamma	
  rays.	
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For	
  magne:c	
  spectrometers	
  most	
  of	
  the	
  
curves	
  in	
  figure	
  50	
  are	
  actually	
  important.	
  At	
  
low	
  energy,	
  where	
  charge	
  confusion	
  is	
  
negligible,	
  the	
  relevant	
  figures	
  are	
  the	
  p	
  ̄/e−	
  
ra:o	
  for	
  the	
  measurement	
  of	
  the	
  an:proton	
  
frac:on	
  and	
  e+/p	
  ra:o	
  for	
  that	
  of	
  the	
  positron	
  
frac:on.	
  	
  
At	
  high	
  energy,	
  on	
  the	
  other	
  hand,	
  where	
  
charge	
  confusion	
  is	
  the	
  main	
  limi:ng	
  factor,	
  
the	
  important	
  figures	
  are	
  the	
  e+/e−	
  and	
  p	
  ̄/p	
  
ra:os—and	
  in	
  this	
  regime	
  an:protons	
  are	
  
rela:vely	
  harder	
  to	
  separate.	
  	
  
At	
  this	
  point	
  it	
  should	
  be	
  clear,	
  however,	
  that	
  
different	
  science	
  analyses,	
  in	
  general,	
  require	
  
different	
  levels	
  of	
  rejec:on	
  power—and	
  hence	
  
different	
  event	
  selec:ons	
  and	
  different	
  
response	
  func:ons.	
  	
  



Discriminating variables and rejection power 
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The	
  binary	
  problem	
  of	
  separa:ng	
  signal	
  and	
  back-­‐	
  ground	
  in	
  a	
  given	
  event	
  
sample	
  is	
  very	
  common	
  in	
  high-­‐	
  energy	
  physics.	
  This	
  is	
  generally	
  achieved	
  by	
  
exploi:ng	
  one	
  or	
  more	
  discrimina:ng	
  variables,	
  i.e.	
  topological	
  proper:es	
  of	
  
the	
  event	
  that	
  are	
  different,	
  on	
  average,	
  for	
  signal	
  and	
  background.	
  	
  
The	
  transverse	
  size	
  of	
  the	
  shower	
  in	
  an	
  electromagne:c	
  calorimeter	
  is	
  a	
  
prototypical	
  example	
  of	
  a	
  discrimina:ng	
  variables	
  that	
  is	
  useful	
  for	
  separa:ng	
  
hadrons	
  from	
  electrons	
  or	
  gamma	
  rays.	
  Other	
  examples	
  include:	
  the	
  signal	
  in	
  a	
  
transi:on	
  radia:on	
  detector	
  or	
  in	
  a	
  Cherenkov	
  counter,	
  the	
  average	
  dE/dx	
  in	
  
the	
  layers	
  of	
  a	
  tracking	
  detectors,	
  the	
  pulse	
  height	
  in	
  a	
  scin:llator	
  and	
  many	
  
others.	
  When	
  a	
  high	
  level	
  of	
  purity	
  is	
  required,	
  it	
  is	
  customary	
  to	
  use	
  many	
  
different	
  variables,	
  possibly	
  combining	
  them	
  by	
  means	
  of	
  mul:variate	
  
classifica:on	
  techniques	
  such	
  as	
  Fisher	
  discriminants,	
  classifica:on	
  trees,	
  
boosted	
  decision	
  trees	
  and	
  others.	
  	
  



33


Figure	
  51	
  shows	
  an	
  example	
  of	
  the	
  
probability	
  density	
  func:ons,	
  for	
  signal	
  
and	
  background,	
  of	
  a	
  fic:onal	
  
discrimina:ng	
  variable	
  x	
  in	
  the	
  interval	
  
[0,	
  1]	
  that	
  we	
  shall	
  use	
  for	
  illustra:ve	
  
purposes.	
  A	
  cut	
  on	
  the	
  discrimina:ng	
  
variable	
  (e.g.,	
  the	
  act	
  of	
  selec:ng	
  events	
  
for	
  which,	
  say,	
  x	
  >	
  x0)	
  defines	
  the	
  values	
  
of	
  the	
  efficiency	
  for	
  signal	
  and	
  
background:	
  	
  



(At	
  this	
  point	
  you	
  want	
  to	
  be	
  sure	
  that	
  εsig	
  >	
  εbkg,	
  and	
  possibly	
  εsig	
  ≫	
  εbkg;	
  
otherwise	
  you	
  should	
  probably	
  look	
  for	
  a	
  beSer	
  discrimina:ng	
  variable.)	
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Given	
  a	
  selec:on	
  cut	
  (or	
  a	
  set	
  of	
  selec:on	
  cuts),	
  the	
  rejec:on	
  power	
  R	
  is	
  formally	
  defined	
  as	
  	
  

The	
  rejec:on	
  power	
  is	
  a	
  useful	
  concept	
  as	
  it	
  relates	
  the	
  number	
  of	
  signal	
  and	
  background	
  
events	
  before	
  and	
  aber	
  the	
  cut	
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In	
  order	
  to	
  be	
  able	
  to	
  do	
  a	
  meaningful	
  
background	
  subtrac:on,	
  one	
  typically	
  
wants	
  the	
  number	
  of	
  signal	
  events	
  to	
  
be	
  much	
  larger	
  than	
  the	
  number	
  of	
  
background	
  events	
  in	
  the	
  final	
  sample,	
  
which	
  sets	
  the	
  necessary	
  rejec:on	
  
power	
  necessary	
  for	
  a	
  given	
  analysis,	
  
once	
  the	
  ini:al	
  ra:o	
  is	
  known	
  (again,	
  
see	
  figure	
  50).	
  It	
  is	
  worth	
  stressing	
  that	
  
whether	
  it	
  is	
  prac:cally	
  possible	
  to	
  
achieve	
  the	
  necessary	
  rejec:on	
  power	
  
is	
  hostage	
  of	
  the	
  shape	
  of	
  the	
  
probability	
  density	
  func:ons	
  of	
  the	
  
discrimina:ng	
  variables.	
  In	
  real	
  life	
  the	
  
op:mal	
  cut	
  value	
  is	
  determined	
  by	
  a	
  
trade	
  off	
  between	
  the	
  signal	
  efficiency	
  
and	
  the	
  rejec:on	
  power,	
  as	
  illustrated	
  
in	
  figure	
  52.	
  	
  



Trigger efficiency


•  A trigger is an electronic signal indicating the 
occurrence of a desired correlation spatial and 
temporal in the detector signals.


•  The desired correlation is determined by 
examing the physical processes of interest in 
order to find a characteristic signature that 
distinguishes it from other processes that will 
occur simultaneously.


•  Needed to select interesting events from 
background and reduce the data to be saved on 
disk for offline analysis
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Experimental Constraints


Different experiments have very different trigger requirements due to 
operating environments

–  Timing structure of beam

–  Rate of producing physics signals of interest

–  Rate of producing backgrounds


•  Cosmic Ray Expts – no periodic timing structure, background/calibration 
source for many other experiments. 


•  Fixed Target Expts – close spacing between bunches in train which 
comes at low rep rate (~Hz)  

–  Backgrounds from un-desirable spray from target

–  Cosmics are particularly a background for neutrino beams  


•  e+e- collider – very close bunch spacing (few nsec), beam gas and beam 
wall collisions 


•  ep collider – short bunch spacing (96ns), beam gas backgrounds

•  pp/ppbar collider – modest bunch spacing (25-400ns), low produced soft 

QCD




Example

•  The main purpose of the trigger logic is to take a fast and efficient decision 

wether a particle crossing the detector has the potential to be well measured by 
the various sub-detectors or not. 


•  If a particle is missed by the trigger is lost for ever

•  The decision is tuned to the particle properties, such as its type (photon, lepton, 

hadron), its charge, potentially its energy and, to some extent, it’s trajectory 
through the detector (for example, if the particle is in the acceptance of a specific 
tracker configuration or not) à Different types of trgger (“Levels”)


•  As an example, the AMS trigger uses the combined information coming from the 
ToF, ACC and ECAL sub-detectors, which are analyzed inside a dedicated 
electronics board, the JLV1 . 


•  The processing of all the different signals takes about 1 μs which represents a 
significant contribution to the dead time of the experiment. This is the time while 
the detector is in a busy state and cannot detect new particles. In order to 
minimize this dead time, a complex decision tree architecture is adopted with 
three different stages : the Fast, Level1 and Level3 trigger logics. 


•  Only if the conditions of the previous stage are met can the next level be 
considered. At present, only the Fast and Level 1 Trigger are used for the data 
acquisition. 
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The AMS-02 detector
•  Size 5 x 4 x 4 m, 7500 kg

•  Power 2500 W

•  Data Readout 300,000 channels

•  <Data Downlink> ~ 12 Mbps

•  Magnetic Field 0.14 T

•  Mission duration until the end of the 
ISS operations (currently 2024)

1 anno / 35 Tera


Col superconduttore


Col superconduttore
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The AMS-02 detector
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The AMS-02 detector
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The AMS-02 detector
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AMS-02 on the ISS

44




AMS-02 Physics
FUNDAMENTAL PHYSICS

•  Indirect search for Dark Matter (e+, anti-p,….)
•  Search for primordial antimatter (anti-He)

COSMIC RAY COMPOSITION AND ENERGETICS
•  Precise measurement of the energy spectra of H, He, Li, B, C

to provide information on CR interactions and propagation in the galactic environment

TO ACHIEVE THIS…..

Particle identification and Energy measurement up to TeVs
•  Matter/antimatter separation using magnetic field
•  e/p separation using independent subdetectors

Maximize the data sample
•  Detector size (acceptance)

•  Exposure time: ISS in space
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AMS: TeV precision spectrometer
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TRD

TOF
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ac
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r

TOF
RICH

ECAL
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2 

7-8 

3-4 

9 

5-6 

TRD  
Identifies e+, e- 

Silicon Tracker 
 Z, P 

ECAL  
E of e+, e- 

RICH  
 Z, E 

TOF 
 Z, E  Particles and nuclei are defined 

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

 Z and P ~ E

are measured independently by the
  

Tracker, RICH, TOF  and ECAL

AMS: A TeV precision, multipurpose spectrometer 

 Magnet 
±Z 

11"

46




47


Time of Flight System 
Measures Velocity and Charge of particles 

Velocity 
[Rigidity>20GV] 

Ev
en

ts
 

Z = 6 
σ = 48ps

5!

Time of Flight TOF
Fast scintillator planes coupled with PMTs for fast light readout


Time of flight resolutions ~ 160 ps à dß/ß2 ~ 4% for Z=1 particles, better for higher 
charges


Fast signal used to provide the experiment trigger to charged particles


Time of Flight System 
Measures Velocity and Charge of particles 

Velocity 
[Rigidity>20GV] 

Ev
en

ts
 

Z = 6 
σ = 48ps

5!
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Magnetic Spectrometer

Inner tracker alignment stability  
monitored with IR Lasers. 

 
The Outer Tracker is continuously aligned  

with cosmic rays in a 2 minute window  

1 

5 
6 

3 
4 

7 
8 

9 

2 

Laser!rays!

Tracker 
9 planes, 200,000 channels 

The coordinate resolution is 10 µm. 

6 

9 layers of double sided silicon microstrip detectors
192 ladders / 2598 sensors/ 200k readout channels
Measurement of the coordinate with 10µm accuracy

0.
14

 T



10 μm coordinate resolution

P-side (bending dir) 

27.5 µm pitch

104 µm readout


N-side 

104 µm pitch

208 µm readout
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68 AMS-02: The cosmic ray experiment on the ISS Valerio Vagelli (KIT Karlsruhe)

31.05.2011

 

Tracker Thermal Control System

150 W to be dissipated from Inner Tracker

2-phases CO2 cooling system (2x redundant)

CO2 pumped through an evaporator and boils due to the heat produced by electronics. 
Exiting/Entering CO2 thermally connected (CO2 is entering at the boiling point). 

CO2 dissipates heat through dedicated radiators (condenser)

150 W to be dissipated from Inner Tracker

CO2 pumped through an evaporator and boils due to the heat produced by electronics.
Exiting/Entering CO2 thermally connected (CO2 is entering at the boiling point).

CO2 dissipates heat through dedicated radiators (condenser)
The new cooling system has been just installed with the most complex operation since 

the Hubble telescope repair

2-phases CO2 cooling system (4x redundant)

Tracker Thermal Control System
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Magnetic Spectrometer
The spectrometer resolution is studied using test beam particles and MC simulations
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Magnetic Spectrometer
L1	
  

L9	
  

L2-L8	
  

At low energies, the rigidity measurement resolution is dominated by the multiple 
scattering in the tracker material (dR/R ~ cost).

At high energies, the resolution is defined by the curvature measurement (dR/R ~ R).



The maximum detectable rigidity is defined as the rigidity when the resolution is 
100% (Cannot distinguish between negative and positive curvatures)
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Magnetic Spectrometer
Charge Confusion (or Flip)


Tracker Resolution (statistical)
 Interactions with the material


The amount of charge confusion 
increases with energy, limiting the 
capabilities to correctly measure 
the fraction of antimatter in 
cosmic rays
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Ring Imaging Cherenkov RICH

Geometry: Cherenkov ring 
aperture used to measure the 
particle velocity


Intensity: number of UV 
photons proportional to 
particle charge
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Ring Imaging Cherenkov RICH

n = 1.05

ß>0.95


n = 1.33

ß>0.75


10,880 photosensor plane


Radiator


Mirror


Measurement of velocity with dß/ß~0.1%
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Transition Radiation

Radiation emitted when charged particles cross boundaries between media.



For each crossing, the probability of emission is very small (prop. to α) à T.R. gives a 
small contribution to the total energy losses.



BUT is has a very peculiar dependence on the particle energy.



Since it depends on γ (and not on β) it is fundamental to identify high energy 
particles.



The T.R. emission is dominated by X-rays, that can be detected by gaseous 
detectors


PTR / � = E/m
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68 The cosmic electron and positron flux measurement 

with the AMS-02 experiment

Valerio Vagelli

September 2014

20 layer of radiator (fleece) and straw tubes 

for Xrays (~KeV) detection

5,248 tubes selected from 9.000, 2 m length centered to 100μm, verified by CAT scanner

TRD Transition Radiation DetectorTransition Radiation Detector TRD

20 Layers of radiator (fleece) to induce X ray radiation
Straw tubes for ~KeV xray detection (Xe/C02 gas)

PTR / � = E/m
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13 The cosmic electron and positron flux measurement 

with the AMS-02 experiment

Valerio Vagelli

September 2014

    Transition Radiation      Ionization

Signal identification
Transition Radiation Detector TRD

■ TRD energy deposit used to build 

likelihood classifier

■ TRD classifier shapes defined from data 

(using uncorrelated ECAL selection)

■ Electron response does not depend on 

energy → stable tool up to TeV energies.

Transition Radiation Detector TRD

Protons

▬ low energy

▬ high energy

Electrons

▬ low energy

▬ high energy

■ 20 layers of radiators + Xe/C02 

proportional tubes (5248 total tubes)

■ Transition Radiation emission:

      Probability ~ γ → e/p separation

Transition Radiation Detector TRD
PTR / � = E/m

•  For  same Rigidity or Energy particles
PTR (e±) � PTR (p)
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Rigidity (GV) 

Typically, 1 in 1,000 protons may 
be misidentified as a positron 

Transition Radiation Detector 

4 

ISS Data 

Normalized 
Probabilities 

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

20 layers: fleece radiator  
and proportional tubes  

TRD classifier = -Log10(Pe)-2 

TRD likelihood  = -Log10(Pe) 
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    Transition Radiation      Ionization

Signal identification
Transition Radiation Detector TRD

■ TRD energy deposit used to build 

likelihood classifier

■ TRD classifier shapes defined from data 

(using uncorrelated ECAL selection)

■ Electron response does not depend on 

energy → stable tool up to TeV energies.

Transition Radiation Detector TRD

Protons

▬ low energy

▬ high energy

Electrons

▬ low energy

▬ high energy

■ 20 layers of radiators + Xe/C02 

proportional tubes (5248 total tubes)

■ Transition Radiation emission:

      Probability ~ γ → e/p separation
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Electromagnetic Calorimeter ECAL

Sampling calorimeter
Lead (58%), scintillating 

fibers (33%), optic glue (9%)

658x658x167 mm, 18 Layers
 (17 X0, 0.6 λnuc )

1296 readout cells

50000 fibers, Φ=1mm
Uniformly distributed in 600 kg of lead

1
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e
rl
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ye

r

Energy and arrival direction 
measurement of electrons and photons 

up to 1 TeV

Electromagnetic Calorimeter ECAL
SAMPLING 

CALORIMETER
Lead + Scintillating fibers

66 x 66 x 17 cm3

1296 readout cells
17 X0, 0.6 λnucl

50,000 fibers, Φ=1mm
Uniformly distributed in 600 kg of lead

Energy and arrival direction 
measurement of electrons and photons up 

to 1 TeV



Energy Measurement

Calorimeter resolution impreves at high 
energy (compare with spectrometer)!

Test Beam Electrons!
10 

20 
80 100 120 180 290 •  ECAL energy resolution ~2% 

•  ECAL energy absolute scale tested during test 
beams on ground

•  We have no line in space (as in collider exp.) to 
calibrate the energy scale in orbit!

•  MIP ionization used to cross-calibrate the 
energy scale in orbit

ECAL energy comparison with 
Tracker rigidity (E/P) used to assure 

the stability of the scale over time
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Energy Measurement

■ ECAL energy resolution ~2% 

■ ECAL energy absolute scale tested during test 

beams on ground

■ We have no line in space (as in collider exp.) to 

calibrate the energy scale in orbit! 

  → MIP ionization used to cross-calibrate the 

energy scale in orbit

■ Cosmic ray energy measured by

→ ECAL (em shower energy deposit)

→ Tracker (curved of track in mag. field)

■ ECAL energy comparison with Tracker 

rigidity (E/P) used to assure the stability of 

the scale over time

ECAL energy scale known at 2% level in [10.0 – 290.0] GeV 

ECAL energy resolution measured 

at Test Beams
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Electromagnetic Calorimeter ECAL

Sampling calorimeter
Lead (58%), scintillating 

fibers (33%), optic glue (9%)

658x658x167 mm, 18 Layers
 (17 X0, 0.6 λnuc )

1296 readout cells

50000 fibers, Φ=1mm
Uniformly distributed in 600 kg of lead
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Energy and arrival direction 
measurement of electrons and photons 

up to 1 TeV

Electromagnetic Calorimeter ECAL
e+/-
p
 p


Electrons
Electromagnetic Shower

Energy contained
EECAL ~ PTRACKER

Protons
MIP or Hadronic Shower

Irregular shower
EECAL << PTRACKER

P.
D

.F
. 

P.
D

.F
. 

Electrons	
  

Electrons	
  Protons	
  

Protons	
   Multivariate combination (BDT) of lateral 
and longitudinal shower  development	
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TRD performance on the ISS 
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AMS: TeV precision spectrometer
Full coverage of anti-matter and CR physics
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AMS: TeV precision spectrometer
Full coverage of anti-matter and CR physics
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600 GeV electron

pe–

TRD

TOF

TRK

ECAL

20x 20x

4x4x

9x9x

● e/p separation
● |Z| (dE/dX)

● Trigger
● Velocity
● Flight Direction

● Momentum
● |Z| (dE/dX)
● Charge sign

● e/p separation
● Energy
● Trigger

e+# p# p# He#He#e&#
TRD

20 
layers
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600 GeV electron



AMS-02 Charge Measurement

Redundant measurements of the nuclear charge at different depths of the detector.



Precise understanding of nuclear fragmentation in the materials.



Charge Measurements of 
Light CR Nuclei
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AMS orbit

SAA 

Detector operated continuously around the clock since May 2011 with no major 
interruptions

DAQ operations depend on orbit position

Increase of trigger rate in polar region (low magnetic 
field and trapped particles) and in the South Atlantic 
Anomaly

ISS orbit period ~ 90min
+/- 50 deg latitude covered
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Trigger
Each time a detector decides to save the information of a particle crossing, the 
electronics freezes the analog information on all the sensors (~300,000 for AMS), 
digitizes them and package them to send to ground. This procedure lasts O(100 
µs – 1 ms).



The flux of cosmic rays through the detector volumes is typically higher than the 
digitization capabilities. Only a fraction of the total cosmic rays crossing the 
detector volumes has to be recorded (typically, particles crossing the interesting 
detector fiducial volume and above a certain energy threshold)



The trigger is a system that decides whether the instrument should freeze the 
analog information and save the event. It is based using information from fast 
detectors and combining it in a simple AND-OR logic.



The trigger represent a very delicate system. If an interesting event is not 
triggered, it will be lost forever. Typically, the trigger selection it is a compromise 
between the maximum number of events stored with respect to the capabilities of 
data storage and transfer and event pileup.
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Trigger

If any of these conditions is satisfied, the event is triggered


AMS uses the fast information of the TOF the trigger charged particles, the 
external anticoincidence to veto cosmic rays outside the acceptance, and the 
fast ECAL information to trigger photons (that do not leave energy in the TOF)
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White Sands Ground 
Terminal, NM 

AMS Computers  
at MSFC, AL 

Ku-Band 
High Rate (down): 
Events <10Mbit/s> 
≈30 billion triggers 
70 TB of raw data 

AMS TDRS Satellites Astronaut at ISS AMS Laptop  

Flight Operations 
Ground Operations S-Band 

Low Rate (up & down): 
Commanding: 1 Kbit/s 
Monitoring: 30 Kbit/s 

Data transfer

AMS Payload Operations Control and 
Science Operations Centers  
(POCC, SOC) at CERN 



AMS physics results

LEPTONS / ANTIMATTER
•  Positrons fraction e+/(e++e-)
•  Electron and Positron fluxes (e+, e-)
•  Electron plus Positron flux (e++e-)
•  Antiprotons/protons

HADRONS
•  Proton and Helium (p, He)
•  Lithium, Beryllium, Boron (Li, Be, B)
•  Carbon, Nitrogen, Oxygen (C, N, O)

AMS-02 is providing precise data to search for new physics in the Cosmic Ray 
channels while improving the understanding of the astrophysical background with a 

coherent set of data

Sensitive to  
Dark Matter signal 

Probes to improve 
the astrophysical background 

knowledge 
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LEPTONS / ANTIMATTER
•  Positrons fraction e+/(e++e-)
•  Electron and Positron fluxes (e+, e-)
•  Electron plus Positron flux (e++e-)
•  Antiprotons/protons

HADRONS
•  Proton and Helium (p, He)
•  Lithium, Beryllium, Boron (Li, Be, B)
•  Carbon, Nitrogen, Oxygen (C, N, O)

AMS physics results

AMS-02 is providing precise data to search for new physics in the Cosmic Ray 
channels while improving the understanding of the astrophysical background with a 

coherent set of data

Sensitive to  
Dark Matter signal 

Probes to improve 
the astrophysical background 

knowledge 
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Identification of e+/-
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TOF

Tr
ac

ke
r

TOF
RICH

ECAL

1 

2 

7-8 

3-4 

9 

5-6 

TRD Classifier
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

No
rm

al
iz

ed
 E

nt
rie

s

0

0.03

0.06

0.09

0.12
)-+e+(e

ProtonsTRD
Transition Radiation

to identify e+/-

TRACKER
Momentum P
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Protons: PTRK >> EECAL
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Shower Topology

to separate e+/- from protons
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The whole ECAL and TRD subdetector information is gathered in the so called
“classifier” 1-D variables, trained to reject protons.

ECAL and TRD, separated by the magnet, efficiently and independently 
discriminate the signal (e+/-) from the background (protons)
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electrons positrons

protonsAntiprotons
Charge-flip protons

Identification of e+/-



Reference spectra for the signal and the background are fitted to data as a function 
of the TRD classifier for different cuts on the ECAL BDT estimator

E
C

A
L 

se
le

ct
io

n 

1.   ECAL  efficiently removes the majority of background protons
2.   TRD  independently evaluates the tiny remaining protons in the selected e+/- sample

TRD Classifier template fit!

TRD Classifier
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Proton background

/d.f. = 0.552χ

e+/-­‐	
  protons	
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Identification of (e++e-)



Positron Fraction
Rise in the fraction of positrons (antimatter) over electrons (matter) not expected by 

the current Standard Model of CR origin and propagation

Energy (GeV)
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Unprecedented accuracy and energy range allowed a detailed study of the positron 
fraction behavior with energy
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Expected from “standard 
model” of cosmic rays




Positron Fraction
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Pulsar VS Dark Matter annihilation
Additional contribution to the e

+/- 
can be produced by 

■ PULSARS

■ Dark Matter annihilation

■ Both mechanisms can be tuned to explain the data.

■ The measurement of the spectral shape alone cannot disentangle between the two sources...... 

e
+/-

e
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X

X

e
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e
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e
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S. Kunz, EKP S. Kunz, EKP

e
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30 months!
9.3 million e- events!

30 months!
0.6 million e+ events!

e+ and e- Fluxes

e+ and e- flux are significantly different in their 
magnitude and energy dependence

The positron fraction rise is due to an excess 
of positrons, not due to a unpredicted 

decrease of electrons.

astrophysical models including the minimal model dis-
cussed in Refs. [1,2]. This will be presented in a separate
publication.
The differing behavior of the spectral indices versus

energy indicates that high-energy positrons have a
different origin from that of electrons. The underlying
mechanism of this behavior can only be ascertained
by continuing to collect data up to the TeV region
(currently, the largest uncertainties above ∼200 GeV are
the statistical errors) and by measuring the antiproton to
proton ratio to high energies. These are among the main
goals of AMS.
In conclusion, the electron flux and the positron flux

each require a description beyond a single power-law
spectrum. Both the electron flux and the positron flux
change their behavior at ∼30 GeV, but the fluxes are
significantly different in their magnitude and energy
dependence. Between 20 and 200 GeV, the positron
spectral index is significantly harder than the electron
spectral index. These precise measurements show that
the rise in the positron fraction is due to the hardening
of the positron spectrum and not to the softening of the
electron spectrum above 10 GeV. The determination

of the differing behavior of the spectral indices versus
energy is a new observation and provides important
information on the origins of cosmic-ray electrons and
positrons.
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FIG. 2 (color). Detailed AMS (a) electron and (b) positron
fluxes, multiplied by ~E3, up to 200 GeV, with earlier measure-
ments by PAMELA [9], Fermi-LAT [10], MASS [11], CAPRICE
[12], AMS-01 [13], and HEAT [14].
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FIG. 1 (color). The AMS (a) electron and (b) positron fluxes,
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Fermi-LAT [10].
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Positrons [0.5 – 500] GeV!Electrons [0.5 – 700] GeV!



What is AMS observing?
Something “different” with respect to conventional models of e+ production by 

collisions of CR hadrons with the interstellar medium (ISM)
Astrophysical Sources?
•  Local sources as pulsars (e+/- only source, anisotropy..)
•  Additional acceleration mechanisms (reacceleration of CR hadrons in old SNRs)
Dark matter?
•  Isotropic distribution arrival for e+/-

•  Signatures in other channels (like antiprotons)

Positrons: χ + χ → e+ + … 
mχ=800 GeV 

Collision	
  of	
  Cosmic	
  Rays	
  

I.	
  Cholis	
  et	
  al.,	
  JCAP	
  0912	
  (2009)	
  007	
  	
  

mχ=400 GeV 

e+
 /(

e+
 +

 e
- ) 

Donato	
  et	
  al.,	
  PRL	
  102,	
  071301	
  (2009)	
  

Antiprotons: χ + χ → p + … 

Collision	
  of	
  Cosmic	
  Rays	
  

mχ= 1 TeV 

10 102 

10-1 

78


Energy (GeV) 
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The low energies: measurement of velocity β is still possible!

Below 10 GV, the RICH and TRD efficiently separate antiprotons from e+/- and local 
pions produced by interactions of CRs with the detector material

43 

p&idenDficaDon&below&10&GV&
Positive Rigidity (scaled 1/500) Negative Rigidity 

Antiprotons
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•  TRD discriminates e- / anti-p
•  The negative “anti-p” sample is 

dominated by charge-flip protons

Reference spectra of charge-flip protons and genuine 
anti-p have been fit to data to estimate the 

background in the selected “negative-charge” sample



Anti-p are 104 less abundant than p. Charge sign flip is the dominating systematic



Antiprotons
The high energies: cannot measure β, analysis based on TRD and tracker!



Antiprotons
p/p ratio [1 – 450] GeV!

40 months!
290,000 antiproton events!

The antiproton ratio does not decrease at high energies. Could this be a hint of 
Dark Matter annihilation?
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Antiprotons
The accuracy of the AMS measurement challenges the current knowledge of  

cosmic background

82


uncertainties from secondary anti-p production cross sections and 
propagation models are much larger than AMS02  errors in the anti-p ratio 

measurement 



LEPTONS / ANTIMATTER
•  Positrons fraction e+/(e++e-)
•  Electron and Positron fluxes (e+, e-)
•  Electron plus Positron flux (e++e-)
•  Antiprotons/protons

HADRONS
•  Proton and Helium (p, He)
•  Lithium, Beryllium, Boron (Li, Be, B)
•  Carbon, Nitrogen, Oxygen (C, N, O)

AMS physics results

AMS-02 is providing precise data to search for new physics in the Cosmic Ray 
channels while improving the understanding of the astrophysical background with a 

coherent set of data

Sensitive to  
Dark Matter signal 

Probes to improve 
the astrophysical background 

knowledge 
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The AMS-02 Tracker Rigidity resolution has been checked comparing Test Beam 
data and Monte Carlo Simulations to Space data.

Protons	
   Helium	
  
Coordinate resolution!
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The redundant measurement of the e+/- 
energy with the ECAL is used to further 
control the Tracker rigidity scale

Resolution Function!
400 GeV Monte Carlo

400 GeV Test Beam


Monte Carlo

Space Data


Proton and Helium Fluxes



Identification of nulcei
Heavy nuclei can interact with the detector materials and can be mis-identified in the 
detector

Nuclei identification
1.  Inner Tracker Charge selection
2.  Tracker Layer 1 Charge used to 

estimate fragmentation 
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Events selected as B

according to Inner Tracker


B	
  

ßO	
  
ßC	
  

ßN	
  

Tracker Layer 1 Charge!

Contamination < 3%

Selection efficiency > 96%




Proton and Helium Fluxes
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Lithium

Lithium identification!

1.  Inner Tracker Charge selection

(H,He contamination << 0.1%)




2.  Tracker Layer 1 Charge used to 
estimate heavier nuclei fragmentation 


Analisi litio simile a quella dell’elio,

Quindi è un byproduct di quella e ha piu statistica



Il carbonio è una analisi a parte, fatta con un sacco di tagli xche premlimiare,

Quindi con meno statistica	
  

 Inner Tracker |Z| selection

Tracker L1 fragmentation estimation
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Light Nuclei

88


Rigidity [GV]
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Summary (on nuclei)
The spectra of protons, helium and lithium do not follow the traditional
single power law.  They all change their behavior at the same energy.

79Nuclei spectra harden with increasing rigidity
Both fluxes cannot be described by single power laws (traditional assumption).

A break in the power law at R~300 GV is required to describe the data.



Proton and Helium Fluxes
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Primary and secondary cosmic rays have characteristically different rigidity 
dependencies



Proton and Helium Fluxes
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AMS-02
Traditional Models

Theoretical	prediction
A.	E.	Vladimirov,	I.	Moskalenko,	A.	Strong,	et	al.,	
Computer	Phys.	Comm.	182	(2011)	1156

AMS	result:	this	ratio	is	not	flat.	

Protons	and	helium	are	both	“primary”	cosmic	rays.		
Traditionally,	they	are	assumed	to	be	produced	in	the	same	sources	

and,	therefore,	their	flux	ratio	should	be	flat.	

Physics	Result	9:	The	AMS	proton/helium	flux	ratio
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45The H/He spectrum shows an unexpected energy dependence.
This may hint to unpredicted phenomena in the primary CR propagation or acceleration



Heavier Nuclei
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Current acceleration and propagation model well explain the relative rigidity 
spectra of primary cosmic rays for CNO elements and for He, but not for 

protons

C/He Ratio
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Physics	Result	18:	The	AMS	carbon/helium	flux	ratio

Carbon	and	helium	are	both	“primary”	cosmic	rays.		
They	are	assumed	to	be	produced	in	the	same	sources	and,	

therefore,	their	flux	ratio	should	be	flat.	

AMS	result:	the	flux	ratio	is	flat. 60

The	AMS	carbon/oxygen	flux	ratio

C/O Ratio
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Oxygen	and	carbon	are	both	“primary”	cosmic	rays.		
They	are	assumed	to	be	produced	in	the	same	sources	and,	

therefore,	their	flux	ratio	should	be	flat.	

AMS	result:	the	flux	ratio	is	flat. 62
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AMS

Primary	Cosmic	Rays	(p,	He,	C,	O,	…)

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

C,	O,	…,	Fe +	ISM	à Li,	Be,	B	+	X

AMS

Secondary	Cosmic	Rays	(Li,	Be,	B,	…)

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

ISM

58
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and L3–L8. This residual background is < 3% for the
boron sample and < 0.5% for carbon.
The background from carbon, nitrogen, and oxygen

interactions on materials above L1 (thin support structures
made by carbon fiber and aluminum honeycomb) has been
estimated from simulation, using MC samples generated
according to AMS flux measurements [32]. The simulation
of nuclear interactions has been validated using data as
shown in Fig. 3 of the Supplemental Material [31]. The
background from interactions above L1 in the boron
sample is 2% at 2 GV and increases up to 8% at 2.6
TV, while for the carbon sample it is< 0.5% over the entire
rigidity range. The total correction to the B=C ratio from
background subtraction is −2% at 2 GV, −3% at 20 GV,
−7% at 200 GV, and −10% at 2 TV.
After background subtraction the sample contains

2.3 × 106 boron and 8.3 × 106 carbon nuclei.
Data analysis.—The isotropic flux ΦZ

i for nuclei of
charge Z in the ith rigidity bin ðRi; Ri þ ΔRiÞ is given by

ΦZ
i ¼ NZ

i

AZ
i ϵ

Z
i TiΔRi

; ð1Þ

where NZ
i is the number of events of charge Z corrected

for bin-to-bin migrations, AZ
i is the effective acceptance, ϵZi

is the trigger efficiency, and Ti is the collection time.
The B=C ratio in each rigidity bin is then given by

!
B
C

"

i
¼ ΦB

i

ΦC
i
¼ NB

i

NC
i

!
AB
i

AC
i

ϵBi
ϵCi

"−1
: ð2Þ

In this Letter the B=C ratio was measured in 67 bins from
1.9 GV to 2.6 TV with bin widths chosen according to the
rigidity resolution.
The bin-to-bin migration of events was corrected

using the unfolding procedure described in Ref. [4]

independently for the boron and the carbon samples.
This results in a correction on the B=C ratio of −2.4%
at 2 GV, −0.5% at 20 GV, −5% at 200 GV, and −13%
at 2 TV.
Extensive studies were made of the systematic errors.

These errors include the uncertainties in the two back-
ground estimations discussed above, in the trigger effi-
ciency, in the acceptance calculation, in the rigidity
resolution function, and in the absolute rigidity scale.
The systematic error on the B=C ratio associated with

background subtraction is dominated by the uncertainty of
∼10% in the boron sample background estimation for
interactions above L1, see, for example, Fig. 3 of the
Supplemental Material [31]. The total background sub-
traction error on the B=C ratio is < 1% over the entire
rigidity range.
The systematic error on the B=C ratio associated with the

trigger efficiency is < 0.5% over the entire rigidity range.
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FIG. 2. The B=C spectral index Δ as a function of rigidity.
The dashed red line shows the single power law fit result to the
B=C ratio above 65 GV; see Fig. 1.

 [GeV/n]KE
1 10 210 310

B
/C

0.02

0.03

0.04
0.05

0.1

0.2

0.3

0.4

C2/HEAO3
Webber et al.
CRN/Spacelab2
AMS01
ATIC02
CREAM-I
TRACER
PAMELA
AMS02

FIG. 3. The boron to carbon ratio as a function of kinetic energy
per nucleon EK compared with measurements since the year 1980
[12–21]. The dashed line is the B=C ratio required for the model
of Ref. [7].
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FIG. 1. The AMS boron to carbon ratio (B=C) as a function of
rigidity in the interval from 1.9 GV to 2.6 TV based on 2.3 million
boron and 8.3 million carbon nuclei. The dashed line shows
the single power law fit starting from 65 GV with index Δ ¼
−0.333% 0.014ðfitÞ % 0.005ðsystÞ.
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Physics	Result	14:	The	Boron-to-Carbon	(B/C)	flux	ratio

11	million	nuclei

M. Aguilar et al., Phys. Rev. Lett. 117, 231101 (2016) 54

Secondary/primary ratios are sensitive to propagation mechanisms.
AMS results are in agreement with Kolmogorov turbolence model of magnetized plasma



Future experiments

AMS-02 will be the unique magnetic spectrometer in space
able to distinguish matter from antimatter for the next 10 years.
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AMS	is	a	unique,	large	acceptance,	multipurpose	magnetic	
spectrometer	on	the	International	Space	Station.

There	is	no	other	magnetic	spectrometer	in	space	
in	the	foreseeable	decades.

The	results	from	AMS	to	date	are	unexpected	and	
contradict	traditional	understanding	of	cosmic	rays.

We	need	to	work	closely	with	the	theoretical	community	
to	develop	a	comprehensive	model	
to	explain	all	of	our	observations.

AMS	will	stay	on	ISS	for	the	lifetime	of	the	Station.		
By	then	(2024)	we	should	be	able	to	determine	the	
origin	of	many	of	these	unexpected	phenomena. 85



Magnetic Spectrometers
(the future?)

Basic Requirements to extend anti-particle measurements of at least one 
decade in energy 
à Acceptance O(m2sr)
à MDR x 20: either longer L or higher B
à e/p separation: independent Rigidity/Energy measurement
à Z: multiple charge measurement…..
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Magnetic Spectrometers
(the future?)

Express a wish….
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An$ma'er	
  Large	
  Acceptance	
  Detector	
  IN	
  Orbit	
  

ALADINO will realize it..... 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Proposal to ESA
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CaloCube (INFN)

• Exploit the CR isotropy to maximize the 
effective geometrical factor, by using all the 
surface of the detector (aiming to reach Ω = 4π) 
• The calorimeter should be highly  isotropic and 
homogeneous

SR2S (INFN and UE)

• R&D of high temperature superconducting 
magnets (MgB2) for space applications  (T  ≈ 
10÷20 °K)  

Materials percentages:
titanium: 40%
alluminium: 50%
MgB2: 10%
Quite small density: ≈ 3.4 g/cm3 
	
  

CR	
  

CR	
  

CR	
  

CR	
  

Novel ideas for a next generation cosmic ray experiment in space

Concepts
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Time of Flight

Superconducting 
magnet coils  

6 layers of double side
microstrip detectors (≈68 m2)

LYSO calorimeter
61 X0 , 3.5 LI

4.4	
  m	
  	
  

2	
  m	
  

ALADINO
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ALADINO: the calorimeter

25 crystals along on line

8mm gap to accommodate mechanics and readout


Staggered geometry  to minimize deadspace

~15k LYSO crystals on ~700 lines


Dual readout for high dynamic range

with WLS to SiPM/MAPMT


61 X0, 3.5 λ

E res 2% for e+/-


E res 24% - 35% for hadrons

e/p separation 106
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ALADINO: the magnet

10 coils of MgB2 in Titanium matrix operated at superconducting regime above 10K

No need of helium cryogenics


Lower quench probability (higher heat capacity)


<B> = 0.8T
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ALADINO: the spectrometer
Tracker based on PAMELA and AMS experience: double sided microstrip detectors


Strip pitch 25µm, 
Readout pitch 100µm




Target resolution 3µm


0.3mW/channel


PAMELA	
  

MDR=20TV	
  

95x95mm2 sensors, Total active area 68m2	
  

AMS silicon ladders	
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ALADINO: the spectrometer

Total power budget: 2.8kW 

•  tracker: 1kW;

•  calo: 200W;

•  ToF: 400W; 

•  cryo: 1kW.


Total mass budget: 6.4 tons 

•  tracker + tof: 1.5 tons;

•  calo: 2.3 tons;

•  magnet + cryo: 2 tons; 

•  power, modules: 0,5 tons.







5 years of operations on high-Earth orbit




Total collection factor ~ 15-20 m2 sr y
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Calorimetric measurement of (e++e-) up to 50 TeV


2% uncertainty at TeV energies
Extends the measurement of current space calorimeters (DAMPE, CALET)

Overlaps with ground based experiments (CTA)

Measurement of separate e+ and e- up to 5 TeV (MDR/4)

e+ anisotropy at O(0.1%) for E>100 GeV 
(AMS limit will be 1% at the end of the mission)






ALADINO: electrons
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ALADINO: antimatter
ALADINO will explore the TeV antiproton region

to test the TeV scale DM annihilation models 
~2000 really measurable antiprotons above 1 TeV
 ~100 really measurable antiprotons above 4 TeV

ALADINO will improve the current limits for antideuteron and Z>1 antinuclei
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ALADINO: reaching the knee

Proposal: ALADINO  
 

14 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7. Simulated B/C flux ratio calorimetric measurement with ALADINO for a  20m2 sr yrs exposure. 

REACHING THE ALL-PARTICLE KNEE - Direct measurements carried on space or stratospheric 
balloons could hardly reach, up to now, energies of hundreds of TeV due to their limited 
acceptance/exposure, then no direct clear information exists neither on the steepening of various elements 
nor on the knee of each species or of the all-particle spectrum. Conversely, ground based experiments – 
measuring CR from the characteristics of their showers in atmosphere – have larger exposures but are 
affected by large systematic errors related to the energy scale uncertainty and the dependence of particle 
identification (Z) from the shower modeling. Current missions like CALET and DAMPE (and the planned 
ISS-CREAM experiment) will extend high-energy measurements up to about 100 TeV, but will hardly 
reach the interesting region of the knees for each different species. A collection factor of 20 m2 sr yr and 
charge measurement with a δZ≈2 are needed to extend p and He measuremens at the PeV energies. 
Simulated ALADINO results for the measurement of protons and nuclei, after an exposure of 20 m2 sr yr, 
obtained by assuming flux parameterization as given in [Hoerandel 2003], are shown in Figure 8.  
ALADINO points (in color) are compared with measurements from PAMELA, CREAM, AMS-02 and 
ATIC experiments (in black) and theoretical models [Hoerandel 2003, Gaisser et al 2013]. Proton and 
helium component are measured up to PeV energies, thus allowing to get the first direct evidence of the 
light component knee, corresponding to the maximum energy provided by the CR source(s). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

ALADINO goal is to measure proton and He fluxes in the energy range E=0.5 GeV/n – 1 
PeV/n, which translates into a collection factor ≥20 m2 sr yrs 

Figure 8. Contribution of the ALADINO mission after few years of operation (20 m2sr yr) to the 
measurement of individual proton and nuclei energy spectra. 

Measurement of proton and He flux up to PeV energies




 Few hundreds p and He events above 1015 eV

Overlaps with balloon and ground based experiments
Will resolve the CR composition below the knee
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ALADINO
TIMESCALES:
i.  Preliminary Design Report: 1.5 years
ii.  R&D: 5 years
iii.  Construction, Tests and Integration: 6 years
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With this giant, but not impossible, system, in 5 
years of data taking we can reach:
• The knee region for direct CR measurement
• Few hundreds p and He events above 1015 eV
• The multi TeV region for charged antiparticles
• The multi TeV region for electrons and positrons 
separately


