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AMS-02 in orbit
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AMS-02 is a large-acceptance high-energy magnetic spectrometer capable of 
measure accurately particles in the GeV-TeV energy range. 

Since 2011 May 19th AMS-02 has been operating on the International Space Station  
(ISS). AMS recorded >100 billion CR triggers in 6 years of operation.

AMS is expected to take data during the 
whole ISS lifetime (extended to 2024)
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Collisions of Dark Matter particles (ex. neutralinos) may produce a signal of e+, p-bar, … 
detected on top of the background from the collisions of CRs on interstellar medium (ISM)

A detailed understanding of the background is mandatory. This needs precise knowledge of: 
• The flux of primary (progenitors) Cosmic Rays (p, He, …) 
• Behaviour of the CRs propagation in the Galaxy (B/C, …)

(PRL 117, 09110, 2016)
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Nuclei identification in AMS
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Cross-sections and materials
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First, we use the seven inner 
tracker layers, L2-L8, to define  
beams of nuclei: He, Li, Be, B, …

Second, we use left-to-right 
particles to measure the nuclear 
interactions in the lower part of 
the detector.

Third, we use right-to-left particles 
to measure the nuclear 
interactions in the upper part of 
detector.L1
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Proton and Helium fluxes
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This verifies that the detector performance is stable over
time and that the flux above 45 GV shows no observable
effect from solar modulation fluctuations for this measure-
ment period. The variation of the proton flux due to solar
modulation will be the subject of a separate publication.
Figure 2(c) shows that the ratios of fluxes obtained using
events which pass through different sections of L1 to the
average flux are in good agreement and within the assigned
systematic errors; this verifies the errors assigned to the
tracker alignment. Lastly, as seen from Fig. 2(d), the flux
obtained using the rigidity measured by only the inner
tracker is in good agreement with the flux measured using
the full lever arm; this verifies the systematic errors
assigned from the unfolding procedures and the rigidity
resolution function for two extreme and important cases.
First, at the inner tracker MDR (∼300 GV) where the
unfolding effects and resolution functions of the inner
tracker and the full lever arm (2 TV MDR) are very
different. Second, at low rigidities (1 to 10 GV) where the
unfolding effects and the tails in the resolution functions of
the inner tracker and full lever arm are also very different
due to large multiple and nuclear scattering.
Most importantly, several independent analyses were

performed on the same data sample by different study
groups. The results of those analyses are consistent with
this Letter.
Results.—The measured proton flux Φ including stat-

istical errors and systematic errors is tabulated in Ref. [25]
as a function of the rigidity at the top of the AMS detector.
The contributions to the systematic errors come from (i) the
trigger, (ii) the acceptance, background contamination,
geomagnetic cutoff, and event selection, (iii) the rigidity
resolution function and unfolding, and (iv) the absolute
rigidity scale. The contributions of individual sources to the
systematic error are added in quadrature to arrive at the total
systematic uncertainty. The Monte Carlo event samples
have sufficient statistics such that they do not contribute
to the errors. Figure 3(a) shows the flux as a function of
rigidity with the total errors, the sum in quadrature of
statistical and systematic errors [26]. In this and the
subsequent figures, the points are placed along the abscissa
at ~R calculated for a flux ∝ R−2.7 [27]. Figure 3(b) shows
the AMS flux as a function of kinetic energy EK together
with the most recent results (i.e., from experiments after the
year 2000).
A power law with a constant spectral index γ

Φ ¼ CRγ ð2Þ

where R is in GV and C is a normalization factor, does not
fit the flux reported in this work [25] and shown in Fig. 3(a)
at the 99.9% C.L. for R > 45 GV. Applying solar modu-
lation in the force field approximation [28] also does not fit
the data at the 99.9% C.L. for R > 45 GV. We therefore fit
the flux with a modified spectral index [29]

Φ ¼ C
!

R
45 GV

"
γ
#
1þ

!
R
R0

"Δγ=s$s
; ð3Þ

where s quantifies the smoothness of the transition of the
spectral index from γ for rigidities below the characteristic
transition rigidity R0 to γ þ Δγ for rigidities above R0.
Fitting over the range 45 GV to 1.8 TV yields a χ2=d:f: ¼
25=26 with C ¼ 0.4544% 0.0004ðfitÞþ0.0037

−0.0047ðsysÞþ0.0027
−0.0025

ðsolÞ m−2sr−1sec−1GV−1, γ ¼ −2.849 % 0.002ðfitÞþ0.004
−0.003

ðsysÞþ0.004
−0.003ðsolÞ, Δγ ¼ 0.133þ0.032

−0.021ðfitÞþ0.046
−0.030ðsysÞ %

0.005ðsolÞ, s ¼ 0.024þ0.020
−0.013ðfitÞþ0.027

−0.016ðsysÞ
þ0.006
−0.004ðsolÞ, and

R0 ¼ 336þ68
−44ðfitÞþ66

−28ðsysÞ % 1ðsolÞ GV. The first error
quoted (fit) takes into account the statistical and uncorre-
lated systematic errors from the flux reported in this work
[25]. The second (sys) is the error from the remaining
systematic errors, namely, from the rigidity resolution
function and unfolding, and from the absolute rigidity
scale, with their bin-to-bin correlations accounted for using
the migration matrix Mij. The third (sol) is the uncertainty
due to the variation of the solar potential ϕ ¼ 0.50 to
0.62 GV [30]. The fit confirms that above 45 GV the flux is
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where Mp is the proton mass.

PRL 114, 171103 (2015) P HY S I CA L R EV I EW LE T T ER S
week ending
1 MAY 2015

171103-6

Interesting features: 
1) Both proton and helium fluxes show a hardening

H flux measurement:  
300 million events
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FIG. 1. The AMS (a) helium, (b) carbon, and (c) oxygen fluxes [23] multiplied by R̃2.7 with their
total errors as a function of rigidity based on 90 million helium, 8.3 million carbon and 7.4 million
oxygen nuclei.
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FIG. 1. The AMS (a) helium, (b) carbon, and (c) oxygen fluxes [23] multiplied by R̃2.7 with their
total errors as a function of rigidity based on 90 million helium, 8.3 million carbon and 7.4 million
oxygen nuclei.
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FIG. SM 7. The AMS (a) helium, (b) carbon and (c) oxygen fluxes as functions of kinetic energy
per nucleon EK multiplied by E2.7

K compared with previous experiments since the year 1980. For
the AMS measurement EK =

⇣p
Z2R̃2 + M2 �M

⌘
/A where Z, M and A are the 4He, 12C or

16O charge, mass and atomic mass numbers, respectively.
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Proton and Helium fluxes
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Interesting features: 
1) Both proton and helium fluxes show a hardening

new He flux measurement: 
90 million events

Preliminary data

Please refer to the  

forthcoming AMS  

publication in PRL



Preliminary data

Please refer to the  

forthcoming AMS  

publication in PRL

Higher charge: Primaries
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Primaries: 
AMS-02 measures Carbon, Nitrogen, Oxygen fluxes in an extended energy 
range and unprecedented precision.
Ongoing analyses based on ~ 5 years data (2011-2016): 
• Standard model: GALPROP with best fit parameters from Trotta et 

al, 2011



Preliminary data

Please refer to the  

forthcoming AMS  

publication in PRL

Higher charge: Primaries
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Interesting features: 
2) Also for Carbon, Nitrogen and Oxygen the single-power law behaviour 
is excluded by AMS-02 data: a change of spectral index is observed at ≈ 

the same rigidity.



B	High	Res	Galprop
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Higher charge: Secondaries
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Secondaries: 
AMS-02 measures Lithium, Beryllium and Boron fluxes in an extended energy 
range and unprecedented precision.
Ongoing analyses based on ~ 5 years data (2011-2016): 
• Standard model: GALPROP with best fit parameters from Trotta et 

al, 2011
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Lithium flux
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Interesting features: 
3) The Lithium flux shows a hardening as well

Theoretical prediction

Unexpected

AMS
~2 Million  

Lithium Events



B/C

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.
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PRL 117, 231102 (2016) P HY S I CA L R EV I EW LE T T ER S
week ending

2 DECEMBER 2016

231102-4

Interesting features: 
4) The flux ratio between primaries (C) and secondaries (B) provides information on 
propagation and the ISM: AMS data supports Kolmogorov turbulence model 

B/C = kR δ, δ = -0.333 ± 0.015

M. Aguilar et al. PRL 117, (2016), 231102

No structures!
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M. Aguilar et al. PRL 117, (2016), 231102 

B/C
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Model from  
Cowsik et al. APJ, 786, 2, 124



Conclusions
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• AMS keeps providing precision measurements of CRs (positron 
fraction, electron, positrons, protons, anti-protons, helium and 
nuclei fluxes) with a few percent precision. 

• Simultaneous measurement of many CR species is a key instrument 
for acquiring knowledge of cosmic ray physics and for the discovery 
of new phenomena. 

• AMS will continue gathering data for the entire duration of the ISS, 
continuing the search for dark matter, primordial antimatter and a 
more detailed description of cosmic rays fluxes. 

• Unexpected patterns are emerging from the hadronic component of 
cosmic rays as well. Spectral features are emerging on almost every 
species and are challenging our current view of CR propagation.
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Systematics on Acceptance
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With ISS flying at 90° w.r.t. zenith 
Particles coming from bottom,  

interacting on upper part of AMS 
(only ~2 days of data available)
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Performing this measurement on both orientations cancels any bias in the material budget of 
AMS MC simulation. In this way, varying the cross-sections in the MC, the one with the best 

agreement with data is chosen.
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showed a systematic uncertainty of 2% at 1 GV and
negligible above 2 GV. We have also verified that using
the most recent IGRF model [21] and the IGRF model
with external nonsymmetric magnetic fields [22] does not
introduce observable changes in the flux values nor in the
systematic errors.
The effective acceptance was corrected for small

differences between the data and the Monte Carlo samples
related to the event reconstruction and selection. Together,
the correction was found to be 5% at 1 GV decreasing
below 2% above 10 GV, while the corresponding system-
atic uncertainty is less than 1.5% above 2 GV.
The detector is mostly made of carbon and aluminum.

The corresponding inelastic cross sections of pþ C
and pþ Al are known to within 10% at 1 GV and 4%
at 300 GV [23], and 7% at 1.8 TV from model estima-
tions [12]. The inelastic cross sections are used in the
Monte Carlo calculation of the effective acceptance and, to
estimate the systematic error due to the uncertainty in the
inelastic cross sections, dedicated samples of protons were
simulated with the pþ C and pþ Al cross sections varied
by"10%. From the analysis of these samples together with
the current knowledge of the cross sections, systematic
errors of 1% at 1 GV, 0.6% from 10 to 300 GV, and 0.8% at
1.8 TV were obtained.
The rigidity resolution function was verified with data

from both the ISS and the test beam. For this the residuals
between the hit coordinatesmeasured in tracker layersL1 and
L9 and those obtained from the track fit using the information
from only the inner tracker L2 to L8were compared between
data and simulation. In order to validate the alignment of the
external layers the difference between the rigidity measured
using the information from L1 to L8 and from L2 to L9 was
compared between data and the simulation. The resulting
uncertainty on the MDR was estimated to be 5%. The
corresponding unfolding errors were obtained by varying
the width of the Gaussian core of the resolution function by
5%and the amplitude of the non-Gaussian tails by∼20% (see
for example Fig. 1) over the entire rigidity range and found to
be 1% below 200 GV and 3% at 1.8 TV.
There are two contributions to the systematic uncertainty

on the rigidity scale. The first is due to residual tracker
misalignment. From the 400 GeV=c test beam data it
was measured to be less then 1=300 TV−1. For the ISS
data, this error was estimated by comparing the E=p ratio
for electron and positron events, where E is the energy
measured with the ECAL and p is the momentum mea-
sured with the tracker, see Ref. [24] for details. It was found
to be 1=26 TV−1, limited by the current high energy
positron statistics. The second systematic error on the
rigidity scale arises from the magnetic field map uncer-
tainties (0.25%) and temperature correction uncertainties
(0.1%). Taken in quadrature and weighted by the rigidity
dependence of the flux, this amounts to a systematic error
on the flux of less than 0.5% for rigidities above 2 GV.

To ensure that the treatment of systematic errors
described above is correct, we performed several addi-
tional, independent verifications. Figure 2 shows examples
of the stability of the measured flux for different conditions
(presented as the ratio to the average flux). Figure 2(a)
shows the dependence of the integral of the proton flux
above 30 GV, i.e., above the maximum geomagnetic cutoff,
on the angle θ between the incoming proton direction and
the AMS z axis; this verifies the systematic error assigned
to the acceptance. Figure 2(b) shows the monthly integral
flux above 45 GV is within the systematic error of 0.4%.
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FIG. 2 (color). Independent verification of the systematic
errors. The curves indicate the corresponding systematic errors.
(a) The variation of the flux ratio above 30 GV vs the angle θ to
the AMS z axis. (b) The variation of the flux ratio above 45 GV vs
time. (c) The variation of the flux ratio vs the rigidity for different
L1 entry regions (see inset). (d) The variation of the flux ratio
measured using only the inner tracker (L2 to L8) vs the full
tracker (L1 to L9).
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Fluxes measured using events passing through L1-L9  
divided by the ones measured using events passing through L1-L8 (or L2-L8).  

The observed agreement verifies: 
(i) acceptance: the amount of material traversed is different 

(ii) unfolding: bin-to-bin migration is different due to different resolution

L9

L1

L8

L1
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Φj =
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Aj ϵj Tj ∆Rj

�j =
Nj

Aj "j Tj �Rj

Due to the finite resolution of the Tracker 
events can be measured in a rigidity bin they 
don’t belong to. This, combined with the 
steep power-law nature of the CR spectrum 
leads to a distortion in the measured flux. 
Many different procedures to correct for this 
effect, all relying on a precise knowledge of 
the resolution function.



during the first 30 months (May 19, 2011 to November 26,
2013) of operation onboard the International Space
Station (ISS).
Detector.—AMS is a general purpose high energy

particle physics detector in space. The layout and descrip-
tion of the detector are presented in Ref. [8]. The key
elements used in this measurement are the permanent
magnet, the silicon tracker, four planes of time of flight
(TOF) scintillation counters, and the array of anticoinci-
dence counters (ACCs). AMS also contains a transition
radiation detector (TRD), a ring imaging Čerenkov detector
(RICH), and an electromagnetic calorimeter (ECAL). The
three-dimensional imaging capability of the 17 radiation
length ECAL allows for an accurate measurement of the e!

energy E and of the shower shape.
The AMS coordinate system is concentric with the

magnet. The x axis is parallel to the main component of
the magnetic field and the z axis points vertically. The (y-z)
plane is the bending plane. Above, below, and downward-
going refer to the AMS coordinate system.
The central field of themagnet [9] is 1.4 kG.Before flight,

the field was measured in 120 000 locations to an accuracy
of better than 2 G. On orbit, the magnet temperature varies
from −3 to þ15° C. The field strength is corrected with a
measured temperature dependence of −0.09%=°C.
The tracker [10] has nine layers, the first (L1) at the top

of the detector, the second (L2) just above the magnet, six
(L3 to L8) within the bore of the magnet, and the last (L9)
just above the ECAL. L2 to L8 constitute the inner tracker.
Each layer contains double-sided silicon microstrip detec-
tors which independently measure the x and y coordinates.
The tracker accurately determines the trajectory of cosmic
rays by multiple measurements of the coordinates with a
resolution in each layer of 10 μm in the bending (y)
direction. The inner tracker is held stable by a carbon
fiber structure with negligible coefficient of thermal expan-
sion. The stability of the inner tracker is monitored using 20
IR laser beams which penetrate layers L2 through L8 and
provide submicron position measurements. Using cosmic
rays over a 2 minute window, the position of L1 is aligned
with a precision of 5 μm with respect to the inner tracker
and L9 with a precision of 6 μm. Together, the tracker and
the magnet measure the rigidity R of charged cosmic rays.
The maximum detectable rigidity (MDR) is 2 TV over the
3 m lever arm from L1 to L9.
Each layer of the tracker also provides an independent

measurement of the absolute value of the charge jZj of the
cosmic ray. The charge resolution of the layers of the inner
tracker together is ΔZ≃ 0.05 for jZj ¼ 1 particles.
Two planes of TOF counters [11] are located above L2

and two planes are located below the magnet. For jZj ¼ 1
particles, the average time resolution of each counter has
been measured to be 160 ps and the overall velocity
(β ¼ v=c) resolution to be Δβ=β2 ¼ 4%. This discrimi-
nates between upward- and downward-going particles.

The coincidence of signals from the four TOF planes
together with the absence of signals from the ACC provides
a charged particle trigger. The ACC has an efficiency of
0.999 99 to reject cosmic rays which enter the inner tracker
from the side. The coincidence of 3 out of the 4 TOF layers
with no ACC requirement was used to provide an unbiased
trigger. The unbiased trigger, prescaled by 1%, was used to
measure the efficiency of the charged particle trigger. The
efficiency of the unbiased trigger was estimated directly
from the data to be above 99.8% for all rigidities using
events in which one of the four TOF layers gave no signal.
This allowed the estimation of the efficiency of each TOF
layer and, consequently, the efficiency of the unbiased
trigger.
Before launch, at the CERN SPS, AMS was extensively

calibrated with 180 and 400 GeV=c proton beams and
beams of positrons, electrons, and pions from 10 to
290 GeV=c. In total, calibrations with 18 different energies
and particles at 2000 positions were performed. These data
allow the determination of the tracker rigidity resolution
function with high precision and the verification of the
absolute rigidity scale.
Since launch, the detector has been monitored and

controlled around the clock. The time, location, and
orientation are provided by GPS units affixed to AMS
and to the ISS. The detector performance has been steady
over time.
Simulated events were produced using a dedicated

program developed by the collaboration from the GEANT-
4.9.6 package [12] based on Monte Carlo methods. This
program simulates electromagnetic and hadronic inter-
actions of particles in the material of AMS and generates
detector responses. The digitization of the signals is
simulated precisely according to the measured character-
istics of the electronics. The simulated events then undergo
the same reconstruction as used for the data. Figure 1 shows
a comparison of the inverse rigidity for 400 GeV=c protons
from the test beam and the Monte Carlo simulation. As
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FIG. 1 (color). The resolution function in inverse rigidity for
400 GeV=c protons measured in the test beam compared with the
Monte Carlo simulation.
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The resolution function for protons was measured on a 400 GV proton beam from the CERN 
SPS and the result was used to validate the MC simulation. 
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FIG. SM 5. Comparison of the di↵erences of the coordinates measured in L3 or L5 to those

obtained from the track fit using the measurements from L1, L2, L4, L6, L7 and L8 between data

and simulation in the rigidity range 40 < R < 47 GV for a) boron sample and b) carbon sample.

8

Systematics on Rigidity Resolution
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The MC rigidity resolution functions for Z>2 were verified with the ISS data in multiple ways.  
One of the comparison is the validation of the spatial resolution of the inner tracker.

Systematic errors arising from the understanding of the resolution matrix and the bin-to-bin 
migration unfolding procedures account for 1% below 200GV and from 3% to 6% at 2.5 TV.



FIG. SM 3. Charge measured by inner tracker for a sample of carbon selected with the tracker

L1 in the rigidity range between 27 and 36 GV. The comparison between data (points) and MC

(histogram) validates the partial cross section of the C + C,Al ! B + X interaction branching

ratios used in the simulation.

6

Interactions above L1 

25

Background generated above L1 is calculated using MC and light nuclei fluxes measured by AMS.  
MC interaction channels (ex. C + C, Al ! B + X) have been verified with data (see below). 

Background is up to 9% for secondary nuclei like Li, Be, B, N associated systematic error is below 1%.
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