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AMS-02 in orbita

2

AMS-02 è uno spettrometro magnetico a grande accettanza in grado di misurare 
con precisione particelle nel range di energia GeV-TeV. 

Dal 19 Maggio 2011 AMS-02 è in funzione sulla stazione spaziale internazionale (ISS). 
AMS ha raccolto quasi 100 miliardi di raggi cosmici in quasi 6 anni.

La durata dell’esperimento AMS è 
prevista essere pari a quella della ISS 
(estesa almeno fino al 2024).
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con precisione particelle nel range di energia GeV-TeV. 
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AMS ha raccolto quasi 100 miliardi di raggi cosmici in quasi 6 anni.

La durata dell’esperimento AMS è 
prevista essere pari a quella della ISS 
(estesa almeno fino al 2024).

Outline:
•Obiettivi 
•Descrizione dell’apparato 
•Risultati (antimateria) 
•Risultati (nuclei leggeri)



AMS-02: Obiettivi
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•Fisica fondamentale 
• Antimateria primordiale (antinuclei) 
• Stati “esotici” (SQM) 
• Nuova fisica (materia oscura) χ

χ

p, p,e−,e+,γ

p, p,e−,e+,γ
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AMS-02: Obiettivi
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χ

χ

p, p,e−,e+,γ

p, p,e−,e+,γ

•Fisica dei raggi cosmici 
• Origine e accelerazione (r.c. primari: 
p, He, C, O, … 

• Propagazione nella Galassia (r.c. 
secondari: Li, Be, B, …)

•Fisica fondamentale 
• Antimateria primordiale (antinuclei) 
• Stati “esotici” (SQM) 
• Nuova fisica (materia oscura)
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AMS-02: Obiettivi
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χ

χ

p, p,e−,e+,γ

p, p,e−,e+,γ

•Fisica dei raggi cosmici 
• Origine e accelerazione (r.c. primari: 
p, He, C, O, … 

• Propagazione nella Galassia (r.c. 
secondari: Li, Be, B, …)

•Fisica solare e geomagnetica 
• Propagazione nell’eliosfera 
• Effetti del campo geomagnetico

•Fisica fondamentale 
• Antimateria primordiale (antinuclei) 
• Stati “esotici” (SQM) 
• Nuova fisica (materia oscura)
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Silicon Tracker 
 Z, P

ECAL  
E of e+, e-, γ

RICH  
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Antimateria
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Positron fraction
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✓ Nessuna evidenza di strutture
✓ Crescita monotona tra ~5 e ~ 275 GeV
✓ Buona descrizione anche con un modello “minimale” 

30 months 
~ 10  million e+/e- events

M.Aguilar et al. PRL 113 (2014) 121101



Flussi: e+, e-
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30 months 
9.3 million e- events

30 months 
0.6 million e+ events

Electrons [0.5 – 700] GeV Positrons [0.5 – 500] GeV

Elettroni e positroni hanno flussi 
significativamente diversi, sia in valore 

assoluto che in forma spettrale.
La “risalita” nella positron-fraction è dovuta a 

un eccesso di positroni, e non ad una 
mancanza di elettroni.

M.Aguilar et al. PRL 113 (2014) 121101



Flussi: e+, e-
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60 months 
~ 17.5 million e-/e+ events

Analisi in fase di aggiornamento (con 
statistica raddoppiata rispetto ai 

risultati pubblicati) ed estensione a 
più alte energie (~700 GeV).

Elettroni e positroni hanno flussi 
significativamente diversi, sia in valore 

assoluto che in forma spettrale.
La “risalita” nella positron-fraction è dovuta a 

un eccesso di positroni, e non ad una 
mancanza di elettroni.
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Flussi: e+ + e-
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[0.5 – 1000] GeV

30 months 
10.6 million (e++e-) events

Flusso ben descritto da una singola legge di potenza (E>30 GeV) fino ad 1 TeV.

Nessun segno di strutture 

Rinunciando alla misura del segno della carica si può ottenere una misura del flusso totale 
di leptoni con minore incertezza sistematica, raggiungendo energie più alte e direttamente 

confrontabile con altre misure calorimetriche.
M.Aguilar et al. PRL 113 (2014) 221101



Antiprotoni
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3.49 x 105 antiprotons 
2.42 x 109 protons

M.Aguilar et al. PRL 117 (2016) 091103



Antiprotoni
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I dati sembrano indicare che antiprotoni, positroni e protoni abbiano una forma spettrale simile 
tra loro, caratterizzata da un flusso più “hard” rispetto agli elettroni. Al momento nessun indizio 

se questa sia una coincidenza o se sia la manifestazione di un particolare fenomeno.

M.Aguilar et al. PRL 117 (2016) 091103
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Misura di carica in AMS
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Misura di carica in AMS
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Tracker L1 - 6.2

TRD - 5.6

Upper ToF - 6.0

Inner Tracker - 6.0

Lower ToF - 5.7

ECAL - 6.0

Tracker L9 - 5.8

Tracker, R = p/Z  
Full Span MDR (Z=6) ≈ 2.6 
TV

TOF, β 
Δβ (β=1, Z=5,6) ≈ 
0.01

RICH, β 
Δβ (β=1, Z=6) ≈ 5×10-4



Interazioni nel detector
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Utilizzando l’Inner tracker, L2-L8, 
si seleziona la specie voluta: He, 
Li, Be, B, …

Gli eventi che entrano in AMS “da 
sinistra” consentono di studiare le 
interazioni nella parte inferiore del 
rivelatore.

Gli eventi che entrano in AMS “da 
destra” consentono di studiare le 
interazioni nella parte superiore 
del rivelatore.L1
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Misura di sezioni d’urto adroniche / cross-check dei materiali in simulazione 
possibile quando la ISS vola “orizzontalmente”
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Protoni ed elio
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M.Aguilar et al. PRL 114 (2015) 171103

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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FIG. 3 (color). (a) The AMS proton flux multiplied by ~R2.7 and
the total error as a function of rigidity. (b) The flux as a function
of kinetic energy EK as multiplied by E2.7

K compared with recent

measurements [3–6]. For the AMS results EK ≡
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
~R2þM2

p

q
−Mp

where Mp is the proton mass.
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performance is stable over time and that the flux above
45 GV shows no observable effect from solar modulation
fluctuations. Figure SM2(c) in Ref. [22] shows that 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. The flux ratio uses the two different event
samples corresponding to the inner tracker acceptance and
to the L1 to L9 acceptance used for the results in this Letter.
This verifies the systematic errors from the acceptance, the
unfolding procedure, and the rigidity resolution function
for two extreme and important cases. First, at the MDR of
the inner tracker, 0.55 TV, where the unfolding effects and
resolution functions of the inner tracker and the full lever
arm are very different. Second, at low rigidities (2 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 multiple and nuclear scatter-
ing. Figure SM2(d) in Ref. [22] shows the good agreement
between the flux obtained using the rigidity measured by
tracker L1 to L8, MDR 1.4 TV, and the full lever arm, MDR
3.2 TV, again using different event samples, thus verifying
the systematic errors on the rigidity resolution function
over the extended rigidity range.
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 He flux Φ including statistical

errors and systematic errors is tabulated in Ref. [22],
Table I, 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 geomagnetic cutoff,
the acceptance, and background contamination, (iii) the
rigidity resolution function and unfolding which take into
account the small differences between the two unfolding
procedures described above, and (iv) the absolute rigidity
scale. The contribution of individual sources to the sys-
tematic 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 1(a) shows the flux as a function of
rigidity with the total errors, the sum in quadrature of
statistical and systematic errors [25]. In this and the
subsequent figures, the points are placed along the abscissa
at ~R calculated for a flux ∝ R−2.7 [26]. Figure 1(b) shows
the AMS flux as a function of kinetic energy per nucleon
EK together with the most recent results (i.e., from experi-
ments 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 [22] and shown in Fig. 1(a)
at the 99.9% C.L. for R > 45 GV. Applying solar modu-
lation in the force field approximation [27] also does not fit
the data at the 99.9% C.L. for R > 45 GV. We therefore

fit the flux with a double power law function [8]

Φ ¼ C
!

R
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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 3 TV yields a χ2=d:f: ¼
25=27 with C¼ 0.0948%0.0002ðfitÞ%0.0010ðsysÞ %
0.0006ðsolÞm−2 sr−1 sec−1GV−1, γ¼−2.780%0.005ðfitÞ%
0.001ðsysÞ%0.004ðsolÞ, Δγ ¼ 0.119þ0.013

−0.010ðfitÞþ0.033
−0.028ðsysÞ%

0.004ðsolÞ, s ¼ 0.027þ0.014
−0.010ðfitÞþ0.017

−0.013ðsysÞ % 0.002ðsolÞ,
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FIG. 1 (color). (a) The AMS helium flux [22] multiplied by ~R2.7

with its total error as a function of rigidity. (b) The flux as a
function of kinetic energy per nucleon EK multiplied by E2.7

K
compared with measurements since the year 2000 [3–6]. For the
AMS results EK ≡ ð

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4 ~R2 þM2

p
−MÞ=4 where M is the 4He

mass as the AMS flux was treated as containing only 4He. (c) Fit
of Eq. (3) to the AMS helium flux. For illustration, the dashed
curve uses the same fit values but with R0 set to infinity.
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Sia il flusso di protoni che di elio mostrano un 
cambio di indice spettrale 

Flusso di protoni 
300 milioni di eventi

Flusso di elio 
50 milioni di eventi
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Sia il flusso di protoni che di elio mostrano un 
cambio di indice spettrale 

Flusso di protoni 
300 milioni di eventi

Flusso di elio 
50 milioni di eventi
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Flussi: nuclei leggeri
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Primari: 
Flussi di Carbonio, Azoto, Ossigeno 
misurati in un ampio range di energia 
e con elevata precisione. 
Analisi in corso, basata su ~ 6 anni di dati 
(2011-2017): 
• Modello di riferimento: GALPROP 

(parametri da: Trotta et al, 2011)

(parte dell’azoto e’ di origine primaria)



Flussi: nuclei leggeri
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Anche nel caso dei flussi di Carbonio, Azoto e Ossigeno la singola legge di potenza è esclusa 
da i dati di AMS-02: si osserva un cambio di indice spettrale alla stessa rigidità.



Flussi: nuclei leggeri
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I rapporti C/O e C/He costanti ad alta energia

GALPROP (Trotta et al. 2011, “Best Fit”) 
with Solar Modulation (Force Field Approx.) 

φ = 200 MV, 500 MV, 800 MV

GALPROP (Trotta et al. 2011, “Best Fit”) 
with Solar Modulation (Force Field Approx.) 

φ = 200 MV, 500 MV, 800 MV
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Flussi: nuclei leggeri
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Secondari: 
Flussi di Litio, Berillio, Boro misurati in 
un ampio range di energia e con 
elevata precisione.
Analisi in corso, basata su ~ 6 anni di dati 
(2011-2017): 
• Modello di riferimento: GALPROP 

(parametri da: Trotta et al, 2011)
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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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Model from  
Cowsik et al. APJ, 786, 2, 124
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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.
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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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Rapporti tra flussi di secondari (B) e primari (C) fornisce informazioni sulla propagazione dei r.c. 
e sul mezzo interstellare: diffusione à la Kolmogorov preferita dai dati

B/C = kR δ, δ = -0.333 ± 0.015
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Rapporti tra flussi di secondari (B) e primari (O) fornisce informazioni sulla propagazione dei 
r.c. e sul mezzo interstellare: diffusione à la Kolmogorov preferita dai dati.

B/O = kR δ, δ = -0.34 ± 0.02
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• AMS continua a fornire misure di precisione di r.c.(positron fraction, 
flussi di elettroni, positroni, protoni, anti-protoni, elio and nuclei 
leggeri) con precisione di pochi percento. 

• La misura simultanea di molteplici specie di r.c. è uno strumento 
essenziale per la comprensione della fisica dei raggi cosmici e per la 
scoperta di nuovi fenomeni. 

• AMS continuerà la presa dati per l’intera durata della ISS, 
continuando la ricerca della dark matter, antimateria primordiale e 
una descrizione più dettagliata dei flussi di raggi cosmici. 

• La ISS è diventata una piattaforma fondamentale per la ricerca in 
fisica di base.


