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The Alpha Magnetic Spectrometer is a general-purpose particle physics detector operating on
the International Space Station. Precision measurements by AMS of the cosmic-ray elementary
particle fluxes and nuclei fluxes reveal new unexpected phenomena. The positron flux exhibits a
significant excess starting from 25.2 ± 1.8 GeV followed by a sharp drop-off above 284+91
GeV,
−64
consistent with a primary source of cosmic-ray positrons from either dark matter collisions or
new astrophysical sources. The different behavior of the cosmic-ray electron flux and positron
flux shows that most high energy electrons originate from different sources than high energy
positrons. Intriguingly, the positron flux and the antiproton flux have strikingly similar behavior
at high energies. New observations from AMS on cosmic nuclei show that primary cosmic-ray
He, C, and O have an identical rigidity dependence above 60 GV and deviate from a single powerlaw above 200 GV. Unexpectedly, the primary Ne, Mg, and Si also have an identical rigidity
dependence above 86.5 GV, but they are different from that of He, C, and O. This shows that
primary cosmic rays have at least two distinct classes of rigidity dependence. Above 30 GV,
secondary cosmic nuclei Li, Be, and B have identical rigidity dependence which is distinctly
different from those of primary cosmic rays. The results from AMS on many different types of
cosmic rays are not explained by the current theoretical models and provide unique input to the
understanding of the origins and evolution of cosmic rays in the galaxy.
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1. The Alpha Magnetic Spectrometer
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Figure 1: The AMS detector showing the main elements and their functions.

2

PoS(ICHEP2020)045

The Alpha Magnetic Spectrometer (AMS) [1] is a precision general-purpose particle physics
detector on the International Space Station (ISS) for the studies of the origin of dark matter,
antimatter, and cosmic rays as well as to explore new physics phenomena. The AMS detector
consists of a permanent magnet and an array of particle detectors to measure the velocity β = v/c,
energy E, momentum P, charge Z, and rigidity R = P/Z of traversing particles and nuclei. The
layout of the AMS detector is illustrated in Figure 1. The Transition Radiation Detector (TRD) is
located at the top of the AMS. Two orthogonal planes of Time of Flight counters above the magnet
bore (Upper TOF) and another two orthogonal planes below the magnet bore (Lower TOF). There
are a total of 9 precision silicon tracker layers located within the magnet bore and above and below
the magnet. The Anti-Coincidence Counters (ACC or Veto) surround the tracker within the magnet
bore. The Ring Imaging Cherenkov counter (RICH) is below the Lower TOF, and below that is the
Electromagnetic Calorimeter (ECAL). AMS was installed on the ISS on 19 May 2011, since then,
AMS has functioned reliably and the properties of the detector are continuously monitored. The
detailed description of the AMS detector and its operations are summarized in Ref.[1].
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2. Precision Measurements of Cosmic Elementary Particles
Precision measurements by AMS on the fluxes of protons, electrons, positrons, and antiprotons
over an extended energy range [1] provide crucial information in the study of cosmic-ray elementary
particles and the search for new physics phenomena in the cosmos.
2.1 Origins of Cosmic Positrons and Electrons

Figure 2: The AMS positron spectrum (red data points) and electron spectrum (blue data points). The
electron spectrum and the positron spectrum have distinctly different magnitudes and energy dependences

The positron spectrum shows a significant excess starting from 25.2 ± 1.8 GeV, it then reaches
a maximum at 284+91
GeV, followed by a sharp drop-off [3]. At energy starting from ∼ 10 GeV,
−64
the positron flux by far exceeds the contribution from secondary positrons [4]. The complex
behavior of the positron flux is consistent with the existence of a new source of high energy
positrons. The positron flux can be parametrized as the sum of a diffuse term and a source term:
E2
γd + C ( Ê/E )γs exp(− Ê/E )]. The diffuse term is characterized by a
Φe+ (E) = Ê
s
2
s
2 [Cd ( Ê/E1 )
3
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There have been widespread interests and explanations on the origin of cosmic-ray positrons
and electrons, with different predictions for the behavior of their fluxes towards high energy [2].
The latest AMS results on the precision measurements of positron spectrum (i.e., the flux scaled
by Ẽ 3 , Ẽ 3 Φe+ , where Ẽ is the spectrally weighted mean energy in each bin calculated for a flux
∝ E −3 ) up to 1 TeV and the electron spectrum ( Ẽ 3 Φe− ) up to 1.4 TeV reveal complex behavior of
the two spectra [3]. As presented in Figure 2, in the entire energy range, the electron spectrum and
the positron spectrum have distinctly different magnitudes and energy dependences.
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normalization factor Cd and a spectral index γd . The source term is described by a normalization
factor Cs , a spectral index γs , with an exponential cutoff energy Es . Ê denotes the energy of
particles in the interstellar space [3]. The result of the fit is presented in Figure 3 (a). As seen, the
diffuse term dominates at low energies and then gradually vanishes with increasing energy. The
source term, with the exponential cutoff energy Es = 810+310
−180 GeV, describes the behavior of the
positron spectrum at high energies.

The electron spectrum is distinctly different from the positron spectrum. Detailed analyses[3]
show that the electron flux exhibits a significant excess starting from 42.1+5.4
GeV, but the nature
−5.2
of this excess is different from the positron flux excess. Contrary to the positron flux, at over
5σ level, the electron flux does not show an exponential energy cutoff below 1.9 TeV. The AMS
E2
electron flux is well described by the sum of two power-law components: Φe− (E) = Ê
2 [1 +
∆γ
−1
γ
γ
t
a
b
(Ê/Et ) ] [Ca (Ê/Ea ) + Cb (Ê/Eb ) ], as presented in Figure 3 (b). These functions are very
different in shape and magnitude from those describing the positron flux. The different behavior of
the cosmic-ray electrons and positrons measured by AMS is clear evidence that most high energy
electrons originate from different sources than high energy positrons.
The data from AMS show that, at high energies, positrons predominantly originate either from
dark matter annihilation or from other astrophysical sources. As an example, Figure 4 shows the
comparison of the AMS data with a dark matter model based on Ref. [4, 5] with a dark matter
particle mass of 1.2 TeV. More statistics at high energies are required to verify the agreement and to
understand the behavior of the positron spectrum beyond the cutoff energy. Positrons and electrons
may also be produced and accelerated from astrophysical sources like pulsars [2]. Point sources like
pulsars will imprint a higher degree of anisotropy on the arrival directions of high energy positrons
and electrons compared to a smooth dark matter halo. Current AMS measurements [6] show that
the incoming directions of positrons and electrons are consistent with isotropic. With more data,
AMS will continue to improve the accuracy and the energy reach of the measurements on positrons
and electrons so as to determine their origin in the cosmos.
4
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Figure 3: (a) The fit of two components (green line) to the positron flux in the energy range [0.5 − 1000] GeV
together with the 68% C.L. interval (green band). The source term contribution is represented by the magenta
area, and the diffuse term contribution by the grey area. (b) The two-power-law fit to the electron flux data in
the energy range [0.5 − 1400] GeV with the 68% C.L. (green band). The two power-law components a and
b are represented by the gray and blue areas, respectively.
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2.2 Properties of Protons and Antiprotons
Protons are the most abundant charged cosmic rays. Knowledge of the rigidity dependence
of the proton flux is crucial in understanding the origin, acceleration, and propagation of cosmic
rays [7]. Different variations of the proton flux have been reported by recent measurements [8].
Figure 5 (a) shows the latest AMS measurements [1, 9] of the proton flux compared with recent
measurements. As seen, the AMS results provide accurate information on the proton flux in the
energy range from 1 GV to 1.8 TV. Figure 5 (b) shows the AMS proton flux multiplied by R̃2.7 as
a function of rigidity, where R̃ is the spectrally weighted mean rigidity in each bin calculated for
a flux ∝ R−2.7 . To describe
changing behavior of the proton flux at high rigidity, we use the
 the
  ∆γ/s  s
γ
R
R
function Φ = C 45 GV
1 + R0
. As shown in Figure 5 (b), The proton flux deviates from
a single power law and harden (∆γ > 0) progressively above 200 GV.
Measurements of the cosmic ray antiproton flux are important as the sensitivity of antiprotons
to new physics phenomena in the cosmos is complementary to the sensitivity of the measurements
of cosmic-ray positrons. The latest AMS measurements of the antiproton flux from 1 to 525 GV
reveal new properties of cosmic-ray antiprotons [1, 10]. Most surprisingly, the AMS measurements
show that the positron spectrum and the antiproton spectrum have strikingly similar behavior at high
energies, as presented in Figure 6 (a). In the range [60 − 525] GeV, the positron-to-antiproton flux
ratio is consistent with a constant, as presented in Figure 6 (b). The identical behavior of positron
flux and antiproton flux at this energy range suggests a possible common source of high energy
positrons and antiprotons. While antiprotons are not produced by pulsars, dark matter annihilation
may produce antiprotons with an energy cutoff in the spectrum at high rigidity. The continuation
of AMS data taking through the life of the Space Station will provide an important confirmation of
the origin of high energy positrons and antiprotons.
5
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Figure 4: Comparison of the AMS data with predictions of a dark matter model based on Ref. [4, 5]. More
statistics at high energies are required to verify the agreement and to understand the behavior of the positron
spectrum beyond the cutoff energy.
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Figure 6: (a) Comparison of the AMS positron spectrum (Ẽ 3 Φe+ , red data points, left axis) and antiproton
spectrum (Ẽ 3 Φ p̄ , blue data points, right axis). They exhibit striking similarity at high energy. (b) The
positron-to-antiproton flux ratio. In the range [60 − 525] GeV with the result of the fit with a constant value.

3. Precision Measurements of Cosmic Nuclei Fluxes
There are several instruments in the AMS detector which independently measure the charge of
cosmic rays. Figure 7 shows all the charged cosmic nuclei measured by the TOF and the tracker.
Cosmic nuclei up to iron and beyond are clearly identified and are studied in detail by AMS.
3.1 Properties of Primary Cosmic-Ray Nuclei
Primary cosmic-ray nuclei are believed to be produced and accelerated by astrophysical sources
like supernova remnants. Precision measurements of their spectra provide important information
on the origin, acceleration, and propagation of galactic cosmic rays.
Helium, carbon, and oxygen are the most abundant primary cosmic-ray nuclei. The AMS
results on the He, C, and O spectra [1, 9] are presented in Figure 8 (a). These results reveal an
identical rigidity dependence of these three fluxes above 60 GV. In particular, they all deviate from a
single power-law and harden progressively from ∼200 GV. These new observations have generated
new developments in cosmic-ray models [11, 12].
6
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Figure 5: (a) The AMS proton flux multiplied by EK2.7 together with other recent measurements. (b) The
AMS proton flux multiplied by R̃2.7 together with the fit to the data. The proton flux deviates from a single
power law and harden progressively above 200 GV.
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Figure 8: The AMS measurements of primary cosmic nuclei fluxes multiplied by R̃2.7 for: (a) He, C, and O
nuclei, and (b) Ne, Mg, and Si nuclei.

Neon, magnesium, and silicon are assumed to be primary nuclei. Detailed comparison of the
differences in the rigidity dependences of Ne, Mg, and Si with those of He, C, and O provide new
insights into the origin and propagation of cosmic rays [11, 13]. The latest AMS measurements of
the Ne, Mg, and Si fluxes in the rigidity range from 2.15 GV to 3.0 TV [1, 14] are presented in
Figure 8 (b). These three fluxes have an identical rigidity dependence above 86.5 GV, and all three
fluxes deviate from a single power-law with rigidity above ∼ 200 GV.
Unexpectedly, the new observations from AMS show that the rigidity dependence of Ne, Mg,
and Si is different from that of He, C, and O. Above 86.5 GV, the ratios of the Ne, Mg, and Si fluxes
Φ
to the O flux are all consistent with a power-law function Ne,Mg,Si
= (R/86.5GV)δ with the average
ΦO
value of the spectral indices hδi = −0.045 ± 0.008. The difference of hδi from zero by more than
5σ shows that the Ne, Mg, and Si belong to
class of primary cosmic rays than He, C,
 a different
  ∆γ/s  s

γ
and O. We use the function Φ = C 45RGV
1 + RR0
to compare the rigidity dependence of
7
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Figure 7: The charge measurement by AMS using the TOF and the tracker. Cosmic nuclei up to iron and
beyond are clearly identified and are studied in detail by AMS.
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He, C and O, to that of Ne, Mg and Si, as illustrated in Figure 9. These results show that primary
cosmic rays have at least two distinct classes of rigidity dependence.
3.2 Properties of Secondary Cosmic-Ray Nuclei
Lithium, beryllium, and boron nuclei are secondary cosmic rays produced by the collisions
of the primary nuclei with the interstellar media. Knowledge of their spectra provides crucial
information on the propagation of cosmic rays as well as the properties of the interstellar media.
Precision measurements from AMS on Li, Be, and B [1, 9] reveal new and unexpected observations. As shown in Figure 10, the three secondary fluxes have an identical rigidity dependence
above 30 GV and deviate from a single power-law above 200 GV in an identical way. The rigidity
dependence of secondary cosmic ray fluxes is distinctly different from those of primary cosmic
ray fluxes. To examine the difference between the rigidity dependence of primary and secondary
cosmic rays, the ratios of the Li, Be, and B fluxes to the C and O fluxes were computed [9]. These
secondary to primary flux ratios were then fitted using a single power-law function, ΦS /Φ P ∝ R∆ ,
in two non-overlapping rigidity intervals to obtain the detailed variations of the spectral indices ∆.
As shown in Figure 11, at high rigidities the secondary cosmic rays harden more than the primary
cosmic rays with over 5σ significance. These new observations reveal new properties of cosmic-ray
propagation in the Galaxy [15].
These unexpected results together with ongoing AMS measurements of cosmic-ray isotopic
composition [1, 16] and heavier elements in cosmic rays will enable us to determine how many
classes of rigidity dependence exist in both primary and secondary cosmic rays and provide important information for the development of theoretical models.
8
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Figure 9: Above 86.5 GV, the rigidity dependence of the Ne, Mg, and Si fluxes is different from the rigidity
dependence of the He, C, and O fluxes, revealing that primary cosmic rays have at least two distinct classes
of rigidity dependence.
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Figure 11: The AMS secondary to primary flux ratio spectral indices ∆ for (a) Li/C, Be/C, and B/C; (b)
Li/O, Be/O, and B/O. At high rigidities the secondary cosmic rays harden more than the primary cosmic rays
with over 5σ significance.

4. Summary
The latest AMS results on the fluxes of elementary particles and primary and secondary nuclei
provide precise and unexpected information. They cannot be explained by the current understanding
and call for new comprehensive models of cosmic rays. The accuracy and characteristics of the data,
simultaneously from many different types of cosmic rays, provide unique input to the understanding
of the origin and evolution of cosmic rays in the galaxy. AMS will continue collecting data with
unique precision and energy reach through the life of the Space Station, to explore the physics of
complex anti-matter, the physics of dark matter, and the physics of cosmic-ray nuclei across the
periodic table.
9
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Figure 10: Comparison of the secondary cosmic-ray Li, Be, and B fluxes with the AMS primary cosmic-ray
He, C, and O fluxes multiplied by R̃2.7 above 30 GV. The three secondary fluxes have an identical rigidity
dependence above 30 GV and deviate from a single power-law above 200 GV in an identical way.
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